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tage variations on a graph and deduce the shape of the current wave

Capacitor current
S e the VO

the period if S5

From the relation Q= cV, the following can be deduced,

4
. __|+ then It::CV or |=C—
SinceQ = It then/t = cy e=CV=!t t

; (200—-0) :
or/ =C.|t£ | = 50 X 10° x o 10A(charging)

(200 —200) — 0A

The expression

i p o shows that current only flows when the voltage acrogs 3ol b - 50 x 10° % ==

changes, as 7 'epresentsa rate of change of voltage. The current atany inst - i
ant

. 107 xwz —5A (discharging)

e 0.002

\\

fo i

ofuEd if th.e rat.e of change of the voltage is known at that instant. If howeve h
change is uniform for a period of time, then a constant current will flo .r, the

by the next example. Wi as illustrag

@

The required graphs are shown in figure 8.8.

Example 8.3. The PD. across the plates of a 50uF capacitor varies thus:

F i = - : 4 e :
romtimet=0to t= Tms, Vrises uniformly from 0-200V R élécti‘ic ﬁelbdro‘r d ééle‘é:tric
ergy s = ' e G

Fromtimet=1tot= 3ms, Vis constant at 200V
Fromtimet=3to¢t= i
t=5ms, Vfalls uniformly from 200-0v Consider the voltage to rise uniformly across the capacitor plates, to a value of V volts,

. 4 :
in a time t seconds. The average PD. value will be 3 volts and the charging current

constant equal to / amperes. The average power supplied during the charging period

200 -
z
s v
o 100 will be — x | watts and the energy fed in will be EX I Xt joules.
jo)]
(3]
2
This energy is not converted into heat, as a capacitor has no resistance, but it does work
in establishing the electric field. It is this energy which is stored, and then recovered

when the field collapses as the capacitor discharges. Thus:

v .
Energy stored = —‘;—It joules or :EQ joules

Charging «——e— Discharging
Current (Amperes)

1 ;
or alternatively, W = —2-CV2 joules.

A Figure 8.8
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Example 8.4. Consider the capacitor arrangement of Example 8.2 and calculate
energy stored for a steady applied voltage of 1000V for (a) series (2 decima| pla
(b) parallel (2 significant figures) connections.

the
Ces) : ‘

(a) Series

Energy stored is given by W = —;—CV2 joules

% x33.33x107° x1000°

=16.67J.

(b) Parallel

Energy stored or W = —;-x 150 x107° x 10002

=75J.

Note. The equivalent capacitance for each arrangement is used for C in the enero
expression.

§

Relative permittivity |

If a parallel-plate capacitor is made so one plate is connected to earth and the othertoa )
electroscope, the effect of altering the dielectric can be noted. With air as the insulati g
medium between the plates, a capacitor is charged to a given value as indicated by tl
amount of divergence of an electroscope’s leaves. If a sheet of insulating material, fo
example, a slab of paraffin wax, is placed in the air gap, a converging effect is produced;
indicating that charge appears to have reduced. However, if the insulation is remove
the leaves again diverge to the original extent. A correct assumption is that
capacitance has increased, i.e. the capacitor now accepts a greater charge for the sa
leaf divergence. This is confirmed if a capacitor is charged to an amount giving the
original leaves divergence and the wax insulation removed. The leaves will then diverg
to a greater extent, showing a larger charge has been imparted. The experiment shows
that capacitance can vary with the type of dielectric, a property termed its permittivitys
Permittivity is likened to the permeability of a magnetic material. Relative permittivity
can be defined as the ratio of the capacitor’s capacitance with the material taken
the dielectric, compared with the capacitance of the same capacitor with air as the

q | is € (the

Absolute |
, magnetic cIr¢
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ther term for relative permittivity is the dielectric constant. The symbol

. Ano .
actric Greek letter — small Epsilon).

permittivity can also be considered as € was introduced relative to air. As for
uit, we can write:

Absolute permittivity = relative permittivity X permittivity of free space

Soe=¢€ x€,

ittivity of free space

As comparisons have been made with the magnetic circuit, permittivity is best
understood by comparing it with permeability, its magnetic equivalent.

Flux density
Magnetising force

Permeability is defined as the ratio =
oru = d
=

Electric flux density
Electric force

or €

Similarly permittivity =

For air, permittivity is measured to be

Z——g-—ﬁ)—g-farads per metre
TX9IX

i.e. €,=8.85 x 107 farads per metre.

Although other alternatives are derived to estimate €, the following deduction
gives the required answer. If unity is taken for the area dimensions A and d the plate
Spacing:
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) & _Q_Q/A_Q_Xﬂ
Then since €, = E_V/d_V 2
orc, = YV, d_cd

* A A

When d and A are equal to 1, €, = the capacitance value of the arrangernEnt

vacuum, the capacitance value of the standard capacitor, using unity for 4 and

measured to be 8.85 x 10-12 §] units.

or €, = \19— also expressed as,
4m x 9 x 10

8.85x 1012 farads per metre.

Note. Although a vacuum is mentioned for the above capacitor arrangement, ajy canl

taken as the dielectric, as the variation is small enough to be neglected.,

Capacitance of a parallel-plate capacitor

Consider the area of the plates to be A square metres and their spacing d metres, j.e

ge of
coulombs. As charge Q is assumed to be uniformly distributed over the whole area

thickness of the dielectric, Applied voltage is taken as Vvolts, resulting in a char,

the plates, electric flux density D will be %

. v
The electric force or potential gradient £ in the dielectric is 7 volts per metre ap

permittivity € (by definition) = —[Z;

Thus € = Eor € = %:@
E Vid VA

When ¢ = &Vd _ Cd or c=E4 bute=¢ ¢
VA A d '

SoC = -€°—§'—Afarads.
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acitor consists of 2 parallel metal plates, each 300mm x 300mm, separated
'5'Acai,thene 2.5mm thick, with relative permittivity 2.3. Calculate the energy
) sheet of psacitor when connected to a D.C. supply of 150V (3 significant figures).
_ginthecd

—3\2
_ 885x107% x2.3x(300x107%) farads
- 2.5x107°

C = 733 x 107°F
C = 733pF
| {P— |
Energy stored = —Z-CV joules

= 1x 733 x10™ x 150?
=825 x 10 joules

=8.25u)

le 8.6. A capacitor of 5uF charged to a PD. of 100V is connected in parallel with
! Examp 0.

identical uncharged capacitor. What quantity of electricity flows into the second
m . »
capacitor and to what voltage will it be charged?

-6 —_—
Consider the first capacitor designated A, then as g — GV, Q=5x 10" x 100 =
5 x 10 coulombs.

i ial
When capacitor B is connected across A, charge passes from A to B until the |ooter:itOn
of each is the same. The capacitor arrangement is considered as a parallel connec
or the joint capacitance is the same as that of 1 unit of 10uF.

Applying the formula Q = CV

Q 5x107
Theni s o s P

or V = 50 volts, the final voltage.

This may be deduced from the fact that the capacitors are similar so charge passes from
Ai‘nR...«.:nuh 5, P - P
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Transient effects in D.C. circuits

We have considered the factors affecting capacitance and charge on ca
without reference to real circuits. We will return to the effects of capac

circuits later but here it is appropriate to consider the application of a D,
capacitive circuit.

Pacitor pjae:
itance on A
C. voltage 1y

: ﬁg ure 8.9

te of charge decreases, a graph of capacitor voltage against time is in a non-linear
ra .
P following an exponential law (figure 8.10).

In a resistive D.C. circuit current rises to its final steady state and the P.D, across jt sager
to a steady value almost immediately. Similarly on opening a circuit, current ang PD.fa
almost immediately to zero. However, when a capacitor and resistor, or an induqora-
resistor, are connected in series to a D.C. supply, the final steady state of current andp
is not achieved immediately. The change takes a short period of time depending onth
circuit component values. Such changes of current and PD. up to the final steady sta,
conditions are called transient values, which grow or decay in an exponentia| way, !

manner

Initial rate of

T , / increase of V¢
Capagitor o > Final steady value
ap

voltage

: - 0.632V
Capacitor in a D.C. circuit

Consider figure 8.9, an unchanged capacitor in series with a resistor R connected to.
D.C. supply V.

Time

V =PD. across R + PD. across C

E_gure 8.10

~ The equation for this line is:

V=iR+v

V—v
R

L=

v=V(1-e""")volts
At the instant of switch-on, the instantaneous voltage value across the capacitor (v) i

zero, and the current (i) is maximum, limited only by resistance R. Where v = Instantaneous P.D. across capacitor

‘At switch-on j = %, but this current is the charging capacitor current and, as V = Applied circuit voltage

capacitor charges, v increases which in turn decreases i. The rate of charge therefor B e from switch-on

decreases until, when the capacitor is fully charged, current s zero. However zero cutre
is achieved at infinite time but, for practical purposes, it is assumed this occurs in a tim
equal to 5 times the initial rate of charge. If the initial rate of charge is maintained
the capacitor will have fully charged in a definite time depending upon the circult
components. This time is the time constant and given the symbol T (Greek letter TAU)

T=CR=Time constant

Itis noted the capacitor voltage will be 0.632 of the final steady value after a time equal
foone time constant. Similarly during a second time constant, voltage only increases by
63.2% of the remaining voltage, and after each subsequent time interval, voltage increases

similarly. As current j is a maximum value when capacitor voltage v is zero, and voltage

Thus T = CR seconds | '
il Increases exponentiallv ciirrent will darreaca axnnnentiallv ac chown in iire 8 11
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A Figure8.11
The equation for this curve is:

, - .,V _
i=le™ or l=-R—E i

Consider now a fully charged capacitor Cin figure 8.12 discharged through resistor

Capacitor C acts as a supply source and as it discharges the P.D. across it falls and 3 :
the curve is exponential. '

A Figure8.12

As the current is limited by the resistance [i = é} , at the start of discharge the curren

: .,V ; .
maximum [, 1 so the current curve also follows a falling exponential curve.

Hence on discharge:
v=Ver
andi=le ¥t

Example 8.7. A 40kQ resistor and a 20F capacitor are connected in series to a 200VD
supply. Find the circuit current (3 significant figures) and the PD. across the capacité
after 0.2 seconds (2 decimal places) from switch-on.

’lMQ reSiStOf. Fi
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R=20%x106x40x10°
=0.8s.

Constant 1=C

— y_e—r/'r . 200 . e—0.2/0.8 =5% 10—3 e—0425
R 40x10
. After 0.2s i=3.89mA

v=V (1 —e-"1) =200 (1 — e008)
. After 0.2s v=44.24V

20pF capacitor, fully charged to a voltage of 300V, is discharged through a

LA .
mple 82 nd the time taken for the capacitor voltage to fall to 60V (1 decimal place).

T=CR=20%10%% 1 x 10°
=20s
= 20s
v=Ve ™
60 = 300e7¥®
0.2=¢"®

6
20

t=32.2s.

~ 8.1. Two capacitors of 0.02uF and 0.04uF are connected in series across a 100V D.C.

supply. Find the voltage drop across each unit (1 decimal place).
8.2. For the circuit shown, calculate the effective capacitance between A and B. The
capacitance values shown are in microfarads (1 significant figure).

HT T
T T
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8.3. A variable capacitor having a capacitance of 1000yF is charged to 3 PD. of 4
The plates of the capacitor are then separated by means of an insulateq '&
that the capacitance is reduced to 300uF. Find, by calculation, by how much
capacitance changes (1 decimal place). ‘

8.4. A plate capacitor consists of a total of 19 metal-foil plates each 2580mma »
separated by mica 0.imm thick. Find the capacitance of the assembly j¢
relative permittivity of mica is 7 (3 significant figures).

8.5. APD. of 10kV is applied to the terminals of a capacitor consisting of 2 ciret
plates, each having an area of 10 000mm?, separated by a dielectric 1mp, thi
If the capacitance is 3 X 10™*uF, calculate the electric flux density (1 Significa
figure) and the permittivity of the dielectric (2 decimal places).

8.6. A capacitor consists of 2 parallel metal plates, each 200mm by 300mm, separa,
by a sheet of polythene 3.5mm thick, having a relative permittivity of 3.
Calculate the energy stored in the capacitor when connected to a D.C. Supply
300V (4 significant figures).

