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SHAFT. This is made from for i
ged mild steel i ; .
eradmum speed, and designed so it doesn't bend when

COMM i i
SegmerL\J;’ATOR. This c;)n5|sts of copper segments insulated from each other by mic
are mounted on but insulated from a sleev .
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made of moulded carbon or graphite. Figure 12.7 is a typical arrangement

BEARIN - . _
advamaz: For ZI)OS'C industrial D.C. machines bearings are a ball or roller type
s are (1) axial length is shorter than i |
; the journal type beari 3
acking wi . . ype bearings and (2) after
give ugil :;:llth grea.se, long periods of service are possible. For marine work journal bearings
runs ?n a loer o al?d are preferred as they resist ‘transmitted’ vibrations. A steel shaft
bearin o o Ca:st-ern sleeve lined with metal. For small or medium size machines:
gs are carried in the end shields, but for large machines bearings are separate
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Copper
pigtail

est winding is built up from single-turn coils of span equal to 1°pole pitch; i.e.
le machine. For a 4-pole machine the coil span is still 1 pole pitch, but is
as shown (figure 12.8). It is unusual to make the span exactly equal to 1 pole
d many small machines have an odd number of slots. Each slot carries 2 coil
tains more than 1 conductor. D.C. windings are usually of a 2-layer type,
m of a slot and another at the top, but 4, 6 or even 8 coll
lot as it may be impracticable to have many slots. There
onductors on an armature after forming into either
plete winding falls into 2 distinct types namely: (1)

pitch an

a coil side lying at the botto
sides may be containedin 1s
are 2 basic methods of connecting ¢
single or multi-turn coils and a com
awave or (2) a lap winding.

2 parallel paths irrespective of the number

(1) The WAVE or 2-circuit winding results in
are needed but it is usual to fit as many sets

of machine poles. Two sets of brushes only
of brushes as the machine has poles. Figure 12.9a shows the layout.

(2) The LAP or multi-circuit winding results in as many paths in parallel and as many sets

of brushes as the machine has poles. Figure 12.9b shows the layout. In building up a
oil elements so the induced em.fs in conductors add, in
the same way as cells are connected in series so their emfs add to give the required
battery voltage. Thus conductor Xis in series with conductor Y which occupies relatively
the same position as X but is under a pole of reversed polarity. A coil element formed by
conductors XY is then connected in series with a similarly placed coil element under a
pair of poles so the required voltage for a parallel armature path is achieved. For a wave
winding connection are as shown. For a lap winding the same rule is followed, except
that all coil elements under a pair of poles are connected in series before the winding

winding it is vital to connect ¢

Connects to conductors.
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The following example illustrates both lap and wave windings. A small armature

designed to have 8 one-turn coils each having 2 conductors. There is 1 commutato

segment to a coil, i.e. 8 commutator se
in a slot there must be 8 armature slots. If a 4-
slots/pole, with a true pole pitch of 2, the pole
divided by the number of poles. As the coil si
field poles, winding pitch must be as nearly
winding pitch will also be equal to 2 or a coil

pole system were used there would be 2
pitch being the number of armature slots
des are under the influence of the correct
as possible equal to the pole pitch. So the
should embrace 2 teeth.

The LAP winding is considered first. For such a winding,
is such that the winding progresses round the armature
forwards and backwards, If figure 12,10 is considered, it i
connected to No. 6 spaced 2 teeth away (2 commutator se
to No. 3 and so on. The winding thus progresses by 1 slo
having been occupied and conductor No. 15 is connarta

connecting up of conductors
by being pitched alternatively
s seen that conductor No. 1 is
gments). No. 6 is then connected
tuntil it is closed by all the slots

At NA 1 tlaame ol a1 2

gments. If only 2 coil sides are accommodated
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Eﬁgure 12.10

imi inati ill show that this could notbe
indingi liminary examination wi
VEwindingis needed apre s, e oy
lfn?WaWA. the coil connections of figure 12.11.1f the winding started at;\lo to[rJNo eces
R Vj then on through Nos 9 and 14 it would close back onto conduc . dir.]g.and
i win
. N'Q 6 atr: t an armature with 8 slots would not be suitable fc?r suc.h a .wave e
ObV'o: ; t a9 slots must be considered. A 9-slot armature winding will g|v§ j wthe it
- i h and is suitable. Consider
i le pitch length an
slightly less than the true po omadel
°f|e“9t1h 2 1?) C):)nductor No. 1 is connected to No. 6 as before, then connd A
F. 7 : d 'then to No. 4, i.e. the winding passes into the slot next beyon oL
an .4, ie. . e
?' . t1ed The winding, doesn't close immediately and if the connectmhg ul;:) i oceecs
g:stca::ibec'j the winding will progress 4 times round the armature bif;re t1 6e ;his e
i . . . 0. 3
i .11 being joined to No. 1 throug
tarting slot by conductor No TS
;lhiifiing bgt 9 coils will be used with 9 armature slots and 9 commutator seg

i ign and armature
Armature winding details are found elsewhere as machine desig
winding is specialist work.

i . is best obtained
DC. armature and commutator theory shows that commercial t? .Ccoils except those
usina an armature wound with several coils connected so all the
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| din 1 conductor = i volts
‘ sothee.m.f.generate in 1 conductor = 42 .

Correct number sequence is:
16 9 1417 4 7 1215 2 5 1013 18 3 8 11 16 1
Up +5 +3 etc.

A Figure 12.11 ‘ » A
short-circuited by brushes are in the circuit. The armature being a continuoys
winding splits itself electrically into several parallel paths. There are 2 key armat

winding types: (1) a lap winding or (2) a wave winding. For a lap winding the number
parallel paths in an armature is always equal to the number of poles. For a wave windj :
the number of parallel paths is always 2, irrespective of the machine’s number of

|f the armature winding divides into A parallel paths the e.m.f. of a parallel path is also

amachine’s em.f.

In a parallel path there are —i— series conductors, so the em.f. of 1 parallel path =

Lo x—Z— Thus E = —Z—?ﬂxﬁvolts, where E = the generated
A

e : the machine em.f. =
The e.m.f. equation
voltage.
Consider the diagram (figure 12.12) and the factors for the machine. A simple expres '
for the composite armature is deduced and it is vital to memorise it. A student must b
able to prove it from first principles.

Example 12.1. The armature of a 4-pole, shunt generator is lap wound and generates
216 volts when run at 600 rev/min. The armature has 144 slots with 6 conductors/slot.
-~ If this armature is rewound and wave connected, determine the e.m.f. generated at the

y . - same speed and flux/pole.
Let N = the machine speed in rev/min, P = the number of poles. @ = the flux/po

(webers). Z = the number of armature conductors. A = the number of parallel paths
the armature winding.

(6x144)x D x600x 4 o @ = 216
60 x4 60x144

From the e.m.f. equation emf = 216 =

N . . . y
In 1 second an armature revolves -6—6 times so in 1 revolution, 1 conductor cuts a flt webers

=P x ® webers Note. This is a Lap-wound armature so A=P = 4.
N Fora Wave-wound armature A = 2
. In 1 second, 1 conductor cuts P @ a webers.

L E8X144 216 600, oi6so—azav.

From Faraday’s law the magnitude of the e.m.f. generated in volts is given by the flw 60 60x144 2

cut/second
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Characteristics

These are graphs which show the behaviour of any machine type. For example

m » CONs;jqe

the em.f. equation. For a given machine, all the factors except @ ang N are conns: .
T P ans
h atio b itten E=k® k= S 4 1
€ equation can be written N where %0 Thus Ea @ if N js kept COnsta,

and Ea N, if @ is kept constant.

If @ and N both vary E will vary accordingly. Thus the voltage gene

controlled by varying the machine speed or flux as shown by deducing the-
characteristics.

l’ated !
n0~|°- .i

In Chapter 6 the iron or steel cored electromagnet was considered. As the magnetj

circuit is an essential part of a D.C. machine, it is vital to consider 2 effects influencine
generator characteristics.

Thefirsteffectisthat ofresidual magnetism. Experiment shows thatifan electromagnets
iron core is magnetised by passing a current through the energising coil, when the
current is switched off and the magnetising m.m.f. removed, the magnetism or
magnetic flux will not completely disappear, although in theory, it should not exist. Itis
important for readers to appreciate that this effect occurs.

The second factor is the saturation effect of iron when subjectto a m.mf. Ifa magnetic
circuit uses iron as the medium for conveying flux then, as the m.m.f. increases, the flux
increases up to a point when the straight-line relation between m.m.f. and flux ® and
consequent flux density B is no longer followed. Thus for an iron sample, if B is plotted
against H (the magnetising force/metre), the ‘B-H curve’ is obtained. The resulting
graph is a straight line for only a short part of its length. It appears as shown (figure
12.13) indicating that iron saturates, i.e. no matter how much the m.m.f. increases, once
the curve bends over and flattens out no increased flux @ or consequent B value i
produced, irrespective of the magnetising force's strength.

The flattening out or saturation effect is considered to be due to all the molecular
magnets aligning with the magnetic field. The saturating effect is apparent when

investigating the relationship of generated voltage E with flux @ in a D.C. machine’s
magnetic circuit,

The D.C. Generator = 309
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Eigure 12.13

'iife no-load characteristic

Th;OYY shows that generated voltage depends on machine flux and speed and the

o-load characteristics can be considered under the following headings.
no-

VARIATION OF E WITH N (Flux @ constant). A permanent-magnet generator is rarely

used for practical applications, but the test can be made by controlling th'e current o;
separately energised field electromagnets. This current or field current I-flowing throug

" the field coils, creates an m.m.f. which results in flux in the air gaps. If this current is a

constant value [, the flux will be constant. Tests are made by varying; the speed a;
which a machine is driven and noting the voltage generated. As flux ® is constant an
Ex N, a straight-line graph as shown by (1) of the diagram (figure 12.14), results. If the
field current is then adjusted to a smaller but constant value |, and the test r_epea'ted, a
straight-line graph such as (2) results. The deduction assumed, namely E varies directly
with N, is proven.

VARIATION OF E WITH ® (Speed N constant). Flux variation is achieved by contrc-)llin.g
the energising current I.in the field coils or‘exciting current If no residual magnetism is
Present then, if | increases, m.m.f. increases and flux in the air gaps increases.

The generated e.m.f. increases accordingly and a B-H type of cu-rve (1) is as shonn
(figure 12.15) if E is plotted to a base of /. Note. @ cannot be readily measured but its
effects are assessed by knowing the appropriate exciting current values.

Curve (1) at first increases as a straight line, flattening out to horiz?ntal as the mag!rr;]?t
Saturates. When saturation occurs. if the field current is reduced, curve (2) results. This
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curve lies slightly above the original curve (1) and for decreasing values of I, the values of}
are above those obtained for the ascending curve (1). The cause of the difference between
curves (1) and (2) is magnetic hysteresis (discussed in Chapter 6). When the field currentis
finally reduced to zero, some generated e.m.f.is present while the machine runs at consta
speed N. The e.mf. is due to residual magnetism, which is essential if a generator is to b€
self-exciting. The em f. due to residual magnetism can only be removed by demagnetising
the field system. If the value of I is increased again, curve (3) is followed which closes Up
on curve (1). The diagram overemphasises the difference between curves (1) and (2). In@
modern machine this difference is not large and if a mean curve is drawn (dotted) this §
the magnetisation or open-circuit characteristic (0.C.C) curve which is important, plottei
as generated voltage or emf. to a base of field current. In theory relating to A.C. and DC
generators and motors problems will refer to it before thev are solved.
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b
A

chine is classified in different ways. As generator types change by varying Fhe

N ‘5 stem, i.e. either the magnetic material or connection of the field energising

ne-:fei, In this book generators are described as follows: (1) the permanent-magnet

pls d:c e.nerator, (2) the separately excited type of generator, (3) the self-exciting type

eoegrator, further subdivided under the headings of: (3a) shunt-connected, (3b)
::r?ei?connected and (3c) compound-connected.

) The permanent-magnet type of generator

This type is not used much as it is hard to make large permanent magnets or to vary
he magnetic field to control generator output. The most common uses are as electrical

: chometers (speed indicators), hand-operated insulation testers and primary exciters
a

for large alternators.

THE LOAD CHARACTERISTIC. @ is constant so the load characteristic is almost identical
to the no-load characteristic. A tachometer arrangement is shown (figure 12.16).

If a sensitive voltmeter is used, i.e. one requiring negligible current, generator outpu’t
currentwill be small so the armature voltage drop (R ) will be negligible. R, is the armature’s
ohmic resistance and /, the armature current. The load terminal voltage Vs nearly eql'.lal to
the generated em.f. E and the voltmeter calibrated in revolutions per minute (rev/min).

___)N

E}?Figure 12.16
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entioned but the armature is usually credited with a resistance value greater
e i I drop. The voltage equation
elc® i w for a total internal voltage drop.
v Internal load ‘ 5n its ohmic value to allo
T characteristic .

_______ ‘,,ill be:

_E

Volt drop due to

armature reaction E=V+IR,

External load

characteristic . ines
arately excited D.C. generator is used for applications such as machine

e sep

i f
ing current to electroplating vats, with some 6-10kA needed at voltages o
‘ 0] .
4 p3/ with output controlled by varying a separately excited field.
12

A
i[ Volt drop

I, Load current

,ga) The shunt-connected generator

* Figu-re 1’2'1 ‘ . . 12.18 shows the typical connections for this r.nachine. Armatu're cu rrentlls fed tc;
Flgurehe load circuit and the parallel field circuit which although taking a small curren
_ - s . Poth; arison with the load must be considered.
(2) The separately excited type of generator "

Bl T e Thus: I, =1 +1,
Knowing E « N if @ is constant, the no-load characteristic will be a straight line 3¢
discussed. However, if N is constant and @ varied the characteristic will vary as the B-H

If I ) +

L \p.l (:)

|

: Variable
! /H'Ioad

: resistance
|

I

|

N

and 12.15).

THE LOAD CHARACTERISTIC. This is obtained by setting the field current to give the
normal rated voltage at the correct speed and by applying load in stages takes current
between 0 to 25% overload. For a small generator, loading is applied by switching in
banks of similar wattage lamps connected in parallel. If terminal voltage V is plotted
versus load current I, the external load characteristic is obtained (figure 12.17).

il Figure 12.18

Ifa machineis stopped and armature resistance R measured by the ammeter/voltmeter
method with a separate low-voltage supply, the IR, voltage-drop line can be plotted.
If various | R, voltage-drop values are added to the external characteristic the internal
load characteristic is obtained by construction. The difference between this line and the
horizontal line of the theoretical generated e.m.f. F shows the voltage drop due to any
armature reaction effects, which were explained in Volume 7, but are described here
briefly. It is the passage of current through an armature which sets up a magnetic field
which interacts with the main field, weakening and distorting the latter, The magnitude
of generated e.m.f. reduces and commutation is effected negatively,

; ; ; ils form
A machine’s shunt field is connected across the generator’s terminals. Field coils fS "
a high-resistance circuit wound with many turns of fine wire, i.e. the ampere-turn

produced by a small current value and many turns.

