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29.1. Motor Principle

An Electric motor isamachinewhich converts el ectric energy into mechanical energy. Itsaction
is based on the principle that when a current-carrying conductor is placed in a magnetic field, it
experiences a mechanical force whose direction is given by Fleming's Left-hand Rule and whose
magnitudeis given by F = BIl Newton.

Constructionally, thereisno basic dif-
ference between a d.c. generator and a
d.c. motor. In fact, the same d.c. ma-
chine can be used interchangeably as a
generator or as a motor. D.C. motors
area so like generators, shunt-wound or
series-wound or compound-wound.

In Fig. 29.1 apart of multipolar d.c.
motor isshown. Whenitsfield magnets
are excited and its armature conductors

Motion

Battery

Conductor

Principle of Motor

are supplied with current from the supply mains, they experience
a force tending to rotate the armature. Armature conductors
under N-pole are assumed to carry current downwards (crosses)
and those under S-poles, to carry current upwards (dots). By
applying Fleming's L eft-hand Rule, the direction of theforceon
each conductor can be found. It is shown by small arrows placed above each conductor. 1t will be
seen that each conductor can be found. It will be seen that each conductor experiences a force F
which tends to rotate the armature in anticlockwise direction. These forces collectively produce a
driving torque which sets the armature rotating.

It should be noted that the function of acommutator in the motor isthe sameasin agenerator. By

reversing current in each conductor asit passesfrom one poleto another, it hel psto devel op acontinuous
and unidirectional torque.

29.2. Comparison of Generator and Motor Action

As said above, the same d.c.
machine can be used, at |east

theoretically, interchangeably as a N
generator or as a motor. When
operating asagenerator, itisdriven H H
by a mechanical machine and it S EALS; E’l )ﬁ)»@»)@)
develops voltage which in turn A N\

Armature Armature

produces a current flow in an (@) )
electric circuit. When operating as

a motor, it is supplied by electric Fig. 29.2

current and it develops torque which in turn produces mechanical rotation.

Let usfirst consider its operation as agenerator and see how exactly and through which agency,
mechanical power is converted into electric power.

In Fig. 29.2 part of agenerator whose armature is being driven clockwise by its prime mover is
shown.

Fig. 29.2 (a) represents the fields set up independently by the main poles and the armature
conductorslike Ainthefigure. Theresultant field or magnetic lineson flux areshownin Fig. 29.2 (b).
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It isseen that thereisacrowding of lines of flux on theright-hand side of A. These magnetic lines of
flux may belikenedto the rubber bands under tension. Hence, the bent lines of flux up amechanical
force on A much in the same way as the bent elastic rubber band of a catapult produces a mechanical
force on the stone piece. It will be seen that thisforceisin a direction opposite to that of armature
rotation. Hence, it isknown as backward force or magnetic drag on the conductors. Itisagainst this
drag action on al armature conductor that the prime mover hasto work. Thework donein overcoming
this opposition is converted into electric energy. Therefore, it should be clearly understood that it is
only through the instrumentality of this magnetic drag that energy conversion is possible in a d.c.
generator*.

Next, suppose that the Lsp I+
above d.c. machine is un-
coupled from its prime N
mover and that current is
sent through the armature

conductors under a N-pole > m))m)‘
in the downward direction . ‘@ @)
’/-\

as shown in Fig. 29.3 (a).

The conductors will again Armature
experience a force in the (b)
anticlockwise direction Lsh I
(Fleming'sLeft hand Rule).
Hence, the machine will
start rotating anticlockwise, thereby developing a torque which can produce mechanical rotation.
The machineis then said to be motoring.

As said above, energy conversion is not possible unless there is some opposition whose over-
coming provides the necessary means for such conversion. In the case of a generator, it was the
magnetic drag which provided the necessary opposition. But what isthe equivalent of that drag inthe
case of amotor ? Well, it isthe back em.f. Itisexplained in thismanner :

As soon as the armature starts rotating, dynamically (or motionally) induced em.f. is produced
in the armature conductors. The direction of thisinduced em.f. as found by Fleming's Right-hand
Rule, is outwards i.e, in direct opposition to the applied voltage (Fig. 29.3 (b)). Thisiswhy it is
known asback e.m.f. E, or counter em.f. Itsvalueisthe sameasfor the motionally induced em.f. in
the generator i.e. E, = (PZN) x (P/A) volts. Theapplied voltage V hasto beforce current through the

armature conductors against this
back em.f. E,. The electric work
done in overcoming this opposition
isconverted into mechanical energy vf E\ | E \\\\\\
| -

fore, it isobviousthat but for the pro- ® ‘ ‘ Fﬂ ® ®
duction of this opposing em.f. en- ® ® ®
ergy conversionwould not have been
possible. (a) (b)

Now, before leaving this topic,
let it be pointed out that in an actual

motor with slotted armature, the torqueis not due to mechanical force on the conductors themselves,
but due to tangential pull on the armature teeth as shown in Fig. 29.4.

Itisseen from Fig. 29.4 (a) that the main flux is concentrated in the form of tufts at the armature
teeth whilethe armature flux is shown by the dotted lines embracing the armature slots. The effect of

Shunt Field

Fig. 29.3 (a) Fig. 29.3 (b)

developed in the armature. There-

®®

Fig. 29.4

* Infact, it seemsto be one of the fundamental laws of Nature that no energy conversion from one form to
another ispossible until thereis some one to oppose the conversion. But for the presence of this opposition,
there would simply be no energy conversion. In generators, opposition is provided by magnetic drag
whereasin motors, back e.m.f. doesthisjob. Moreover, itisonly that part of the input energy which isused
for overcoming this opposition that is converted into the other form.
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armature flux on the main flux, as shown in Fig. 29.4 (b), istwo-fold :

(i) Itincreasestheflux ontheleft-hand side of the teeth and decreasesit on theright-hand side,
thus making the distribution of flux density across the tooth section unequal .

(if) It inclines the direction of lines of force in the air-gap so that they are not radial but are
disposed in amanner shown in Fig. 29.4 (b). The pull exerted by the poles on the teeth can
now be resolved into two components. One is the tangential component F, and the other
vertical component F,. The vertical component F,,, when considered for al the teeth round
the armature, adds up to zero. But the component F, is not cancelled and it isthis tangential
component which, acting on all the teeth, givesrise to the armature torque.

29.3. Significance of the Back e.m.f.

As explained in Art 29.2, when the motor armature ro- I
tates, the conductors also rotate and hence cut the flux. Inac- .
cordance with the laws of electromagnetic induction, em.f. is
induced inthem whose direction, asfound by Fleming's Right- = v

Because of its opposing direction, it is referred to as counter
em.f. or back em.f. E;. The equivalent circuit of a motor is
shownin Fig. 29.6. Therotating armature generating the back
em.f. E,islikeabattery of em.f. E, put acrossasupply mains
of V volts. Obviously, V hasto drive |, against the opposition Fig. 29.5

of E,. The power required to overcomethisoppositionisE,l...

Inthe case of acell, this power over an interval of timeis converted into chemical energy, butin
the present case, it is converted into mechanical energy.

Net voltage _ V —V,

Resistance R,

where R, isthe resistance of the armature circuit. As pointed out above,
E, = ®ZN x (P/A) volt where Nisinr.p.s.

Back e.m.f. depends, among other factors, upon the armature speed. If speedishigh, Eislarge,
hence armature current | ,, seen from the above equation, issmall. If the speedisless, then E isless,
hence more current flows which develops motor torque (Art 29.7). So, we find that E_ acts like a
governor i.e., it makes amotor self-regulating so that it draws as much current asisjust necessary.

hand Rule, isin opposition to the applied voltage (Fig. 29.5). @

Itwill beseenthat |, =

29.4. Voltage Equation of a Motor

The voltage V applied across the motor armature hasto
(i) overcomethe back em.f. E, and
(ii) supply the armature ohmic drop I R..
O V = E+I,R,
Thisisknown as voltage equation of amotor.
Now, multiplying both sides by Iaz, we get
VI, = El.+ISR
Asshownin Fig. 29?6, Slatla Fig.29.6

Shunt Field

V1, = Eectrical input to the armature
E,l, = Electrical equivalent of mechanical power developed in the armature
IZR, = Culossinthe armature

Hence, out of the armature input, some is wasted in I°Rloss and the rest is converted into me-
chanical power within the armature.

It may also be noted that motor efficiency is given by the ratio of power devel oped by the arma-
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turetoitsinputi.e, E I /V 1, =E/V. Obviously, higher the value of E, as compared to V, higher the
motor efficiency.

29.5. Condition for Maximum Power

The gross mechanical power developed by amotorisP,, =V I, - Ia2 R,
Differentiating both sides with respect to | , and equating the result to zero, we get
dP/dl, = V-2I,R,=0 O I,R,=V/2

As V=E+I,R ad I, R=V2 O E=VI2

Thus gross mechanical power developed by a motor is maximum when back em.f. is equal to
half the applied voltage. This condition is, however, not realized in practice, because in that case
current would be much beyond the normal current of the motor. Moreover, half the input would be
wasted in the form of heat and taking other |osses (mechanical and magnetic) into consideration, the
motor efficiency will be well below 50 percent.

Example 29.1. A 220-V d.c. machine has an armature resistance of 0.5 Q. If the full-load
armature current is 20 A, find the induced e.m.f. when the machine acts as (i) generator (ii) motor.

(Electrical Technology-I, Bombay Univ. 1987)

- °+
20 A T

E @ 220V @ 220V

I
00000

Generator Motor

(a) _ (b)
Fig. 29.7

Solution. Asshown in Fig. 29.7, the d.c. machine is assumed to be shunt-connected. In each
case, shunt current is considered negligible because its value is not given.

(a) AsGenerator [Fig. 29.7(a)] Ey = V+I,R,=220+05%x20=230V

(b) AsMotor [Fig 29.7 (b)] E, = V-1,R,=220-05%x20=210V

Example29.2. A separately excited D.C. generator has armature circuit resistance of 0.1 ohm
and the total brush-dropis2 V. When running at 1000 r.p.m., it deliversa current of 100 A at 250 VV
to a load of constant resistance. If the generator speed drop to 700 r.p.m., with field-current unal-
tered, find the current delivered to load. (AMIE, Electrical Machines, 2001)

Solution. R_=250/100 = 2.5 ohms.

By =250+ (100x 0.1) +2=262 V.

At 700 r.p.m., Ej, = 262 x 700/1000 = 183.4 V

If I, isthe new current, E, -2 - (I, x0.1) =251,

Thisgives|, =96.77 amp.

ExtensiontotheQuestion: Withwhat |oadresistancewill thecurrent be100amp, at 700r.p.m.?

Solution. Ep,-2-(1,x0.1) =R x1,

For 1, =100 amp, and Ej, = 183.4V, R_= 1.714 ohms.

Example 29.3. A 440-V, shunt motor has armature resistance of 0.8 2 and field resistance of
200 Q. Determine the back e m.f. when giving an output of 7.46 kW at 85 percent efficiency.

Solution. Motor input power = 7.46 x 10%/0.85 W
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Motor input current = 7460/0.85 x 440 = 19.95 A ; | = 440/200=2.2 A
I, = 1995-22=1775A;Now, E,=V-I, R,
O E, = 440-(17.75x0.8) =425.8V
25A 100 A 25A 100 A

250V

Generator Motor
Fig. 29.8 () Fig. 29.8 (b)
Example 29.4. A 25-kW, 250-V, d.c. shunt generator has armature and field resistances of

0.06 Q and 100 Q respectively. Determine the total armature power devel oped when working (i) as
a generator delivering 25 kW output and (ii) as a motor taking 25 kW input.