8.7. Calculate the capacitance value of a capacitor which has 10 parallel plat
separated by insulating material 0.3mm thick. The area of one side of each pla .

1500mm? and the relative permittivity of the dielectric is 4 (2 signi , . . .o
SR Y (2 significant Sy The invention of the wheel was perhaps rather obvious; but the invention of an invisible

wheel, made of nothing but a magnetic field, was far from obvious, and that is what we
owe to Nikola Tesla.

8.8. Two capacitors A and B having capacitances of 20uF and 30uF respecti
are connected in series to a 600V D.C. supply. Determine the P.D. across eac
capacitor (3 significant figures). If a third capacitor C is connected in paralle|
A and it is then found that the PD. across B is 400V, calculate the value of |
significant figures) and the energy stored in it (1 decimal place).

' Reginald Kapp

Let us revise briefly the fundamental principles of Chapter 7. Figures 9.1a and 9.1b show
asimple A.C. generator where a coil rotates in a uniform magnetic field. The sides of the
coil, i.e. the conductors, cut the magnetic flux and an em.f. is induced which from first

8.9. A D.C. voltage of 500V is applied to a 40uF capacitor. Find the value of th
charging current at the instants when the voltage is varying as follows:

principles is e = Bv volts. The letter e, for the induced em.f, is introduced because this

Time [ﬁ sec) 0-1 1-2 2-3 3-4 4-5 ;?_alue varies from instant to instant. Even though the coil rotates at a uniform velocity v,
the cutting rate is not constant, but depends upon the angle at which the conductors

Voltage values | 0-100 100-150 160 150~-50 50-0 cut the magnetic flux. The velocity is resolved into a cutting component (v sin 8) and a
constant non-cutting component (v cos 8). Only the cutting velocity component is responsible for

em.f. and creates a general expression for the em.f. at any instant: e = B€v sin 6 volts.
8.10. The capacitance of a single-phase concentric cable has a value of C = 0.289pF.Th
diameter of the inner core is 12mm and the insulation has a radial thickness¢
10mm. Calculate the permittivity of the insulating material (2 decimal places):

In the expression e = Bev sin 6, as for an alternator, B, £ and v are assumed constant
and equal to K. The expression thus becomes e = K sin 6 and a value for K is obtained



214 - Basic Electrotechnology Basic Alternating Current (A.C.) Theory = 215

® 4
‘_\ E+
o En /,4\\\ : E
,"609“’%‘ b
/ £-7"30° v b g om
! : 30°60°90° 18 360°
I/ E_

%;gure 92

scales to avoid distorting the wave’s sinusoidal shape. The connection between the

——VCOS 08 __---o._ [
uction and representation of a sinusoidally induced e.m.f. is seen in the various

constr
triangles:

Eg_: sinfsoe= E_sin6.

m

The expression is the same as that deduced previously but can be modified for phasor

A Figure 9.1 :
. ‘ representation.

In accordance with accepted procedure, assume the phasor E_ rotates from the zero
or horizontal position anticlockwise with an angular velocity of w radians/second (w is
a Greek letter — small omega). So © = wt where t is time in seconds and the equation
. writtenase=E_ sin wt.

component v sin 6 generates a maximum e.m.f. designated £_. At this instante= E_an
wewrite E, =Ksin8.Butassin®=sin90=1... E =K

Substituting back in the original expression:

- Figure 9.3 shows some of the terms used in A.C. theory. Periodic time = the time for 1
complete cycle. The frequency f of a wave = the number of complete cycles in a time
Interval of 1 second. In accordance with SI recommendations, the hertz (Hz) is used

e = E_sin®

This is not just clever manipulation of an equation but is important as it shows
. the generated em.f. varies sinusoidally, where e is the instantaneous value and E_th

maximum value, < | Cycle >
) = l secs
If we examine the waveform plotted to a time or angle base, it must be remembere E. f
from vector treatment that a sine wave is deduced from a rotating vector’s vertic l £
component - for electrical work a rotating vector is called a phasor. If the phasor’s lend l lm i 2% Radians
represents E_, then for any angle 6, the instantaneous value is the vertical projectio ¢ 180° 360° Degrees
used as an ordinate for the waveform, when plotted to an angle or time base. Figuré
illustrates this process and the method is summarised: Draw a circle of radius equal t E-

the maximum wave’s value. Start from the horizontal, and move the phasor through‘
known angle and project the vertical value onto an angle or time scale. Choose suitad®
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for frequency measurement. Current marine practice usually have either 50Hz o
. . r o
A.C. systems. The maximum value reached by a wave is the peak value o ampy

and at any instant is termed the instantaneous value and denoted by a small g ‘
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Thus -?'—;-:sin (180 x 100 x t)

We observe that sinusoidal current conditions also occur and that the eXpression 0566 = sin (18 x 10% x ). Solution of this equation can only be made by use of
current following a sine wave law can also be written asi=/_sin wt. ;,nic calculator or sine tables, from which an angle can be found whose sine
r
Following introduction of the sine wave, derived from a phasot, and the 9generaj gquals 0.566.
a sinusoidal e.m.f. by a rotating coil, the treatment can be combined by the folloy; ) - et = this angle, then sin 8 = 0.566. So 6 = sin"'(0.566), hence 6 = 34°30'= 34.5°
 fhus

The phasor is assumed to rotate at a constant angular velocity of w radians/sec
and the waveform, if at a frequency of f hertz, will cover in 1 second, an angle of 3¢,
degrees or 2nif radians. The phasor meanwhile will pass through w radians in 1 secon
50 w can be equated to 2n1f° or 360F°. The earlier expressions can now be written in the
most useful form, namely:

e = E_ sin 27ft.

This is the first fundamental A.C. theory formula. It is important to note that if 2 -

3.14 is substituted for m, the angle will be in radians but can be converted into degre
by multiplying by 57.3. A simpler method is to substitute 180° for m, converting :
degrees directly.

Example 9.1. Find the instantaneous value of a 50Hz sinusoidal e.m.f. wave, maximy !
value 100V, at a time 0.003s after the zero value (1 decimal place).

Substituting in e=E_ sin 2nft we have:

e=100sin (2 x 180 x 50 x 0.003)
ore =100 sin 54°

and e =80.9V.

Important Note. A problem can occur if the instantaneous value is given and the time
required. Attention must be given to the following example, which illustrates this point

Example 9.2. Find the first time after zero when the instantaneous value of a sinusoid&
current wave is 6.8A. The maximum value is 12A and the frequency 50Hz. Find also the
second time after zero.

Herei=1_sin 2nft

or6.8=12sin(2x 180x50x t)

The sec
from the zero value, is needed to attain a second instantaneous height of 6.8A.

S sinB=sin(18x 103 xt)or 18 X 10* x t = 34.5

1 ; ;
ond time valueis also required, and occurs 5 cycle later. Subtracting theinterval,

1 1 ~ )
Thus time for o cycle T seconds =0.01s (as T = 1/f)

50 second time required = 0.01 — 0.0019 = 0.0081s or 8.1Tms.

Earlier it was shown that an alternating voltage or current can be respectively
represented by:

e=E_sin2nft or i=|_sin 2nft.

This notation method conveys all that is required about the quantity, i.e. it follows a
form whose amplitude, frequency and instantaneous value at any particular time can
be found. This method of notation is called a trigonometrical representation.

Jonometrical representation

This is useful for 2 alternating quantities, but not necessarily simultaneous quantities.
A'50Hz alternating voltage can create an alternating current in a circuit to alternate at
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50Hz. The current need not however, be in-phase with the voltage, which ma
maximum value a little time before the current reaches its maximum value, T
is said to lead the current or the current to lag behind the voltage. There
difference between the 2 quantities or waveforms. Such a phase difference jg
inclusion of a phase angle in radians. Thus if 2 current waveforms are represa

compared with its magnitude and phase, so using only a phasor as shown
o ortance entation simpler (figure 9.4). Further simplification can result from a
_akes reprjr phasor diagrams to illustrate A.C. circuit relationships especially if more
« ectnzsceurrent and/or voltage is considered at one time.
no

Y reacy
he g
IS 3 oh,
Sho .
e most practical electrical engineering work r.m.s. (root mean square) values are
~ E full meaning of this term will be considered later in this chapter, but here itis
! 'Thent to make a phasor equal to this value rather than the maximum value with
5 veni':ference shown by phasors. Consider two 50Hz sinusoidal voltages represented
I as:: ;; The phase angle @ is known, voltages being of the same frequency but out-
a am’

i‘;pha se. Voltages are writtene, =E, sinwtande,=E, sin(w - ¢)where the angle ¢

issay 60°

iy=1,sin2nft and i, =1, sin 2xft + %T).

The second waveform will lead the first by Z?;’_ radians or 1—22 =60° A third wayefa

written i; = [, sin (2o ft — :g-)will lag the first or reference waveform by @ =30° or [_71] radians and,
6 3

This mathematical trigonometrical form of representation is used for trigonomet
operations, such as multiplication, division, expansion, etc. and these will be illus ;

: a
e = Estm[w - 3]
in A.C. theory later.

\Waveforms are drawn graphically with the first leading the second. If the instant when
m,_ first goes through its zero value is the start of the angle or time scale, and the first
We considered the reference, then the phasor diagram can be drawn (figure 9.5).

Phasor representation

This is used for A.C. quantities such as current, voltage, flux, etc. and was introduyc

with vectors. Since voltages or currents are quantities whose magnitudes and directi
are known, they can be described by rotating vectors. As ‘phase’ is often invol -
is customary to represent these with phasors. Thus a voltage phasor drawn to sc k-
represents the magnitude of a voltage and the direction in which it acts is shown by 27/ Radians
arrow. This technique was introduced earlier in this chapter, and we will now consi T—’ 0.01 0.0 /Secs
he standard phasor operati thod %
the standard p peration methods. P Phasar
diagram
The relation between the graphical deduction of a waveform from a phasor has b

covered. For most practical A.C. work waveforms and instantaneous values are of li

SQUI‘G 5.5

Phasor | !t
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gram phasor addition is shown: (I) by completing the parallelogram to obtain
a

Phasg, nthé diItant of 2 phasors and using this resultant with the third phasor to obtain the

the resuur[ant (Il) by completing the polygon as shown. Both methods are tedious and
1 I fes ’

Here we depict the 2 phasors and their relation to each other where the first
the reference and the second lags it by an angle ¢.

Direction of phasor rotation is anticlockwise so E, is behind E, by angle é.1fan in
6 degrees later in time is considered the diagram can be redrawn (figure g g (3
horizontal is taken as the zero time or reference axis. y

M unately errors accumulate.
nfor

i sultant of 2 waveforms is needed, either of 2 procedures can be taken.

re

if the ‘ |

¢ method uses the fact that the sum of 2 sine waves with the same frequency is

Theﬁrssine wave. Thus any instantaneous value of the resultant wave is the sum of the
.If-zual instantaneous values taken from the 2 waves. Each wave is drawn graphically

" ordance with the method already outlined, care being taken to displace one from

C » .

P ther by a given phase angle. By adding instantaneous values as shown (figure 9.8b)

o oesulz‘anl‘ instantaneous value will give a point on the resultant wave, for example, e=

When 2, or more, sinusoidal voltages or currents act in a circuit the resultant is Obtaing, the other points are similarly obtalned and a smooth curve drawn between points

by either of the following: (1) trigonometrical methods or (2) phasor methods, 6t

Note. One waveform is chosen as the reference, the other and the resultant are drawn
0 .

(1) TRIGONOMETRICAL METHODS. These methods require knowledge of trigonomet, toits base and zero value.

identities and follows established procedures. Examples of this approach wi ive : indivi
P p pproach will be given Analternative procedure for obtaining the resultant waveform is as follows. Asindividual

- yoltages or currents are treated as phasors, the resultant of any 2 (or more) values is
obtained as described. If a parallelogram is completed, as in figure 9.8b, the resultant
E_ gives the maximum value of the resultant wave. Using E,_ as the radius of the largest
circle, the resultant waveform is deduced as before. For example, if E,_ =10V, E, =
6V and the phase difference is 60°, the resultant E_ will be 14V, £, will also lag 21°45’
behind E, .. The same procedure for magnitude and phase angle will give the resultant
rm.s. value, if r.m.s. values are used for component values instead of maximum values.