As before: E=V + R,

Example 12.2. A 4-pole, wave-wound generator delivers 40kW at 200V. Its arlnlat;l"z
has 181 turns and a resistance of 0.01Q. The air-gap flux/pole is 0.0?Wb.hCaI;l:tht-eﬁe[d
Machine’s speed, neglecting the voltage drop at the brushes and taking the s

Load characteristics are introduced to illustrate the effects responsible for a voltage resistance as 50Q.

drop inSide the generator, When the machineicon Inad In mralicms e oo o - —ttmnn
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Load current = M or | = il = 200A
voltage 200
\
Shunt —field current /, v =20 =4A <>
R~ 50

So armature current l,=200+4 =204A
Armature voltage drop = 204 x 0.01 = 2.04V
Generated voltage = terminal voltage + voltage drop in armature

E=V+I R =200+2.04=202.04V ThusN =840 rev/min.

Note. The armature is assumed to be wound with single-turn coils, i.e. 2 conductors/g

THEORY OF SELF-EXCITATION. As shunt-connected generators use the principla
self-excitation, it is key to explaining the theory involved. If a field system has resid
magnetism, armature rotation generates a small emf. which causes a field ¢
to produce more flux, which in turn causes more em.f. to giving a continuoys .\,«‘;'
feedback condition. Voltage rises and only flattens off when the voltage drop across
field equals the terminal voltage.

EMF Due
to residual
magnetism |/

__._>/f

%‘gure 12.19

magnetism. If the graph starts from zero it is usually strai.g ht, as the machine’s ma;lgnle:ti;
circuit involves air gaps and saturation conditions which are reached gradually. Fu
saturation conditions are seldom attained. It is stressed that. t'he 0.C.C. depends on
~ speed. When the field is shunt-connected, provided the condltlc.ms se? out above are
fulfilled, a generator will self-excite and an O.C. voltage vaIl-Je is attained where the
voltage drop in the shunt field is equal to the generated terminal voltage.

Note. Field current must be in the correct direction through coils to aid the origir
residual flux build-up.

Summarising, the following are the conditions necessary for self-excitation:

1. There must be residual magnetism sufficient to generate a small e.m.f. when
armature rotates at the correct speed.

2. The shunt-field circuit must be continuous and connected so current flow caus

; idering the
flux to build up, assisting the original residual flux. This condition is illustrated (figure 12.20) and is best understood by considering

- 0.CC. and field voltage-drop line. The magnetisation curve for any speed N is dra\{vn
~ from results obtained by separate excitation. Imagine a shunt field and regulator with
~ aresistance of R, ohms, assuming a current of value /|, amperes to flow, the field voltage

drop will be IR volts.

3.- The shunt-field circuit resistance must be less than the critical resistance determini
from the O.C.C. when the machine runs at a particular speed.

Critical resistance is helpful to understand the conditions for self-excitation to occ

which is very important and also the subject of examination questions. Plot this value (e.g. point R) and extend the straight line through R from zero to cut the

0.C.C. at point P. At this intersection point (P), the voltage drop across the'f'leld equals
the applied terminal voltage and conditions balance. Consider the /. condition shown,
Where generated voltage SQ is greater than the field voltage drop RQ by SR volts. M?re
Current flows in the field circuit because of this voltage dif‘ference'and both graphs rise

Until a point Af intarcartinn ic raarhad

The magnetisation curve or 0.C.C. applied to self-excitation,
critical resistance
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A Figure 12.20

Example 12.3. A D.C. generator when separately excited and driven at 1000 rey
gave the following test values on O.C.

Fleldcurrentt 0 | 016 | 048 | o066 | 08 | 10 |
e
O.C.emf. (V) 6.25 50 150 200 225 250

Field windings are then shunt-connected. Find (a) the voltage to which the machi
self-excite on O.C. when driven at 1000 rev/min and the shunt-field circuit resistat
2400, (b) the value of the regulator resistance to be added or subtracted from the
circuit to allow the generator to self-excite to 237.5V and (c) the value of the
resistance at this speed.

(a) Plot the O.C.C. as shown (figure 12.21). Using the graph, take any value of
current, viz. 1A. The voltage across the field circuit with 1A flowing will be 1X:
= 240V. Plot point (R) and draw the field voltage-drop line through the or
shown. The O.C. voltage to which the machina calf_aveitac ic 287V

~ throu

2 The D.C. Generator = 317

he machine to excite to 237.5V, note this value on the 0.C.C.and join it to zero to
Fort the new field resistance voltage-drop line. Note the field current for 237.5V,

ptain 2375
° is 0.88A. From Ohm’s law, the field-circuit resistance is =269.9=270Q).
this IS Y-

. Resistance to be added =270 — 240 = 30Q.

b lecting the start of the graph (due to residual magnetism), draw a tangfent
- h the origin. Read the voltage value on this tangent and the corresponding
field gcurrent. For example: 155V and 0.5A. The critical resistance will be

ﬂohms = 3100.

0.5
L
E =
t LAV Eparimm
1888/
/C //
l'/ V.
200 —
P4
LssyAt
Vi "//
4
)4
/17
100 77
yAi4
17
/
/
2/
) /.4
y4
/4
Vs
re 12.21

ICAL RESISTANCE. The effect of altering the shunt-field resistance or regulator is
by reference to the example and graph (figure 12.21). Reduce R.and the slope of
field resistance voltage-drop line becomes less and the intersection point with the
-C. moves higher up, i.e. the generator O.C. voltage is raised. The opposite occurs
R increased. If R, is increased until the field voltage-drop line lies outside the
SNetisation curve, there will be no point of intersection and the generator will not

“excite. If R.is reduced, the slope of the field voltage-drop line decreases until the
“es a'onﬂ or haramae +ananantial tA tha N CC Tha vacictanca valiia Aadiirad fram
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the field voltage-drop line falls until it reaches the value given by the line
the O.C.C. The resistance value for this condition is the critical resistance,
on speed. For any speed, if field resistance is less than the critical resistan
will self-excite if the other conditions are satisfied.

. terminal voltage is shown. At a certain current value the demagnetising effect of
“mfure reaction, the armature-resistance voltage drops and the loss of field current
o ato reduced voltage, combine to produce a terminal voltage resulting in less load
. dueé nt even though load resistance is decreased and the curve bends back on itself!

rerearmature may be short-circuited - a self-protecting effect. OA in figure 12.22 is
ysed by residual magnetism, but a sudden short-circuit may cause an excess armature
ction effect tending to cancel residual magnetism, thus demagnetising the machine
'e:ich may then fail to self-excite when short-circuit is removed. The machine will need
:; be remagnetised before it can operate again. A shunt-connected machine can be
Jsed for most purposes where a simple generator is needed. Examples are battery

small lighting-sets, the motor-car dynamo and some electrical systems.

tangenga
and depa.
Ce, a ma |

THE LOAD CHARACTERISTIC. The test circuit graph is shown (figure 12,27

resistance R_ is measured. The external load characteristic is plotted from test

and the internal characteristic drawn as described for a separately exciteq m 'S
a

Features of the load characteristics are (1) rapid fall-off of terminal voltage 3 '
'bend-back’ of the characteristic on itself. nd Q)

). Arma U

(1) When the external circuit is connected to a load, there is a voltage dr
.armature. Terminal voltage falls, resulting in a decrease of field exciting cy
In turn causes the external characteristic to ‘slump down’ more than for the separ b
excited machine. The armature reaction effect is as for the separately excited maci
i.e. it is responsible for a voltage decrease, equivalent to an increased armature o |
drop, accounted for by giving the armature a R, value greater than its ohmic resistan

op in g chargers and

frent, ] e S e
p) The series-connected generator

Figure 12.23 shows connections for this machine used in specialist work and in the

i . compound generator.
(2) As load resistance decreases, load current increases at first with a resulting termj
13

voltage fall, tending to slow an increase of load current. At first external load resistanc
decreases and consequent load current rise dominating and a rising current )

The series field of this generator is designed to be connected in the main armature
circuit to the load. Field coils are wound with a few turns of thick cable, i.e. the field
ampere-turns are produced by a large current and a small number of turns. Thus /. =
=1 Terminal voltage on load is V and the generated emJf. E is greater than V by the
internal voltage drops in the armature and series field. Thus:

E=V-+IR +IR =V+I(R, +R)

SELF-EXCITATION. The same theory and conditions apply as for the shunt-connected

T — g machine. It is noted that load resistance constitutes the field regulating resistance and so
T T, forany chosen speed there is a critical resistance value. If load resistance, i.e. the field-circuit
resistance, is less than the critical value, the machine will self-excite. If the circuit resistance
1 L C
5 ¢ > O |
I
U i
S i
." /fT Hf :
b 1
on |
""——' : /Hﬂ
'4' |
-3 / ]‘ e !
P a 1
T4l i
0 A S IL ® _J\)\k:

A Figure 12.22 gFigure 12.23 : ;
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5

: " : - h b
is above the critical value for that machine speed, self-excitation and voltage buil L 3 > .
not occur. . lse i ke |
THE LOAD CHARACTERISTIC. Consider the circuit shown (figure 12.24) o Circujt Ish Ish g
is closed with load resistance at maximum which is reduced untij the Machin Iy v a v
excites. Load currentand terminal voltage settle at a fixed value but if the load jg "I .
new voltage and current values occur. This is repeated for decreasing and in crt )
load resistance, until a full external load characteristic is obtained (figure 1 2.24) - —e © *
— Short shunt FO”Q shunt
..=¢ =" Characteristic ‘
v External i
1 characteristic
] %
i @ o ? ] 3 5
i  compound-connected generator
1 w ;
I
1 )
5 is generator uses series and shunt fields, its characteristic is treated as made up
: I shunt and series-machine characteristics. The final characteristic depends on the
(Ba* H{) \olt drop Jative strengths of each field. It is noted that the shunt field is the basic requirement;
itis the shunt generator’s performance which is improved on.
I

PES OF ELECTRICAL CONNECTION. Figure 12.25 shows how a machine is connected
in either ‘short’ or ‘long’ shunt. There is no appreciable difference in the resulting
"‘ enerated voltage as is seen from the example.

A Figure 12.24

fxample 12.4. A 110V, compound generator has armature, shunt and series-field
resistances of 0.06Q, 25Q and 0.04Q respectively. A load consists of 200 lamps each
55W, 110V. Find the generated e.m.f. and armature current if the generator is
nected (a) long shunt and (b) short shunt.

The machine is then shut down and R, and R measured separately. The armature a
series-field resistance voltage-drop hnes are drawn and the internal load characte »
deduced. The effects of armature reaction may be investigated if an O.C.C. (obtained
separate excitation at the correct speed) was superimposed on the characteristics. T
machine has the following disadvantages:

200x 55

(1) It cannot self-excite until the load circuit is completed and its resistance valu {8 LONG SHUNT. Load current | = 110 =100A

less than the critical resistance.

(2) The voltage to which it self-excites depends on the load current and very it
voltage control is possible.

Shunt-field current L, = e = 4.4A
25
(3) The load characteristic is a rising one and is unsuitable, in fact dangerous, and m

eries- =100+ 4.4 = 104.4A
result in loadburn-out’ field current | and armature current /,

Generated voltage £= V/+ [(0.06 +0.04) = 110 + 1044 x (0.1) or E = 120.44V.

A series generator is never used for normal generating purposes, but only certat

applications. Machines of this type are specialist marine electrical systems only, ¢
example. snecific alartric nraniileinn and tdnck mwsaoi_

There are 2 fields with different current values, symbol / is not used for field current,
OUtinsteaq symbols /, and / are used in both figure 12.25 and this example.
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(b) SHORT SHUNT. Load current I, (as before) = 100A = I Voltage drop i .
the

field=/_R

se  se

=100 % 0.04 =4V

Voltage applied to the shunt field = terminal voltage + voltage drop i Serigs ¢
110 +4 =114V ‘S

Shunt-field current I, = 14 = 4.56A
* 25

Armature current/ = 100 + 4.56 = 104.56A
E=V+ voltage drop in series field + voltage drop in armature

E=110+4+(104.56 X 0.06) = 120.27V.

TYPES OF FIELD ARRANGEMENT. The series field is often connected so the
produced adds to the shunt-field flux. For this common arrangement the mach
said to be cumulatively connected. All generators, used for supplying lighting and ¢
for electrically driven auxiliary machinery aboard ship, have this connection, If the
field is connected to weaken the shunt field, the generator is differentially con
This arrangement is used for specialist work such as certain types of welding ge o

1. Over compounded
2. Level or flat compounded
3. Under compounded

Full
load

THE LOAD CHARACTERISTIC. Figure 12.26a shows graphs due to directly lo
machine in the manner described. Curve (a) shows the characteristic if a shunt
only is used. Curve (b) is obtained with the series field only. Curve (c) results frof
of both fields. Any point on this characteristic is obtained by adding voltages obf;
from graphs (a) and (b), for any one value of load current.

g "‘ure 12.26

Figure 12.26b shows how the load characteristics of a com pound generator v
altering the relative strength of the series field, so-called flat-compounding as rec
by most regulations. The curve is not quite flat and a rise in voltage between no loa
full'is called ‘the hump! It may be 6-7% for small generators, but in most cases is ¢
2-3%. Overcompounding compensates for the supply line voltage drop. This is sl
by the example.

To supply 200V to a factory, generated voltage must be 204V. A suitable
overcompounded characteristic is shown (figure 12.27) and the compounding can
be expressed as the rise on full load to the O.C. voltage.

Thus percentage compounding

_DC_DC _ 204 — 200

= = 4/200 = 0.02 or = 0.02 x 100 = 2%
B A0 200

Example 12.5. A factory is sited some way from a generating-station and takes "
at 200V. The supply cable resistance is 0.02Q/core. Find the percentage com[.:)o N

Thus a generator is required to be 2% overcompounded. Further work on the D.C.
required for the generator.

- 98nerator is covered in more advanced studies, but sufficient knowledge allows a

Study of the motor to be made. The following examples form a useful conclusion to

Voltage drop in the line on full load = 100 x 2 x 0.02 = 4V this chapter
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ample 12.7.A4-pole, compound generator has a lap-wound armature and is connected
hort shunt. The resistances of the armature and fields are 0.1Q and 50Q (shunt), 0.08Q
. The machine supplies a load consisting of sixty 100V, 40W lamps in parallel.

5 fculate the total armature current, the current/armature path and the generated e.m.f.

I
i
I
E since this is a lap-connected armature A=P
i
1
I
I
: 40
' ,since P=Wl . |=——=04A
| for /2P 100
|
I
0 / 10:(; The load current IL =60 %04 =24A
.aau Joltage drop in series field = 24  0.08 = 1.92V
| Joltage across shunt field = 101.92V
200V shunt-field current — 19192 _ 05
g 100A Factory 50
Armature current = 24 + 2.04 = 26.04A
0.020 26.04

Current per armature path = SN =6.51A

‘A Figure 12.27
Generated voltage = terminal voltage + voltage drop in series field + voltage drop in

Example 12.6. A shunt generator is to be converted into a compound generator by armature

addition of a series-field winding. From a test on the machine with shunt excitation a fiele
current of 3A gives 440V on no load and 4A gives 440V at the full-load current of 200A. A
shunt winding has 1600 turns/pole. Find the number of series turns required/pole.