(Electrical Technology, Punjab Univ., June 1991)
Solution. As Generator [Fig. 29.8 (a)]
Output current = 25,000/250=100A ; 1, =250/100=25A;1,=1025A
Generatedem.f. =250+ 1, R, =250 + 102.5 x 0.06 = 256.15 V

Power developed in armature = E, I, = 25615x1025 26.25 kW

1000
AsMotor [Fig 29.8 (b)]
Motor input current = 100A ; 1, =25A,1,=975A
E, =250-(97.5x0.06) =250 - 5.85=244.15V
Power developed in armature = E; |, = 244.15 x 97.5/1000 = 23.8 kKW

Example29.5. A4 pole, 32 conductor, lap-wound d.c. shunt generator with terminal voltage of
200 volts delivering 12 amps to the load hasr, = 2 and field circuit resistance of 200 ohms. It is
driven at 1000 r.p.m. Calculate the flux per pole in the machine. If the machine hasto berun asa

motor with the same terminal voltage and drawing 5 amps from the mains, maintaining the same
magnetic field, find the speed of the machine. [Sambalpur University, 1998]

Solution. Current distributions during two actions are indicated in Fig. 29.9 (a) and (b). Asa
generator, |, = 13 amp

~ 12amp ~ Samp +
19 a}fp Fy 4 amp
A A,
F, = F,
1 amp 200V S 1 amp 200V Supply
A, A,
Rh Rh.
(a) Generator-action (b) Motor-action

Fig. 29.9
Eg = 200+ 13x2=226V
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ZN P
(0] E X 5 = 226
For aLap-wound armature,
P =a
0 o = 226%60 _g403750h
1000 x 32
Asamotor, I, = 4amp
E, =200-4x2=192V
= @ZN/60
. 60 x 192
GVingN = 522375 x 32
= 850 r.p.m.

Tutorial Problems 29.1

1. What do you understand by theterm ‘back em.f.” ? A d.c. motor connected to a460-V supply hasan
armature resistance of 0.15 Q. Calculate

(@) Thevalue of back e.m.f. when the armature current is 120 A.

(b) The value of armature current when the back em.f. is447.4 V. [(a) 442V (b) 84 A]
2. A d.c. motor connected to a 460-V supply takes an armature current of 120 A on full load. If the
armature circuit has aresistance of 0.25 Q, calculate the value of the back em.f. at this|oad. [430 V]
3. A 4-pole d.c. motor takes an armature current of 150 A at 440 V. If its armature circuit has a
resistance of 0.15 Q, what will be the value of back em.f. at thisload ? [417.5 V]
29.6. Torque

By the term torque is meant the turning or twisting moment of a force about an axis. It is
measured by the product of the force and the radius at which this force acts.

Consider a pulley of radiusr metre acted upon by a circumferential force of F Newton which
causesit to rotate at N r.p.m. (Fig. 29.10).

Thentorque T = F xr Newton-metre (N - m)

=3

Work done by thisforce in one revolution

= Force x distance = F x 21 Joule r
Power developed = F x 2 1rr x N Joule/second or Watt

= (F xr) x 2rtN Watt /

. . . Pulley N r.p.s
Now 2 TiN = Angular velocity win radian/second and F x
r=Torque T
0 Power developed =T x wwatt or P =T w Watt
Moreover, if Nisinr.p.m., then Fig. 29.10
w = 2T1iN/60 rad/s
21N 2 NT

O P =55 xT o |D:6i(}.NT:ﬁ

29.7. Armature Torque of a Motor

Let T, bethetorque devel oped by thearmature of amotor running at Nr.p.s. If T, isinN/M, then
power developed = T, x 2N watt ()
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We also know that electrical power converted into mechanical power in the armature (Art 29.4)

= EJl, watt (i)
Equating (i) and (ii), wegetT,x2mN = E]I_ ()
Since E, = PZNx (P/A) volt, we have
P 1 P
T, x2mN=® ZN (K) JdyorT, = o . ®Zl, (K) N-m

0.159 N newton metre
a T, 0.159 ®ZI, x (P/A) N-m

Note. From the above equation for the torque, we find that T, [P ...

(a) Inthecaseof aseriesmotor, @ isdirectly proportional to |, (before saturation) becausefield
windings carry full armature current 0 T,017

(b) For shunt motors, ® is practically constant, hence T, O |,
Asseen from (iii) above
_B 1,
a 2N

If Nisinr.p.m., then

N-m-Ninrp.s.

_ Bl _ Bla_60EIl, _ Bola N-m
a 2T[N/60_602TN 21 N 9'55N

29.8. Shaft Torque (T,)

The whole of the armature torque, as calculated above, is not available for doing useful work,
because a certain percentage of it is required for supplying iron and friction losses in the motor.

Thetorque which isavailable for doing useful work isknown as shaft torque Ty,. 1tisso called
because it isavailable at the shaft. The motor output is given by

Output = Ty, x 2riN Wett provided Ty isinN-mand Ninr.p.s.

0 T, = —OutplngﬂrzlwaHS N-m-Ninrp.s

- Outputinwatts \ . _\iin r.p.m.
21N/ 60

_ 60 output

Output
=0. N-m.
2 N 955 N

Thedifference (T, - Tg,) isknown aslost torque and is due to iron and friction losses of the motor.

Note. The value of back em.f. E, can be found from
(i) theequation,E =V-1 R,
(ii) the formula E, = ® ZN x (P/A) volt

Example 29.6. Ad.c. motor takes an armature current of 110 A at 480 V. The armature circuit
resistanceis0.2 Q. The machine has 6-polesand the armatureislap-connected with 864 conductors.
The flux per poleis 0.05 Wh. Calculate (i), the speed and (ii) the gross torque developed by the
armature. (Elect. Machines, A.M.1 .E. Sec B, 1989)

Solution. E,=480-110x0.2=458V, ®=0.05W,Z=2864

_ ® 2N E) _ 005x864 x N (§)
Now, 5 =760 (A or 458 = 60 6
O N =636r.p.m.

T, =0.159 x 0.05 x 864 x 110 (6/6) = 756.3 N-m

a
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Example29.7. A250-V, 4-pole, wave-wound d.c. seriesmotor has 782 conductorsonitsarmature.
It has armature and seriesfield resistance of 0.75 ohm. The motor takesa current of 40 A. Estimate
its speed and gross torque devel oped if it has a flux per pole of 25 mWh.

(Elect. Engg.-I1, Pune Univ. 1991)

Solution. E, = ®ZN(P/A)

Now, E, = V-1,R=50-40x0.75=220V
O 220 = 25x10°x782x N x 0.75= 220V
O 220 = 0.159® 71, (P/IA)

0.159 x 25 x 1072 x 782 x 40 x (4/2) = 249 N-m

Example 29.8. A d.c. shunt machine develops an a.c. em.f. of 250 V at 1500 r.p.m. Find its
torque and mechanical power developed for an armature current of 50 A. State the simplifying
assumptions. (Basic Elect. Machine Nagpur Univ., 1993)

Solution. A given d.c. machine develops the same em.f. in its armature conductors whether
running as a generator or asamotor. Only differenceis that this armature em.f. is known as back
e.m.f. when the machine is running as a motor.

Mechanical power developed inthearm = E |, = 250 x 50 = 12,500 W
T,=9.55E, 1 /N =955 x 250 x 50/1500 = 79.6 N-m.
Example 29.9. Determine developed torque and shaft torque of 220-V, 4-pole series motor with

800 conductor s wave-connected supplying a load of 8.2 kW by taking 45 A fromthe mains. The flux
per poleis 25 mWb and its armature circuit resistanceis 0.6 Q.

(Elect. Machine AMIE Sec. B Winter 1991)
Solution. Developed torque or gross torque is the same thing as armature torque.
O T, = 0.159 & ZA (P/A)
= 0.159 x 25 x 107> x 800 x 45 (4/2) = 286.2 N-m
E, = V-1,R,=220-45%x0.6=193V

Now, E, = ®ZN (P/A) or 193 =25x 107> x 800 x N Tt x (4/2)
O N = 4825rp.s.
Also, 2nN T, = output or 2mx 4.825 T, = 8200 0 T, =2705N-m

Example 29.10. A 220-V d.c. shunt motor runs at 500 r.p.m. when the armature current is 50 A.
Calculate the speed if the torque is doubled. Giventhat R, = 0.2 Q.

(Electrical Technology-11, Gwalior Univ. 1985)
Solution. AsseenfromArt27.7, T, 3P |.. Since ® isconstant, T, I 1,
O TuOlyandT,0l1, O To/Ta=lu/ly
0 2=1,500rl,=100A

Now, N,/N, = E /E, — since ® remains constant.
Fy1=220-(50%0.2) =210V E,, =220 - (100 x 0.2) = 200 V
0 N,/500 = 200/210 0 N,=476r.p.m.

Example29.11. A500-V, 37.3 kW, 1000 r.p.m. d.c. shunt motor has on full-load an efficiency of
90 percent. The armature circuit resistance is 0.24 Q and there is total voltage drop of 2 V at the
brushes. Thefield currentis1.8 A. Determine (i) full-load line current (ii) full load shaft torquein
N-mand (iii) total resistance in motor starter to limit the starting current to 1.5 times the full-load
current. (Elect. Engg. |; M.S. Univ. Baroda 1987)

Solution. (i) Motor input 37,300/0.9 = 41,444 W
F.L. line current 41,444/500 = 82.9 A
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i T, = 955 QUPUL _ 955, 37,300 _ 356\
i o N 0% 000

(i) Starting line current 15x829=1243 A
Arm. current at starting = 124.3-18=1225A
If Risthe starter resistance (which isin series with armature), then
1225(R+0.24)+2=500 O R=3825Q
Example29.12. A4-pole, 220-V shunt motor has 540 lap-wound conductor. It takes 32 A from
the supply mains and devel ops output power of 5.595 kW, Thefield winding takes1 A. Thearmature

resistance is 0.09 Q and the flux per pole is 30 mWh. Calculate (i) the speed and (ii) the torque
developed in newton-metre. (Electrical Technology, Nagpur Univ. 1992)

Solution. 1,=32-1=31A; E,=V -1 R, =220~ (0.09x 31) = 217.2V

_ CDZN(P) _30x10‘3x540x|\|(4)
Now, = —|— 0 217.2= s
& 60 \A 60 4
i O N = 804.4r.p.m.
. output in watts 5,595
T. = 9. T =0, 2 =66.5 N-
(i) o = 9.55x 955><8044 m

Example29.13 (a). Findtheload and full-load speedsfor afour-pole, 220-V, and 20-kW, shunt
motor having the following data :

Field—current = 5 amp, armature resistance = 0.04 ohm,

Flux per pole = 0.04 Wb, number of armature-conductors= 160, Two-circuit wave-connection,
full load current = 95 amp, No load current =9 A. Neglect armature reaction.

(Bharathithasan Univ. April 1997)

Solution. The machine draws a supply current of 9 amp at no load. Out of this, 5 amps are
required for the field circuit, hence the armature carries ano-load current of 4 amp.

Atload, armature-current is90 amp. Thearmature-resistance-drop increasesand the back e.m.f.
decreases, resulting into decrease in speed under load compared to that at No-L oad.

AtNo Load : E, =220 — 4 x0.04 = 219.84 volts

Substituting this,

0.04 x 160 x (N/60) x (4/2) = 219.84

No-Load speed, N, = 1030.5 r.p.m.

At Full Load : Armature current = 90 A, E, = 200 - 90 x 0.04 = 216.4 V

N = (216.4/219.84) x 1030.5 = 1014.4 r.p.m.

Example29.13 (b). Armature of a 6-pole, 6-circuit D.C. shunt motor takes 400 A at a speed of

350 r.p.m. Theflux per poleis 80 milli-webers, the number of armature turnsis 600, and 3% of the
torqueislost in windage, friction and iron-loss. Calculate the brake-hor se-power.