(2) PHASOR METHODS. The resultant of 2 or more phasors may be obtained (a) graphicall
or (b) mathematically. ;

(@) The graphical method is performed by setting out phasors to scale at the give
angles, completing the parallelogram or polygon and measuring the resulta
Figure 9.7 shows the method employed with phasor addition shown. To subtract
phasor, reverse its direction and proceed as before.

E.
3 E, .
30° E1 1@ ,"/—_ -\\‘ E+
60° - y
Il ’ E
e E
r /
E, . E 27| Radians
Phasor diagram e 0.01 0.02 /Secs

Il phasor addition

A Figure 9.7
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E

d’g E 1
&

A Figure 9.9

Esin¢

'ﬁgure 9.11

| the phasors to be added are as shown (figure 9.11) the resultant is obtained.

| Ifal

The sum of the horizontal components is:

A Figure 9.10
E, = Ecos ¢, + E, cos ¢, + E, cos ¢,.

The second method of obtaining a resultant waveform is a quicker method if compag
waveforms are not required. The resultant phasor is obtained graphically or by or
the following mathematical methods.

Similarly the sum of the vertical components will be:

E, = Esin¢, + E, sin ¢, — E; sin ¢,.

(b) The mathematical method is performed in 2 ways: (i) by use of the Cosine Ruleo

by resolving into horizontal and vertical components ' Note. Due allowance must be made for the signs. If vertical components are considered

' to be +ve when acting up, then E, sin ¢, must be subtracted from the sum asit actsin a

(i) The Cosine Rule can be used if the resultant of only 2 phasors is needed. Cons ~ downward or —ve direction.

figure 9.9. The resultant E is obtained from F = JEf +E? 4+ 2E,E, cos ¢ where E,an B i« obtained from E = \/—E—ﬁﬁ T

found from the sine, cosine or tangent values. So cos ¢ = ?H
I

The method is illustrated by the following example.

are the given phasors and ¢ the angle between them. The phase angle® of the'res
is obtained from the Sine Rule;

E _E
sin(180—¢) sin®

Example 9.3. Find the resultant of the following currents where:
For more than 2 phasors, the resultant is combined with a third phasor etc. The
method is suggested for summation of more than 2 phasors as it is quicker and it
method used with series and parallel A.C. circuits.

i, = 5sin ot

; . T
(i) Horizontal and vertical components. Any phasor can be split into 2 component i, = 4sin [mt +?]
right angles to each other which combined together produces the same effect as!
original phasor. Thus in figure 9.10 the em.f. phasor E is split into a horizontal @

a
. . ) i, = 3sin [mt———]
vertical component. If E lies at an angle ¢ to the horizontal, a horizontal componet 3 P
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4A

o

30°

A Figure'9.12

Express the resultant in a trigonometrical form, i.e. in the same for

quantities.

Figure 9.12 should be considered for this solution.

ly =5 cos 0+4 cos 60+ 3 cos 30

= (531 +@x )+ (3 + 0s66)
= 9.598A

Andlv=5sin0+4sin60—3sin30

I

(5% 0) + (4 x 0.866) — (3 x l]

2
= 1964A
From which I =,/I + 2 = /95987 1 1.064
= 9.78A
J 9.598
cos¢p = L = 2222 in~
s , o = 0.98 ¢ = sin™(0.98)

¢ = 12° (approx.) = % radians

m as the individys
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! following points are again made in this example. (1) In line with mathematical

0. The hasors drawn to the right and drawn up are given +ve signs, while those

IC:; the left and drawn down are —ve. In the example all the /, components are

d Wg sider the phasor diagram. For , 3 sin 30° acts down and is subtracted from 4
B Co — indi isi

"~ o which acts up. (2) The resulting sign of |, indicates whether the resultant /is in

{ st or fourth quadrant, i.e. whether it lags or leads the reference (which here is the
e firs

the solution ¢ is about 12° so [@ =1 5] o= %— radians and the resultant

zontal)- I 12

- (itten as shown.

the treatment introducing the mathematical method and in these examples (figures
9-9.12) the suffix m is omitted from the e.m.f. symbol E, illustrating that the method
applicable to maximum values and rm.s. values. The meaning of rm.s.
pbe considered next. As these are commonly used in A.C. work, it is vital to
hat phasor representations, applications and solutions will follow the r.m.s.

is equally
- yalues will
app.feciate t
convention.

Ems or effective value

The magnitude of an A.C. current varies from instant to instant and the power dissipated
in a resistor varies accordingly. Energy dissipated over time will manifest itself as heat.
A resulting steady temperature rise will occur due to constant power dissipation, i.e.
due to passage of a constant current will give the same heating effect in the same time.
From a heating aspect, an A.C. current value will have an equivalent value of D.C. current
if the heating effect is proportional to ‘current squared: Since P = PR, the magnitude of
this equivalent value can be found.

Let / amperes be the equivalent D.C. current with the same average heating effect as
the A.C. current of varying instantaneous value i amperes.

For the D.C. condition:

Energy expended = (current2 xresistance) X time
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For the A.C. condition:

Energy expended = (mean or average ofizR) X time

= (mean or average iz) XR xt

Voltage or current

As both energy conditions are considered equal then Rt = (mean or average of ),

so/ =./mean or average of /2

The effective or r.m.s. value of an alternating current is the square root of the i !
average of the squares of the instantaneous values. This is true for the shape of anyf
le. "1 . )
cyc - ted that the mid-ordinate rule is applied to the ordinates squared and not to the
Itis N0

Note. The above deduction shows where the term ‘root mean square’ comes fro, ' ordinates directly.

the alternative to ‘effective’ In practical electrical engineering the termr. is usol ;
p g o] m.s. is used mple 94 The following alternating voltage measurements result at intervals over
- Xd i

The following definition is useful.

The r.m.s. or effective value of an alternating current or voltage is the value of di
current or voltage which, when passed through or applied to a given resistor forq
of 1 cycle, produces the same amount of heat as the alternating current or voltage,

Time (t ms) 0 0.45 0.95 1.5 2.1 2.5 3.1 39 {45 |50

0 20 36 40 375 |33 32 31 20 |0

Itis noted in this definition, voltage is mentioned although the r.m.s. value of a volts

wave wasn't specifically mentioned. The heating effect on a resistor of value R ohm
2

v
. . ; . Cp _ ’
telem a5 S bt of elssizsaion, but an altamative to Pi= P P = R’ S0 Ny Calculate the voltage’s rm.s. value (1 decimal place) and the wave’s frequency.

value of alternating voltage wave of instantaneous value v can be deduced simila y . ' | .
e solution is shown (figure 9.14), where if the waveform is plotted to scale an

The waveform’s r.m.s. value can be graphically obtained (figure 9.13). The current viding the base into 10 equal parts, mid-ordinates can be drawn and measured.

Vvoltage instantaneous values are plotted to a time or angle base with suitable
The base of 1 half cycle is subdivided into equal divisions with mid-ordinates Iy iyl
up to i . These are measured to scale and substituted in the expression:

9427

Mean or averageof v, = = 9427

. \/if B g e P Rms.value = 9427 = 307V

n

2x5

Time for a half cycle = >_th seconds, so time for a whole cycle = —
' 1

Only a half cycle is considered, as the next half cycle is similar to the first, but —ve.# 1000

the square of the current ordinates is required, +ve values result and the r.m.s. averad

1
*ﬁsecond or 100Hz .
taken over a complete cvcle will be the same as for a half cuela



Basic Alternating Current (A.C.) Theory - 229
228 - Basic Electrotechnology

vi=144
40 / < ~
/ \\ 5
/ \\ vV, = 1024
30 / B
o // v = 1560
g \
S \
~ 20144 v2 =1560
[ \\
v) = 1225
10 ]
Ve IVo [V [V (Ve | Wl v v. \\ ve =1056
P
0 1 2 3 4 5 vZ =992
Time, ~1—th sec
7 1000 vE =961
A Figure9.14
v2 =784
2 _
For a sine wave the r.m.s. value is shown mathematically = 0.707 of the maximup i Vio=121
value. The most direct approach involves calculus but a graphical method illustrate - Total 9427
the relationship.

Consider an A.C. current of sinusoidal waveform with a maximum or peak value of
amperes. The current squared is found to be half the maximum height, i.e. half of 16
8 as shown (figure 9.14). The number of amperes of continuous current that gives th
same heating effect is v/8 = 2.828 amperes and is the square root of the mean of the
squares of the current, i.e. the true r.m.s. value.

This is the true average value as understood mathematically of a half cycle, as that of a
full A.C. cycle is zero. A waveform's average value is of interest for devices which don't
depend on the effect of current squared, such as a rectifier. Rectifiers were developed
f0 convert A.C. into D.C. current, without rotating machinery, and are found in various
- forms. It is common for semiconductor devices to meet the necessary rectification
'equirements, but in certain industrial and military devices, for example, valve radio sets,
With greater immunity to EMP than semiconductor devices, gas or vapour-filled vacuum
Valves, convert A.C. mains voltage to a direct voltage and may operate other valves.

2.828 or r.m.s value 2828 0.707

The ratio of r.m.s. to maximum value = - =
Maximum value 4

this ratio is true for any A.C. current or sinusoidal voltage.

The rm.s. value is always used in electrical engineering. Sine-wave working |
assumed and any departure from it will be stated. If a supply voltage is stated as
220V, this will be the r.m.s. value and the voltage varies over a cycle between zef®

= 3112V In the marine industry it is still common to find gas or vapour type rectifiers, the most

€Ommon of which is the‘mercury-arc’rectifier seen in ship dockyards and which provide

and a peak of 0707
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(T N O O e .o wave the average value is 0.6365 of the maximum valu?. This is proYen
, — M-‘j a sin ically of graphically. As for the rm.s. value, the most direct calculation
BERE jthem? quires calculus but a graphical method can be checked by plotting a sine
S T A e . T id-
] _ethod T time or angle base. Subdivide the base into equal divisions, erect the mid
NRNN _ave 0 aand again obtain the average value using the mid-ordinate rule or substitute
EREREEEEEEEE RN 1] ‘ tes
] pression
15 AN . . . ; ;
/ I?CUI’VG _ 11 + ,2 + ’3 oo In
/ \ av. n
E 10 / \\ , alueis 2 op Averagevalue 2 _ o .
E =y o y um Vv — - = =U. .
5 Mean value of av.rage value of - (atio of average to maxim o Maximum value  3.14
= .
(4]
E / ; C. current or sinusoidal voltage.
3 ° Gurrent curve T\ T i ratio is true for any A.C.
st valle o LA L L L L]
\ WA TT7
0 30 60 90 120 150 180
Degrees

‘ This factor, when given a numerical value, states how near a waveform approaches the
AR ';heoretical ideal sine wave. For any waveform it is defined as the ratio of the rm.s. to

the average value.
a‘shore supply’to D.C. ships. Metal and semiconductor rectifiers are however, useg

A.C.in ships, large enough to supply D.C. current for ‘degaussing’ of induced magni
signature, yet small enough to build into moving-coil indicating instruments, enab
them to be used in A.C. circuits.

r.m.s. value

factor = ———-—
g ko s Average value

: For a sine wave, the form factor is 1.11, obtained from:

0.707 Maximum value _ 0.707

D.C. current or voltage has a value equal to the average value of the A.C. wavefo! _ o
0.6365 Maximum value  0.6365

rectified and for a non-sinusoidal wave is obtained graphically, as follows. Referring
the waveform in figure 9.13 let 1., equal the average value, so

Form factor =

Example 9.6. For the Example 9.5 already considered, in obtaining the .m.s.and average

0.7

) 30.
_ A Fiyeed values, find the form factor. The form factor will be ——-——29'2 = 1.05.

n

av

Example 9.5. Consider the same waveform and ordinates which are the subject !
Example 9.4. Find the average value.