=100+ 1.92 +(26.04 x 0.1) = 104.52V.,

Ampere-turns/pole required to give 440V on O.C.

=3 X 1600 = 4800At

Ampere-turns/pole required to give 200A at 440V on load
- 12.1. The armature of a 4-pole, shunt generator is lap wound and generates 216V

when running at 600 rev/min. The armature has 144 slots with 6 conductors/slot.
If the armature is rewound to be wave connected, find the e.m.f. generated at the
same speed and flux/pole (3 significant figures).

=4x 1600 = 6400At
Full-load ampere-turns must be increased by 6400 — 4800 = 1600At

But these 1600At/pole are obtained from the series field which passes 200A 122. A compound-wound, long-shunt D.C. generator has an output of 250A at 220V.

The equivalent resistances of the armature, series and shunt windings are 0.025,
0.015 and 176Q respectively. There is a 2V voltage drop across the brushes. Find
the induced voltage (2 decimal places).

Thus the required number of series turns/pole = 15% =8. /
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12.3. The curve of induced e.m.f. against excitation current for a se

Parately hunt_ﬁeld resistance and (c) the O.C. voltage if the speed was raised to 1100
generator when run on no load at 1200 rev/min is given by: 1 :ev/miﬂ, the field resistance being kept constant at 100Q (all 3 significant
figures)- : kw
Em.f. (V) 15 88 | 146 | 196 | 226 | 3, ; calculate the input power to drive a shunt generator having an output of 50
Excitati t(A) 0 04 08 12 ] y 9- + 230V, i under these conditions the bearing, friction, windage and core loss
I rr K X ; . d . s
Xcltation curren 8 20 : -a 1.6kW and the total voltage drop at the brushes is 2V. The resistance of the
:rm.ature is 0.034Q and that of the field circuit 55Q (4 significant figures).
Deduce the voltage to which a machine will self-excite if the shyng. : D.C. generator when separately excited and run at 200 rev/min gave the
resistance is set at 90Q and the machine run at 900 rev/min ( -

2 decima] plac 2.10- following test results:

12.4. A 220V, 4-pole, wave-wound, shunt generator has an armature resistance o1d current (A) 0 1 2 3 4 5 6 7 8 9
0.1Q2 and a field resistance of 50Q. Calculate the flux/pole, if the machine e 06 | 115 | 123 | 130 | 135
700 armature conductors, runs at 800 rev/min and is supplying a 38k Jos 0.C. voltage (V) oy 61178 B |1
(4 decimal places). '

The field is then shunt-connected and then run at 400 rev/min.-Determ-ine (a)
the e.m.f. to which a machine will excite when field-circuit res:stanf:e 1's 360
(3 significant figures), (b) the critical field-circuit resistanc_e v:—:\lue (2 significant
figures), (c) the extra resistance needed in a shunt-field circuit tco r.educ.e em.f.
to 220V (1 decimal place) and (d) the critical speed when field-circuit resistance
is 36Q (3 significant figures).

12.5. In a 250kW, 440/480V, overcompounded generator, the flux/pole required
generate 440V on no load is 0.055Wb at 620 rev/min. The resistances of
armature, interpoles and series field are 0.01, 0.005 and 0.0050Q respectively, i
the flux/pole required at full load, the speed now being 600 rev/min. Neglect ¢
current taken by the shunt field (4 decimal places).

e 12.6. Estimate the series turns/pole needed for a 50kwW compound generator

: develop 500V on no load and 550V on full load. Assume a long-shunt connectj
and that the ampere-turns required per pole on no load are 7900 whereas th
ampere-turns required per pole on full load are 11 200 (1 significant figure).

12.7. A 4-pole machine has a lap-wound armature with 90 slots each containing €
conductors. If the machine runs at 1500 rev/min and the flux/pole is 0.03
calculate from first principles the e.m.f. generated. If the machine is run asashu
generator with the same field flux, the armature and field resistances being 1.
and 200Q) respectively. Calculate output current when the armature current

25A.Through a fall in speed the e.m.f. becomes 380V. Calculate load current in
40Q) load (2 decimal places).

12.8. AD.C. generator gave the following O.C.C. when driven at 1000 rev/min.

Field current 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
(A)

Armature 32 58 78 93 104 113 120 | 125
voltage (V)

If the machine is run as a shunt generator at 1000 rev/min, the shunt-field
resistance beina 1000 find (a) tha N uAltana (L shan —otzio_l ..oliia AF the
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N Weakening
- gtrend ® effect
N1

M~

effect

/
thening <
AN

T}

Fis the force on the

e conductors tending to
Dire;:tion fOf t turn the armature
force from firs
principles
Every discovery opens a new field for investigation of facts, shows us the imperfection
of our theories. It has justly been said, that the greater the circle of light, the greater the
boundary of darkness by which it is surrounded.
i F F
Sir Humphry Davy o A PR “«
A D.C. machine will run as a motor if its field and armature are connected to a Suitable Q @ . @
supply. The ‘motoring’action is based on the fundamental law described in Chapter 5, . ; <——lF—
which stated that a force acts on a conductor if it lies in a magnetic field and carries Force diwn Force up Force up Force down
current. Figure 13.1 shows one arrangement. @) (Current (Field (Current and field

reversed) reversed) reversed)

(b) (©) (d)

The 4 small diagrams (figure 13.2) show that to reverse the force direction and thus

the direction the armature will rotate in, the conductor current must be reversed with First finger .
respect to the magnetic flux. ; 730
, <

Practically it must be remembered that if a motor runs in the‘wrong’direction when first
connected, rotation reversal is obtained by reversing the supply leads to the armature
circuit. A hand rule exists to help memorise motor action and is comparable with that
shown in Chapter 12 for the generator.

1ebuy puoosg

<
<

LEFT-HAND RULE (Fleming’s). Figure 13.3 shows this rule. The first and second fingers
represent flux and current respectively, as for the right-hand rule. The direction of force
on the conductor is represented by the thumb. Note. As for the right-hand rule, thumb,
index finger and second finger must be placed at right angles to each other.
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[tage drop caused by the armature current I, passing through' the arrnature
Gatu"e A fg roblem is encountered where a brush voltage drop is given this must
gstance P | Zpuation is comparable with the generator terminal voltage equation
i adde‘:?' T:eth:ught about the difference in the equations summarises the basics of

g

tor and motor action.
From the principles set out in Chapter 5, it was shown that the force acting op 3 er®
conductor in a magnetic field is proportional to flux density, current ang the active
conductor lengthin the field. The Jaw is summarised by the formula: F= /¢ Newtonsj,, .
the force magnitude also depends on the angle of the conductor to the fielg direction’
which is maximum when they are at right angles.

"ent equation

Since V= E, + IR, thenlR, =V —E,

Example 13.1. Calculate the force in newtons, on a conductor,0.5m long, carrying a curreng

V—E,
of 500A at right angles to a magnetic field of uniform density 0.8T (3 significant ﬁgw—eS)'

R

and/, =

a

Since F = BI¢

Then F=0.8 x 500 x 0.5 = 200 newtons uation shows how motor current depends on the back e.m.f. generated. Starting

Thised
onditions are illustrated.
If the conductor is situated on an armature at a radius of r metres, the torque produyceg

v
on the shaft is expressed as F x r newton metres, AtstartE, = 0 - I, = E

‘ : rkin
Back e.m.f. of a motor Jsually R, is small to minimise the armature-resistance voltagc? drop for wo ) ,:
ditionas so I will be very large. For example, a 220V motor with a 0.4Q armatu

€Ol Uil a

conductorswill cut the magneticfield. From Faraday’slawane.m/f.isinduced, the magnitude
of which is given by the generator expression developed in Chapter 12, namely:

W F current may give rise to undesirable starting conditions. .lt could easily ’bIovx;: a fuse;
T 60 " ZVOIts or accelerate too rapidly, resulting in mechanical or electrical c.lamage throug I.ex?tesd
sparking at the commutator. It is for this reason that, the startlnq curren'F I is |m! e
use of a ‘starter’ The basic feature of a starter is a variable resistance inserted into
armature circuit at starting which is gradually reduced or cut out as the motor

accelerates up to normal working speed. At the ‘instant of starting”:

220

i i = 2= . This large starting
precautions, the starting current I will be |, = — 550A g

From first principles the induced em . direction is such as to oppose the applied voltage
and a condition of balance results. Since, the rotation direction will be opposite to that
for a generator operated under the same directions of flux and current in the armature
conductors, the induced e.m.f. opposes current flow and is termed a ‘back em.f’ This emf.
must be less than the terminal voltage V to permit motoring. Thus the armature starts as a
passive load, but asit rotates, it accelerates until a balance condition is reached when supply
voltage equals the armature voltage drop plus the generated back em.f This condition is
expressed by the voltage equation and the motor armature operates as an active load.

where R, is the full value of thestarting resistance.

!
*  R.+R

as S

peed equation
Voltage equation

i i i i arranging the
\ The €quation is vital for understanding motor action. It is obtained by re ging

V=E +1R .This eaiiation avnlaine tha valbama et r
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i ] i i ivesi d control. It
Since V=E +/R ThenE, =V~ IR, tion of V gives direct speed control, while varying @ gives inverse speed contro

| dbe remembered that the real relationis N o< % but under working conditions
u
ZON

But £, = X 7 E, is the generated e.m.f. and magnitude determined from the ot very different from that of V, the | R_ voltage drop being small. The practical
s N

.on of the deduction leads to the basic systems of motor speed control in
generator formula. licat!

Hence_z_(?ﬂx P_ V — IR,

60 yariation of voltage across the armature terminals produces a direct variation of

! peedr i.e. raising the armature voltage increases speed and vice versa.

(V~LR,) 60A

orN = —rev/min
pA0) P

it ontrast:
il
Example 13.2. Calculate the full-load speed of a motor operating from a 440V supply,
given R, = 0.75Q), full-load armature current = 55A, the flux/pole = 0.02Wb and it isa
4-pole machine with a simple wave-wound armature of 43 slots and 12 conductors per
slot (4 significant figures).

Variation of field flux produces an inverse variation of speed, i.e. lowering flux

increases speed and vice versa. Thus the relationship N oc ?\% (approx.) determines
1 the motor speed characteristic shape.

Number of armature conductors Z= 43 x 12 = 516 For a wave-wound armature A = 2 ample 13.3. The armature resistance of a 200V shunt motor is 0.4Q. The no-load and
“ature current = 2A (a term for when a motor runs unloaded). When loaded and
King an armature current = 50A, motor speed = 1200 rev/min. Find the approximate

: oad speed (4 significant figures).

P=4and® = 0.02Wb ThenN = 1H0-(65x075) 60x2 .. rev/min

516x0.02 4

ino-load. Backemf.E =V-I R

a0 ‘a
=200 - (2 X 0.4) = 199.2V
Speed controlling factors
: : load. Backe.mf.=E =V-I R

The deductions below are derived from the speed equation and are of vital im portance, =200~ (50x 0.4) = 180V

Students should ensure they understand the implication of each deduction in detail.

Koo and N, = KEy

- E
osince Ny — kb ThenN. =
N =k o by o, o

Since N = —(%x GLPA, it is clear that for a particular machine only certain

' e this is a shunt motor, the field is unaffected by loading the armature
variables affect the expression. Thus 60, A, Z and P are all constants and written as k.

Then we have N = k(\/_;alfﬁ

orN =kisinceEb= V — LR,. KE
@ =~b_°/@: ﬂs’_ since k, @, and @, cancel
(b1 Eb1

k(V—IR)

If the expression N = ——(Da_a is considered, for the purposes of approximation, the

199.2
small voltage drop | R_ can be neglected and we have Ny = %or N % (approx.).

or N, = 1328 rev/min

Thite enand Fan ha rantvallad laevimucdan 17 o R
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Ot o—
As for the generator, motor-field windings can be connected in shunt, serjeg o - ° p
_— . ; i . q i Differential
combination to give acompound arrangement. The motor is a machine which takes c”"ent‘ i Long shtur(\jt Scl;zrr;t escr;ggt C:(mt:ll:;\gy connectedy
! connecte!

from the supply and the fields are considered a load added to the armature circuit,
; ; : "ure 13.5
1e shunt motor ' | | |

| Tb tage applied to the armature is equal to V minus the voltage drop in the series
e vond a voltage drop at the brushes (if present). As machine current rises with
- asing load, the voltage across the armature falls and speed changes accordingly.
ahmic value R__ is kept as small as possible for this machine type. This is a variable
E° used mainly for traction, hoist, crane and winch work.

The arrangement is shown (figure 13.4). It is seen that I =1 +1,. Asupply voltage V/js
applied to both the armature and the field circuits but where the‘equivalent resistance!
treatment for a parallel circuit cannot be supplied to find I, because, although R, isa
passive load, the armature is an active load when the machine runs. The shunt motor is
essentially a constant-speed machine used for most applications.

_od motor

e compound motor
Herel, = = and I/, = — | g
sh

sh

<chown by the diagram (figure 13.5), the motor, like the generator, can be connc-j_*cted
'r long-shunt or short-shunt machine. The 2 fields can be connected to assist or
;.A. each other. If the resultant flux is strengthened by the arrangement, fields are
to be ‘cumulatively’ connected. If fields are however connected to weaken each
her, the motor is ‘differentially’ connected, which is rarely used.

The series motor : g

The series motor arrangement is as shown (figure 13.4). Here I, =1, =1.The voltage
equation is modified slightly as, if V is taken as the supply voltage, allowance is made

ost marine motors are cumulatively compounded machines. The relative strengths of
for the voltage drop in the series field. The equation must be written as:

shunt and series fields are chosen by the performance required and is considered
hen characteristics are studied in detail.
V = lseRse + IaRa + Eb = Eb + IaRa+ IaRse or V = Eb+ Ia (Ra —+ Rse)'

IL . Iih

- w—{ A
v @ 3 v

wer equation

hisequation shows the conversion from electrical to mechanical power and the causes
€ctrical loss. It is used for deducing the torque equation, and gives the student little

A Figure 13.4 NIcUlty provided he properly understands the voltage equation.
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Since V=E, + /R _and the armature is the cause by which electrical energy supplieq ;
converted into mechanical energy, the following deduction is possible. Multiply thls
expression by /. and study the result. 1

Thus V= E, + IR, becomes VI, =E,I, + IR,

VI, is a measure of the power input to the armature circuit I?R, indicates a resistance

loss and is the power lost, being converted into heat in the armature. It is known asa
copper loss and is due to armature resistance. E,/, is a measure of the armature Power :

developed, as seen if the expression is rearranged:

vi

a

Input power

IR

a

Copper loss

Ebla
Output power

Note. Output power E/_is in watts and is the mechanical power developed by the
armature conductors and is not a true measure of the shaft output until the machine’s
mechanical losses, for example, those due to friction and windage, have been

subtracted. When data concerning mechanical losses is not given, an estimate of shaft

output power can still be obtained.