(Manonmaniam Sundaranar Univ. Nov. 1998)

Solution. Number of armature turns = 600
Therefore, Z = Number of armature conductors = 1200
If electromagnetic torque developed is T Nw — m,
Armaturepower = Tw=T x 2 11350/60
= 36.67 T watts
To calculate armature power in terms of Electrical parameters, E must be known.
E = @Z(N/60) (P/A)
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80 x 1073 x 1200 x (350/60) x (6/6)
560 volts

With the armature current of 400 A, Armature power = 560 x 400 watts

Equating the two,

T =560 x 400/36.67 = 6108.5 Nw — m. Since 3 % of this torque is required for overcoming
different loss-terms,

Net torque = 0.97 x 6180.5 = 5925 Nw - m

For Brake-Horse-Power, net output in kW should be computed first. Then “kW” isto be con-
verted to “BHP”, with 1 HP = 0.746 kW.

Net output in KW = 5925 x 36.67 x 1073 = 217.27 kW
Converting thisto BHP, the output = 291.25 HP
Example 29.13 (c). Determine the torque established by the armature of a four-pole D.C.

motor having 774 conductors, two pathsin parallel, 24 milli-webers of pole-flux and the armature
current is 50 Amps. (Bharathiar Univ. April 1998)

Solution. Expression for torque in terms of the parameters concerned in this problem is as
follows:
T = 0159¢ZI, plaNw-m
Two pathsin parallel for a4-pole case means awave winding.
T = 0.159 x (24 x 10°°) x 774 x 50 x 4/2
= 295.36 Nw-m
Example 29.13 (d). A 500-V D.C. shunt motor draws a line-current of 5 A on light-load. If

armature resistance is 0.15 ohm and field resistance is 200 ohms, determine the efficiency of the
machine running as a generator delivering a load current of 40 Amps.

(Bharathiar Univ. April 1998)
Solution. (i) No Load, running as a motor :

Input Power = 500 x 5 = 2500 watts
Field copper-loss = 500 x 2.5 = 1250 watts

Neglecting armature copper-loss at no load (since it comes out to be 25°x015=1 watt), the
balance of 1250 watts of power goes towards no load losses of the machine running at rated speed.
These losses are mainly the no load mechanical losses and the core-loss.

(if) Asa Generator, delivering 40 Ato load :
Output delivered = 500 x 40 x 107> = 20 kW
Losses: (a) Field copper-loss = 1250 watts
(b) Armature copper-loss = 425 x 0.15 = 271 watts
(c) Noload losses = 1250 watts
Total losses = 2.771 kW
Generator Efficiency = (20/22.771) x 100 % = 87.83 %

Extension to the Question : At what speed should the Generator berun, if the shunt-field isnot
changed, in the above case ? Assume that the motor was running at 600 r.p.m. Neglect armature
reaction.

Solution. Asamotor on no-load,
E,, = 500-1,r,=500-0.15x 2.5 = 499.625 V
AsaGenerator with an armature current of 42.5 A,
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E, = 500+425x0.15=506.375V
Since, the terminal voltage is same in both the cases, shunt field current remains as 2.5 amp.
With armature reaction isignored, the flux/pole remains same. The e.m.f. then becomes proportional
to the speed. If the generator must be driven at N r.p.m.
N = (506.375/449.625) x 600 = 608.1 r.p.m.

5A 25A _40A
= -~ = +
F 25A ER 45
Shunt A
field F,
500 V F 500 V
2
A,
(a) Motor at no load (b) Generator loaded
Fig. 29.11

Note. Alternative to this slight increase in the speed is to increase the field current with the help of
decreasing the rheostatic resistance in the field-circuit.

Example 29.13 (). A d.c. series motor takes 40 A at 220 V and runs at 800 r.p.m. If the
armature and field resistance are 0.2 Q and 0.1 Q respectively and the iron and friction losses are
0.5 kW, find the torque developed in the armature. What will be the output of the motor ?

E, |
Solution. Armature torqueisgiven by T, =9.55 bN & N-m
Now E, = V-1,(R,+R,) =220-40(0.2+0.1) =208 V
O T, = 9.55x 208 x 40/800 = 99.3 N-m

Cu lossin armature and series-field resistance = 40% x 0.3 = 480 W

Iron and friction losses = 500 W ; Total losses = 480 + 500 = 980 W

Motor power input = 220 x 40 = 8,800 W

Motor output = 8,800 — 980 = 7,820 W = 7.82 kW

Example 29.14. A cutting tool exerts a tangential force of 400 N on a steel bar of diameter
10 cm which is being turned in a simple lathe. The lathe is driven by a chain at 840 r.p.m. from a

220 V d.c. Motor which runsat 1800 r.p.m. Calculate the current taken by the motor if its efficiency
is80 %. What sizeisthe motor pulley if the lathe pulley has a diameter of 24 cm ?

(Elect. Technology-I1, Gwalior Univ. 1985)

Solution. Torque Ty, = Tangential force x radius = 400 x 0.05 =20 N-m
Output power = T, x 2rN watt = 20 x 271 x (840/60) watt = 1,760 W
Motorn = 0.8 O Motorinput =1,760/0.8 = 2,200 W

Current drawn by motor = 2200/220 =10 A

Let N, and D, be the speed and diameter of the driver pulley respectively and N, and D, the
respective speed and diameter of the lathe pulley.

Then N, xD;, = N,xD, or 1,800xD,=840x0.24

O D, = 840x0.24/1,800=0.112m=11.2 cm

Example29.15. Thearmaturewinding of a 200-V, 4-pole, seriesmotor islap-connected. There
are 280 slots and each slot has 4 conductors. The current is 45 A and the flux per pole is 18 mWhb.
The field resistance is 0.3 Q; the armature resistance 0.5 Q and the iron and friction losses total
800 W. The pulley diameter is0.41 m. Find the pull in newton at the rim of the pulley.

(Elect. Engg. AMIETE Sec. A. 1991)
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Solution. E, = V-I,R,=200-45(05+0.3) =164V
® ZN p)
N = Q2N (P} g
o 5= 6 (A volt
-3
0 164 = 18x10 "6%8(’"4"ng 0 N=488rpm.

Total input = 200x45=9,000W ; Culoss=12 R, =45 x 0.8= 1,620 W
Iron + Friction losses = 800 W ; Total losses= 1,620 + 800 = 2,420 W
Output = 9,000 — 2,420 = 6,580 W

_ 6580 _ )
O Ty = 9%55x 222 =128N-m

Let F bethe pull in newtons at the rim of the pulley.
Then Fx0205 = 1288 [ F=128.8/0.205N =634 N

Example 29.16. A 4-pole, 240 V, wave connected shunt motor gives 1119 kW when running at
1000 r.p.m. and drawing armature and field currents of 50 A and 1.0 A respectively. It has 540
conductors. ltsresistanceis 0.1 Q. Assuming a drop of 1 volt per brush, find (a) total torque (b)
useful torque (c) useful flux / pole (d) rotational losses and (€) efficiency.

Solution. E, = V-I,R —brushdrop=240-(50x0.1) -2=233V
Also I, = 50A
E, | 233 x50
A T, = 955 =22 N-m=9. =" =111 N-
@ rmaturetorque T, = 9.55 N m = 9.55 x 1000 m
_ output _ 11,190 _
b T, = 955 —/— =09, =106.9 N-
(b) " N 9.55 x 1000 m
_ ®ZN (P
(0) E, = 50 X(A) volt
0 233 = %x(g) 0 ®=129mwb
(d) Armatureinput = V1= 240 x 50 = 12,000 W

Armature Culoss = 12 R, =507 x 0.1=250 W ; Brush contact loss = 50 x 2 = 100 W
O Power developed = 12,000 — 350 = 11,650 W ; Output = 11.19 kW = 11,190 W
a Rotational losses = 11,650 — 11,190 = 460 W
(e  Total motorinput = VI =240 x 51 = 12,340 W ; Motor output = 11,190 W
11,190 o a0
12 240 ¥ 100 =914 %

Example29.17. A460-V seriesmotor runsat 500 r.p.m. taking a current of 40 A. Calculatethe
speed and percentage change in torque if the load is reduced so that the motor istaking 30 A. Total
resistance of thearmature and field circuitsis 0.8 Q. Assumefluxisproportional to thefield current.

(Elect. Engg.-l1, Kerala Univ. 1988)

O Efficiency =

Solution. Since ® U1, hence T [ Ia2

T,_9
2 2 2 —
0 T,040 and T,030° O T. 716
0 Percentage changeintorqueis
_nh-T _ 7 _ 0
= T x100 = 16 x100 =43.75%

Now E,, = 460 - (40 x 0.8) = 428V ; E, = 460 — (30  0.8) = 436 V
N o Byl g N2 436,40 [ N, =679rpm.

N, By I 500 ~ 428 30
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Example 29.18. A 460-V, 55.95 kW, 750 r.p.m. shunt motor drives a load having a moment of
inertia of 252.8 kg-n’”. Find approximate time to attain full speed when starting from rest against
full-load torque if starting current varies between 1.4 and 1.8 times full-load current.

Solution. Let ussuppose that the starting current has a steady value of (1.4 + 1.8)/2 = 1.6 times
full-load value.

Full-load output = 55.95 kW = 55,950 W ; Speed = 750 r.p.m. = 12.5r.p.s.
F.L.shafttorque T = power/w = power/21t N = 55,950 11X (750/60) = 712.4 N-m
During starting period, average available torque
= 16T-T=06T=0.6x7124=427.34N-m
This torque acts on the moment of inertial | = 252.8 km-m".

0 4274 = 2528 x ‘jj—‘t*’ = 252.8 x %, O dt=464s

Example 29.19. A 14.92 kKW, 400V, 400 -r.p.m. d.c. shunt motor draws a current of 40 A when
running at full-load. The moment of inertia of therotating systemis 7.5 kg-mz. If the starting current
is 1.2 times full-load current, calculate

(a) full-load torque
(b) thetimerequired for the motor to attain the rated speed against full-load.

(Electrical Technology, Gujarat Univ. 1988)
Solution. (&) F.L. output 14.92 kW = 14,920 W ; Speed = 400 r.p.m. = 20/3 r.p.s
Now, Tew = output O T = 14,920/21t x(20/3) = 356 N-m
(b) During the starting period, the torque available for accel erating the motor armatureis

= 12T-T=02T=0.2%x356=712N-m

2t x(20/3)

o O dt=4.41 second

Now, torque = | %—‘t*’ 0 712=75x

29.9. Speed of a D.C. Motor
From the voltage equation of amotor (Art. 27.4), we get

E, = V-I,R or %(%) =V-1I,R,

O N = V-olaR x ((SOJ‘) r.p.m.
P ZP
Now V-ILR, = E, O N:%x(%o‘)r.p.m.orN:K%
It shows that speed is directly proportional to back em.f. E, and inversely to the flux ® on
NOE/®.

For Series Motor
Let N, = Speedinthelst case; | = armature current in the 1st case

®, = flux/poleinthefirst case

NI, ®, = corresponding quantitiesin the 2nd case.

Then, using the above relation, we get

Nlmq%whereEbl V—IalRa;NzDibzthereEbZ:V—lazRa
0 N | Ep O

N By P

Prior to saturation of magnetic poles; ® O |,

D &:ixli
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For Shunt Motor
In this case the same equation applies,

N2 Eb2xcbl I\|2_Eb2
Np = B2y ™ If d,=d,, then —2 = 2
N1 Ebl CD2 2 ! Nl Ebl

i.e,

29.10. Speed Regulation

The term speed regulation refers to the change in speed of a motor with changein applied load
torque, other conditions remaining constant. By change in speed here is meant the change which
occurs under these conditions due to inherent properties of the motor itself and not those changes
which are affected through manipulation of rheostats or other speed-controlling devices.

The speed regulation is defined as the change in speed when the load on the motor is reduced
from rated value to zero, expressed as percent of the rated load speed.