¢ factor

12+32+39.5439.5435+32.5+31.5+31+28+11

Herel, =
10

The term ‘peak factor’ is encountered when dealing with A.C. waveforms, and defined

a5 the ratio of the maximum value to the r.m.s. value. Thus:

=22 _ 290a

B Peak factor — Maximum Yalue
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For a sine wave the peak factor will be

Practice Examples

9.1.

9.2,

9.3.

94.

9.5.

9.6.

Three circuits carrying currents: I, 1, and [, are joined in parallel. I =4, L=
lagging I, by 30° and /, = 2A leading /, by 90°. Find by a phasor construction draw
to scale the resultant current and its phase angle with reference to current | (3
decimal places). -
A sinusoidal, 25Hz A.C. voltage has a maximum value of 282.8V. Find the tj
interval, after the zero value, when the voltage wave reaches (a) its first (3 decim

places) and (b) its second instantaneous value of 200V (2 decimal places),

A sinusoidal e.m.f. of 100V maximum value is connected in series with an emf
80V maximum value, lagging 60° behind the 100V e.m.f. Determine the maximy
value of the resultant voltage (1 decimal place) and its phase angle with respect
the 100V e.m.f. (4 decimal places).

The table below gives instantaneous A.C. current values which vary smoothly o
1 half cycle.

Time (milliseconds) | 0 1 2 3 4 5 6 7
Current (amperes) 0 04 0.75 1.1 14 1.7 1.9 20
Time (milliseconds) | 8 9 10 P
Current (amperes) 1.8 13 0

Plot the curve of current and find its r.m.s. value (3 decimal places). Calculate th
power dissipated when the above current flows through a resistance of 8Q (
decimal places).

Three currents of peak values 10A, 17.32A and 20A respectively flow in a comm
conductor. The 17.32A current lags the 10A current by 90° and leads the 20
current by 60°. Draw a phasor diagram and find the resultant current value
decimal places) giving its phase relation with respect to the 10A current.

An alternating sine-wave voltage, having a peak value of 340V, is applied to the
ends of a 240 racictar Calenlate tha rm < valiia of tha Firrant in tha racistor (2

9.8.

9.9.

9.10.

Basic Alternating Current (A.C.) Theory - 233

Represent by phasors, the following e.m.f.s:

e = 100 sin wt,

= 50 coswt, e, =75 sin[mt+§], and

5 mt—z—w
e, = 125 cos T

Determine by calculation the values of E and 0 if:

e + ¢ + & +e =Esin(® +86).

Two alternators are coupled together to allow the phase angle between their
generated e.m.f.s to vary. If the machines are connected in series and generate
100V and 200V respectively, find the total output voltage when the phase
difference is: (a) zero, (b) 60°, (c) 90°, (d) 120° and (e) 180° (all 1 decimal place).

A stepped A.C. current wave has the following values over equal intervals of
time.

Value (@mperes) 4 6 6 4 2 0 0 -2 -4
Time interval 0-1 |1-2 |2-3 |3-4 {45 |56 |6-7 |7-8 |8-9etc.
(seconds)

Plot the waveform and find what D.C. current value gives the same heating effect
(2 decimal places).

The 50Hz induced e.m.fs. in 4 separate coils of an A.C. generator are each of
maximum value 4V and successively 10° out-of-phase. If these coils are connected
in series, find by calculation and phasor construction, the resultant maximum
value, expressed in the form e = £_ sin (wt + 6), where 8 is the angle of phase
difference with respect to the first coil.




We now know a thousand ways not to build a light bulb.

Thomas Edison

The approach we will take in teaching the subject of series A.C. circuits will be -
introduce the essential fundamentals first and then to add details as required, At th
stage several new terms are mentioned and their relationships stated. It will be help
to memorise these terms.

For the A.C. circuit, conditions are comparable with those for Ohm'’s law discussed
the D.C. circuit. We will modify Ohm’s law as it applies to the A.C. circuit; where curre
is directly proportional to applied voltage and inversely proportional to the ‘opposit
or resistance of the circuit to the flow of current. This A.C. opposition is termed
circuit Impedance (symbol - Z; unit - Ohm) but is due to more than a circuit’s simp
D.C. ohmic resistance R. The difference between Z and R is now considered.

Foran A.C. circuit, the current flowing is given by:

Applied voltage
Impedance

Current/ =

V/ fuinlee)
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the 3 vériations of the relationship. Thus:
te

4

14
! = or V=IZ or Z =—
Z /

C. circuit, it is known that |/ = L4 where R is the circuit’s ohmic resistance. If a
for the D& R
ight conducting wire is connected to a D.C. supply of V volts, the measured current
strai
jwill be 7 amP y
measured current / will be z amperes and of the same magnitude as for

eres. However, if the same wire is then connected to an A.C. voltage

ReD.C supply. In this case Zand Rare equal as the impedance is due to resistance only.
;he circuit is said to be ‘resistive’ or ‘non-inductive.

If the wire is then wound into a coil or solenoid and the same voltage V.appli‘ed, the
current will be smaller, i.e. the new impedance is greater than the ohm|'c resistance.
Likewise if an iron core is inserted into the solenoid, the impedance will increase and
it should be clear that the impedance is made up of ohmic resistance and an extra
current-limiting quantity. This extra quantity is the Reactance (symbol - X; unit - Ohm).
Itis noted that the impedanceis not given by a straightforward arithmetical summation
of resistance R and reactance X but by a right-angled relationship where:

Impedance = «/Eesistance2 + Reactance’

orZ (ohms) = JR*(ohms) + X*(ohms)

The relationship between R, X and Z is represented by an ‘Impedance Triangle’ shown
in figure 10.1.

The angle ¢ is the ‘phase angle’ and cos ¢ is a measure of a circuit's Power Factor. The
reactance X for a wound coil is of only one particular form, namely inductive reactance.
If a coil with its associated magnetic field is used in an A.C. circuit, then its inductive
reactance must be known, which requires knowledge of the inductance and the supply
frecluency. The term ‘inductive reactance’ is associated with an inductor coil - usually
ifon-cored. Alternative terms for an inductor are: reactor, choke or coil, where all of
these devices store energy in their magnetic fields. The term reactor is often used for

a large coil passing heavy currents strengthened to withstand the greater than usual
E|ectrnm:nnn+ir fAvrae
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A Figure 10.1

In contrast to inductive reactance there is also a capacitive reactance(symbol — X: unig

Ohm), a term associated with a capacitor. For comparison a capacitor stores energyi‘
its electric field, while a resistor does not store energy but instead dissipates it a hes ‘
The capacitor and capacitive reactance will be considered later, but immediate focus
now given to inductance and inductive reactance. "

Example 10.1. An inductor has an ohmic resistance of 3Q and an inductive reactance
of 4Q. If it is connected to a 20V A.C. supply, find the current which flows (1 significant

figure) and the power factor (1 decimal place) at which the coil Operates. Note the
diagram (figure 10.2).

Here R=3Qand X=4Q. Since Z = +/R? + X2

ThenZ = /3 +4%?=5Q

Current/:z =""=—4A
z

The circuit power factor is given by cosd):g (from the impedance triangle). Thus

3 ;
cos ¢ = s = 0.6 (lagging).The term‘lagging'is associated with an A.C. circuit containing

inductive reactance.

Figure 10.2 represents the circuit. All the ohmic resistance is considered to be
concentrated in a resistor R and the reactance in an inductor X, even though together

they constitute the impedance Z of the inductor. The dotted rectangle represents the
inductor and is omitted in fiitiira Aiamrame

~ pasi
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¢ electromagnetic induction theory covered in Chapter 7 showed that if magnetic
flux linked with a circuit changes, an em.f. is induced in the circuit. Faraday’s law
shows that the induced e.m.f. is proportional to the rate of change of flux-linkages and
this em.f. only exists while this flux-linkage change occurs. In an A.C. circuit, current

~ changes continually, so the associated flux of a coil carrying an A.C. current also changes

continually; flux-linkages change and an induced emdf. is continually generated. By
Lenz’s law this is a‘back e.m.f! tending to oppose the change causing it.

When the current in an inductive circuit is made to change, due to the inductance, the
current value will, at the instant of change, be controlled by more than just voltage and
resistance. During the change or transient conditions, a back e.m.f. is generated and
new conditions of voltage balance occur. For the A.C. circuit, current varies sinusoidally
and changes constantly, so inductance provides a vital and continuous effect.

Ei,tductive reactance

Imagine an inductor with no resistance and only inductance of value L Henries with
an alternating voltage of V volts applied giving a current of | amperes. Figure 10.3
f€presents the current and voltage conditions.

Assume the current of | amperes (rm.s. value) to be sinusoidal. As induced
emf_ L or = | x (rate of change of current), then at point‘a’ the current value is zero,
t

but increasing at its maximum rate, as the slope or gradient of the waveform is steepest
here. Maximum induced e.m.f. occurs at this instant ‘a’ and as this is a ‘back e.m.f; by
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AV,

Applied
Vvoltage

Ve

A Figure 10.3

and the corresponding phasor diagrams are shown with / as the reference phasor |
point ‘b’ on the current waveform, no em.f. is induced as current is maximum ang
changing at this instant. Thus there is a 90° phase difference between current ar
induced voltage (E) and a further 90° difference between the current and the appli
voltage (V,). Note. This condition applies to a circuit with inductance only.

Referring to figure 10.3, it is seen that, as current rises to its maximum valye I int

first quarter cycle, flux-linkages LI are created |since L= -I!/(R or N® =L/ As currar

falls to zero in the second quarter cycle, linkages are destroyed. For the next half ¢
the same number of linkages are created and destroyed. The change of flux-linkaa;
in 1 cycle = 4L/ and the change of flux-linkages in 1 second = 4fLI_ (where fis g
frequency). The average value of induced e.m.f, = rate of change of flux-linkages,

olts

Flux-linkages _ 4fL/
So average em.f, = = 1 v

time
Hence back e.m.f. E,,, =4fLl_volts.

The supply voltage is equal yet opposite, its value being V. (rms) or V,_ (average). AS
r.m.s. values are preferred the following conversion is needed.

and V,

Xav

Since V,

Xav

= 4afl]

=2y,
o
2
then =V, =4fLl  or V,, =2xfll
T

giving 0.707 V.m = 27fL X 0.7071 orV =2=fl1
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edropinan inductor is proportional to the current and a constant which
evolté;gdrcuit inductance and the supply frequency. This constant is given the
\ " 'and as it is for an inductive circuit, we represent it with the symbol X

“ - 2afl ohms which for a purely inductive circuit V, = IX where X = 2afL.
thus /.~

| .o reactance is measured in ohms and is proportional to both frequency and
lﬂduct"’ece As resistance has been omitted, the phase relationship between reactive

ductance: IX. and current is fixed at 90° so these quantities are in quadrature with
voltage dr0p L

t to each other.
’espec

1, Circuit with pure resistance
The circuit conditions are illustrated (figure 10.4).

e a sinusoidal voltage of value v = V,_ sin wt applied to a purely non-inductive

" hms. The applied voltage overcomes the ohmic voltage drop at each

resistor of R ©
stant. We can write i

Y and since maximum current occurs when the voltageisa
in R

Ve
maximum: I, = =

Since L. = V—msin ot c.i=I_sin ot
R R

The circuit current is also sinusoidal and in-phase with the applied voltage. The phasor
diagram is drawn as shown.

1,
4 & \ Average
i ) \7—‘ /\ power
v
e 4
) ) ) //\ 2
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R.m.s. values are deduced. Power at any instant is given by p = vi or p=y

Sin ¢
x1 sinwt=V [ sin’wtand using standard trigonometric identities: m A
= lem .“;:EM ceesk
2
Vi VI co
Average power P = Average value of {% - —'"—"‘%ﬂ}
V.
=-nm_q,
2
As the average value of a cosine wave across its cycleis zero.So P= V./2l .
Hence P =n o /o _ yorp — VI (watts).
V2 42
From the expression marked thus*, the power wave is a periodic quantity, always 4+ya

and at twice the supply frequency. This is confirmed if the power wave is plotted "
obtaining values of v and i for various instants in time and multiplying these together
to give p, the power value at that instant. The resulting power wave is fully displaced
above the horizontal and its maximum value is equal to V | . Being symmetrical, jts
average value is obtained from the distance its axis is displaced from the horizonty| ]

Vi
This will be —«"‘2—’“ and is a measure of average power.