Example 13.4. A 4-pole motor has a wave-wound armature of 594 conductors. Armature
current = 30A and the flux per pole is = 0.009Whb. Calculate the total power developed
when running at 1400 rev/min. Estimate the shaft output power if mechanical losses
absorb 10% of developed power.

For this machine P=4,A = 2,7 =594 and ® = 0.009Wb

4

. ZCI)NXEZ 594><O.009><1400>< _2_: 249,48V

E, =
60 A 60

The power developed = E,|. = 249.48 X 30 = 7484.4W
=7.5kW (approx.)
As mechanical power loss = 10% of 7.5kW

= 0.75kW then shaft output power = 7.5 — 0.75 = 6.75kW.
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isan important expression, often developed from first principles for examination
,,,‘ " es.The method here involves the power and voltage equations and is considered
the simplest. As the armature’s electrical power output = E_/. watts and the
- anical power developed is given by:

2n x speed (rev/min) x torque (newton metres)
60

o E 27NT
VcanW”te- pla = ——60
e A x El, = o X Evl,
= oInN 2x3.14 N

pstituting for E, in terms of machine data, we have:

60 ZON P

= X——X—X [
2x3.14 60 A °

60 P P p
—_— X Z¢I —_—= 0,15 —_— = —
X314 % 60 2 9ZPl, ) or T=0.1592P/, 2 Nm.

controlling factors

the torque equation, the factors which affect torque are determined. Thus for any
chine 0.159, Z, P and A are all constants and can be written together as k, giving the
r 3ssion T=kd/_or T @/ .The torque developed varies directly with either flux and/
1€ armature current and this fact is used for problems and determining machine
Cteristics. It is stressed that, for a shunt motor for different loading conditions ®
ally constant with: T [.. For a series motor however, @ is not constant and is
Mtaken as proportional to - Therefore, if @ oc | and T oc @/, we can write for a series
“‘ T o ®[2. This deduction is used in Example 13.5.

‘ IPle 13.5, A series motor running at a speed = 600 rev/min develops 3kW and takes
“ENTOf 40A. If the starting current is limited by means of a starter to 60A, find the
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| T
starting torque. Neglect armature reaction effects and assume the magnetic cirey 2'1
unsaturated (1 decimal place). 'tis TT SR T S—— Ni
/ N
/
As the magnetic circuit is unsaturated, it is assumed that@ o/ oo/, 50 Toc Bl or T _ k2 NT L L
There are 2 possible torque conditions. " 0 T / P
4
Thus: when running T, = k2. P
/
Atstarting T, = kIZ or kiZ,. . /
()
When running at 600 rev/min, output = 3kW and T, is given by: @°Q
3000 = 2N o g 3000%60 oo Ky
60 2Xxwx 600 ¥
—_— La

2 2 2
Also b _ klazz or T, = T][I J = 478[60]
7; k, al

So the starting torque T, = 107.6Nm.

MOtOf ChafaCteriStiCS Ry 1 ; ; : | 11; oad to full Ioad is about 2% for large machmes and 6% for small machines), as the

; ks iJ ture voltage drop / R, increases. Although field current I, and flux @ are constant,
e armature reaction effect causes the overall resulting flux @ to drop slightly. As N
Thebehaviour of shunt, seriesand compound motorsisillustrated by their characteristics
which are considered under (1) electrical load characteristics and (2) mechanical
characteristic. Electrical characteristics show speed and torque in terms of armature
current while the mechanical characteristic shows speed related to torque, assuming a
constant applied terminal voltage. Electrical characteristics are important as they show
machine performance when loaded. The mechanical characteristic shows the motor’s
suitability for a particular application. Characteristics are checked by making a load
test on ‘a motor, but its theoretical performance is reasoned from the 2 expressions:

it should be constant if both E, and @ variations are proportional. Weakening flux
wever means a rise in armature current due to the corresponding drop in E.ThelR,
0p increases as a result, and so the speed lowering effect of a reduced E, is greater
an the speed raising effect of a falling ®! The net result is speed falling slightly over

IRQUE. T varies as I, giving a straight line through the origin, since ® is assumed
Stant. In practice @ is weakened by the armature reaction and T drops as a result,
darting from a theoretical straight line T,.Torque available at the shaft is everywhere
€r due to rotational losses. Thus 2 torque characteristics are shown in figure 13.6.

N —~(approx)and T @,

Chanic isti
The shunt motor al characteristic

Strated (figure 13.7), this is obtained by plotting N against T and is seen to drop
tly. Shunt motors are considered to be constant-speed machines and have about a
*8I0p in speed from no load to full load. They are used for all constant-speed drives
~@Mmple, machine tools, centrifugal pumps, purifiers, etc.

Electrical characteristics

SPEED. If flux @ is constant, assuming a constant applied voltage V, N is considered
constant over the load range, as N o V and V is constant. Speed is unaffected by
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The series motor

Electrical characteristics

SPEED. For this machine, the load current value is also that of the field current and, allowing
for the armature reaction effects, it is seen (figure 13.8) that the useful flux dis s| ightly less

than that given by the magnetisation curve @,. As @ increases with load and N varies as At
constant
terminal

voltage

|

1 ’ . X
s the speed must drop and the curve conforms to an Inverse variation, flattening out

as saturation of @ occurs. The no-load flux is small but speed can be excessive, For this
reason a series motor should never run‘light’as it is liable to ‘race’and may be damaged
by a virtual centrifugal force. Like a shunt motor, N is lower than N, for the reasons
described.

TORQUE. Field saturation is not usually achieved over the working load range and @ is
assumed proportional to I, As torque is proportional to @ x I_we have from earlier that:
T, o I2 so the curve follows a parabola. On heavy loads, as @ starts to saturate, Toc [,
so the graph tends to a straight line passing through the origin for low values of l,as
shown (figure 13.8). As for the shunt motor, due to machine losses, torque available at
the shaft is less than the developed torque. At start T oc /7 and so the starting torque
is very high, being one advantage of this type of motor.

gure 13.9

i shape to the speed-current curve (figure 13.8). Series motors ar? varia‘ble SpE?d
Machines, giving low speed on heavy loads which are ideal for traction, winch, hoist
N0fan work. Their excellent starting torque is used to advantage when heavy masses

Mechanical characteristic

This is shown (figure 13.9) and given by plotting the N and T values, for the same

L O W
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The compound motor

Field connections give either cumulative or differential flux result, T|
and the latter used only for exceptional motor duties. The shunt and series motg, J ;
such good characteristics, that compounding is only used as a means to mini 4
disadvantages which occur in simple machines. For example, the series Motor te
to race on no load, which can be limited by providing a stabilising shunt field, and e
the compounding for a machine may be arranged to give either a strong shup, o
series effect, or a strong series, weak shunt field combination. The characteristicg goe
considered for these arrangements.

CUMULATIVE CONNECTION OF FIELDS. Here the 2 fields assist each other to give 5
resultant strengthening flux. Machine characteristics depend on the relative figla
strengths.

(1) Strong shunt - weak series. The characteristics of the shunt motor are S0 good, tha
in practice it is suitable for most motor drive duties. The provision of a weak series field
doesn't materially alter the load characteristics, but the field gives an improved starting

i i
torque - as explained below. dfor starting with heavy loads, for example, compressors, centrifugal pumps, certain

ine tools. Once the machine accelerates, the characteristic follows that of a shunt

Electrical characteristics r. and the armature reaction effect alters the theoretical characteristic from T, to

‘j- own (figure 13.10).

SPEED. Figure 13.10 shows the characteristic. As flux rises due to the series field, this

. ichanical characteristic
have a speed-lowering effect since N o ry (approx.).

aracteristic is generally similar to that of a shunt motor.

Strong series — weak shunt. Again the characteristic of the series motor is suitable
appropriate applications that its basic performance features are retained. Its mal.n
dvantage, for example, a tendency to race on light load, must be removed and this

If the series field is weak, its effect is unobserved in the speed characteristic, differin
little from the shunt motor, However,whenamachineis coupledtoaflywheel, a stronge
series field can be used, so sudden load application momentarily slows down with ¢
rise of /.. Motor speed tends to ‘sit down’ and the required driving power is obtainec
from the flywheel. This arrangement enables a motor and the electrical system to be
protected from undue shock and is used for motors driving specialised loads, such at
the rolls in steelworks, as well as presses and hammers.

1€ purpose of the shunt field.

ical characteristics,

€D. It is seen from the diagram (figure 13.11) that although net flux varies,. it
OWs the magnetisation curve, i.e. it never falls to zero as is the case for the series
for. In effect the shunt field dominates on light loads and the machine runs as a
Nt motor at a fixed speed. Once load is applied, the series field asserts itself and .the
0 characteristic passes from that of a shunt machine to that of a series n?a.chme.
ftendency for racing on no load is removed and this is the typical characteristic of a

TORQUE. During starting, when voltage is applied to a shunt field, due to ﬂ'*
self-inductance (a winding of thin wire and many turns), a back e.m.f. is induced whic
opposes the shunt field current. The shunt field current builds up slowly and the torq __
(T @/) is small in spite of a large armature current. A series field which passes t .:
starting current/_will produce a flux to strengthen the shunt flux, the net fluxat startirng\

will ha miirh lavaae ae PRI
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A Figure 13.11 g hine speed and alternator frequency tend to remain constant but armature current

appreciably to provide the required torque with reduced flux. A failing of the
ement is the field cancelling effect at starting and that, due to the series field
ishing itself quicker, a machine may start to run in reverse. Special arrangements
t be made when starting a motor with a differentially connected field system.

ship’s D.C. winch. Note. The effect of armature reaction and voltage drop on E isseenat -
higher current values and speed N is lower than the theoretical value N,.

TORQUE. Since a motor behaves like a shunt machine on light loads, the torque :
characteristic commences as a straight line through the origin but becomes parabolic.
as the series field increases. The armature reaction effect gives a slight reduction of
net flux with a consequent falling off of torque T from the theoretical graph T, (shown
dotted) figure 13.11.

mple 13.6. A 220V shunt motor runs on light load at a speed of 1250 rev/min and
. a current of 2.8A. On full load the current taken from the mains is 40A. Owing
ature reaction, the flux per pole is 4% less than the no-load value. Calculate
speed on full load if armature resistance = 0.29Q and field resistance = 165Q

gnificant figures.)

oad. Voltage across shunt field = 220V

ent through shunt field = %: 1332A

Mechanical characteristic

The characteristic for this motor is shown (figure 13.12). It is similar to the electrical
speed characteristic and can be deduced, as described for the series and shunt
machines. The exact graph shape and position depends on the shunt and series fields'
relative strengths.

lature current = 2.8 — 1.33 = 1.47A
age drop across armature = IR, =1.47x0.29=0.426V

DIFFERENTIAL CONNECTION OF FIELDS. This can help maintain a constant speed, S0 = 220 - 0.426 = 219.574V

for example, for an alternator drive. Increase of load results in an increase in the
series flux and, as fields are opposed, resultant flux decreases. Speed, being inversely
proportional to flux, increases to compensate for the fall due to application of a load.

load. Current through shunt field as before = 1.332A
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Armature current = 40 — 1.332 = 38.67A Voltage drop across armature =

0.29=11.23Vand £, =220 - 11.23 = 208.77V

E, ®N
Nowsince £, o« ®N . E, = k®N and 22=—2-2 Byt P =0.960,

Eb1 ®‘IN‘I 1
CEw  @N, N, xE,, 1250x208.77
" E, 0.96®N, '0.96xE,, 0.96x219.57

Thus N, = 1238 i.e. speed on full load = 1238 rev/min.

Example 13.7. A 220V series motor works with an unsaturated field takin
100A and run at 800 rev/min. Calculate the speed the motor will run atwh

half the torque. Motor total resistance = 0.1Q (4 significant figures).

T, I
HereT = kil .- L=- ButT, = 0.5T,
2 a2
2
6—%: 15’20 IZ, = 100°x 0.5 = 5000
=N a2

<. |, =+/5000 = 70.7A
Also under the first condition £, = V-1 (R +R.)
=220-(100x0.1) =210V
Under the second condition £,,=V -1 (R +R_)

=220-(70.7x0.1) = 212.93V

E, DN,
ButfE, = k&N or—2=—"1 als0 ® |
b Ebz ¢2 2 ?

I;N

Eb'l — ar 1

_ INE, 100x800x212.93

9 a current of
en developing

SO or %2

E, IN, I,E 70.7x210

so N, = 1147 rev/min
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' d for a starter to work with a motor was mentioned earlier, as at the instant of
pree s the machine is not rotating, there is no back e.m.f. The current is thus limited
artind :ure resistance alone, unless an arrangement is made to add further/extra
y am° ¢ in the armature circuit. Thus for all but ‘fractional output power’ motors, with
P Mar-‘cme resistance, a resistor is inserted into the armature circuit and then removed
rea: as the motor accelerates up to its correct running speed. The arrangement
;t:j';;orated in a unit, called a ‘motor starter’ or more simply a ‘starter’ and consists
2 tapped resistor and a switching device which enables resistance to be gradually
‘«uced and finally eliminated altogether. A starter may incorporate other attachme:nts
e qeeded for safe motor operation which may include protective safeguards against
e effects of a reduced working voltage or an overcurrent.

ithough motor starters are studied elsewhere, it is appropriate to mention that the
| m of starter needed for a particular machine is mostly decided by the duty for which
motor is used. It may be a manually operated or automatic type; it may be designed
1gtarting and stopping a motor and may require to be done only once a day. In
trast, the duty may require the motor to be started and stopped continually for long
riods, with a winch or hoist. Such a starter is often referred to as a ‘controller’ These
hservations show that a starter is an important item requiring attention, one which
eeds careful and routine maintenance and a thorough knowledge of its function from
eoretical and practical viewpoint.

ed C‘ontfol

s for the starter, so for the full treatment of speed control, further study has yet to
€ made. The basic methods whereby the speed of a D.C. motor can be controlled

= . E v
€ discussed here, the reader is reminded of the basic deduction N o é’ orN E)—

PProx.). Varying the voltage applied to a motor armature and keeping flux constant
& 8sthe speed in direct proportion, and is termed‘voltage control Varying a machine’s
UX and keeping voltage constant will vary the speed in inverse proportions and is
fmed ‘field control’

-j"“" D CONTROL. This is the most common control tvoe. When a motor is loaded. its
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culate (2) the motor back em.f. (2 decimal figures), (b) the output power
ca

i.e. keep it constant over the working range or to raise it above normal r .
nificant figures) and (c) the efficiency, neglecting all losses for which

Field control is used because its addition into the field circuit is easily ac
is smooth and little energy wasted as heat.