. N.L.speed — F.L. speed dN
0, = ==
O % speed regulation EL %100 N %100

29.11. Torque and Speed of a D.C. Motor

It will be proved that though torque of a motor is admittedly a function of flux and armature
current, yet it isindependent of speed. Infact, it isthe speed which depends on torque and not vice-
versa. It has been proved earlier that

V- I1,R _KE
e D
Also, T, 0@ 1, LArt. 27.7

It is seen from above that increase in flux would decrease the speed but increase the armature
torque. It cannot be so because torque always tends to produce rotation. If torque increases, motor
speed must increase rather than decrease. The apparent inconsistency between the above two equa-
tions can be reconciled in the following way :

Suppose that the flux of a motor is decreased by decreasing the field current. Then, following
sequence of eventstake place:

1. Back em.f. E, (= N®/K) dropsinstantly (the speed remains constant because of inertia of
the heavy armature).

2. DuetodecreaseinE,, |, isincreased becausel, = (V — E,)/R,. Moreover, asmall reduction
in flux produces a proportionately large increase in armature current.

3. Hence, theequation T, I @1, asmall decreasein @is more than counterbalanced by alarge
increasein |, with the result that thereisanet increasein T,

4. Thisincreasein T, produces an increase in motor speed.

It is seen from above that with the applied voltage V held constant, motor speed variesinversely
astheflux. However, itispossibleto increaseflux and, at the sametime, increase the speed provided
|, isheld constant asis actually donein ad.c. servomotor.

Example 29.20. A 4-pole series motor has 944 wave-connected armature conductors. At a
certain load, the flux per poleis 34.6 m\Wb and the total mechanical torque developed is 209 N-m.
Calculate the line current taken by the motor and the speed at which it will run with an applied
voltage of 500 V. Total motor resistanceis 3 ohm.

(Elect. Engg. AMIETE Sec. A Part 11 June 1991)

N =K JArt. 27.9

Solution. T, = 0159 @ZI, (P/A) N-m
O 209 = 0.159 x 34.6 x 10> x 944 x 1,(4/2);1,=20.1A
E, = V-1,R,=500-20.1x3=439.7V
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Now, speed may be found either by using the relation for E, or T, asgivenin Art.
E, = ®2ZNx (P/A) or 439.7 = 34.6 x 107%x 944 x N x 2
O N = 6.73rps. or 3822r.p.m.

Example 29.21. A 250-V shunt motor runs at 1000 r.p.m. at no-load and takes 8A. The total
armature and shunt field resistances are respectively 0.2 Q and 250 Q. Calculate the speed when
loaded and taking 50 A. Assume the flux to be constant.  (Elect. Engg. A.M.Ae. S.I. June 1991)

- N _ B P o SN VI =t
Solution. Formulaused.N—O = g><$0,s|nce @, _cp(gwen),,\TO _%
lg, =250/250=1A

Eo=V-1,R =250-(7%x02)=2486V;E,=V-I,R =250~ (49 x0.2) =240.2V
N _ 2402. \=
O 1000 - 2486 N= 9666.1r.p.m.

Example 29.22. A d.c. series motor operates at 800 r.p.m. with a line current of 100 A from
230-V mains. Itsarmaturecircuit resistanceis0.15 Q and itsfield resistance 0.1 Q. Find the speed
at which the motor runsat a line current of 25 A, assuming that the flux at this current is 45 per cent

of the flux at 100 A. (Electrical Machinery - |, Banglore Univ. 1986)
. N E, @ ) 1
Solution. —2 = M2y 1. =0. It I N
N, £, X o, ®, =0.45 @ or ®, 045
E, = 230-(015+0.1)x100=205V; E,=230-25x0.25=223.75V
N, 22375, 1 .
2 = ——; N, = .p.m.
800 205 045’ N2 = 1940TpM

Example29.23. A230-V d.c. shunt motor hasan armatureresistance of 0.5 Q and field resistance
of 115 Q. At no load, the speed is 1,200 r.p.m. and the armature current 2.5 A. On application of
rated load, the speed drops to 1,120 r.p.m. Determine the line current and power input when the
motor delivers rated load. (Elect. Technology, Kerala Univ. 1988)

1200 r.p.m., E,; =230 — (0.5 x 2.5) =228.75 V
1120r.p.m., E,=230-051,,
1120 230-05l,

N, _ By =
Now: N, | E, - 1200 22875 & A

Linecurrent drawn by motor = I, + 14 =33+ (230/115) = 35 A
Power input at rated load 230 x 35=8,050 W

Solution. N,

Z
N
1

Example 29.24. A belt-driven 100-kW, shunt generator running at 300 r.p.m. on 220-V bus-
bars continues to run as a motor when the belt breaks, then taking 10 kW. What will be its speed ?
Given armatureresistance = 0.025 Q, field resistance = 60 Q and contact drop under each brush =
1V, Ignore armature reaction. (Elect. Machines (E-3) AMIE Sec.C Winter 1991)

Solution. AsGenerator [Fig. 29.12 (a)]

Load current, | = 100,000/220 = 454.55 A; | 4, = 220/60 = 3.67 A

I, = I +14,=4582A;1, R, =458.2x0.025 = 11.45
E, = 220+ 11.45+2x1=233.45V; N, =300 r.p.m.
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Lsh 454.55 A Lsn 1
3.67 A , I 3.67A . 4545A
a a
Z 2
(I 2 i 2
/m a
41.78 A
(@) 220V (b) 220V
Fig. 29.12

AsMotor [Fig. 29.12 (b)]
Input linecurrent = 100,000/220 = 45.45 A; 1y, = 220/60 = 3.67 A

1,=45.45-367=41.78A; 1, R, =41.78x0.025=1.04V; E,=220-1.04-2x1=216.96 V

(O .
N o Ee x —L; since ®, = ®, because |, is constant
Nl Ebl CD2
N, 216.96
—< = =—"—: N, =279r.p.m
. 300 ~ 23345 2 20TRM

Example 29.25. Ad.c. shunt machine generates 250-V on open circuit at 1000 r.p.m. Effective
armature resistanceis 0.5 Q, field resistance is 250 Q, input to machine running as a motor on no-
loadis4 Aat 250 V. Calculate speed of machine asa motor taking 40 A at 250 V. Armature reaction
weakens field by 4%. (Electrical Machines-I, Gujarat Univ. 1987)

Solution. Consider the case when the machine runs as a motor on no-load.

Now, Iy, =250/250 = 1 A; Hence, | ,,=4-1=3A; E,,=250-0.5x3=2485V

Itisgiventhat when armaturerunsat 1000 r.p.m., it generates 250 V. Whenit generates248.5V,
it must be running at a speed = 1000 x 248.5/250 = 994 r.p.m.

Hence, Ny, = 994 r.p.m.
When L oaded
1,=40-1=39A,E =250-39x05=2305V Also, /P =1/0.96
230. 1
N oo 5 g N 2308 N=960r.p.m.

E ~ Ey 994 2485 0.9

Example 29.26. A 250-V shunt motor giving 14.92 KW at 1000 r.p.m. takes an armature current
of 75 A. The armature resistance is 0.25 ohm and the load torque remains constant. If the flux is
reduced by 20 percent of its normal value before the speed changes, find the instantaneous value of
the armature current and the torque. Determine the final value of the armature current and speed.

(Elect. Engg. AMIETE (New Scheme) 1990)

Solution. E,, = 250-75%0.25=231.25V, as inFig. 29.13.
When flux is reduced by 20%, the back em.f. is also reduced 5A T
instantly by 20% because speed remains constant due to inertia of 2L
the heavy armature (Art. 29.11). 250V
0  Instantaneousvalue of back em.f. (E,), = 231.25x0.8

=185V
(1L)ing = [V = (E)ingl/R, = (250 - 185)/0.25 = 260 A

Fig. 29.13
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Instantaneous value of the torque = 9-95 X

or (Ta)ins
Steady Conditions
Since torque remains constant,
I a2
O E
N2
Now, N, -

Electrical Technology

(Eb)inst x (I a)inst
N (inr.pm)

= 9.55x 185 x 260/1000 = 459 N-m

Dyl =Dl
= 1, /0,=75% ©/0.8 D, =937 A
250 -93.7 x0.25=226.6 V
ix(bl _ 2266 , 1.

E, @, 23125 08

N, =1225r.p.m.

Example 29.27. A 220-V, d.c. shunt motor takes4 A at no-load when running at 700 r.p.m. The
field resistance is 100 Q. The resistance of armature at standstill gives a drop of 6 volts across
armature terminals when 10 A were passed through it. Calculate (a) speed on load (b) torque in
N-mand (c) efficiency. The normal input of the motor is 8 kW,

Solution. (a) I
F.L. Power input
I

a

Evo

N
N N
ow, Ng
(b)
() N.L. power input
Constant losses
Total F.L. losses

F.L. Motor efficiency

o

(Electrotechnics-11; M.S. Univ. Bar oda 1988)
200/100=2A

= 8,000W; FL.linecurrent =8,000/200 =40 A

40-2=38A; R,=6/10=06Q
200-2x0.6=1988V; E,=200-38x0.6=177.2V
E, o N _177.2.

—0or o—==———: N =623.9r.p.m.
Eno

700 ~ 198.8°
9.55 E,|/N =9.55 x 177.2 x 38/623.9 = 103 N-m

= 200 x 4=800W; Arm. Culoss=1,°R,=2°x 0.6 =24 W

800 - 2.4 =797.6 W; F.L. arm. Cu loss = 38” x 0.6 = 866.4 W

= 797.6 + 866.4 = 1664 W; F.L. output = 8,000 — 1664 = 6336 W

6336/8,000 = 0.792 or 79.2 %

Example29.28. Theinput to 230-V, d.c. shunt motor is 11kW. Calculate (a) the torque devel oped
(b) the efficiency (c) the speed at thisload. The particulars of the motor are as follows :

No-load current = 5A; No-load speed = 1150 r.p.m.
Arm. resistance = 0.5 Q; shunt field resistance = 110 Q.

Solution.

No-load input =

(Elect. Technology ; Bombay University 1988)
220x5 = 1,100W; |y = 220/110 = 2A; |, =5-2=3A

No-load armature Culoss = 3°x 0.5 = 45W

a Constant losses =

When input is 11 kW.

Input current =

1,100-4.5 = 1,095.5W

11,000/220 = 50A ; Armaturecurrent = 50-2 = 48 A

Arm. Culoss = 48°x05 = 1,152 W ;
Total loss = Arm. Culoss+ Constant losses= 1152 + 1095.5 = 2248 W

Output =

11,000 - 2,248 = 8, 752 W

(b) Efficiency = 8,752 x 100/11,000 = 79.6%
(©) Back em.f. at no-load = 220-(3x0.5) = 2185V
Back em.f. at givenload = 220-(48% 0.5) = 196V

O Speed N =

1,150 x 196/218.5 = 1,031 r.p.m.
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196 48
@ Ta = 935X 031

Example29.29. Thearmature circuit resistance of a 18.65 kW 250-V seriesmotor is0.1 Q, the
brush voltage drop is 3V, and the seriesfield resistance is 0.05. When the motor takes 80 A, speed is
600 r.p.m. Calculate the speed when the current is 100 A.

(Elect. Machines, A.M.l.E. Sec. B, 1993)

=87.1N-m

Solution. E,, = 250-80(0.1+0.085) -3 = 235V.
E,, = 250-100 (0.1 +0.05) - 3= 232V
Since ® 01, hence, ®, 080, ®,0 100, ®,/B, = 80/100
N
Now Noos Bo P No 232,80\ gzarpm,

N, ~ E, o, 600 ~ 235 100’

Example 29.30. A 220-volt d.c. series motor is running at a speed of 800 r.p.m. and draws

100 A. Calculate at what speed the motor will run when devel oping half the torque. Total resistance
of the armature and field is 0.1 ohm. Assume that the magnetic circuit is unsaturated.