Im
X

Il
N I3<

or P =V (watts).

S

true for non-inductive circuits. Generally, if an attempt is made to correlate power
with voltage and current (or volt amperes of a circuit), the product of V and / must be
multiplied by a so-called power factor.

For the condition of a purely resistive circuit, if we write P = VI x power factor, it is clear
that the power factor will be 1, since the power factor is related to the ratio of resistance

and impedance of a circuit and is obtained from 2 From a general circuit’s impedance

. R . . —_— ;
triangle: 7 is the cosine of the phase angle ¢ between circuit voltage and current with

R

—= the power factor.

cos ¢>=Z

;Eﬂﬂher

of
yote. T

I An electr
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' ption made is that P = VI x power factor and can be rewritten as P = VI cos ¢.
assu™m

- R R - o
45 this circuit is resistive Z = R so cos ¢ = 5 and i 1, giving the condition

tated.
.., power factorass
unlt)’ p

e following deduction is also of value and identical to the D.C. circuit.

R V 2
i =VI—=—IR= R or P=IR (watts).
”pswcosqbwecanwnte P=VI—=—IR=IxIxR o (watts)

le 10.2. An electricfire rated at 2kW power is connected to a 220V supply. Find the

e ill flow and the resistance value of the fire element (1 decimal place).

current whichw
ic fire consists of a heating element which is purely resistive, so the circuit

rates with unity power factor. Thus cos ¢ = 1 or the general expression P = VI cos ¢
opeé

pecomes P = vi
P 2000

|=—=—+—= 9.1A
Therefore o a

220

HereZ=R .. R=24.2Q
ively P = IR _R__ﬂ_zOOO
Alternatively P = R=E=T7
000
HenceR = ——2 7 = 24.2Q).

2, Circuit with pure inductance

This condition was introduced under inductance and reactance, but as further
deductions are necessary, the circuit is illustrated (figure 10.5) of a coil with no resistance
and an inductance of L Henries.

Assume a sinusoidal current given by i = I_ sin wt flows through a coil. As i varies
Sinusoidally, the magnetic field also varies and a sinusoidal self-induced back emf.is
Set up opposing the applied voltage at each instant. Treatment of the A.C. circuit with
inductance shows this ‘back e.m.f'is regarded as equivalent to a voltage drop caused
by the current - a property termed inductive reactance (symbol - X ; unit - Ohm). Thus
We have E,= Vy=1xX_.X is shown equal to 27rfL. The associated phasor diagram is now
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Reactance
volt drop Vy = 1X_
induced
e.m.f. E>\

Curren

_ Y ><~Im—sin 20t
sinstantaneous power =, %

= VI sin 20t---*

power P = Average of value of VI sin 2 wt = 0. As the average value of a sine

e . . . .
i ro, a different result to a purely resistive circuit.

wave is zé .

he expression marked *, it is seen that the power wave is a sine wave of twice the

» uency. The waveform is symmetrically disposed about the horizontal and

L suprt fl’eqe value is zero. This is confirmed if the power wave is plotted from values

b E}Tve:j?rom the voltage and current waves. As the axis of the power wave lies along

obtalné ontal, the average power used must be zero as the +ve halves of the power

e hor: exac:cly equal to the —ve halves. This indicates that if power is taken from the

waveI;fto establish a magnetic field associated with a coil, it is subsequently returned
considered with the waveform. , is the e.m.f. of self-inductance, displaced 90° behing ' :::F::e supply when the magnetic field collapses.

the current /. V, is the supply voltage and, being 90° ahead of the current, is 180° Out-ofe

phase with E,. V, is thus always equal and opposite to E, illustrated by the waveformg
and shown thus:

Y Ey

A Figure 10.5 o - : > i

(f the general expression P = VI x power factor is adopted for a circuit, the power factor
| here must equal zero as P = 0. If used in the form P = VI cos ¢ then cos ¢ = 0 since

0
R H :—:O
- ' . —— ifR=0s0 €Os ¢ ;
The self-induced emf. is written mathematically as ¢ — _Lgi. By Lenzs law, cos ¢ 7 ' V4
t g

In summary a circuit with inductance only and no resistance is purely imaginary and

; . . di
as it at all times opposes the supply voltage, so we can write v = L=—. Thus a6 a zero power-factor working condition.

di  Ld({l,sinot | N |
_LE:::_ ( dt ) Example 10.3. A 220V, 50Hz supply is applied to an inductor of negligible resistance
~ and the circuit current measured to be 2.5A. Find the coil inductance and the power

dissipated (2 decimal places).

=L/ coswtore=wll, [sinwt—%} . Similarly v is deduced

asv=wl/ [sinmt +12r-J

220

4
Note. v is 180° ahead or in anti-phase with e. ( ek i then 2 = 25 =880

NowR=0. .. X =Z or X =88Q
As wl is the reactance X, where @ =2mxrf, e=E_ sin[cot ~127-] and v=V_ sin [mt +%] - L

g 2 In addition as X, = 2@rfL
giving the 90° phase displacement between current and voltage waves as shown. Note.
V=X | .The relationship X = 2afL is a fundamental one and deduced earlier. 88

L o= s
50 2nf  2%3.14x50

The power condition is deduced thus: Power at any instant is given by p = vi
orl = 0.28H

orp=V,_ sin [mt +%] I, sin ot Also as

0
= Vm Im sin @t cos wt R=0 so COS¢:§=0
sin 2mt

= v, 1, 3
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P=220%x25x0=0 V=Vz (Vz=Vy +VR)

Vo g——aV
Alternatively since P= PR

thenP=252x0=0

3. Circuit with resistance and inductance in series

Consider a pure resistance and a pure inductance in series as shown (figure 10.6) It
noted that for a practical inductor, resistance and inductance are physically inSEpar‘a :
and for illustrative purposes they are shown as 2 separate components Rand [

EXL A

As the circuit conditions for both resistance and inductance have been in’fI'Oduced’
current/flows, 2 voltage drops V, = IR and Vi =X exist. Both of these form the applieg
circuit voltage and we assume that the applied voltage V consists of 2 Compongn
One component V, is the voltage needed to overcome the resistance voltage drg
of the circuit and the other component V,, is the voltage needed to overcome
reactance voltage drop or oppose the self-induced back e.m.f. As these compone
are at right angles to each other, as shown by consideration of circuit conditions 1 and
2, then the applied voltage is the resultant of the 2 components. The relationship,
being discussed is illustrated (figure 10.7) showing the relevant waveforms 3
appropriate phasors.

A Figure 107

Voltage
triangle

For the phasor diagram, current is common to both components (being a series circuit
and is used as the reference phasor. The resistance voltage drop V. = IR is in-pha
with the current and drawn horizontally. The reactance voltage drop V, = IX is at right
angles to the current and is drawn vertically. The e.m.f. of self-inductance is also showr
but is omitted as it serves no useful purpose on the phasor diagram. |

5 Figure 10.8

% o _ ,
From the voltage triangle V =,/VZ +VZ and cos¢ = VR Since V, = IRand V, =IX this

[ i
can be written:

Theresultant of V, and V, is V the applied voltage, and the current will lag Vanangleg
which is the circuit’s phase angle.

V = JUR +0X 7 = IR + X7

Simplification of a phasor diagram allows an appropriate 'voltage triangle’ to be found,

4
which if modified gives the impedance triangle’ (figure 10.8). IfZis the circuit’s equivalent impedance then V =1IZ or Z = T So 1Z =I\JR* + X} and

we have the impedance triangle relationship of:
R
Z=\JR*+X? and COS¢ZE

The power condition for the R, L series arrangement is as follows:

Figure 10.9 shows the basic waveforms of v and i, redrawn to allow the power wave to

A Figure 10.6 be obtained
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acement of a power wave axis above the horizontal. The expression marked

ws the power wave is periodic and at twice the supply frequency. It consists of
psh° d —ve areas, showing that some power is returned to the supply, the amount
ve a:ding on the operating circuit’s power factor. The greater +ve net result of the
eWeer wave area, the greater the circuit’s power consumption and the nearer unity the

gisP!

Average power wer-factor condition.

e, The only component responsible for power consumption is the resistance and
ote. .

he deductions made previously are repeated here.

t

v o
Thus since P=PRand | = 5 we write:

P=IxIxR= —\{IR or P= Vlﬂ-:VI cos ¢.
4 4

power factor is considered further later, but it is pointed out that the product VI is often
referred to as the circuit’s ‘volt amperes’ and suggests ‘apparent power’ P, we know, is

A Figure 10.9 L e -
3 the ‘true or active component of power; so we have the relation:

Letv=V_sin wtbe the applied voltage, and
True power = Apparent power’ X cos ¢ hence the name ‘power factor’ for cos ¢.

i=1_sin (wt - ¢) the circuit current lagging the voltage by an angle ¢.
Example 10.4. A circuit has a resistance of 25Q and an inductance of 0.3H. If it is

connected to a 230V, 50Hz supply, find the circuit current (2 decimal places), the power
factor (3 decimal places) and the power dissipation (3 significant figures).

Then the instantaneous power p = vj
=V sinwtX/_sin (wt—¢)

orp=V_I_sinwtsin (wt— ¢) X, = 27fl = 2xmwx50%0.3 = 94.2Q

cos¢—cos(2wt —¢) _—_— . . s .
=L { ¢ ¢ } . Again using standard trigonometric identities: 7 =25 19427 —97.50

2

I= b = 2.36A

V. |
- ;/'—"Z-X\/—"‘Z{cos¢—cos(2wt —P)} - ¥ 220

R 25
— =——=0.256 (laggin
T (lagging)

Il

Thus p =Vicos ¢ — VI cos 2wt — ¢). Power factor = cos ¢ =

The Average power P = Average of VI cos ¢ — Average of VI cos (2wt — ¢) P =VI cos ¢ = 230 2.36 X 0.256 = 139W

Whence P =Vl cos ¢ — 0 as the average of a cosine wave is 0. of P = PR = 2.36% x 25 — 130W.

Note. Vi cos ¢ is a constant quantity, thus its average value is apparent.
Note the worg ‘lagging’ introduced after the power-factor figure, indicating a current
%Qs'or’leads’the voltage. The latter is possible, but it is assumed that inductive circuits
always Operate with a lagging power factor. The term is used for a circuit current with
fespect to the applied voltaae. i.e. current laas voltaae. '

In the expression P = VI cos ¢, the power factor is already present, varying betw
limits of 0 and 1, to enable the extreme conditions of pure R or L to be satisfied.If
examine the power wave we see how power factor or cos ¢ is involved with ac
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Example 10.5. A coil of wire dissipates 256W when a D.C. current of 8A flow.
is connected to an alternating applied voltage of 120V, the same current fioy,
resistance (1 significant figure) and impedance of the coil (2 significant figure
power dissipated on A.C. (3 significant figures).

S. Ifthe
Ws, -Fing
res) ang

256

D.C. condition. As | = 8A and P = 256W, applied voltage = 5 - 32V. coj Fesis

must be i82— =40

A.C.condition. As | = 8A and applied voltage is 120V then coil impedance = @ =1
g — W
Resistance is, as for the D.C. case = 4Q ]

Power dissipated = IR or 82 x 4 = 256W, as for the D.C. condition.

The last part is solved by P= VI cos ¢ = 120 x 8 x cos ¢ and cos ¢ obtained from R

—_

Z

Socos ¢ = 14 = 0.266 (lagging)and P = 960x0.266 = 255.4W

A complete treatment of the capacitor and its property of capacitance was discussed
fullyin Chapter 8. However, the capacitor is associated with A.C. circuits so itis necessary
to revise capacitance briefly, before proceeding with A.C. theory.

/

If 2 plate conductors, arranged as plates, are separated by insulation and connected
to a D.C. voltage, then at the instant of connection, a current flows. This current is 0
maximum value at the instant of switching on but dies away to zero. This is termed
a ‘charging’ current and explained by considering the insulation to be in a state 0
electrical stress likened to a ‘back e.m.f’ which builds up in a capacitor to oppose
supply voltage. Once a capacitor is charged and the voltage built up, its presence
apparent if the supply voltage is lowered, where the back e.m.f. causes a current to flow
in the reverse direction, i.e. it is a‘discharging’ current.