Unnin
hi 1 - RIE] sig

eved, ¢ n -dn(is not given (1 decimal place).
matio 400_

feld current ~ 500
' rrent = 180 — 2= 178A

It must be remembered that this type of control gives speed variation in an upy,
direction only. It is used for raising speed above normal and as flux is weaken
the same driving torque, armature current rises. Note. Toc @/ . Thus a motor
larger dimensions if speed variation is required and interpoles fitteq to ensyre ‘
commutation across the working range. i

re cu
e voltage drop =178 0.02 = 3.56V
f = 400 — 3.56 — 2 (voltage drop at brushes) = 394.44V

3944 %178
ut power developed = e 70.2kW

; .M
VOLTAGE CONTROL. This is achieved in various ways for different kinds of p,c ack ©

but the key requirement is to reduce the voltage applied to the machine armg K
Thus a large variable rheostat is connected in series with the armature or the |
supplied from a variable voltage supply. The method is used to lower speed an '

is in a downward direction only.

output  394.4x178

dCOn y
ency = Jrout | 400x180

A wide range in motor speed is obtained by combining field and voltage contro| an
the methods of applying these are important enough to require further study, To
the requirements of the duty for which a motor is required, the starter and speq
controller may be incorporated into one unit. Since correct application and use ;.
motor is of vital importance to practical engineers, it is hoped the treatment given
the D.C. machine in Volume 7, will be seen as a valued addition. |

ency or n = 0.975 or 97.5%

ole 13.10. A 4-pole D.C. motor with a lap winding is connected to a 200V supply
The armature carries 600 conductors and has a resistance = 0.3Q. The shunt-field
resistance = 100Q and the flux per pole = 0.02Wb. On no load armature current =
¢the normal full-load current in the armature is 50A, determine the drop in the motor

d from no load to full load. Neglect the effect of armature reaction (1 decimal place).
Example 13.8. The armature of a motor has 660 conductors whose effective length ‘

410mm; of these, only 70% are simultaneously in the magnetic field. Flux density
0.65T, the effective diameter of the armature = 300mm and each conductor carries 200

current = 80A. If armature speed = 800 rev/min calculate the output power develope \tfield current = 10 =2Al,=3-2=1A
(3 significant figures). '

ke.m.f.on no load £, =200~/ R

Force on one conductor is given by F = BI¢ newtons =00 (1x0.3)=200-03=199.7V

0ad speed is given by N, where:
_ 2N, P
60 A

S F=065x80%x410% 102 F=21.32N
Number of conductors in the field at any given instant = 0.7 x 660

. Total force = 21.32 X 0.7 x 660 = 9.85kN 597 _ 600x0.02xN,

4
X.__
4

0.3
Torque = force x radiusor T = 9850 X —— newton metres ) 60
2 5199.7 = 0.2 x N,
Thus T=9850x 0.15 = 1477.5Nm 199.7
) X %= — — 998 5rev/min.
And power developed = 2%3 14X80:;< o0 13 = 124kW ] 0.2

ol kemf, E,, on full load is given by:
Example 13.9. A shunt motor takes 180A. The supply voltage = 400V, the shunt= &
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E,, =200 - (48 x 0.3) mation of D.C. machine efficiency

orE, =185.6V
efﬁciency of a D.C. machine can be assessed by measuring its output power and

Since £, = k<I>1N1 and assuming a constant flux, then ® =
e ing this with the input power. Thus in general:

-
or ?"—"2 %ﬂ whence N, = Moy
N,
" o oo Efficiency = '?_W‘EEE_EEEEE
ower inpu
Thus N, = 998.5%185.6

199.7

Full-load speed = 928 rev/min small motors output is measured with a calibrated brake or a dynamometer and
: f

:’1 ut power measured by electrical instrumentation. However, on large motors it is

‘ cult to measure output power with any accuracy. Similarly mechanical input power
a generator is difficult to measure, and with large generators, the electrical output
. olves dissipation of much energy, usually as heat.

Example 13.11. Calculate the first resistance step of a starter for 3 240V sh ,
with armature resistance = 0.50), if the maximum current limit = 60A ang th o
about 45A. =l

Let R, = the total resistance of the series resistor put into the armatuyre circuit, |f - swinburne test was a technique devised to assess losses and estimate efficiency at
T load from:

armature current at start =/_60A and also ls= R240 .
. +R 05+R i =
o _ Power input — losses (for a motor)
R+ 05 = —— qivi P Input
or i < T Teo 9VINg R =4-05 = 350 orerinee
As the motor starts and accelerates i !
p to speed, the starter h i
p andle is kept in p o m = Power Input (for a generator)

until t : ; .
he current falls to 45A. Thus the starting resistance is still in circuit, but ab Power output + losses

emf.is building to a final value givenbyE .
Although this test is rarely now considered in electrotechnology examinations, brief

mention of the loss issues are discussed here. Possible losses are divided into 2 groups,
those which vary with load and those which remain largely constant at all loads. These
were introduced in Chapter 6 and summarised here:

Here £ =240 - 45(3.5 + 0.5) = 240 — 180 =60V

At this stage the handle is moved and a section of the starting resistor cut out, Let
be the new value of the total starter resistance. Current rises to 60A but the back

does not change until the motor speed i
changes. Th ing
handle: p g us at the instant of moving | P
' | |
240 = E,+ I, (Ra +R) Coppe|r loss Ironlloss
I I I ]
I3 = .
or240=60+60(0.5 + R,) so: Armzatur e Shunt field ~ Hysteresis Eddy current  Friction

"Ry I Ry and windage
L J

Y

240—-60

05 +R="2"0_3,p 3 g5
k 60 ! 0.5=250. Rotational losses

e
Constant losses at all loads

Thu§ the resistance removed during the first movement of the handle after switching Variable
on, is: psy
A laure 12 12

35~ 25=10 The firct racictammm cbam tmslee.o am
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machine efficiency when it (a) runs as a shunt motor taking a total current of
Rotational losses due to friction and windage are constant if the speed is co -

o
f=3

nstant, ., d (b) is driven as a shunt generator delivering 15kW at its output terminals (2
lossis due to the core material (hysteresis) magnetic properties and eddy curr. ents V\;h' oA 3N iaces each).
are minimised by laminating the cores. Iron loss varies with load, byt such "ariat; imal P

has little effect on overall constant losses. Losses due to the windings resistance
Copper loss, occurs in the armature and in field windings. Field copper loss is COnst'a
providing the supply voltage remains unaltered and the winding is shunt- 1
The only big losses which vary with load are due to the armature circuit res
armature copper losses IR .

2 NO load:

' v 250
L], = e 220 =
gunt-field et e = 2r=aos

iStaI'ICe,t
Armaturecurrent/, =/ — I =7 — 2 = 5A

Hence for a motor: . |oad armature power input = windage and friction losses + small /2R,
N B negligible losses).

_ Power input — variable loss — constant loss
- Power input

P = VI, =250 x5 = 1250W

3

Field Copper loss I’R, = VI, = 250 x 2
_J2p _j2p _ 2 f
1 = V/ Ia Ra Vllf Rf PW(F % 100%

JAt52Aload I, =52 — 2 = 50A (I. constant).

Fora generato Armature Copper loss = I’R, = 50° x 0.15 = 375W

Power output VI—IZR, —I?R. — Py

m= = X 100 %
Power output + variable loss -+ constant loss Vi
vi — n= (250><52);53;5 ;25)00—1250 % 100% m=83.65%
= (]
" VISR 1 7R, 4 Ry (250
15x10°

= 60A

b) Load current |, =

: . " 250
To assess a machine’s constant losses it is run as a motor on no load. As no output

power is developed, all the input power overcomes the machine’s constant losse
On a shunt-connected machine, this no-load input power supplies the shunt-fiele
loss (VI,or I?R)) and armature loss. This no-load armature loss comprises iron, windag
and friction losses (Py), and a small armature copper loss which is usually ignored. T
make an accurate estimate of a machine’s efficiency one must account for a change i
copper loss due to resistance change as temperature rises. This involves calculating
the new resistance value at the higher temperature using the temperature coefficié t
of resistance equation R, = R, (1 + aT), with rotational losses unaltered.

Shunt —field currentl, = 2A

Armature currentl, = 60 + 2 = 62A
Armature Cu Loss I2R, = 622 x 0.15 = 576.6W

M= = VIZ % 100%
VI +IaRa + If Rf _‘_ PWIF

(15x10%)
(15x10*) +576.6 +500 + 1250

Example 13.12. A 250V D.C. shunt motor takes a current of 7A when running on fi€
load. The armature and shunt field-circuit resistances are 0.15Q and 1250 respectively:

m = x100% n=286.57%
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The efficiency at any load is estimated and a graph of efficiency again
plotted, indicating the efficiency trend to give an accurate assessm
current where maximum efficiency occurs.

13.1

13.2

13.3

134

13.5

13.6-

13.7

5 IOad Cur,
€Nt of the |

A 110V series motor has a resistance of 0.120Q. Determine its back

emf, wh
developing a shaft output of 7.5kW when efficiency is 85% (

1 decima] place}‘_'
A 500V D.C. shunt motor has an input of 90kW when loaded. The arMature &
field resistances are 0.10 and 100Q) respectively. Calculate the back emf.
(1 decimal place).

A 460V, D.C. motor takes an armature current of 10A at no load. At full load ¢
armature current = 300A. If the resistance of the armature is 0.0250), What s t
back e.m.f. value at no load and full load (1 decimal place)?

An armature winding of a D.C. motor has 240 conductors arranged in 4 par
paths on an armature whose effective length and diameter are 400mm a
300mm respectively. Assuming average flux density in the air gap = 12T a
the input to the armature = 40A, calculate (a) the force in newtons and to:
in newton metres developed by one conductor, (b) the total torque develo {;
by the complete winding, assuming all the conductors are effective and ()

armature power output in watts, if the speed = 800 rev/min (all 1 decimal place

A marine shunt motor is used for driving a ‘fresh water’ pump and found to .
an armature current of 25A at 220V, when running on full load. Speed is measur
to be 725 rev/min and the armature resistance = 0.20Q). If field strength is reduc
by 10% using a speed regulator and the torque is unchanged, determine |
steady speed ultimately attained and the armature current, in rev/min.

A shunt generator delivers 50kW at 250V and runs at 400 rev/min. The armatt
and field resistances are 0.02Q and 50Q respectively. Calculate the machin
speed in rev/min when running as a shunt motor taking 50kW input at 250
Allow 2V for brush-contact drop.

A 105V, 3kW D.C. shunt motor has a full-load efficiency of 82%. The armature @
field resistances are 0.25Q and 90Q respectively. The full-load speed of the mo \
is 1000 rev/min. Neglecting armature reaction and brush drop, calculate t
speed at which the motor will run at no load if the line current at no load is 3.38
Calculate the resistance added to the armature circuit to reduce the speed to 808
rev/min, the torque remaining constant at full-load value (2 decimal places):

The D.C. Motor « 355

A shunt motor runs at 1000 rev/min when cold, taking 50A from a 230V supply.
|f the armature and field windings both increase in average temperature from
15°C 0 60°C, as the motor warms up, determine the speed in rev/min when the
motor is warm, given armature and field resistances are 0.2Q and 200Q at 15°C
respectively. The total current drawn from the supply is constant. Neglect brush
drop and armature reaction, and assume an unsaturated magnetic circuit, with
resistivity temperature coefficient 0.40% from and at 15°C.

A 4-pole, shunt motor has a wave-wound armature of 294 conductors. The flux
per pole= 0.025Wb and the armature resistance = 0.350Q). Calculate (a) the speed
of the armature in rev/min and (b) the torque developed when the armature
takes a current of 200A from a 230V supply (1 decimal place).

A shunt motor runs at 600 rev/min from a 230V supply when taking a line current
of 50A. Its armature and field resistances are 0.4Q and 104.5Q respectively.
Neglecting armature reaction and with a 2V brush drop, calculate (a) the no-
load speed in rev/min if the no-load line current is 5A, (b) the resistance placed
in the armature circuit to reduce the speed to 500 rev/min when taking a line
current =50A (2 decimal places) and (c) the percentage reduction in the flux per
pole so the speed = 750 rev/min, when taking an armature current of 30A with
no added resistance in the armature circuit (1 decimal place).
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20 4
—
40 I
8.6 A —1  1—>—p
> 5Q I3
| s W . o |
10Q |,
3
P Volt drop
40
S 3Q
6Q g I
I 6Q
BQ 1
[ 1
S
A B
. 24V

Current /, in 10Q) resistor = 8_1162 = 0.8A

1.1. Let R be the equivalent resistance of the parallel arrangement.

1

Check. Total Current = 8.6A
ThenE L _10+5+4+2

TR QR
10 20

1 1
4 5

. For group A. Let R, = the equivalent resistance, then:

21 2
=2 and R =2 = 09520
oo = 095 R P P P
R, 4 6 8 24 13

21
20

Voltage drop across the arrangement = 8.6 x 0.952 = 8.19V For group B. Let R, = the equivalent resistance, then:
. A , :

Current /, in 2Q) resistor . 4.1A M. + 1 28 _3 orR, = 20
Ry 3 6 6
Current/, in 4Q resistor : ; Total circuit resistance R = R,+R,=185+2=3.85Q

24 '

Circuit ctirvant — — &92A
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- I;—V/R
el
: ccorent — 12 _ 758
_'%":Q_"_" The cirCUIt current = 16 = [
' = - Theterminalvoltage =75x%x 095 = 7.1V
10Q
| 7.125
T Currentin 5Q) resistor = —5— = 14A
12V @ Ammeter with shunt
}l =" : Voltage drop across parallel arrangement for f.s.d. = 10x 15 x 10 =0.15V
=

: current to be carried by shunt
A Figure 3

=25 — (15 x 107%)
Voltage drop across group A = 1.85 x 6.23 = 11.53V

Voltage drop across group B =2 x 6.23 = 12.46Y = 24.985A
Check. Total voltage drop = 23.99 = 24.00V 515
istance of shunt = —
Current in resistors - group A Resista 24.985
= 0.006Q)
11.53
4 288A (b) Voltmeter with series resistance
11.53 Resistance of instrument circuit to drop 500V
S = 191A 500
~ 15%x107°
11.53
g A = 333330
Check by, =6.23A . Series resistance to be added = 33 333 - 100
Current in resistors ~ group B =33323Q
.5, Parallel section BC has a resistance, given by:
12.46
—— = 4.153A g
> l:l_|___1_.:-——orR=20kQ
R 40 40 40
% = 2.076A
& Total resistance of network = 60 + 20 = 80kQ
Check ., =6.23A 240
Curre k= ——
nt taken by networ 80000

1.3. From Q1.1 the equivalent resistance R of the load = 0.95Q

Tha fatal varicbamen afelin _ti__ 22 AAr . A ~m PR

— 2w 1IN3 AN Ar 2mA
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A equivalent resistance R, of parallel group B is obtained from:

LW L1 P 30
\VJ 7:22—1-64—;3:—3%:5—60"&:_5_:69
% ' ﬁi% 50 voltage drop across group B =6 x 6.25 = 37.5V
A B C 375
currentin 1042 resistor = = 3.75A
‘ - current in 15() resistor = 317_55 — 25A

A Figure 4 ‘ E

Check. Total current = 6.25A
Voltage drop across section BC Voltage drop across group A =6V

=3 x 107 X 20000 volts = 60V = reading on voltmeter supply Voltage = 6 +37.5 = 43.5V

1.6. Let E= em.f. of the battery and R its internal resistance. Generator O.C. voltage = 110V

then E=0.18 (10+R) ... Q).

and E=0.08 (25 + R) ... (ii).