(Elect. Machines; A.M.I.E. Sec. B, 1991)

i N Eb ® _ Bpla
Solution. = Xy T T Oo 0 |
N, By ©  Ey I ( 2)
Sincefieldisunsaturated, T, O I, O 1.7 (O T,01,7 andT,01.2)
or TJT, = (/) or U2 = (11,07 1y = 1,4/3/2 =707 A

E, = 220-100x0.1 =210V ; E, = 220-0.1x70.7=2129V

. N, _ 2129 100
800 ~ 210  70.7°

Example 29.31. A 4-poled.c. motor runs at 600 r.p.m. on full load taking 25 A at 450 V. The
armature is lap-wound with 500 conductors and flux per pole is expressed by the relation.
= (1.7 x 102 x 1 %) weber
where 1 is the motor current. If supply voltage and torque are both halved, calculate the speed at
which the motor will run. Ignore stray losses. (Elect. Machines, Nagpur Univ. 1993)

Solution. Letusfirst find R,

N, = 1147 r.p.m.

Now N = [BOADr m.
zoHp P
0 600 = E, 9 60 x 4

1.7x1072 x25%° 500x 4
10x1.7x102x5x500 = 425V
450-425 = 25V ; R, = 25/25 = 1.0Q

0 E,
IR,

Now in thelst Case
T, 00 1, O T1D1.7><10'2x 25 x 25

Similarly T, 017x102x \J1xI ; Now T, = 2T,
0 17x1072x125 = 1.7x102x1¥x2 0O | = (125/2?° =1575A
E, = 425V ; E, = 225-(1575%x1) = 209.3V

N E, )
Usingtherdation 2 = —22x —L
o N, En @,

; we have
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N, _ 2093, 17x107x5

600 425  17x102x+ 1575

N, = 372r.p.m.

Tutorial Problems 29.2

1. Calculate the torque in newton-metre developed by a440-V d.c. motor having an armature resistance

of 0.25 Q and running at 750 r.p.m. when taking a current of 60 A. [325 N-m]
2. A 4-pole, lap-connected d.c. motor has 576 conductors and draws an armature current of 10 A. If the
flux per poleis 0.02 Wh, calculate the armature torque developed. [18.3 N-m]

3. (a) A d.c. shunt machine has armature and field resistances of 0.025 Q and 80 Q respectively. When
connected to constant 400-V bus-bars and driven asagenerator at 450 r.p.m., it delivers 120 kW. Calculateits
speed when running as a motor and absorbing 120 kW from the same bus-bars.

(b) Deduce the direction of rotation of this machine when it is working as a motor assuming a clockwise
rotation as a generator. [(a) 435r.p.m. (b) Clockwise]

4. The armature current of a series motor is 60 A when on full-load. If the load is adjusted to that this
current decreasesto 40-A, find the new torque expressed as a percentage of the full-load torque. The flux for
acurrent of 40 A is 70% of that when current is60 A. [46%]

5. A 4-pole, d.c. shunt motor has a flux per pole of 0.04 Wb and the armature is lap-wound with 720
conductors. The shunt field resistanceis 240 Q and the armatureresistanceis0.2 Q. Brush contact dropis1V
per brush. Determine the speed of the machine when running (a) asamotor taking 60 A and (b) asagenerator
supplying 120 A. Theterminal voltage in each caseis 480 V. [972r.p.m.; 1055 r.p.m.]

6. A 25-kW shunt generator isdelivering full output to 400-V bus-barsand isdriven at 950 r.p.m. by belt
drive. The belt breaks suddenly but the machine continues to run as amotor taking 25 kW from the bus-bars.
At what speed does it run ? Take armature resistance including brush contact resistance as 0.5 Q and field
resistance as 160 Q. [812.7 r.p.m.] (Elect. Technology, Andhra Univ. Apr. 1977)

7. A 4-pole, d.c. shunt motor has awave-wound armature with 65 slots each containing 6 conductors. The
flux per poleis 20 mWb and the armature has a resistance of 0.15 Q. Calculate the motor speed when the
machine is operating from a 250-V supply and taking a current of 60 A. [927 r.p.m.]

8. A 500-V, d.c. shunt motor has armature and field resistances of 0.5 Q and 200 Q respectively. When
loaded and taking atotal input of 25 kW, it runs at 400 r.p.m. Find the speed at which it must be driven as a
shunt generator to supply a power output of 25 kW at aterminal voltage of 500 V. [442r.p.m.]

9. A d.c. shunt motor runs at 900 r.p.m. from a400 V supply when taking an armature current of 25 A.
Calculate the speed at which it will run from a 230 V supply when taking an armature current of 15 A. The
resistance of the armature circuit is0.8 Q. Assume the flux per pole at 230 V to have decreased to 75% of its
value at 400 V. [595r.p.m.]

10. A shunt machine connected to 250-A mains has an armature resistance of 0.12 Q and field resistance
of 100 Q. Find theratio of the speed of the machine as agenerator to the speed asamotor, if line current is80
A inboth cases. [1.08] (Electrical Engineering-l1, Bombay Univ. April. 1977, Madras Univ. Nov. 1978)

11. A 20-kW d.c. shunt generator delivering rated output at 1000 r.p.m. has aterminal voltage of 500 V.
The armature resistance is 0.1 Q, voltage drop per brush is 1 volt and the field resistance is 500 Q.

Calculate the speed at which the machine will run as a motor taking an input of 20 kW from a500 V d.c.
supply. [976.1 r.p.m.] (Elect. Engg-l Bombay Univ. 1975)

12. A 4-pole, 250-V, d.c. shunt motor has alap-connected armature with 960 conductors. The flux per
poleis?2 x 102 Wh. Calculatethe torque developed by the armature and the useful torque in newton-metre
when the current taken by the motor is 30A. The armature resistance is 0.12 ohm and the field resistance is
125 Q. Therotational losses amount to 825 W.

[85.5 N-m ; 75.3 N-m] (Electric Machinery-I, Madras Univ. Nov. 1979)
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29.12. Motor Characteristics

The characteristic curves of a motor are those curves which show relationships between the
following quantities.

1. Torqueand armaturecurrent i.e. T/l characteristic. Itisknownaselectrical characteristic.

2. Speed and armaturecurrent i.e. N/I, characteristic.

3. Speed and torquei.e. N/T, characteristic. Itisalso known asmechanical characteristic. It
can be found from (1) and (2) above.

While discussing motor characteristics, the following two relations should always be kept in
mind :

T, 00 I, and ND%

29.13. Characteristics of Series Motors

1. T,/l,Characteristic. We haveseenthat T, 1P |.. Inthiscase, asfield windings also carry

the armature current, ® [ 1, up to the point of magnetic saturation. Hence, before saturation,
T, 001, and O T,012

At light loads, |, and hence @ is small. But as|, increases, T, increases as the square of the
current. Hence, T/l curve is a parabola as shown in Fig. 29.14. After saturation, ® is almost
independent of | hence T, 00 I, only. So the characteristic becomes astraight line. The shaft torque
Ty, islessthan armature torque due to stray losses. It is shown dotted in the figure. So we conclude
that (prior to magnetic saturation) on heavy loads, a series motor exerts atorque proportional to the
sguare of armature current. Hence, in cases where huge starting torque is required for accelerating
heavy masses quickly asin hoists and electric trains etc., series motors are used.

Ta
Q P /
% /// /// —I;h
I e
/// //, N N
O I; — O L, — O T, —
Fig. 29.14 Fig. 29.15 Fig. 29.16
2. N/I, Characteristics. Variationsof speed can be deduced from the formula:
E
N O =2
®

Changein E,, for variousload currentsis small and hence may be neglected for the time being.
With increased | ,, ® also increases. Hence, speed variesinversely as armature current as shown in
Fig. 29.15.

Whenloadisheavy, |, islarge. Hence, speedislow (thisdecreases E, and allows more armature
current to flow). But when load current and hence |, falls to a small value, speed becomes danger-
ously high. Hence, aseries motor should never be started without some mechanical (not belt-driven)
load on it otherwise it may devel op excessive speed and get damaged due to heavy centrifugal forces
so produced. It should be noted that series motor is a variable speed motor.

3. N/T yor mechanical characteristic. Itisfound from abovethat when speedishigh, torqueis
low and vice-versa. The relation between the two isas shown in Fig. 29.16.
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29.14. Characteristics of Shunt Motors

1. T l,Characteristic

Assuming @ to be practically constant (though at heavy loads, ¢ decreases somewhat due to
increased armature reaction) wefind that T, [ 1.

Hence, the electrical characteristic as shown in Fig. 29.17, is practically a straight line through
the origin. Shaft torque is shown dotted. Since a heavy starting load will need a heavy starting
current, shunt motor should never be started on (heavy) load.

2. N/l Characteristic

If ® is assumed constant, then N O E,. AsE, is also practically constant, speed is, for most
purposes, constant (Fig. 29.18).

1 ///
. } ’];h \‘;‘~ \
3
9 //
Ho // N
O Current Ia —_— (0] Ia JE—. Ia —_—
Fig. 29.17 Fig. 29.18 Fig. 29.19

But strictly speaking, both E, and ® decrease with increasing load. However, E, decreases
slightly more than ¢ so that on the whole, there is some decrease in speed. Thedrop variesfrom
5to 15% of full-load speed, being dependent on saturation, armature reaction and brush position.
Hence, the actual speed curve is slightly drooping as shown by the dotted line in Fig. 29.18.
But, for all practical purposes, shunt motor is taken as a constant-speed motor.

Because there is no appreciable change in the speed of a shunt motor from no-load to full-
load, it may be connected to loads which are totally and suddenly thrown off without any fear of
excessive speed resulting. Due to the constancy of their speed, shunt motors are suitable for
driving shafting, machinetools, lathes, wood-working machines and for all other purposes where
an approximately constant speed is required.

3. N/TyCharacteristic can be deduced from (1) and (2) above and isshown in Fig. 29.19.

29.15. Compound Motors

These motors have both series and
shunt windings. If series excitation helps
the shunt excitationi.e. seriesflux isin the
same direction (Fig. 29.20); then the mo-
tor is said to be cummulatively com-
pounded. If onthe other hand, seriesfield
opposes the shunt field, then the motor is
said to be differentially compounded.

The characteristics of such motorslie
in between those of shunt and series motors
asshown in Fig. 29.21.

(a) Cumulative-compound Motors
Such machines are used where series characteristics are required and where, in addition,

Compound Motors
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theload islikely to be removed totally

such as in some types of coal cutting —— /Eféfﬁs\—~<—c
machines or for driving heavy machine
. — ——
tools which have to take sudden cuts —> ¢ R
Shunt\
quite often. Due to shunt windings, { = Field ™, € =

speed will not become excessively high

but due to series windings, it will be M
able to take heavy loads. In conjunc-

tion with fly-whee! (functioning asload @ (®)

equalizer), it is employed where there Fig. 29.20

are sudden temporary loads asin rolling mills. Thefly-wheel suppliesits stored kinetic energy
when motor slows down due to sudden heavy load. And when dueto the removal of load motor
speeds up, it gathers up its kinetic energy.

Compound-wound motors have greatest application with loads that require high starting
torques or pulsating loads (because such motors smooth out the energy demand required of a
pulsating load). They are used to drive electric shovels, metal -stamping machines, reciprocat-
ing pumps, hoists and compressors etc.

(b) Differential-compound M otors

Since series field opposes the shunt field, the flux is decreased as load is applied to the
motor. Thisresultsinthe motor speed remaining almost constant or even increasing with increase
in load (because, N O E /(®). Due to this reason, there is a decrease in the rate at which the
motor torqueincreases with load. Such motorsare not in common use. But because they can be
designed to give an accurately constant speed under all conditions, they find limited application
for experimental and research work.