As an alternating voltage varies all the time (rising or falling), it follows that, if it 18
applied to a capacitor or a capacitive circuit, an exchange of A.C. current will result
As the voltage across the capacitor plates rises, a charging current results and as the
voltage falls, a discharaing current results. Current maanitiida danande an tha circuit

The Series A.C. Circuit = 249

itive reactance (symbol - X unit - Ohm) a term corresponding to the inductive
aci

nce with units as discussed previously.
(eacta

current only flows if the voltage across the plates is changing (see the expression

C/VWhere Qis the charge, V the voltage and C the capacitance). The change in PD.

the plates from 0 to V volts occurs when a switch is closed. If the PD. increases by
ra;i in t seconds and i is the average charging current, we can write:

; ., Cv
Q=CVOr|t=Cvorl:—t-

For very short instants in time, the above will become:
0

G
T odt

Capacitive reactance

The action of a capacitor when an alternating voltage is applied across its plates is now
considered (figure 10.10). As voltage rises from 0 to V,_in a quarter cycle, the charge on
the plates rises to CV_, as Q = CV. During the next quarter cycle, the charge falls to zero.
For the next quarter cycle, the charge falls further to ~CV_ and returns to zero for the
last quarter of a cycle. The total change of charge for a complete cycle is thus 4CV_and

this occurs ftimes a second. The average current during this time is Q
t

i Figure 10.10
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4fCV,

orl, = o

=4fCV,, since t is 1 second.

For asinewave | = lzT-x I, .Hence I = —27Z><4fCVm

=2nfCV_ or in rm.s. values 0.707 I.,=2nfC x 0.707 V. and/=2nfcy,

v
Hence —=——=X_. X_istheca acitive reactance and the ex ressionic:
Y ’ Pression is in stq

that developed for inductive reactance X..

6
= ohms with Cin microfarads.

Thus XC:—L mega ohms or L
2arfC 2

X is usually measured in ohms. Itis noted that current leads voltage by 90° 55 Maxim
current occurs at the instant of maximum rate of charge of voltage. If a phasor dia
is drawn, the current phasor / is 90° ahead of the applied voltage phasor v. ]

These conclusions be shown thus:

Letv=V_sin wt be the sinusoidal voltage applied across a capacitor’s plates,

; dv i
Since I=C a then i:M ori=CwV, cos wt

=CoV, sin(mt -I-%) Capacitor current is in quadrature (in step) with the voltae

and is also sinusoidal. If _1 s the capacitance reactance and equal to X_t
wC

. v
i =-"gjn

C

a
[(Dt +3J and i becomes a maximum when the wave becomes a maximuj
(
or sin(wt—#%} =1.

Thus !/ = Yo or0.707 | = 290, giving / =t
X X X

c c c

1 1
Summarising V= IX_(as for the inductive circuit), except that X, = —— — s
’ <! ) P ‘" wC  2mfC
The current leads voltage by 90° and unlike the inductive circuit, where it was said that
an inductor without resistance was not possible, a capacitor with negligible resistancé

and thus circuit condition 4, as set out below, can exist and is practical.
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with pure capacitance
shown (figure 10.11) and the waveforms and phasor diagram
condition may be considered.

uit

yit diagram s

. Circ he pOWer

, € g 0t

s L

gl

The power atany instant p=vi

. ko
orp = V sinot X I, sm(mt+3]

= V,I,sin ot cos ot

sin2 ot _ ym—xi’"—sin 2 ot again using standard trigonometric relationships.
m'm ——_2___- V2 V2

=VIsin 2 ot. *

Thus average power P = 0 since the average of. a sine Wav.e |stzherc;.i T::l :(;:’3:::;
marked thus * shows the power wave is pEI’iOdI.C and at tW|c<—‘:I e .Sgincreasmg e
The diagram also shows power to be +ve at the times when vo tagdee:: e oar
energy is put into a capacitor’s electrostatic field. When voltage. o oo
shown as —ve, i.e. energy is recovered from the field as the cap.aatc;r e
power is wasted. The power wave is symmetrical about the axis and the et power
factor is zero. Thus if the expression P = VI cos ¢ or P = VI x power factor is app

]
Example 10.6. A capacitor of value 200pF is connected across a 22dOV, 20:;5222%
mains. Find the current (1 decimal place) which would be recorded an

impedance (1 decimal place).
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1 1 a
2nfC 2mx50%200%10™°

Here X, =

X. =15920

Current is given by ——V—or I = .- 13.8A
X 15.92

C

Since there is no circuit resistance impedance is made up of reactance only orZsy
15.92Q. ¢

5. Circuit with resistance and capacitance

Figure 10.12 illustrates the circuit conditions and the technique used is similar to thay

used for the inductive circuit of condition 3.

The applied voltage V is resolved into 2 components V, and V,. One component |

overcomes the resistance voltage drop due to the passage of current /, and the ot
component V, maintains the charging current of the capacitor and is at all time
equalled and sustained by the internal stress voltage. As seen from condition 4, there
is a 90° phase displacement between V,c and . If current is used as the reference for

the waveform and phasor diagram, as it is common to R and C (being a series circyif)

then the conditions shown can be deduced. If the voltage triangle (shown heavy) is
extracted, the impedance triangle and relationships can be found:

V=2 +V2 = JUR? +X,7 = 1R + X

VY
/ R C & Ve
i ” VF{
VR Ve /
! /

A Figure 10.12

i thecircu
. ;fZ is
o 2= -
he poWe" rel
Th
| wherei
then p=

R

The Series A.C. Circuit = 253

4
t impedance then = 7 =~JR* + Xc?

1) R
——| Asbefore cos ¢ =—
27 fC 4

ation follows the form already used several times.

=

us power atinstantp =vi
=1_sin wtandv=V_sin (wt- ¢)

Vm Im sin wt sin (wt - ¢)

_v {cos¢ — cos(2mt —qS)}
2
b, E'Lx—l’“— {cos ¢—cos(2mt —¢)} using standard trigonometric relationships.
oFP=J3" V2

= VIcos¢ — VIcos(2wt — ¢)

Average power P = Average of VI cos ¢ — Average of VI cos (2wt — ¢) or P=VIcos ¢ — 0.
since the average of a cosine wave is zero.

Thus P = VI cos ¢ — an expression encountered previously. If the power wave is plotted
as before it will be as shown in figure 10.13.

The power wave is seen as before to be periodic at twice the signal frequency and
consist of +ve and —ve sections. The average value is found from the amount by which

2 Figure 10,13
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the axis is displaced above the horizontal and this displacement varies with 3 Cireys ced 28 the reference phasor. From this diagram circuit relationships and expressions
power factor. Conditions 1 and 4 are also covered. If X. = 0 and the circyit "

resistive cos ¢ = 1 and the wave is fully displaced above the horizontal, IfR <
the circuit is purely capacitive then cos ¢ = 0 and the wave is symmetrica|
horizontal giving P= 0. As for the inductive circuit, the only component resp

dissipation of power is resistance.

:re deduced-

about .‘fl

ductive impedances in series
onsib|e b = e S

R

10.14 shows the circuit arrangement and the relevant phasor diagram.
As before P=12RorP=I><I><R=VIE jgure 10-

F

edances A and B consist of both resistances and reactances: R, R, X, and X; ohms
lmpectively connected in series. From the phasor diagram we deduce an expression
resp '

and P=VI L or P =Vl cos ¢ as deduced.
Z for the total circuit impedance Z noting that it is not equal to Z, + Z.

Example 10.7.A 500W, 100V bulb is connected across 250V, 50Hz mains A.C. SUPPIY, Fine
the value of the capacitor required to be connected in series (3 significant figures)

Current taken by bulb is 1288 =5A.

] ' Using the diagram we have:

V=W = oy + Vi + Vip 4

100

= UR, +IR Y + (X, +1X,)
Resistanceoflamp:—g—:ZOQ \/( A B A B

250 or V= 1yJ(Ry +R,)* +(X, + X, )
On 250V, impedance of the circuit will be 5 =500

If Z is the equivalent circuit impedance then:

zz_‘,f=\[(/?A R +(Xy + X5)

Thus X = /50 — 20?

= 4580
or summarising, for more than 2 inductive impedances:
1
Again X, = —— X
g = znfc Z:\/(RA—i—RB—l—RC-n)Z+(XA+XB—I—XC---)
orC= ]
2nfX,
2nx50x45.8

giving C = 69.5F.

From the various circuit conditions considered, cases 1 to 5, we see the genérét
techniques used for a series circuit. The phasor diaaram is easilv drawn with current
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Also the power factor is given by: Vxa

The example below shows how simply this expression can be adapted for Prac
e
use.

Example 10.8. Two coils A and B are connected in series to 50Hz mains A.C Supply, 7
currentis 1A and the voltage across each coil is measured to be 45V and 70v respectival
When the coils are connected to a D.C. supply, the current is also 1A, but the Voltaa.
across the coils are now 20V and 40V respectively. Find the impedance, reactance an
resistance of each coil, the total circuit impedance, the applied A.C. voltage and 1
power factor of the complete circuit.

i;f'gure 10.15

i-phase and the resultant of the vertical phasors are obtained by subtraction. Thus
: }‘rompthe resulting final diagram (shown heavy):

V= \/VRZ+VX2 =\/(VRA +VRB)2+(VXA—VXB)2

onDC. OnAC.
= JUR, +IR)? +(IX,, —IX, )
RA=319=2OQ ZA:$=4SQ P
20 5 = 1 JRy + R,V + (X, — X,
Ry=—-=400 Z,=—-=700

£7 is the equivalent circuit impedance then:

Then X, = V452 —20% = 40.3Q
Also X, = \/70? — 40? =57.4Q

Total R =20 + 40 = 60Q

4
ZZT :\/(RA +RB)2 +(XA “‘XB)2

Summarising Z = \/(RA FRY (X, —X,)

A\lso for the circuit, the power factor

V. IR R R, +R,
cosp=-"=—=—or cosp =——=
¢ v 1Z Z ¢ Z

Total X = 40.3 + 574 = 97.7Q
Total impedance Z = /60% +97.7 =114Q
Applied voltage = 114 x 1 = 114V

The above 2 circuit conditions give rise to the general series circuit set out in the next

: o section.
Circuit power factor = T 0.53 (lagging)

eneral series circuit
_Inductive and capacitive impedances in series o
: e e oo o - : f0m work already done on circuit theory, a fundamental expression is deduced from

W€ phasor diagram (figure 10.16).
Figure 10.15 shows the following arrangement:

Since it is 3 series circuit, current is common and is used as the reference phasor. Note

. » & ag ® e4 J
From the phasor diagram we deduce the expression for the total circuit impedancef this circuit condition is similar to that of inductive and capacitive impedances in series,

It is noted that although V,, and V,, are in-phase and can be added, V,, and Vg 2!
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20 Ar Vi 4
L C |
; Y'Y Y : ; VH /
’ _ VXL l P VXC VX ) | V q) ;: >
- < |
I |
¢ / e Wi ly
74 Va
Ve v |
Ve Y

A Figure 10,16 : g5
g Figure 10.17
except that all the circuit resistance is considered within one resistor R. Then for t

phesordiagrart. gxample 10.9. Aseriescircuitis made up of aninductor of resistance 20Q and inductance

0.08H connected in series with a 100uF capacitor. If the circuit is connected across
2'00V 50Hz mains A.C. supply, find (a) the circuit current (1 decimal place) and (b) its
power factor (2 decimal places).

V,=IR and is in-phase with the current
V,. =X and is 90° ahead of /

V. =IX.and is 90° behind / Here X, = 2mfL = 2w x 50 x 0.08 = 2520

V, and V, are 180° out-of-phase or anti-phase and a phasor difference can be obtained
where V. =V, -V, . Here V, isassumed greater than Vs

1 1
Xe = 2fC 2w x50%100%107°

= 31.75Q

Further deduction from the diagram is possible, thus:
Resultant reactance = X=X -X.=252-31.75

V= W+ = (V2 +(V —Vy
VG + =05+ %) 6550

= JURY +(IX, —IX,)®

= R+ 00X or = RF + (X X T

If Zis taken as the equivalent impedance of the circuit then:

The -ve sign denotes that the capacitive reactance predominates and the phasor
diagram will be as shown (figure 10.17).