Equating (i) and (ii) 0.18 (10 + R) = 0.08 (25 + R)
or1.8+0.18R =2+0.08R

- (0.18-0.08)R=2-18

Voltage drop in generator for 75A =110 - 108.8 = 1.2V

1.2
Internal resistance of generator = o = 0.0160)

Voltage drop in cables = 108.8 — 105 = 3.8V

3.
Resistance of cables = —;—5§ = 0.0507Q)

or0.1R =02
: On ‘short-circuit’ the only limitation to current, is the resistance of the generator
orR.=2Q
’ and the cables.
Substituting in E=0.18 (10 + 2)
= 0.016 + 0.057 = 0.0667{)
=0.18%x 12
= 110
216V So short-circuit current = ~ 1650A

1.7. PD. across 4Q resistor =4 x 1.5 = 6V
. Meter voltage drop for fis.d. = 1 x 0.12 volts = 120mV.
Since shunt voltage drop for 300A is 150mV, then the meter resistance must be

This is also the voltage drop across the other resistors in group A

Currentin 2Q) resistor = g = 3.0A increased by an external resistor of value 0.03Q. Obtained from 1A x (0.03 + 0.12)
Q=1x0.15=0.15V or 150mV.

Current in 6() resistor = g = 10A Under this condition the actual current metered would be 301A. 300A will pass
through the shunt and 1A through the ammeter.

Current in 8() resistor = g = 0.8A | Note. The resistor must be rated for this current, i.e. TA. Thus 12x 0.03 = 0.03W (see
Chapter 2

Current in 4€) resistor = g = 15A
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*
1.10.
. 90V
+ - -
A Figure 5 3

PD. across BC = 34 + 6 = 40V, since E is 6V above C and B in turn is 34V above E.

The PD. across AE and ED is proportional to their resistance values.

Thus PD. across AE = % X 90 = 54V with A+vetoE.

And P.D. across ED = % x 90 = 36V withE+vetoD.

Since A is positive to E by 54V and B is positive to E by 34V (voltmeter reading),
then Ais +ve to B by (54 — 34) = 20V.

Similarly B is above E by 34V and E is +ve to C by 6V then the PD. across
BC =34 + 6 = 40V. E is above D by 36V and above C by 6V so C must be +ve to
D by (36 — 6) = 30V.

AB = 20V
Thus the PD.s across the resistors are BC = 40V ! Total 90V .
D = 30V

Also as the branches are series circuits, the ohmic values are proportional to the
PD.s.

P.D. across AB 10
= e 1:10X40:209
P.D. across BC R, 20

P.D.
And, ———-———D s = ] orR, = = 150
P D arrnce AR 10

v

2.1. Total mass to be lifted = (2 + 0.25) x 10°%kg

2.2,

Bopterz

Solutions to Practice Examples « 363

90 _ 9% _

—_— = = 2A
10 + 20 + 15 45

currentin branch ABCD =

90 90
ntinbranch AED = —— = 2= — 6A
curre 9+6 45

supply current =2 + 6 = 8A

Force exerted = 2.25 x 10° x 9.81 newtons
Work done =2.25 x 103X 9.81 x 30 Nm
=66.2175 X 10*°Nm or 662.175kJ

work done (joules)
time (seconds)

Hoist output power =

_ 666175 — 7.36KW

Power input =200 x 50 = 11kW

Efficiency = % = 0.6689 or 66.9%

Since battery voltage of about 20V is needed, cells must be connected in a series-
parallel arrangement. Ten cells in series will give 22V and this will be the e.m.f. of
the battery irrespective of the number of identical parallel banks.

An arrangement of 10 cells in series with 3 such banks in parallel is a practical
combination.

Battery e.m.f. = em.f. of 1 bank=2.2 x 10 =22V
Internal resistance of 1 bank=0.3 x 10 =30Q

3
Internal resistance of battery = 3= 10

2
Resistance of 1 lamp = VF = — = 400
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or lamp current = P = 10 = 0.5A
4 20

and lamp resistance = 6225 = 400

Resistance of 3 lamps in parallel = 4?0 = 13330

Total resistance of the complete circuit = 13.33 + 1 = 14.33Q

Circuit current = i = 154A
14.33

(b) Current taken by 1 lamp = 1—?— = 0.513A

(a) Voltage drop in battery = 1.54 X 1 = 1.54V
Battery terminal voltage = 22 — 1.54 = 2046V

(a) Power loss per cell = (current in 1 bank)? x resistance of a cell
1.54)’
_ (__] x 03
3

=0.5132x 0.3 =0.079W

2.3. The equivalent head of water can be obtained thus: A pressure of 15 bars
15 x 10°Nm2. Specific weight of water is 103 X 9.81Nm™3

15 x 10°
10° x 9.81

=152.85m

Then the head of water =

Force required to lift 12 700 litres or 12.7 x 10 kg is 12.7 x 103 x 9.81 newtons

=124 587N

Work done per hour = 124 587 x 152.85 Nm = 19.064MJ

19.064 x 10°
3600

Pump power output = = 5.296kW

Input to pump or output of motor

529

— AR ARRIAMN

Solutions to Practice Examples « 365

6.465
ttomotor = —— = 7.275kW
InpY 0.89

7275
current = —— = 33.1A
fotor 220

4, Battery emf=4x22=88V

Terminal voltage of battery = voltage drop across resistor
=5%x14V=7V

Voltage drop in battery =8.8 ~ 7 = 1.8V

Internal resistance of battery = —:—:18- = 1290

Internal resistance of 1 cell = %? = 0320

For parallel working:

Internal resistance of battery = 0—:’3 = 0.08Q)

E.m.f. of battery = e.m.f. of 1 cell = 2.2V

Total circuit resistance = 5 + 0.08 = 5.08Q2

Circuit current = —2—2 = 0.43A
5.08

. Winch output

=5x10°x9.81 X 36.5 Nm per minute

=4.905 X 36.5 x 104 joules per minute

_ 4905 x 365 x 10

joules per second
50 J P

= 1798033 x 10°watts = 29.84kW

; 100
~ Since the winch is 75% efficient, the input must be 29.84 x % kilowatts

= 29.84 x 3 = 39.78kW
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| be the current under this condition.

Input to winch = output of motor Let

. power rating of motor = 39.78kW Then 143 = /(10_57 + 0.1 75) ] = 1_1617‘3’5_ 0.134A
If the motor efficiency is taken as 85%, )
Note. For the solution, the internal resistance of a cell is assumed to be the same
\ The electrical input would be 3978 _ 4eskw in both the forward and reverse direction in the absence of any further detailed
| 5 information.
‘ Current taken from the mains = %63% = —2# = 212.7A
100V I
150W
2.6. Lighting load = 100 x 100 = 10 000W and _[—_:,_@_. 110V
40W
200 x 60 = 12 000W @
=10+ 12=22kW =
Heating load = 25kW
Miscellaneous loads = 30 x 220 = 6.6kW 230V
Total load =22 + 25 + 6.6 = 53.6kW }
Generator output = 53.6kW .‘igure 6

40

53.6 Current for 40W lamp = i 0.363A

Generator input = —— = 63.1kW
0.85

110

Now generator input = engine output.
; . ; ° Resistance of 40W lamp = 235 = 3030

So engine must develop 63.1kW

100

2.7. 0.C.emf. of battery = 4.3V Current for 150W lamp = T 15A

43

O.C.emf./cell = —37,— = 143V 100

Resistance of 150W lamp = T 66.66€)

4.23

Value of load resistor = —<= — 10.5750Q) Parallel circuit has to carry 1.5A
» 04

= Current in shunt resistor = 1.5 - 0.363 = 1.137A
Voltage drop across shunt = 110V

Resistance of shunt = 110 = 96.80)

Voltage drop in battery = 4.3 — 4.23 = 0.07V

Internal resistance of battery = %z = 0.175Q

110V s dropped across the parallel circuit

0.175

Internal resistance of 1 cell = —5 = 0.058() 100V is dropped across the series lamp

With a cell reversed, the exmf. of 2 cells cancel each other and thel i *+ 230 - 210 = 20V must be dropped across the series resistor which carries 1.5A
i reversed, the emf. o c

e.m.f.=thatof 1 cell = 1.43V.
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10.
.. Resistance value of series resistor = EQ = 13.30 i a0y
1.5 1
2.9,
30
1.46V/cell J S——
1[ b - T 1svicell T T acels
0.225 Q cell | in
H series
k T ek . i
J | T T 250
= o \ 3}
| s
cjgure 8
0.8A
0.5250 gattery em.f.=emf. of 1 bank=4x1.5=6V
| O |
igure resistance of 1 bank 4 x 0.225
A flaite7 Battery resistance = 3 = = 030

E.m.f. of battery = em.f. of 1 cell for parallel working = 1.46V Load resistance = 2.5 + R (resistance of parallel section)

Let R = the internal resistance of the battery

5 6

and R_= the internal resistance of 1 cell. =3 ¥ R = 5= 1.2Q

Here +

il
2

W=

1
R
The total resistance of the circuit = 0.525 + R,

Circuit voltage drop = 0.8 (0.525 + R.) | Load resistance =2.5 +1.2=3.7Q

= applied em.f. = 1.46V ~ Resistance of complete circuit =3.7 + 0.3 = 4Q

- 1.46=(0.8x0.525) + 0.8 R,

=042+08 R,or0.8 R,=1.46-042=1.04 Circuit current = % = 15A

1.04
59 R = = 130 Voltage drop in battery = 0.3 x 1.5 = 0.45V

Battery terminal voltage = 6 - 0.45 = 5.55V
Power rating of 2.5Q resistor = PR = 1.52 x 2.5 = 5.6W

Now since the cells are in parallel, then

1 1 1 1 1 4
— ==+ —F === — B
R, R. R, R R R. Current in 2) resistor — voltaTge drop _ total current x
resistance 2
orRC=4xRi=4x1.3
i i 1.5 x 1.2
and internal resistance of 1 cell = 5.2Q = —— = 09A

Power ratina of 20 racictar =002 ¥ 2 = 1 AW
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Current in 3Q resistor = 1.5 - 0.9 = 0.6A
Power rating of 3Q resistor = 0.62 x 3= 1.1W
Energy conversion = energy in external resistors + energy in battery

= time (total wattage of external resistors + battery resistan
ce

=t(5.625+1.62 + 1.08 + 1.52 X 0.3)
= 3600 (8.325 + 0.675) = 32400J
This could also be obtained thus:
Energy = e.m.f. X current x time
=6X1.5x 3600
= 32 400J or 32.4kJ

Chapters

3
3.1. (a) Volume = area x lengthor A = v _ 10x10 ’
I 100 + 10

=0.1mm?

—6 3
ThenR=3l=17XIO ><1100><1O
A 10™

(b) Area of plate = 100 x 100 = 104mm?

= 170

Thickness of plate =

10 x 10°
——— = 1mm
1

This is the length in the expression R = B/-fi

17 %107 x 1

‘R
10*

ohms = 17 x 107°pQ

Alternatively using = 1.7 x 108 ohm-metres for (a) - as an example.

1.7 x107° x 100

R
0.1x 10°°

= 170

S

Power Wastage) \

34, Since R = %‘f then ¢ = 2

Solutions to Practice Examples « 371

2 since Ry, = R, (I+020) and R = R, (I + 0:60)

Ro _ Roll + a60)
Then & 7 R + «20)

_ Ryl1 + (60 x 0.004 28)]

and Rso [1 + (20 x 0.004 28)]
g = 5001 +02568) 90 x1.2568 . o 040
or Reo 1+ 0856 1.0856

230
Current taken by coil at 20°C = i 2.56A

At 60°C to keep current constant, voltage must be 2.56 x 104.4 = 267.26V. So the
voltage is raised by 267.26 — 230 = 37.26V

Assuming 1 litre of water to have a mass of 1 kg so the mass of 0.75 litre of water

=0.75x 1=0.75kg
Heat required = 0.75 x 4.2 x (100 — 6) = 296kJ
. 220
The current taken by the heater is on 1.83A

and the power rating of the heater = 220 x 1.83 = 403.3W

Since the heater is 84% efficient, only 403.3 x 0.84 watts are available to heat the
water.

296 x 10°

————— seconds = 873s
403.3 x 0.84

... time of heating =

= §-7(—)§minutes = 14min 33s

RA
p

¢ = 137 X7 X 0315

= mm = 3cm
407 x 107 x 4
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3.5. Since F2_Ro(l+aTy)

R, R,(1+aT)

_R_R1(1+OLT2)
. y = T
1+ of,

R.
Thenﬁz—x(]-;-an):1_,_(,L7-2

1

240
So 1+ af, = —{1 + (0.0042 x 15)]

=1.2(1+0.063)
andaT,=1.2+0.0756 — 1 =0.2756

3.6.
[e—— 150m ———> 150m “—1
Supply & > B > c° 100A
240V o—— < ® < e LOad
‘1
200A
Load
A Figure9 g

The resistance of a cable core 880m long and area 50mm? = 0.219Q
then the resistance of a cable core 880m long and area 150mm? :
0.219 i

— = 0.073( and the resistance of a cable core 150m long and arei
0.073 x 150
Bomm® = et~ oW
380 01240

Current in length AB = 300A

Resistance of length AB = 2 x 0.0124 = 0.0248Q
Voltage drop in length AB = 300 x 0.0248 = 7.44V
Voltage at 200A load = 240 — 7.44 = 232.56V

Voltage d

Resist

Solutions to Practice Examples « 373

1 :
rop in section BC = % that in AB as the current is 37 all else being the

sameé

¢ 7.44
. Voltage drop in BC = e — 248V

Voltage at 100A load, i.e. at C = 232.56 — 2.48 = 230.08V

el
ance of Imm diameter cable R, = —A—:

e x 100 x 10° x 4
x P

or 247 =

Let R, = resistance of 800 x 1—93 = 840m of 1.5mm diameter cable

e X 840 x 10° x 4
x 1.5

Then R, =

R, ex840x10°x4 /ex100x10° x4 840 x T
e 7 X 1.5 7 X T 100 x 1.5°

1

2
or R,= 247 x 84 X [515—] = 9.22Q)

Since there are 19 strands in parallel, the resistance of the complete cable, being
inversely proportional to area, will be reduced by 19

9.22

.'. Resistance of cable = = 0.49()

8. SinceR = R, (1 +aT)or15="10[1+ (o x 100)]

=10+ (0ot x 1000) or 5 = 10000t and o = 0.005
or using the definition

increase of resistance per 0°C rise in temperature
resistance at 0°C

2=l 10:—5—-=o.oos
100 1000
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Also since
R=R,(1+aT) then 30 =10(1 + 0.0057)
and 30 =10+ 0.05T

0or20=0.05Tand T = —29-°C = 400°C
0.05

3.9. Heatrequired by brass = 500 x 0.39 x (910 - 15) kilojoules
=5Xx39 x 895
or energy required by brass = 174.525kJ

174525 x 10° x 100
80

Energy taken from supply =

=21.816 X 10°KJ

Time taken to expend this energy at the rate of 200kW

_ 21816 x 10°
200

seconds

=1091s

= 18.18min or 18 min 11s

3.10. Electrical energy used = leﬂ = 372units = 372kW h

= 372 X 3600KJ
Energy passed to heat water = 372 x 360 x 0.8 kilojoules
=1.071 x 360kJ
_Heat energy received by water = 1.07 x 10° kilojoules
Temperature rise of water =82 — 16 = 66

1.07 x 10°

So quantity of water =
f y 6 x 4.2

Assuming 1 litre has a mass of 1kg then the quantity of water used = 3860 litres

kilogrammes = 3860kg

Solutions to Practice Examples « 375

Input t0 accumulator = 6 x 18 ampere hours
1.

output from accumulator = 3.5 x 28 ampere hours
35 x 28

r efficiency = =——"- = 0.907
Ampere hou y 6 %18

=90.7%

Mass of deposit, m = zlt
or (19.34 = 14.52) x 10 =330 X 107 X/ x 50 X 60

482 x 107°
of [ = 557X 60 x 330 x 10°°

amperes

=4.869A
Error in reading = 5.1 — 4.869
= 0.231A (high)
This is better expressed as a percentage thus:

__ Difference between false and true reading « 100
- true reading

5.1 — 4.869 5
4.869

100

=4.75% (high)

43. Em.f. of battery =40 x 1.9 =76V

orE, = 76V

Internal battery resistance = 40 x 0.0025
=0.1Q

Total resistance of circuit=1+0.1=1.1Q=R

For charging V=E, + IR

Thus 90 =76 + (I x 1.1)

_ 90 -76 14

or | = — amperes
1.1 1.1

=12774
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4.4. Area of nickel deposited = 7r X 100 x 107 x 150 X 103 = 0.0471m?