One of the biggest drawback of such amotor isthat due to weakening of flux with increases
inload, thereisatendency towards speed instability and motor running away unless designed

properly.
/ Series Diff. Comp.
. Shunt \
3 =
& &
=]
3
&
Series E
& Cum.
Comp.
— Iy —» la
(a) (®)
Fig. 29.21
Example 29.32. Thefollowing resultswere obtained froma static torquetest on a series motor :
Current (A) : 20 30 40 50
Torque(N-m) : 128.8 230.5 349.8 46.2

Deduce the speed/torque curve for the machine when supplied at a constant voltage of 460 V.
Resistance of armature and field winding is 0.5 Q. Ignore iron and friction losses.
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Solution. Taking the case when input current is 300
20 A, we have
Motor input = 460 x 20 = 9,200 W E 600
Field and armature Cu loss a I~
= 20%x 0.5= 200 W = 400 — —
Ignoring iron and friction losses, ;% g
output = 9,200 — 200 = 9,000 W 200 =
Now, Tq,x2rN = Output in watts.
O 128.8 x 2rt xN= 9,000

0 100 200 300 400 500
9,000/2mt x128.8 Torque (NW.m)

11.12r.p.s. = 667 r.p.m.

O N

Similar calculationsfor other values of current are Fig. 29.22
tabulated below :

Current (A) 20 30 40 50

Input (W) 9,200 13,800 18,400 23,000
I°’Rloss (W) 200 450 800 1,250
Output (W) 9,200 13,350 17,600 21,850
Speed (r.p.m.) 667 551 480 445
Torque (N-m) 128.8 230.5 349.8 469.2

From these values, the speed/torque curve can be drawn as shown in Fig. 29.22.

Example 29.33. Afanwhichrequires8h.p. (5.968 kW) at 700 r.p.m. iscoupled directly toad.c.
seriesmotor. Calculatetheinput to the motor when the supply voltage is 500 V, assuming that power
required for fan varies as the cube of the speed. For the purpose of obtaining the magnetisation
characteristics, the motor was running as a self-excited generator at 600 r.p.m. and the relationship
between the terminal voltage and the load current was found to be as follows :

Load current (A) : 7 10.5 14 275
Terminal voltage (V) : 347 393 434 458

The resistance of both the armature and field windings of the motor is 3.5 Q and the core,
friction and other losses may be assumed to be constant at 450 W for the speeds corresponding to the
above range of currents at normal voltage. (I.E.E. London)

Solution. Let us, by way of illustration, cal cul ate the speed and output when motor isrunning off
a500-V supply and taking a current of 7A.

Series voltage drop = 7x35=245V
Generated or back em.f. E, = 500-24.5=4755V

Themotor speed isproportional to E, for agiven current. For aspeed of 600r.p.m. and acurrent
of 7A, the generated em.f is347 V. Hence,

N = 600 x 475.5/347 = 823 r.p.m.
Power to armature = B, =4755%x7=3329W
Output = Armature power — 450 = 3,329 — 450 = 2.879 W = 2.879 kW
Power required by the fan at 823 r.p.m. is = 5.968 x 8237007 = 9.498 kW
These calculations are repeated for the other values of current in the following table.
Input currrent (A) 7 10.5 14 275
Series drop (V) 24.5 36.7 49 96.4
Back em.f. (V) 475.5 463.3 451 403.6
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E.M.F. at 600 r.p.m. (V) 347 393 434 458
Speed N (r.p.m.) 823 707 623 528
Armature power (W) 3329 4870 6310 11,100
Motor output (kW) 2.879 4420 5.860 10.65
Power required by fan (kW) 9.698 6.146 4.222 2.566

In Fig. 29.23 (i) the motor output in kW and (ii) power required by fan in KW against input
currentis plotted. Since motor output equals the input to fan, hence the intersection point of these
curves gives the value of motor input current under the given conditions.

Input current corresponding to intersection point = 12 A
0 Motor input = 500 x 12 = 6,000 W T
29.16. Performance Curves 10l

X0
(@) Shunt Motor W

InFig. 29.24 the four essential characteristics = 8-
of ashunt motor areshown i.e. torque, current speed
and efficiency, each plotted asafunction of motor £ 6|
output power. Theseareknown asthe performance £
curves of amotor. 41
It is seen that shunt motor has a definite no-
load speed. Hence, it does not ‘run away’ when 2 Fan

load is suddenly thrown off provided the field cir- | | |
cuit remains closed. The drop in speed from no-

load to full-load is small, hence this motor is usu- 0 > 10 Cu,.ijm 0030
aly referred to as constant speed motor. The speed Fig. 29.23

for any load within the operating range of the mo- o

tor can be readily obtained by
varying thefield current by means
of afield rheostat.

The efficiency curve is usu-
ally of the same shapefor all elec-
tric motors and generators. The
shape of efficiency curve and the
point of maximum efficiency can I D S =—ayt 7S VS e~ N
bevaried considerably by the de- 75 15 ]

. 1800 25 35
1700

1600 |-~ -feespesctoc o

1500 20

Spped r.p.m

28

Q/r
Rated Load

i
=

Ampere Input

Torque, N-m

Percent Efficiency

signer, though it is advantageous Q&Q
to havean efficiency curvewhich
isfarily flat, so that thereislittle
changein efficiency between load 10 14
and 25% overload and to havethe /
maximum efficiency asnear tothe
full load as p0$ ble. Performance

It will be seen from the 5 25 5 Curve 373K [
curves, that a certain value of s
current is required even when St s
output is zero. The motor input 0 0 0
under no-load conditions goesto 0 1.5 3.0 4.5 6.0
meet the various |osses occuring kW Output
within the machine. Fig. 29.24
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As compared to other motors, a shunt motor is said to have a lower starting torque. But this
should not be taken of mean that a shunt motor is incapable of starting a heavy load. Actually, it
meansthat seriesand compound motors are capabl e of starting heavy loadswith lessexcess of current
inputs over normal values than the shunt motors and that consequently the depreciation on the motor
will be relatively less. For example, if twice full load torque is required at start, then shunt motor

drawstwicethefull-load current (T, O1,0r 1,0 \/ﬁ ) whereas series motor draws only approximately
oneand a half times the full load current (T, 01,7 0r 1, 0 T, ).

The shunt motor iswidely used with loads that require essentially constant speed but where high
starting torques are not needed. Such loadsinclude centrifugal pumps, fans, winding reels conveyors
and machine tools etc.

(b) SeriesMotor
Thetypical performance curves for a series motor are shown in Fig. 29.25.

It will be seen that drop in speed with increased load is much more prominent in series motor
than in ashunt motor. Hence, a series motor isnot suitable for applications requiring a substantially
constant speed.

For a given current input, the starting torque developed by a series motor is greater than that
developed by ashunt motor. Hence, series motors are used where huge starting torques are necessary
i.e. for street cars, cranes, hoists and for electric-railway operation. In addition to the huge starting
torque, thereisanother unique characteristic of series motorswhich makesthem especially desirable
for traction work i.e. when aload comes on a series motor, it responds by decreasing its speed (and
hence, E,) and supplies the increased torque with a small increase in current. On the other hand a
shunt motor under the same conditions would hold its speed nearly constant and would supply the
required increased torque 1800
with a large increase of
input current. Supposethat
instead of a seriesmotor, a 1500 50
shunt motor isusedtodrive 160
astreet car. When the car
ascends a grade, the shunt
motor maintains the speed 1200 40 N //hjk\
for the car at approximately 80
thesamevalueit had onthe
level ground, but the motor
tends to take an excessive
current. A series motor,
however, automatically
sowsdown on such agrade
because of increased
current demand, and so it 600 20 40
develops more torque at /
reduced speed. The drop /

900 30 60

Speed r.p.m.

Percent Efficiency

Torque and Amps

in speed permits the motor
to develop a large torque 300 10 /

Performangce 20

3.73|kW, 115V
40 Al Series Motor

with but a moderate
increase of power. Hence,
under the same load i
condltlons, rating of the 0 0 s 30 45 60
series motor would be less kW Output

than for a shunt motor.

Fig. 29.25
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29.17. Comparison of Shunt and Series Motors

(&) Shunt Motors

The different characteristics have been discussed in Art.

29.14. ltisclear that

(a) speed of ashunt motor is sufficiently constant.

(b) for the same current input, its starting torque is not a

high asthat of series motor. Hence, it is used.

(i) When the speed has to be maintained approximately
constant from N.L. to EL. i.e. for driving aline of shafting etc.
(if) Whenitisrequired to drivetheload at various speeds,
any one speed being kept constant for arelatively long period
i.e. forindividual driving of such machinesaslathes. The shunt
regulator enablesthe required speed control to be obtained easily

and economically.

Shunt Motors

Summary of Applications

Type of motor Characteristics Applications
Shunt Approximately constant | For driving constant speed line shafting
speed Adjustable speed Lathes
Medium starting torque (Up | Centrifugal pumps
to 1.5 F.L. torque) Machinetools
Blowersand fans
Reciprocating pumps
Series Variable speed For traction work i.e.
Adjustable variying speed EIegric Iocgmotivas
High Starting torque Rapidtransit systems
Trolley, cars etc.
Cranes and hoists
Conveyors
Comulative Variable speed For intermittent high torque loads
Compound Adjustablevarying speed | For shears and punches
High starting torque Elevators
Conveyors
Heavy planers
Heavy planers
Rolling mills; Ice machines; Printing
presses; Air compressors

(b) SeriesMotors

The operating characteristics have been discussed in Art 29.13. These motors
1. havearelatively huge starting torques.
2. have good accelerating torque.

3. havelow speed at high loads and dangerously high speed at low loads.
Hence, such motors are used
1. whenalarge starting torqueisrequired i.e. for driving hoists, cranes, trams etc.
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2. when the motor can be directly coupled to aload such as afan whose torque increases with
Speed.

3. if constancy of speed is not essential,
then, infact, the decrease of speed with increase
of load has the advantage that the power
absorbed by the motor does not increase as
rapidly asthetorque. For instance, when torque
is doubled, the power approximately increases

by about 50 to 60% only. (O 1,0 /T, ).

4. aseriesmotor should not be used where
thereisapossibility of the load decreasing to a
very small value. Thus, it should not be used
for driving centrifugal pumpsor for abelt-drive
of any kind.

Series Motors

29.18. Losses and Efficiency
The losses taking place in the motor are the same asin generators. These are (i) Copper losses
(if) Magnetic losses and (iii) Mechanical |osses.
The condition for maximum power developed by the motor is
I,R, = VI2=E,
The condition for maximum efficiency is that armature Cu losses are equal to constant losses.
(Art. 26.39).

29.19. Power Stages

Thevarious stages of energy transformation in amotor and al so the variouslosses occurringin it
are shown in the flow diagram of Fig. 29.26.

Overall or commercia efficiency n, = C , Electrical efficiency n = B , Mechanical efficiency

-C
r]m - B-
The efficiency curve for amotor is similar in shape to that for a generator (Art. 24.35).
A’ B C
Driving
Power n
Motor Iron and é\)/lotort
:\': Input :> :> :> Friction :> utpu :>
Losses Armature Losses in Watt
= VI Watt
= Ebla Watt
Fig. 29.26

It isseenthat A — B = copper losses and B — C = iron and friction losses.

Example 29.34. One of the two similar 500-V shunt machines A and B running light takes 3 A.
When A is mechanically coupled to B, the input to A is 3.5 A with B unexcited and 4.5 Awhen B is
separately-excited to generate 500 V. Calculate the friction and windage loss and core loss of each
machine. (Electric Machinery-1, Madras Univ. 1985)

Solution. When running light, machine input is used to meet the following losses (i) armature
Cu loss (i) shunt Cu loss (iii) iron loss and (iv) mechanical lossesi.e. friction and windage losses.
Obviously, these no-load losses for each machine equal 500 x 3 = 1500 W.
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(@) With B unexcited

In this case, only mechanical losses take place in B, there being neither Cu loss nor iron-loss
because B isunexcited. Since machine A draws 0.5 A more current.

Friction and windage loss of B =500 x 0.5 =250 W

(b) With B excited

Inthiscase, bothiron lossesaswell asmechanical ossestake placein machine B. Now, machine
Adraws, 4.5 - 3= 1.5 A more current.