From the diagram as before V = V@ +Vy

orZ =+R*+X?
4
Z= - Z=+20 + 655 =210
4 3 2 feeu _ 200 —95A
or = Z=4(R) +(X, —X.) The circuit current = = 9.5A.
1) o R 20 —_— leads th
Thus Z =, [R? +{2wf - -——] The power factor is given by cos ¢ = e 0.95 (leading), i.e. the current leads the
27rfC

Voltage as the circuit capacitive reactance dominates.
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rent is maximum Zis minimum.

VXC r when cur
r 7=R and circuit is in its resonant condition
F jes”
1 ‘ vV 200
imum current | = —=——
VH‘= V I '.. Max' R 40
1 j=sAat resonance
T 1
. ant frequency f =
Vo v (@) Resonantirequeney 1= JIc

1
" 2mV39.6x107% x4 x107°

A Figure 10.18

F =399.89 Hz (say 400Hz
SERIES RESONANCE. From the phasor diagram (figure. 10.18) a state can occur wh = )

Vi and V. _are equal, and also Vi is equal to the supply voltage V. An examination of ‘
general series circuit expression the

2
T \/RZ ¥ {2wa _ L}
27 fC

shows that an unusual condition ari . ; y
n arises when 27fL = e M magnitude, i.e, the

1 10°

X, = = X, =99.50
2 fC 2 x400x4

(b) PD.across capacitor V, =/X.=5x%99.5
=497.5 volts

gxample 10.11. A coil of unknown inductance and resistance is connected in series with
2250, non-inductive resistor across 250V, 50Hz mains A.C. supply. The P.D. across the
resistor is 150V and across the coil 180V. Calculate the resistance and inductance of the
coil and also find its power factor.

capacitive reactance equals the inductive reactance. Under this condition 7z = g and -
the circuit is said to be in a ‘state of resonance’ The current passed will be limited by,
the value of R only and although large voltages may be present across components [

and C, their effect on the supply voltage V is not evident. Series resonance is used to
advantage for practical purposes, especially in radio.

The circuit and phasor diagrams are shown (figure 10.19).

This example is important as it involves basic fundamentals but has a simple solution.
The phasor diagram is first explained with the various voltage drops considered
- separately. V, is the voltage drop across resistor R = IR. V is the voltage drop across
the coil and is the resultant of 2 voltage drops: V, across the resistance of the coil = /R

Since inductive and capacitive reactances vary with frequency, a point exists where/the
reactances are equal at a particular frequency known as the resonant frequency.

Slnice X, =X, ~and V| across the reactance of the coil = IX.. V, is in-phase with current and V, is 90°
2ol 1 ahead of the current. From the phasor diagram it is clear that V is the resultant of V.
= 27 fC and V, and that the expression given for simple phasor summation can be applied

here.

1

2’7T\/ZE

Example 10.10. A 4pF capacitor is connected in series with a coil of inductance 39.6mH
and resistance 40Q) to a 200V mains A.C. supply. Calculate (a) the frequency when the

cu-rrent is @ maximum value (1 significant figure) and (b) the PD. across the capacitor at
this frequency (1 decimal place).

- Resonant frequency f = ThusV = \/VR2 +VE +2KV cos ¢,

or 250% =150% +180% + 2x 150 x 180 X cos ¢,

.".62500 = 22 500 + 32400 + 54 000 cos ¢
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le 10.12. A coil of resistance 10Q and inductance 0.1H is connected in series
EX° acitor of capacitance 150pF, across a 200V 50Hz mains A.C. supply. Calculate
‘ "hac.ai;uctive reactance, (b) the capacitive reactance, (c) the circuit impedance,
@ ™" IfIrcuit current, (e) the circuit power factor, (f) the voltage drop across the coil,
. )::z \C,Ioltage drop across the capacitor (all 1 decimal place).

‘g‘

nductive reactance = 27rfL =2 X wx 50 X 0.1=31.4Q

P L L 2120
| () Capacitive 1eactance = e = o xmx50x150
Ve v
|74 C 7k S m = e = e _ 5 .
N ! // : © Resultant reactance = 31.4-21.2=10.2Q (inductive)
! £ 2 2 _ 2 %
| A |mpedance=‘/k £ X =4/10 +10.22 = 1430
| ; |
! / | 200
! / | (d) Circuit current =-7—2 = 14.0A
| / :
4 ' 10 : _— : N
‘: L R 1 (e) Power factor = R 0.7 (lagging) — As the circuit reactance is overall inductive
Vi a0 W

: 45 W (f) Impedance of coil =+/10% +31.42 =33.0Q
A Figure 10.’
. | Voltage drop across coil = 14 x 33 = 462V

G S5 b i = B350 (g) Voltage drop across capacitor =14 x 21.2 = 296.8 = 297.0V.

Note. Although resonance is not occurring here, the condition is very close to this and
large voltages can build up across circuit components. Thus the fact that the voltages
across the coil and capacitor are larger than the supply voltage agrees with theory.

i, 7600
Y 54000

=0.141(lagging)

150 _

The current flowing = 6A

The impedance of the coil = % =30Q

Resistance of coil = Z cos ¢ = 30 x 0.141 = 4.230 10.1. A circuit has a resistance of 3Q and an inductance of 0.01H. The voltage across

its ends is 60V and the A.C. frequency is 50Hz. Calculate (a) the impedance
(2 decimal places), (b) the power factor (2 decimal places) and (c) the power
absorbed (1 decimal place).

A 100W lamp for a 100V supply is placed across a 220V, 50Hz supply. What value
of resistance must be placed in series with it so that it will work under its proper
conditions (3 significant figures)? If a coil is used instead of the resistor and if the coil

resistance is small compared to its reactance, what is the coil inductance (3 decimal
DIarﬂ(\? What ie +ha #akal mAnar ahearhad in aach raca (2 cianificant ﬁnllrﬂﬁ\?

Reactance of coil =+/30> —4.23%> =29.7Q

Inductance of coil = _ BT = 0.0945H

2x7 x50

Power factor of coil = cos ¢, = 0.141 (lagging).
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10.3.

10.4.

10.5.

10.6.

10.7.

10.8.

10.9.

Aninductive load takes a current of 15A from a 240V, 50Hz supply and the Dowe
absorbed is 2.5kW. Calculate (a) the load’s power factor (3 decimal Places). :_
the load’s resistance (1 decimal place), reactance (2 significant figures) a
impedance (1 decimal place). Draw a phasor diagram showing the voltage dr-
and the current components. 3

Two inductive circuits A and B are connected in series across 230V, 50H; Main
The resistance values are A 120Q and B 100Q. The inductance valyeg are '
250mH and B 400mH. Calculate (a) the current, (b) the phase difference betwean

the supply voltage and current, (c) the voltages across A and B and (d) the pha }
difference between these voltages (all 3 decimal places).

Two coils are connected in series. When 2A D.C. is passed through a Circuit, the
voltage drop across the coils is 20V and 30V respectively. When passing 24 A, ‘?
at 40Hz, the voltage drop across the coils is 140V and 100V respectively, If tha
2 coils in series are connected to a 230V, 50Hz mains A.C. supply, find the Curren,
flowing (2 decimal places).

A simple transmission line has a resistance of 1Q and a reactance at normal
frequency of 2.5Q. It supplies a factory with 750kW, 0.8pf (lagging) at a voltaga
of 3.3kV. Determine the voltage at the generator (3 significant figures) and
power factor (3 decimal places). Find also the generator output (3 significany
figures) and draw the phasor diagram.

A non-inductive resistor of 8Q is connected in series with an inductive load 3
the combination placed across a 100V supply. A voltmeter (drawing negligible
current) is connected across the load and then across the resistor and indicate
48V and 64V respectively. Calculate (a) the power absorbed by the load (1 decims
place), (b) the power absorbed by the resistor (3 significant figures), (c) the tota
power taken from the supply (1 decimal place) and (d) the power factors of the
load and whole circuit (2 decimal places).

Acircuit, consisting of a resistor and a capacitor connected in series across a 200V,
40Hz mains A.C. supply, takes a current of 6.66A. When the frequency is increased
to 50Hz and the voltage maintained at 200V, the current becomes 8A. Calculate
the values of resistance (2 decimal places) and capacitance (3 significant figures)
and sketch the phasor diagram (not to scale) for either frequency.

A coil, having aninductance of 0.5H and a resistance of 60Q, is connected in series
with a 10uF capacitor. This combination is now connected across a sinusoida
supply and it is found that at resonance, the PD. across the capacitor is 100V
Calculate the circuit current flowing under this condition (3 decimal placesi
Sketch the phasor diagram (not to scale).
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A coil has a resistance of 400Q and, when connected to a 60Hz main A.C.
supply, an impedance of 438Q). If the coil is then connected in series with a
40yF capacitor and a P.D. of 200V, 50Hz is applied to the circuit, find the current
(3 decimal places), the PD. across the capacitor (1 decimal place) and the PD.
across the coil (3 significant figures).




More than the diamond Koh-i-noor, which glitters among their crown jewels,
they prize the dull pebble which is wiser than aman, whose poles turn themselves
to the poles of the world, and whose axis is parallel to the axis of the world.

Ralph Waldo Emerson

Powerinthe A.C.
From the various circuit conditions considered in Chapter 10, for various se
combinations of resistors, and inductive and capacitative reactance, it was seen
the current flowing was sinusoidal and displaced from the applied sinusoidal voltag
by an angle ¢, termed the phase angle of the circuit. The general expressions were:

For voltage v = V_ sin wt and for current i = /_sin(wt — ¢) with a lagging phase ang

assumed for convenience.

The instantaneous power p = vi = V_I_sin ot sin(lot — ¢)
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1 { cos ¢ —cos(2mt — ¢)} =Vl cos ¢ — VI cos (2wt — ¢)
prp="rr 2

4 Average power P=VIcos¢p —0orP=VIcos ¢
an

s often called a circuit’s Apparent Power and P the Active Power.
i
[

o active power = apparent power x power factor
50

& is the ‘power factor’ as it is the factor by which the apparent power must be

s . L
ko plied to obtain the active power value expended in a circuit.

| mum
I

H 2
I 50 power factor = A o os¢p = s N gas deduced earlier.

apparent power vz

Furthermore from the active power equation: P (watts) = VI (volt amperes) x cos ¢

Wattage is given by volt amperes x power factor and expressed by W =VA cos ¢ or kW
= kVA cos ¢.

' Note. The term kVA is an accepted rating of A.C. generators, motors or transformers but

it does not indicate the power rating. More information is required before this can be
' deduced and the power factor must be specified. The volt amperes or VA of a circuit
term was retained from the earliest electrical engineering days, before standardised
terms and symbols were introduced. VA or kV ratings are used internationally for A.C.
circuits and machines.

~ These terms are used in connection with current but under certain conditions may
-~ apply to voltage and power. Consider the phasor diagram (figure 11.1) for a simple
A.C. circuit with current lagging voltage by an angle ¢. The current / splits into its 2
 quadrature components I,and | asshownsol,=/cos¢and/ =/sin ¢.

As I cos ¢ is a current in-phase with the voltage V and as VI cos ¢ is the measure of
: Power expended in a circuit, then / cos ¢ is the current component responsible for
Power dissipation and / cos ¢ is called the active power, and is the working component
of current. I =1sin ¢, being always at right angles to the voltage, is responsible for
- N0 power and is called the reactive, wattless or idle current component. Example 11.1
llustrates these terms.
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o parallel circuit

arallel circuit is treated separately to show students that the procedure is different
t for the series circuit. Nevertheless the method employed follows the technique
> sor summation, i.e. resolving into horizontal and vertical components or in
haof the new terminology here: active and reactive components. The branches of
. |lel circuit are made up of simple R, X or X_ series values, and all calculation work
aram this regard remains altered. For a parallel circuit the same voltage is applied to
- ches and it is usual to work with V as the reference for the phasor diagram. The
p! bra: condition may be written as T =1 +1, + 1, etc. The dash above the / indicating
: cu.rr:r;)hasor summation and not an arithmetical one. Thus all correct operations for a
gr:sasof summation must be performed.