Volume of nickel deposited = 47.1 x 103 x 0.5 x 10~
=23.55x10°m3

Mass of nickel deposited, m = 23.55 x 10 x 8.6 x 103
=0.202 53kg

Now m = zlt s0 0.202 53 = 302 x 10° x | X 8 X 3600

or202.53 x 102=30.2x 8 x 36 x 10/

202.53 x 10°

iving/ = ————— —  — 233A
s 30.2 x 8 x 36

4.5. Discharge ampere hours=6x 12 =72
Charge ampere hours =6 x 22 = 88

Ampere hour efficiency = ;—z-

=0.82 or 82%
Discharge watt hours per cell =6 x 12 x 1.2 =86.4
Charge watt hours per cell =4 x 22 x 1.5 =132

Watt hour efficiency = % = 0.65 or 65%

4.6. Battery voltage at start of charge = 80 x 1.8 = 144V

=£,

Battery voltage at end of charge = 80 x 2.4 = 192V
=E,

No battery resistance is given and is thus neglected.

Let R, = control resistance at start of charge

ThenV=E_+IR or230=144+5 R,

Thus 5R,=230-144=86

R = %647.29 (maximum value)

Let R, = control resistance at end of charge

ThAan 22N 100 ' ED AurC D Ann anAa An

. Area 0

Solutions to Practice Examples « 377

38

— 2= = 7.6Q(minimum value)
Rz 5

. 60
charging time = = = 12h (approx.)

(Leave charging say 13h to allow for losses.)

f deposit =2 x 50 x 150 = 15 000mm?
Volume of deposit = 15X 10°x 10x 0.05 x 10°*

~0.75 x 10°m?
Mass of deposit, m = 0.75 x 107 x 8800 = 0.0066kg

m
=zt so| = —
Now m g

-3
- Thus /= 111A
330%107° x30%60

or |

48. Discharge ampere hours =4 x 40 = 160

Charge ampere hours = 8 X 24 = 192

160

Ampere hour efficiency of battery = = = 0.8330r83.3%

Discharge watt hours =4 x 40 X 1.93 X 40
Charge watt hours =8 x 24 x 2.2 X 40

4 x 40 x 1.93 x 40
8 x 24 x22x40

=0.7310r73.1%

Watt hour efficiency of battery =

9. Voltage drop in leads = 10x 1= 10V

Voltage drop due to battery internal resistance = 10 x 0.01 x 30 =3V
Atstart of charge, if R, is the external resistance

Then 200 = (30 x 1.85)+ 10+ 3 + 10R,,

0r200=>555+13+10R,,

131.5
and 200—68.5:10R1,thus R = =T = 13.15Q)
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F|uXcI)=BXA=8X7TX10'4><400X10'6

At end of charge, if R, is the external resistance
= 1.0048 x 107 webers or 1.005uWb

Then 200=(30%22)+10+3 + 10R,

or200=66+13 + 10R2 ' M miF prOdUCEd =3200x% 1

| | and 200 - 79 = 10R, thus R, = %1 = 1210 = 3200At
F 3200
At start 13.15Q are needed The ma gnetising force H ormm.f./m = = = TR <]
Atend 12.1Q are needed
=4000At/m
-3
4.10. Here m = ztort = = = alaly seconds Also since B= X H

zZl 330 x 10° x 3.5
Thus t = 36365 = 60.6 min, i.e. 60 min 36s

From the second law of electrolysis or by proportion:

B=4xmx 107 x 4000

=16 x 7 x 10* teslas

, T X d* T X 20% x 107° .
Area of solenoid = 2 = — % 10

Mass of hydrogen liberated  Chemical equivalent of hydrogen
Mass of copper liberated Chemical equivalent of copper

4

So®=BxA=16x 7" x 10®° Webers
X 4.2

Thus mass of hydrogen = ! = 0.1321g

5.4. Magnetising force H of a long, straight conductor

. 2000 ampere-turns/metre

27rr=2><'n'><0.8

Chapter 5 - o or H at conductor X, due to currentin Y,
1000

= ampere-turns/metre
0.8 x 7

5.1. F=BI£f newtons
=0.25x100 x 1 = 25 newtons per metre length

' and B at conductor X due to currentinY = u, X H
5.2. M.m.f. F=4x 250 = 1000At

_ 4xmx107 x1000 107

F
(a) Magnetising force H = — = m.m.f. per metre length teslas
¢ 08 x 7
1000
= ——— = 2000At/m .
500 x 1073 BI¢ newtons

(b) Flux density B=u x H=4 x 7 x 107 x 2000

=8 X 7 X 10 teslas

_10°

x 2000 x 1 = 1 newton/metre length

Cross-sectional area nf rinAa — 4NN v 116 w2
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5.5. Current to give f.s.d.

5.6.

_ 50x 107
10

= 5x10"%A

Force exerted on 1 conductor

=BIf=0.1x5%103x25x%x 1073

=12.5 X 10°° newtons
Force exerted on all conductors on both sides of the coil

=100%x2x125x10°

= 2500 x 10 newtons
Torque exerted by coil

= Force X radius

= 2500 x 10—532—o x 1073

=37.5%X 10°Nm
Therefore the controlling torque of the spring

=375x10°Nm

or=375uNm

0.05

Flux density B in airgap = ——
) Y gap 650x107°

10°
= 3 X teslas

B 5 x 10?

Also B = XH ' H=—=
Ho Mo 65 x4x 7 x107

=6.12 x 107 ampere-turns/metre
Airgap=3mm=3x1023m

Solutions to Practice Examples - 381

. Required ampere-turns =6.12x 10’ x 3 x 107
_ 183 600At

~ f=Blt newtons = 0.6 X 150 X 1 =90N/m
1 Assuming current flows away from the observer, then the force acts right to left to
move the conductor horizontally.

. g, F = B¢ newtons =0.5x 25 x 400 x 102 = 5N

59, Force on 1 conductor = 0.6 X 0.8 X 250 x 107
" Force on 800 conductor = 0.6 x 8 250 107 X 8 X 107
=96 102N

Torque on armature = 9.6 X 10° X 100 X 10 = 96Nm

watts

27rNT
power developed is given by 7

2 x a x 1000 x 96
- 60

= 10.05kW

5,10. Magnetising Force H of a long straight conductor

= L ampere-turns/metre
27r

250
2 x 9 x25x%x 107

_10°
S 2x
Also B= u, x H
14
orB=4><q1-><10‘7><-——0———
2 X

=2 x 107 teslas
Again F=Bl£=2x10?%x 250 X 1
= 0.5 newtons

Mutual force per metre run = 0.5N
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Chapter6

6.1. (a) Total m.m.f, F=5 x 500 = 2500At

Mean circumference = 7rd = v x 300 x 102

=0.942m
S0 magnetising force, H = f = 2300
4 0.942
= 2654At/m

(b) Since u, = -S— then B= u H

and B=4x 1 x 107 x 2654
=0.0033T=3.3mT
(c) Total flux, @ = BA
=0.0033 x 1000 x 10°¢ weber
=3.3 x 10Wb or = 3.3uWb

P _ 500 x10°°

62. B = —Z
A 400 x 107

= 125T

Also since B= uH = M, i, Hthen

by 1.25 125
2500 x 4 xawx107 7 x 107

ampere-turns/metre
Length of iron =250 x 103 m

250 x 107 x 1.25
T x 10°

Sototalmm.f, F =

or F=99.7At
Required ampere-turns = 99.7, say 100.

-6
63. () 8 = 2 theng = 2OXI0T _ 400, 0p
A 500 x 10° 500

Alen. ac H i< aiven hy, ofal magnetomotive force

F 500
= — = == = 500At/m
then H = 7 = 7

Also, since B=puH=pu, p, Hthen

B 0.8
uH 4 x 7 x107 x 500

P
or relative permeability = 1275

Length £
(b) Reluctance = =

ampere-turns/weber
u X Area Mo, X A

1

= — = 125MA/Wb
4 x 7 x 107" x 1275 x 500 x 10
_F 400 x 25
4. (@) H = ampere-turns permetre = rie ET
1000
= —— = 800At/m
Thus H 195
¢ 000075 _ 05T
Also B = & = 7500 x 109
, H B 05x125
Again B = puHoru = TRl T
Also u=u, u,
. on 0.625
e T T 1000 X 47 x 107
Thus relative permeability =497.5
-3
(b) Reluctance, S :__6_ 1250 ampere-turns/weber =133MA/Wb

WA 0625x1500x10°

(c) Since F = HE = 800 x 1.25 = 1000At

6.5. Area of air gap = 1200 x 107 m?

=3
| 1.13 X_134 A e
12 X 107 12

Alen cimFran — . LI
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Then Hforalr = —- = __ 13
Mo 12X 4w x 10

=75 x 10* ampere-turns/metre
The m.mAf. for the air gaps is given by: 75 x 10* x 2 x 2 x 102 ampere- -turns =
3000At
The area of iron is the same as for the air gaps, and the B value of the iron is the
same.

: -3 4
org = 113X107 X100 o

12

Using the graph of figure 10, for a flux density of 0.942T, the ampere-turns per
metre length of the iron = 850.

Since length of iron path = 0.6m
~. Mm.f. for iron = 0.6 x 850 =6 x 85 = 510At
Total m.m.f. required = 3000 + 510 or 3510At

///
/
1.0 ,/r
/
//
74
y
) 7
77} Vi
]
@ 05 7
Vd
¢
4
‘I
‘l
0 500 1000
H (At/m) ]
: =
A Figure 10 i

6.6. Circumference of flux path = 7 x 0.2 = 0.628m
Length of air gap =2 x 10 = 0.002m

I annth nfirnn — N AJAm
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This problem is best solved by trial and error thus:

Assume a flux density of 0.5T in the air gap and iron since these are of the same
cross-sectional area. Then from the graph of figure 10:

m.m.f. for iron =520 x 0.626 = 326At

B 0.5
: B = H L H = — = ————
since Ho “e 47 x 1077

05x2x107°

amxi07 ON

Total m.m.f. would be (326 + 795) = 1121At. Thus too low a flux density has been
assumed.

Again, assume a flux density 0.6T, then:

M.m.f. for iron = 585 x 0.626 = 365.21At

06 x2x107

~ T or & of that required for 0.5T
T X

M.m.f. for air =

= g X 795 = 954At

Total m.m.f. would be 365.2 + 954 = 1319At - still too low. Assume a flux density of
0.7T. Then:

M.m.f. for iron = 660 X 0.626 = 413.16At

M.m.f. for air = % X 795 = 1113At

Total m.m.f. would be 413 + 1113 = 1526At

Thus for an exciting ampere-turn value of 3 x 500 = 1500, the estimated flux
density in the air gap would be a little less than 0.7T.

7. As the B value in the cores is 1.2T the At/m required will be 650, as seen from the

graph of figure 11. The total m.m.f. for the cores will be:

2 x 160 x 107 x 650 = 208At.

In the yokes, the flux is the same as that for the cores and the ﬂux density will
therefore be different, as the areas are different.
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Thusflux, ® = 1.2 x —E X 50% x 10°° weber

: 25 x 107
Binyokes = 12 x T x ——5—————_—6 teslas
4 47 x 47 x 10
~. B=1.066T
1.2 ——
< T
[%]
£ -
Q1.1
’_//
//
1.0 V4
0.9
0 100 200 300 400 500 600 650
H (At/m)
A Figure 11

From the graph, the At/m for a density of 1.066T is 330 mean length of flux path
yokes = (2 x 130) 4 (2 x 47) = 354mm = 0.354m

Total mum.f. for the yokes — 330 x 354 x 10~° = 116.8At
Total m.m.f. for complete magnetic circuit = 208 + 116.8 = 324.8 say 325At

6.8. (a) Pull of magnet = 196.2N or 98.1N per contact face

2 2
Also Pull = BA = ——ﬂ-——? newtons
2u, 2X 4m x 10
2
981 = £A

8 x 1077
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g _ 981x 8w x 107 x 4
Whence 7 %15 x 15 x 105

=1.396

and B = \1.396 = 1.185T
from the graph of figure 11, for a B value of 1.185T, the H value = 560At/m.

Area of one contact face = % x 15% x 107° m?

Flux, ® = BA = 1185 x % X 225 x 107 weber

= 209 x 107*Wb
since B for the horse-shoe magnet = 1.185T
then, from figure 11, the H value = 560 At/m

Length of magnet path = 7 x 1-]2—5 = 180.5mm = 0.1805m.