Iron and mechanical losses of B = 1.5 x 500 = 750 W

Iron losses of B = 750 — 250 = 500 W

Example29.35. A 220V shunt motor hasan armatureresistance of 0.2 ohmand field resistance

of 110 ohm. The motor draws 5 A at 1500 r.p.m. at no load. Calculate the speed and shaft torque if
the motor draws 52 A at rated voltage. (Elect. Machines Nagpur Univ. 1993)

Solution. lg, = 220/110=2A;1,=5-2=3A;1,=52-2=50A
E, = 220-3x02=2194V,E,=220-50x0.2=210V
N, 210 .\ = -
1500 = m,N2—1436r.p.m. @P, =)

For finding the shaft torque, wewill find the motor output when it drawsacurrent of 52 A. First
we will use the no-load data for finding the constant losses of the motor.

No load motor input = 220 x5=1100 W; Arm. Cu loss = Fx02=2W
0 Constant or standing losses of the motor = 1100 — 2 = 1098
When loaded, arm. Culoss = 507 x 0.2 = 500 W
Hence, total motor losses = 1098 + 500 = 1598 W
Motor input onload = 220 x 52 = 11,440 W; output = 11,440 — 1598 = 9842 W
O Ty, = 9.55 x output/N = 9.55 x 9842/1436 = 65.5 N-m
Example 29.36. 250V shunt motor on noload runsat 1000 r.p.m. and takes 5 amperes. Armature
and shunt field resistances are 0.2 and 250 ohms respectively. Calculate the speed when loaded
taking a current of 50 A. The armature reaction weakens the field by 3%.

(Elect. Engg.-l Nagpur Univ. 1993)
250/250=1A;1,=5-1=4A;1,=50-1=49A
250-4x02=249.2V; E,=250-49x0.2=2402V

N, _ 2402, @& .
1000 2492 097qQ°
Example 29.37. A500 V d.c. shunt motor takesa current of 5 A on no-load. The resistances of
the armature and field circuit are 0.22 ohm and 250 ohm respectively. Find (a) the efficiency when
loaded and taking a current of 100 A (b) the percentage change of speed. Sate precisely the
assumptions made. (Elect. Engg-l, M.S. Univ. Baroda 1987)
Solution. No-Load condition
500/250=2A; 1,,=5-2=3A; E,=500 - (3x0.22) =499.34 V
Arm. Culoss = 3?x 0.22 =2 W; Motor input = 500 x 5 = 2500 W
Constant losses = 2500 — 2 = 2498 W
It isassumed that these losses remain constant under all load conditions.
L oad condition
(a) Motor current = 100A;1,=100-2=98A; E =500 - (98 x 0.22) = 478.44 V

Solution. l¢

m
(=S
1

N, =944 r.p.m.

s
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Arm. Culoss = 98°x 0.22 = 2110 W, Total losses = 2110 + 2498 = 4608 W
Motor input = 500 x 100 = 50,000 W, Motor output = 50,000 — 4,608 = 45,392 W

Motor n = 45,392/50,000 = 0.908 or 90.8%
N i—478-44 N-N,_-209 _ 0
Ny = e = 29934 or N = 29934 = 0.04180r -4.18%

Example 29.38. A 250 V d.c. shunt motor runs at 1000 r.p.m. while taking a current of 25 A.
Calculate the speed when the load current is 50 A if armature reaction weakens the field by 3%.
Determine torquesin both cases.

R, = 0.2ohm; R = 250 ohms
\oltage drop per brushis1V. (Elect. Machines Nagpur Univ. 1993)
Solution. lg, = 250/250=1A;1,=25-1=24A
E,, = 250 —arm. drop — brush drop
= 250-24x02-2=2432V
= 50-1=49A;E,=250-49%x02-2=2382V
N 2382, P _
1050 = 53" 0.971¢1, N, =1010r.p.m.
T, = 955E, | ,/N, = 9.55 x 243.2 x 24/1000 = 55.7 N-m
T, = 9.55x238.2 x 49/1010 = 110.4 r.p.m.

Example 29.39. A d.c. shunt machine while running as generator develops a voltage of 250 V
at 1000 r.p.m. on no-load. It has armature resistance of 0.5 Q and field resistance of 250 Q. When
the machine runs as motor, input to it at no-load is4 A at 250 V. Calculate the speed and efficiency
of the machinewhen it runs asa motor taking 40 A at 250 V. Armature reaction weakensthefield by

4 %. (Electrical Technology, Aligarh Muslim Univ. 1989)
I\|2 Eb2 ch
Solution. ~N = F &
Nl Ebl CD2

Now, when running as a generator, the machine gives 250 V at 1000 r.p.m. If this machine was
running as motor at 1000 r.p.m., it will, obviously, have a back em.f. of 250 V produced in its
armature. Hence N, = 1000 r.p.m. and E;; =250 V.

When it runs as amotor, drawing 40 A, the back em.f. induced in itsarmatureis

E, = 250-(40-1) x0.5=230.5V; Also $,=0.96 P,, N, =7

Using the above equation we have

N, _ 2305, @
1000 250 0.96 v,

; N, =960 r.p.m.

Efficiency
No-load input represents motor losses which consists of
(a) armature Culoss=1,” R, whichisvariable.
(b) constant losses W, which consists of (i) shunt Cu loss (ii) magnetic losses and
(iii) mechanical losses.
No-load input or total losses = 250 x 4 = 1000 W
Arm. Culoss=1.R,= 3 x 0.5=45W, 0 W, = 1000 - 4.5 = 9955 W
When motor draws aline current of 40 A, itsarmature current is (40 - 1) =39 A
Arm. Culoss = 39°x 0.5=760.5W; Total losses = 760.5 + 955.5 = 1756 W
Input = 250 x 40 = 10,000 W; output = 10,000 - 1756 = 8,244 W
O n = 8,244 x 100/10,000 = 82.44%
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Example 29.40. The armature winding of a 4-pole, 250 V d.c. shunt motor is lap connected.
There are 120 dots, each slot containing 8 conductors. The flux per pole is 20 m\Wh and current
taken by the motor is 25 A. The resistance of armature and field circuit are 0.1 and 125 Q respec-
tively. If the rotational losses amount to be 810 W find,

(i) grosstorque (ii) useful torque and (iii) efficiency. (Elect. Machines Nagpur Univ. 1993)
Solution. Iy, =250/125=2A;1,=25-2=23A;E =250-(23x0.1) =247.7V
CDZN(P 20x10_3x960xN(4

0 \A &0 er); N= 773 r.p.m.

El, _ 7 x
e - 955 x 2477773 23
(i) Arm Culoss= 23?x 0.1 = 53 W; Shunt Cu loss = 250 x 2 = 500 W
Rotational losses = 810 W; Total motor losses = 810 + 500 + 53 = 1363 W
Motor input = 250 x 25 = 6250 W; Motor output = 6250 — 1363 = 4887 W
Tg, = 9.55 x output/N = 9.55 x 4887/773 = 60.4 N-m
(i) Efficiency = 4887/6250 = 0.782 = 78.2%
Example29.41. A 20-hp (14.92 kW); 230-V, 1150-r.p.m. 4-pole, d.c. shunt motor has a total of
620 conductors arranged in two parallel paths and yielding an armature circuit resistance of 0.2 Q.

When it deliversrated power at rated speed, it draws a line current of 74.8 A and a field current of
3A. Calculate (i) theflux per pole(ii) thetorque developed (iii) the rotational losses (iv) total losses

NOW, Eb = ) 0 247.F

(i) Grosstorque or armature torque T, = 9.55 =704N-m

expressed as a percentage of power. (Electrical Machinery-1, Banglore Univ. 1987)
Solution. I, = 748-3=718A;E,=230-71.8%x0.2=215.64V
' _ ®ZN([P). _ @ x620 x1150 (4), . _
(i) Now, E, = &0 (A),215.64——60 (2),<D—9me

(if) Armature Torque, T, = 9.55x 215.64 x 71.8/1150 = 128.8 N-m
(iii) Driving power inarmature= E| =215.64 x 71.8 = 15,483 W

Output 14,920 W; Rotational losses = 15,483 - 14,920 = 563 W
(iv) Motor input = VI =230 x 74.8 = 17,204 W, Total loss = 17,204 — 14,920 = 2,284 W

L osses expressed as percentage of power input = 2284/17,204 = 0.133 or 13.3%

Example 29.42. A 7.46 kW, 250-V shunt motor takes a line current of 5 A when running light.
Calculate the efficiency as a motor when delivering full load output, if the armature and field resis-
tance are 0.5 Q and 250 Q respectively. At what output power will the efficiency be maximum ? Is
it possible to obtain this output from the machine ? (Electrotechnics-I1, M.S. Univ. Baroda 1985)

Solution. When loaded lightly

Total motor input (or total no-load losses) = 250 x 5= 1,250 W

lg, = 250/250=1A O1,=5-1=4A
Field Culoss = 250 x 1 = 250 W; Armature Cu loss = 4> x 0.5=8 W

O Ironlosses and friction losses = 1250 — 250 - 8 = 992 W

These losses would be assumed constant.

Let I, be the full-load armature current, then armature input is = (250 x 1)) W

F.L.output = 7.46 x 1000 = 7,460 W
Thelossesin the armature are
(i) lronand friction losses
(if) Armature Culoss

992 W
1,2 % 0.05W 0 2501,=7,460+992+17x0.5
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or  0517-2501,+8452 = 0 0 1,=365A
O F.L.inputcurrent = 36.5+ 1=37.5A ; Motor input = 250 x 37.5 W
FL.output = 7,460 W
O F.L.efficiency = 7460 x 100/250 x 37.5 = 79.6%
Now, efficiency is maximum when armature Cu loss equal s constant loss.
ie I2R; = 12x0.5=(1,250 - 8) = 1,242 W or | ;= 49.84 A
O Armatureinput = 250 x 49.84 = 12,460 W
Armature Culoss = 49.84% x 0.5 = 1242 W; Iron and friction losses = 992 W
O Armatureoutput = 12,460 — (1,242 + 992) = 10,226 W
O Output power = 10,226 W = 10.226 kW

Asthe input current for maximum efficiency is beyond the full-load motor current, it is never
realised in practice.

Example29.43. Ad.c. seriesmotor drivesaload, the torque of which varies asthe square of the
speed. Assuming the magnetic circuit to be remain unsaturated and the motor resistance to be
negligible, estimate the percentage reduction in the motor terminal voltage which will reduce the
motor speed to half the value it has on full voltage. What is then the percentage fall in the motor
current and efficiency ? Stray losses of the motor may be ignored.

(Electrical Engineering-111, Pune Univ. 1987)

Solution. T, 1,012 Also, T, 0N’ HenceN* 1. orN [ 1,

O N OljyandN, 01 ,0r N/N; =171,

Since, N/N, = 12 O I/, =12o0rl,=1,/2

Let V, and V, be the voltages across the motor in the two cases. Since motor resistance is
negligible, E; =V, andE, = V,. Also®, 01 and®, 01, 0or ®,/D, =1,/ ,=1,4%x2/1,=2

Now, & :Ex& orl:&xzorﬁzl
N, E, ® O 2V v, 4
Vl_V2 4_1
= =07
O v, Z 0.75

V, - V.
0 Percentage reduction in voltage = % x 100 = 0.75 x100 = 75%

1
| /2

Percentage change in motor current = Lﬂl;lf"z x100 = Iﬂ% x100 =50%

al al
Example 29.44. A 6-pole, 500-V wave-connected shunt motor has 1200 armature conductors
and useful flux/pole of 20 mWh. Thearmature and field resistance are 0.5 Q and 250 Q respectively.
What will be the speed and torque developed by the motor when it draws 20 A from the supply
mains ? Neglect armature reaction. |If magnetic and mechanical losses amount to 900 W, find
(i) useful torque (ii) output in KW and (iii) efficiency at this load.

Solution. (i) lg, = 500/250=2A 0O 1,=20-2=18A
= = - _ PN, (E) volt
O E, = 500-(18x0.5) =491V, Now, E, = 60 A
-3
O 491 = 20x10 6><01200 xN X (g) N = 410r.p.m. (approx.)