Note. Mean circumference of ring

=277 X (radius of ring)
=27 X (50 + radius of rod)
=27 X (50 + 7.5)

=77 X 115 millimetres

Then m.m.f. for magnet = 560 x 0.1805 = 101.1 At

-4
Bvalue for armature = Pl = 208 106 = 0.932T
Area 15 x 107

and H value = 215At/m (from figure 11)

Length of armature path = (115 + 15) = 130mm
=130x10%m

So m.m.f. required = 215 x 130 x 10 = 27.95At
Total m.mf. required = 101.1 + 27.95 = 129At

Current = 12—9 = 0.268A
480

(b) In the air gap 8= 1.15T

“Flux, @ = 115 x T x152 x 10 = 203 x 10~ weber '
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—4
Flux density in core = ——213—X—10— = 1157

2
mT X 15 % 10°5

and from curve, H value = 470At/m
Length of core path = 77 x 57.5 = 180.5mm = 0.1805m
M.m.f. for core = 0.1805 x 470 = 84.8At

2.03 x 107*

————— = 0.905T
15 x 107°

Flux density in armature =

From curve H value = 205At/m

Length of armature path = 130mm = 0.13m

M.m/f. for armature = 0.13 x 205 = 26.65At

Flux density in 1 air gap = 1.15T, but B = uH
B 1.15 1.15 x 10

‘_H:——-: 7:
Ko 4w x 10 12.56

M.m.f. for 2 air gaps

_2x05x107 x 1.15 x 10
12.56

=9.125 x 10 ampere-turns = 912.5At

Total m.m.f. for circuit = 84.8 + 26.65 + 912.5
=1023.95 At

w1007

6.9. (a) Area of air gap = x 107°

m x 1072 i

4
-2
Volume of air gap = a1 X 25 x 107
= Z x10*m
6
0.004 x 4
Flux density in gap = Sy ———— 0.508T

ampere-turns/metre
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q
2
stored in joules = X volume
Energy J 2
2
:—%Xlx'lo_l‘ :2J
2 X 4 x 10° 16
B’A 0.508% x 7 x 1072
() Pl N = o = S wdm x 107 x 4
610 Air gap. Useful flux = 0.05Wb/pole
0.05
ityinairgap = ———— = 0.833T
Flux density in air gap = 10
AlsoB=pu H
H value for air B il
. a e T et
Y to, 4w x 1077
=66.2 X 10* At/m
M.m.f. for air gap = 66.2 x 10* x 5 x 10~ = 3310At
2.0 Em———
L~ =
Pl
g
@
D40
0 5000 10000 20000
H (AtVm)
if?ﬂgureu

24000
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5o voltage per parallel path = 6.4 x 78 = 499.2V

Pole = the em/f. of the machine

Total flux=0.05 x 1.2 = 0.06Wb current per conductor = current per parallel path = 50A

. i =50 x 6 =300A
| Flux density in pole = — 208 —orB = 15T Gurrent in 6 parallel paths=50
; 40000 x 10 ; 499.2 x 300
: 5o power developed = ———— = 149.76kW
From the magnetic characteristic, plotted for figure 12, a flux density (g) of 1.57 \ 1000
gives an H value of 2000At/m. 3 ZON P
Thus m.m.f. required for pole = 2000 x 250 x 10-* = 500At Check £ = =5~ > 2
Teeth Note. This formula is introduced in Chapter 12. Its use is shown here.
-3
Total flux = 0.05Wb (same as the gap) Thus E = 400 ¥ o4 X6;O L X —g = 499.2V
0.05
Flux density in teeth = ————  — 2T
/ 25000 x 107° 7.3. Change of flux = (30 — 2) 10~3 weber = 28mWhb

induced e.m.f. = rate of change of flux-linkages
From the characteristic, a flux density of 2T, gives an H value of 24000At/m,

Thus m.m.f. required for teeth = 24 000 x 45 x 103
= 1080At
B A Total field coil m.m.f.= 3310 + 500 + 1080 = 4890At

2000 x 28 x 1073
- 0.12

= 466.6V

7.4. Diameter of armature = 0.2m
Circumference=nwd =7 x 2 X 107 =0.628m

Chapter7

500 ,
In 1 second the armature turns -a revolutions

= In 1 second a coil side travels %%9 x 0.628 metres

orv=5.233m/s
SoE=B€v=1.2x2x0.4x5.233 volts = 5.024V

7.1. Dynamic Induction £ = Bfv

100 x 10°
X ————

= 40 x10"° x 14 volts = 1.55 x 10~° volts

/5. LetE, @, and N, be the values under the original conditions and E,®,and N, be the
values under the final condition. Here N, and N, are the speed conditions.

Also for a generator E 0. ®N or E = kdN

=0.001 55V or 1.55mV

7.2. In 1 revolution, the flux cut = 6 x 64 x 10~ webers .
We know that @ o, B and N o v thus the more general form E ot ®N (introduced

The number of revolutions per second = %gg = % later) can be used. k is a constant.
L 10 B _kBN, o _EDN,
- Flux cut persecond = 6 x 64 x 107° x — E, kDN, 2 DN,

= generated voltage = 6.4V
468 -

and . — 200 x 19 x 10 x 1100
¥ 20 x 10~ x 1000

E, =209V

Tha randiirtarve i ;cavian av emaaliol o _al
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7.6. Diameter of coil = 0.2 The number of armature conductors is 2 x 210 = 420
.6. Diameter of coil = 0.2m
Circumference of coil = 7 x 0.2 = 0.628m rese aie amangedin 4 parailel paths.

There are thus f? = 105 conductors in series per parallel path

1200

L Speed = . 20rev/s The em.f. of 1 parallel path = 105 x 3.312 = 347.76V

The generated em.f. = the em.f. of 1 parallel path = 347.76V
.. velocity of coil side = 20 x 0.628 = 12.56m/s

Now E = Bev volts (a) Ampere-turns of solenoid = 400 x 6 = 2400At

The magnetising force H at the centre = ampere-turns/metre

=0.02 X 0.3 0012.56 volts per conductor 3400

Totalem.f.=2x3x 103X 12.56 X 400 = 30.1V

This is true if the conductors cut the field at right angles and so the maximyp

The flux density B at the centre of the solenoid and small coil
value of em.f. generated is 30.1V

=, H=4x7x 107X 1600 =64 X 7 X 107

. ; 1 .
Time for 1 revolution = > seconds . In one revolution one cycle is generated,

G_omd®  wx(10x107°Y 7 x10*
Area of small coil = = " - Z .

the frequency of the generated e.m.f. = 20 cycles per second or, 20 Hertz

7.7. Average emf. in volts = rate of change of flux-linkages

—4
Sothefluxlinked = 64 x 7 x 107 x -7—7——%—1—(1—— weber = 0.158uWb

Change of flux = (4 — 15)107° = 2.5 x 10 *webers
(b) Average induced e.m.f. = rate of change of flux-linkages
Time for change = 0.04s
_ 50%x16 x 7w* x 107°

o = 0.158mV
X

-3
So rate of change of flux-linkages = 1200 x %?X—:O.ET = 75V
X

0. Coil A. Associated flux @ = 18 x 10~ webers

Associated flux-linkages during reversal = turns x flux decrease to zero and then
its build up to full value @ in the reversed direction.

7.8. Flux per pole =0.09 x 0.92 = 8.28 x 102 webers
In one revolution a conductor cuts 4 x 8.28 x 102

=33.12 x 102 webers = 1000 [0.018 — (-0.018)] = 1000(0.018 + 0.018)

600 = 1000 x 2 x 0.018 = 36 weber-turns
Also in 1 second the armature revolves —6? = 10times

Time of reversal = 0.1s

S0 by 1 conductor, the flux cut per second and the induced e.m.f. = rate of change of flux-linkages

=33.12x102x10=3.312Wb 36

= — = 360V (average value)

and tha inAiirad valfana nav canmAiimbae 5 21707
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Coil B. Only 80% flux is associated and there are 500 turns. The final 2 parallel SuF capacitors are equivalent to 1 unit of 10uF.

.. Associated flux-linkages during reversal The capacitance Cof the branch, consists of: 20\.F, 10.F and 20F in series given by:

| 500x 0 2 018 =14.4 web Lo 1+i+iorC—SF
= X 0.8 X 2% 0.018 = 14.4 weber-turns C 20 " 10 " 20 B
1 | i . P o o . . .
144 series circuit is in parallel with a 5uF capacitor with an equivalent capacitance
Induced em.f. = —— = 144V The
naucea em o 144V (average value) ~ 10pF. The final arrangement between A and B is equivalent to a 20uF, 10uF and
Alternatively: 20uF capacitor in series. The equivalent capacitance is given by:
Proportion of e.m.f. in Coil B to em.f. in Coil A 1 1 . :
—=—4+ —+—0orC=— =05
C 20 10 20 "
500 . . .
= 360 x —— = 180V, if full flux is associated
1000

since Q = CV. .. the quantity of electricity received initially is given by Q = 1000 x
10 x 100 =10°x 107

For only 80% flux, e.m.f. is reduced in proportion
= 10" coulombs.

=180 % 0.8 =144V .
Since the plates are separated by an insulated rod there is no loss of charge and

hence Q remains the same.
Under the new condition since, as before, Q = CV
Q 107"

By - =19
e C  300x10°

Hence the P.D. will increase by 333.3 — 100 = 233.3V

= 333.3V

4. The capacitor is made from 10 plates in parallel, making 1 assembly, interleaved

8.1. For a series combination, the equivalent capacitance is given ) . . : .
with 9 plates in parallel forming the other plate assembly. There will be 18 mica

1 1 | separators or 18 electric fields and the total capacitance will be 18 times the
By C, where — = —— + ——— (in microfarads) ]

C 0.02 0.04 capacitance between 1 pair of plates.
SoC = 20s 0.0133uF AlsoQ=CV Thus C of 1 pair of plates = %ﬁ = —6—9—3’—£

~. Q=0.0133 x 105 x 102 coulombs .
or c — 885X 107" x 7 x 2580 x 10~°

0.1x 107°

-6
Then \/1 = l_m_ = 66.7V

0.02 x 10°°
=1.6 x 10 farads

33x10°
and V, = ﬁi_a = 333V
0.04 x 10

Tha valtana Avanc ava varmactiiaah: 22 N andd 99 9V

Orwith 18 units in parallel C= 18 x 1.6 x 10~ farads

=007288uF
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=CV, =3x10"* Sx10x 10° €A
8.5. SinceQ=CV,thenQ=3x10*x 10%x 10x 10 Hence € = —d—whereA — 1500 x 10-°m?

=3 X 107 coulombs
d=0.3x 10" metres

, Q 3x10°°
. Fluxdensity, D = = = —————— =
¢ A~ 10000 x 107 € =€ XE,
—-12 —4
=3 x 10~ coulomb per m? c = 8.85 x 107° x 4_): 15 % 10 — 177 x 10" farads
3x10
Gen electricity fluxdensity D
Also, permittivity, € = alectric force =T =1.77 X 10" microfarads
V10 x 10° Total capacitance= 9 x 1.77 x 107* = 0.0016uF
And electric force, E = — = ————10 x 10°volts m™
d 1x10
g.8. Let C = capacitance of the series arrangement,
-4
Henceez%6)(—1%6&506:60><er hn1—-1—+i———5——orc—12F
X theNT =20 T30 &0 a
Ande = £ = 3x10™" The charge stored is given by Q= CV=12 x 10 x 600
"€, 10x10° x 885 x 107"
=72 % 10 coulombs.
I ore =3.39
-3
PD. across 20u4F capacitor A = 72_><1_(_): = 360V
c A 20 x 10

86. C = A=6x10*"x10"°m’ = 6x1072m?

P.D. across 30uF capacitor B = 600 — 360 = 240V

If PD. across B is 400V then P.D. across the parallel arrangement will be 200V. The
equivalent capacitance must be 60uF (double) since the voltage is half that across
B. C must be 30uF, being in parallel with A,

d=35%x103m
ande =e_xe =885x10"x3

8.85%107? x3x6x1072

- 1
Hence C = =455x 107°F = —CV?
3510 Also the energy stored, W z v
- 1
Energy, W = %CV2 joules s * 40 x 107° x 200” joules. Thus W= 0.8J
8.9. Since

= % x 455 x 107" x 300?
Q=CVand Q=Itthenlt=CV

20.475 x 107° joules = 20.48p.J v
or/ =(C " where V = the voltage change then,
8.7. A 10-plate capacitor is made from two 5-plate assemblies interleaved with eaci
other and separated by the dielectric. There are thus 9 electric fields or the final
cabacitance is 9 times that of 1-nlate arranaement.

a./ = 40 x 107° x 1;.0_3 amperes = 4A
1v 10~
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6 3
D - Q _ 0.289 x 10° x 11 x 10 coulomb m-

A 69.1

amperes = 2A 2

b.l = 40 x 107° x :
1x10™

_ ~6 2
¢ ] = 40 x 10-° x T—O——:;amperes — 0A — 46 x 107° C/m

x 10
-6
.= 40 x X 5 amperes = 4A 9 E 11 x 10°

Also€ =€,X €,

e.l = 40 x 10° x , 500_3 amperes = 2A
* 3 46 x 10°°
Figure 13 shows the current and voltage conditions. L 11%x 10~ x 885 x 107"
_ € =473
0 200 Curren YL ltdae 4 —::
8 150 </ S ol [ ']
3 100 T B - s
: , \ ol apter 9
S 50 Sl 5@ _
O 4 1 2 ; “ N Sln =y ]
. th Vi 5
FHipe- (41000 sec). BTy 9.1, A scale of 10mm = 1A is used and /, is the reference phasor drawn horizontally.
-2l The diagram, drawn geometrically to scale, shows the solution with / the resultant
a Q
“ 8] current = 9.23A lagging /,, by 6°.
[ta}
o If the above is checked mathematically
I,=4cos0+6cos 30+ 2cos 90
=(4x1)+(6x0.866) +(2x0)

=4+5.196 = 9.196A

A Figure 13
IV=4sin0-6sin 30+ 25sin 90

=(4x0)-(6x05+(2x1)=0-3+2
8.10. The mean diameter of the insulation = 10 + 12 = 22mm

=-1A
The dielectric area = mean circumference x length
= d X 1000 m2 [=+/(9.196 x 9.196 + 1) = 9.24A
= -3 3
wXx22%x 102 %10 Cos @ = 52 = 0.995and 6 = 6° (approx.)
=69.1 m? 9.24

Also, from the above,
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"‘,F[gure 15

A Figure 14

Resultant V: ’\/1 402 + 69.282
9.2. Sincev = V. sin (2#ft)

=156.3V
200 140 Ongt
sin (27ft) = —— = 0.707 = —— 0.8955. - 6 = 26°26
2l 282.8 Cosb = =03 i
i i whic
Now the angle whose sine is 0.707 is = 45° Since maximum values were used for the phasor the resultant is a maximum
o 27t =45° lags the 100V values by 26°26’
45
orf =—w—— -
22x180%25

9.4. The waveform is shown in figure 16. Erecting mid-ordinates, measuring and
. squaring these gives the following columns.
= 0.005 seconds = 5ms

. T

(a) The first time is 5ms after zero valye =022 iy = 005
. 22

(b) Time for 1 cycle = é = 0.04s =060 1 = 036

m i,b=092 i} = 085  Totalofi,=19.17
3
Time for 21 cycle =0.02s

, ¢ 19.07
i,=125 i, = 156 Average of i = ———10
The second time is 0.02 — 0.005 = 0.015s or 15m:s after zero value
ii=155 7 =240 =1.917
9.3. Asimple phasor diagram illustrates the problem and its mathematical solution, k.. P =324 - rms. value =1.917
Horizontal component V., =100 + 80 cos 60 3
=100+ 80X 0.5 = 140V h=197 17 =387  =1385A
Vertical component V. = 0 - 80 sin 60 =192 2 = 368
=0-80x%0.866 iy=156 iZ = 244 Power dissipated obtained from
=-69.28V

i,=085 2 =072 PR=1.917x8=1534W