=N 491x 18
N T = o ba-g =206 N-m
ow a 9.55 N 9.55 210
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Armature Culoss = 18%x 0.5 =162 W; Field Cu loss = 500 x 2 = 1000 W
Ironand frictionloss = 900 W ; Total loss = 162 + 1000 + 900 = 2,062 W
Motor input = 500 x 20 = 10,000 W
(i) Tg= 9-55><749—13(§3 =1848N-m
(if) Output = 10,000 — 2062 = 7,938 kW
Output 7,938 x 100
i) %n=-—"—-x100=-""—"_"
(i) 9%n =~ o > 10,000
Example 29.45. A 50-h.p. (37.3 kW), 460-V d.c. shunt motor running light takes a current of
4 A and runs at a speed of 660 r.p.m. The resistance of the armature circuit (including brushes) is
0.3 Q and that of the shunt field circuit 270 Q.

Determine when the motor is running at full load

(i) the current input (ii) the speed. Determine the armature current at which efficiency is
maximum. |gnore the effect of armature reaction. (Elect. Technology Punjab, Univ. 1991)

Solution. lg, = 460/270=1.7 A; Field Culoss=460 x 1.7 =783 W

When running light

l,=4-17=23A; Armature Cu loss = 2.3*x03=15W (negligible)

No-load armature input = 460 x 2.3 = 1,058 W

As armature Cu loss is negligible, hence 1,058 W represents iron, friction and windage losses
which will be assumed to be constant.

Let full-load armature input current be . Then

=0.794 =79.4%

Armatureinput = 460 |, W; Armature Culoss=1,” x 0.3 W

Output = 37.3kwW =37,300 W

0 4601, = 37,300+ 1,058 + 0.3 Ia2 or0.3 Ia2 —-4601,+38,358=0

0 I, = 885A

(i) Currentinput = 885+17=902A

(i) E,, = 460-(2.3x0.3)=459.3V; E,,=460—(88.5%0.3) =433.5V
O N, = 660 x 433.5/459.3 =624 r.p.m.

For maximum efficiency, | az R, = constant losses (Art. 24.37)

0 1% 0.3 = 1058 +783=1,841 0 |_ = (1841/0.3)/* = 78.33 A

Tutorial Problems 29.3

1. A 4-pole 250-V, d.c. series motor has a wave-wound armature with 496 conductors. Calculate
(a) thegrosstorque (b) the speed
(b) the output torque and (d) theefficiency, if the motor current is50 A
The value of flux per pole under these conditions is 22 mWhb and the corresponding iron,
friction and windage losses total 810 W. Armature resistance = 0.19 Q, field resistance = 0.14 Q.
[(8) 173.5 N-m (b) 642 r.p.m. (c) 161.4 N-m (d) 86.9%]
2. Onno-load, a shunt motor takes 5 A at 250 V, the resistances of the field and armature circuits are
250 Q and 0.1 Q respectively. Calculate the output power and efficiency of the motor when the total
supply current is81 A at the same supply voltage. State any assumptions made.
[18.5kW; 91%. It isassumed that windage, friction and eddy current lossesareindependent of
the current and speed]
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A 230V seriesmotor istaking 50 A. Resistance of armature and series field windingsis 0.2 Q and
0.1 Q respectively. Caculate:

(a) brushvoltage
() power wasted in armature

(b) back em.f.
(d) mechanical power developed
[(a) 215V (b) 205 V (c) 500 W (d) 13.74 h.p.] (10.25 kW)

Calculate the shaft power of a series motor having the following data; overall efficiency 83.5%,
speed 550 r.p.m. when taking 65 A; motor resistance 0.2 Q, flux per pole 25 mWhb, armature winding
lap with 1200 conductor.

(15.66 kW)

A shunt motor running on no-load takes5 A at 200 V. Theresistance of thefield circuitis 150 Q and
of thearmature 0.1 Q. Determine the output and efficiency of motor when theinput currentis120 A
at 200 V. State any conditions assumed. (89.8%)
A d.c. shunt motor with interpoles has the following particulars :
Output power ; 8,952 kW, 440-V, armature resistance 1.1 Q, brush contact drop 2 V, interpole wind-
ing resistance 0.4 Q shunt resistance 650 Q, resistance in the shunt regulator 50 Q. Iron and friction
losses on full-load 450 W. Calculate the efficiency when taking the full rated current of 24 A.
(85%)

A d.c. seriesmotor on full-load takes 50 A from 230 V d.c. mains. Thetotal resistance of the motor
is0.22 Q. If the iron and friction losses together amount to 5% of the input, calculate the power
delivered by the motor shaft. Total voltage drop due to the brush contact is2 A. (10.275 kW)
A 2-pole d.c shunt motor operating from a 200 V supply takes a full-load current of 35 A, the no-
load current being 2 A. The field resistance is 500 Q and the armature has a resistance of 0.6 Q.
Calculate the efficiency of the motor on full-load. Take the brush drop as being equal to 1.5V per
brush arm. Neglect temperature rise.

[Rajiv Gandhi Tech. Univ. Bhopal ,2000] (82.63%)

1. Inad.c. motor, undirectional torqueisproduced

OBJECTIVETESTS — 29

(a) armature current multiplied by back e.m.f.

with the help of (b) power input minus losses
(a) brushes (b) commutator (c) power output multiplied by efficiency
(c) end-plates (d) both (a) and (b) (d) power output plusiron losses
2. The counter em.f. of ad.c. motor 6. Theinduced em.f. in the armature conductors

(a) often exceedsthe supply voltage
(b) aidsthe applied voltage
(c) helpsinenergy conversion

of ad.c. motor is
(a) sinusoidal
(c) rectangular

(b) trapezoidal
(d) alternating

(d) regulatesits armature voltage 7. A d.c. motor can belooked upon asd.c. genera-
3. Thenormal valueof thearmatureresistanceof a tor with the power flow

d.c. motor is (a) reduced (b) reversed

(a) 0.005 (b) 05 (c) increased (d) modified

() 10 (d) 100 8. In ad.c. motor, the mechanical output power

(Grad. I.E.T.E. June 1987) actudlly comes from

4. TheEy/V ratio of ad.c. motor isanindication of (a) fieldsystem
its (b) air-gap flux
(a) efficiency (b) speed regulation (c) backemf.

(c) startingtorque  (d) Running Torque

(Grad. | .E.T.E. June 1987)
. The mechanical power developed by the arma-
ture of ad.c. motor is equa to

(d) electrical input power

. The maximum torque of d.c. motors is limited

by

(a) commutation (b) heating
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12.

13.

14.

15.

16.

17.

18.

(c) speed (d) armature current

Which of the following quantity maintains the
same direction whether ad.c. machinerunsasa
generator or as amotor ?

(a) inducedem.f. (b) armature current
(c) field current (d) supply current

Under constant load conditions, the speed of a
d.c. motor is affected by

(a) fieldflux (b) armature current
(c) back em.f. (d) both (b) and (c)
Itispossibletoincreasethefield flux and, at the
same time, increase the speed of a d.c. motor
provided its .......... is held constant.

(a) applied voltage

(b) torque

(c) Armature circuit resistance

(d) armature current

The current drawn by a 120 - V d.c. motor of
armatureresistance 0.5 Q and back em.f. 110V
(I ampere.

(@ 20 (b) 240

() 220 (d) 5

The shaft torque of ad.c. motor is less than its
armature torque because of .......... losses.

(a) copper (b) mechanical

(¢) iron (d) rotational

A d.c. motor develops a torque of 200 N-m at
25 rps. At 20 rps it will develop a torque of

.......... N-m.
(a) 200 (b) 160
() 250 (d) 128

Neglecting saturation, if current taken by aseries
motor is increased from 10 A to 12 A, the

percentageincreaseinitstorqueis........ percent
(@) 20 (b) 44
(c) 305 (d) 16.6

If load on a d.c. shunt motor is increased, its
speed is decreased due primarily to

(a) increaseinitsflux

(b) decreasein back em.f.

(c) increasein armature current

(d) increasein brush drop

If the load current and flux of a d.c. motor are
held constant and voltage applied across its
armature is increased by 10 per cent, its speed
will

(a) decrease by about 10 per cent

(b) remain unchanged

19.

20.

21.

22.

23.

24.

25.
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(c) increase by about 10 per cent

(d) increase by 20 per cent.

If the pole flux of ad.c. motor approaches zero,

its speed will

(a) approach zero

(b) approach infinity

(c) no change due to corresponding change in
back em.f.

(d) approach astablevalue somewhere between
zero and infinity.

If the field circuit of a loaded shunt motor is

suddenly opened

(a) it would race to amost infinite speed

(b) it would draw abnormally high armature
current

(c) circuit breaker or fuse will open the circuit
beforetoo much damageisdoneto themotor

(d) torque developed by the motor would be
reduced to zero.

Which of thefollowing d.c. motor would be suit-
ablefor drivesrequiring high starting torque but
only fairly constant speed such as crushers ?

(a) shunt (b) series

() compound (d) permanent magnet
A d.c. shunt motor isfound suitableto drivefans
because they require

(a) small torque at start up

(b) largetorque at high speeds

(c) practically constant voltage

(d) both (a) and (b)

Which of thefollowing load would be best driven
by a d.c. compound motor ?

(a) reciprocating pump

(b) centrifuga pump

(c) electriclocomotive

(d) fan

Astheloadisincreased, the speed of ad.c. shunt
motor

(a) increases proportionately

(b) remains constant

(¢) increasesdlightly

(d) reducesdlightly

Between no-load and full-load, .......... motor
develops the least torque

(a) series
(b) shunt
(c) cumulative compound
(d) differential compound
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The T/, graph of ad.c. seriesmotor isa
(a) parabolafrom no-load to overload
(b) straight line throughout

(c) parabolathroughout

(d) parabola upto full-load and a straight line
at overloads.

31

(b) cranesand hoists
(c) shearsand punches
(d) machinetools

A 220 V shunt motor develops a torque of 54
N-m at armature current of 10 A. The torque
produced when the armature current is20 A, is

27. As compared to shunt and compound motors, (@ 54N-m (b) 8LN-m
series motor has the highest torque because of (c) 108 N-m (d) None of the above
its comparatively .......... at the start. (Elect. Machines, A.M.I.E. Sec. B, 1993)
(a) lower armature resistance 32. Thed.c. series motor should never be switched
(b) stronger seriesfield on at no load because
(c) fewer seriesturns (a) thefield currentiszero
(d) larger armature current (b) The machine does not pick up
28. Unlike a shunt motor, it is difficult for a series (c) The speed becomes dangerously high
motor to stall under heavy loading because (d) 1t will take too long to accelerate.
(a) it develops high overload torque (Grad. |.E.T.E. June 1988)
(b) itsflux remains constant 33. A shunt d.c. motor works on a.c. mains
(c) it slowsdown considerably (@) unsatisfactorily (b) satisfactorily
(d) itsback em.f. isreduced to ailmost zero. (c) not at al (d) none of the above
29. Whenload isremoved, .......... motor will run at (Elect. Machines, A.M.I .E. Sec. B, 1993)
the highest speed. 34. A 200V, 10 A motor could be rewound for 100
(a) shunt V, 20 A by using .......... as many turns per coil
(b) cumulative-compound of wire, having .......... the cross-sectional area.
(c) differential compound (a) twice, half
(d) series (b) thrice, one third
30. A seriesmotor is best suited for driving (©) half,twice
(a) lathes (d) four times, one-fourth
ANSWERS
1.(d) 2 (c 3() 4@ 5@ 6@ 7.(b) 8 9@ 10.(a) 11.(a)

12.(d) 13.(a) 14.(d) 15.(a) 16.(b) 17.(b) 18.(c) 19.(b) 20.(c) 2L (c) 22. (d)

23.(2) 24.(d) 25.(a) 26.(d) 27.(b) 28.(a) 29.(d) 30.(b)

34. (c).

31.(c) 32.(c) 33.(a)
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