A Figure 11.1

Example 11.1. A single-phase A.C. motor of 15kW and 90% efficiency runs from a 400!
single-phase supply. Find the current taken from the mains supply if the motor operaty :
at 0.8 power factor (lagging). What is the value of the active current, the reactive cyrrar
and the motor rating in volt amperes (1 decimal place).

Juctive impedances in parallel

I. Assume 2 inductive impedances connected in parallel (figure 11.2). Impedance Z,is
" made up of a resistance R, and inductive reactance X, while Z, is made up of resistance
- R,and inductive reactance X,. The phasor diagram and circuit relationships are shown.
As V/is common to both branches it is used as the reference phasor. The problem is to

findIwhere T =T +1,.

Motor power output = 15kW = 15 x 1000 watts

Motor power input = E(;Ooﬁ X 100 watts

v
=16 667W or 16.7kW . - _ZV_ and I, =—

1 2

. 16.67 . .
Volt ampere rating = FT 20.84kVA Resolving into active and reactive components and using arbitrary signs: I, =/, cos ¢,

‘ +1,cos ¢,
The line current is obtained by dividing the volt ampere value by the supply voltage.

Thus | = 2084x1000 _ .
} 400 ; ”
Active component of current I,=1cos ¢=52.1x0.8=417A. / 677 ’ | , cl >
! I I
Reactive component of current = I =Isin¢$=52.1%0.6=31.3A. I I - ¢ 1 : | |
2 - 1 I
e [ N O R I ] D TR T T
It is pointed out that the relation for sin ¢ = 0.6 when cos ¢ = 0.8 refers to a rigr v Z, I ¥ - \\ |
angled triangle of sides: 10, 8 and 6. For example, cos ¢ is frequently given as 0.707¢ X b ~~__ N Sy :
o o iy, N
sometimes 0.7, referring to a right-angled isosceles triangle and sin ¢ in this caselsak Yy, :
0.707 or 0.7 (approx.). ;




270 - Basic Electrotechnology

And, | = I, sin ¢, -1, cos ¢,. It must be remembered that -ve phasors are 4

vertically down.

Then | = I’ +/* and cos ¢ = ITa where cos ¢ is the power factor of the

circuit.

Example 11.2. In the circuit above, let R, = 3Q and X, = 4Q while R, = 8 3,
If the applied voltage is 20V, find the total current supplied (2 decimal Placezs) 1
the power factor (2 decimal places) of the complete circuit. Find also the tota]

expended (2 significant figures).

Z, = JRZ+ X2 = 3 +4 =50

Then I, = —259 = 4A

Z, = R+ X3 = /87 +6* = 100

20
dn =22 _oa
and: =7

cos ¢, = g = 0.6 (lagging) and, sin ¢, = ¥ 0.8

5
8 ; ; 6
cos ¢, = Y 0.8 (lagging) and, sin ¢, = e 0.6

Alsol, = (4 x 0.6) + (2 x0.8) = 4A

I, = —(4x08) — (2x 06) = —44A

Suchthat | = /4% +4.4> = 595A

4
Circuit power factor cos ¢ = T = 0.67 (lagging)
Power expended = 20 x 5.95 x 0.67 = 80W

The power expended can be checked thus:

Power inbranch 1 = I?R, = 4% x 3 = 48W

dx o

A.C. Parallel Circuits and Systems - 271

Power in branch 2 = I’R, = 2* x 8 = 32W

Total 80W.

uctive and capacitive impedances in parallel

. rocedure for solving problems associated with this circuit type follows that
The.P d above, except thatallowance is made for the directions and signs when adding
outllr-l:e components. Thus in figure 11.3, impedance Z, is made up of resistance R, and
rMd;itive reactance X, in series. The phasor for the reactive component of current is
d:avavn vertically up and allocated a +ve sign, while the reactive component of current
for pranch 1is allocated a —ve sign. The total reactive component is thus a difference.
Voltage is again used as the reference for the phasor diagram.

As before I, =l cos¢, +l,cosd, and [ = —I sind + /,sin¢,. The sign
of | is either +ve or —ve, decided by the relative values of I, sin ¢, and [, sin ¢,. Thus
therresulting reactive component will act either up or down and the resultant circuit

current may lag or lead. As before | = J(2+17) and cos é :ITa.The term lagging or
leading is decided by the sign of /.

Example 11.3. Acircuit consists of 2 parallel branches. Branch A consists of a 20Q) resistor
in series with a 0.07H inductor, while branch B consists of a 60uF capacitor in series with
a 50Q resistor. Calculate the mains current and the circuit power factor if the voltage is
200V at 50Hz (1 decimal place all).

Branch A. X, = 2rfL = 2 X 3.14 X 50 X 0.07 = 22Q R, = 20Q)

' Z, = \20° +22* = 29.7Q

20 .
=——= 0.674 (lagging)
29.7 I

200 Ry
ZA

Thus I, = i 6.74A and ¢, =

ii‘?igure 11.3
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sin g, = 5’l:—£= 0.74
Z, 297
6
Branch B. X, = ! = 10 = 53'
2afC  2x3.14x50x60
Ry=50Q

 Zy = 507 + 537 = 72.80

Thus |, = %: 2.75A

cos ¢, = %-:—7%%: 0.686 (leading)
5 J

sing, = % = —75238 = 0.728
s ;

Then I, = (6.74 x 0.674) + (2.75 x 0.68)

=4.55+ 1.885 =6.43A
I =—(6.74x0.74) + (2.75 x 0.728)

=-5+2.005 = -2.995A.

Note. The mains current will lag as the inductive branch dominates.

I = PP +17 =/6.43* +-2.995
I=7.1A

I, 643
cos¢p = —;—=—7—1—-: 0.9 (lagging).
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1l elr eson.ance

orth pointing out that a resonance condition can also occur in a parallel circuit
It thermed ‘current resonance’ to distinguish it from ‘voltage resonance’as dealt with
’ d:e series circuit. From Example 11.3 a condition arises when /, sin ¢, =/, sin ¢, and
for o are the reactive components of currents in inductive and capacitive branches,
asthe:ppo se each other producing a total reactive component of zero value. The
. the);ining active components then add to give the line current, as | = ,/Ij +0=1,
, =" the combined circuit will operate at unity power factor. This is illustrated by the
a:‘:sor diagram (figure 11.4). Since the power factors of both branches are low, the

hase angles ¢, and ¢, are large yet I, cos ¢, and /, cos ¢, are small compared to the
P

,eactive components.

Large currents can flow in inductive and capacitor branches, which are much greater
than the main supply current and are not supplied from the line. On examining
the power waves for an inductor and capacitor, it is seen they are directly opposite
jn-phase, as are the current waves. It is assumed that as the capacitor discharges with
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power given out absorbed by the inductor building up its field. When the indUCtiv ‘

collapses, power released charges the capacitor and there is a current dye to °Sc“e,
of power between inductor and capacitor. This resonance creates oscillator Circuitg
has many applications in radio and electrical filter circuit design. If no SUPPIy is ayy

althy
lOsS

current is not maintained due to energy loss in the circuit resistance, Which
small cannot be neglected. To maintain an oscillatory current, the resistance
be supplied at the correct frequency from the external supply force.

Power-factor improvement is often used in practical electrical engineering work a
best illustrated by the following example.

Example 11.4. (a) Two inductive coils of resistance values 5Q and 8Q and induc
values of 0.02H and 0.01H respectively are connected in parallel across a 240v,
mains supply. Find the coil currents (1 decimal place), the circuit current (1 dec
place) and its power factor (3 decimal places).

The arrangement is shown in figure 11.5. A phasor diagram is also drawn.

i 50 0.02H
S Y Y M A T
» DO L ) [ !
B Jiny ™0y 1 SN .1[ _____ | IB
I 8Q 0.01H on |
N v ~YY !
i
| A E [/
A
240V 50Hz | T el
o IrL______._______________.___L‘:.u

A Figure 11.5

Branch A. X, = 27rfL = 2 x 7 x 50 x 0.02 = 6.28Q)
Z, =5 +628 = 8020

240 5 i
I, = ol 298A cos¢, = - 0.622 lagging
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6.28
sin = ——=0.78
2 8.02
X, = l that of branch A, since L is halved = 3.14Q
nch B- B 2
Z, = /82 +3.14’ = 8.60Q
l; = o 27.9A cos ¢ = 3 0.93 lagging
B 8.6 8.6
3.14
sin = ——= 0.366
(o P
nl =(29.8X 0.622) +(27.9 X 0.93) = 44.6A

_(29.8%0.78) + (27.9 % 0.366) = 33.5A
f

h;s noted that the arbitrary —ve sign is not used as both branches are inductive and
is no doubt as to, the resultant current being lagging.

nl= \J(44.6* + 33.5?) [=55.6A

PF. = cos¢ = i 0.801 (lagging)
55.6

mple 11.4. (b) Find the effect on the main circuit current (1 decimal place) and
er factor (1 decimal place), if a capacitor of 400pF is connected across the supply

 parallel with the coils.

ne phasor diagram (figure 11.6), shows the new conditions.

1

ranch C. Reactance of capacitor X, = ——
] P ¢ 2mfC

6
Jus X 10

c = er—— 7.9SQ
2xx50x 400

e = 290 _ aposA
7.95

there is no resistance in branch C, only capacitive reactance, then cos ¢.=0andsin
e=1.

in /. acts at 90° to the voltage and is wholly reactive, there being no active
COmponent, Then | as before =44.6A and |, =—233-10.2 + 30.25=—3.25A.




276 - Basic Electrotechnology

o
4730.25A

3.25A

lf 33.5A

A Figure 116 . %

Itis seen that the arbitrary signs have been introduced because the reactive current of

branch Cacts in the opposite direction to that of branches A and B.

The circuit current is now:

I = P+ =446 1325

sl = 446A

and cos ¢ = %:-%:1.0 i.e. unity.

From this example it is seen that, by connecting a capacitor in parallel with inductive
loads, the total line current is reduced from 55.6 to 44.6A and overall circuit power

factor is improved from 0.8 (lagging) to unity. The advantages of this arrangement are
now considered in detail.

Advantages of power-factor improvement - = 3
For most commercial loads, current lags voltage, due to the system’s inductance or the
operating characteristics of motors and control gear. Typical power-factor values are as

follows:

System supplying lighting loads only: power factor (lagging) = 0.95.

gystem P

syste

output p
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plying lighting and power loads: power factor (lagging) = 0.75 to 0.85.
m supplying power loads: power factor (lagging) = 0.5 to 0.7.

jower the power factor, the greater the line current must be for a given load kW or
o . -
i ower rating and following are the disadvantages of this:

The transmission losses in supply cables or power lines increase in accordance with

(M

where R is the cable or line resistance. For a given transmitted power, the current
PR

ower factor is i>< current at unity power factor = 143 X current at unity
at 0.7 P 0.7

. 2 .
wer factor. Also the transmission loss at 0.7 power factor is (143)" X loss at unity
0

ower factor = 2 x loss at unity power factor.
P

) Because of the larger currents resulting from a low power factor, there is a greater
(2 ltage drop in the supply lines resulting in a lower voltage at the load, thus conductor
0
vize must be increased to keep the voltage drop to an acceptable value!
S

(3)Since thelarger currentresultsfromalow power factor, the size of the current-carrying
conductors in transformers, control gear and alternators m'ust be larger than the
minimum possible. This means the physical dimensions of equipment must be larger -
an inferior design. Equipment is also more costly.

(4) 'Regulation’ - a term used for the stabilising or ‘sitting-down’ of the generating and
transmitting plant voltage is adversely affected by a low power factor. The lower the
power factor the greater the internal voltage drop in this equipment, i.e. armature
reaction and its effects will be worse.

Example 11.5. A 40kW load, operating at 0.707 power factor (lagging), is supplied from
500V, 50Hz mains supply. Calculate (a) the capacitor value required to raise the line
power factor to unity (3 significant figures) and (b) the capacitance required to raise the
power factor to 0.95 (lagging) (3 significant figures).

kw 40
a) Load kVA = =
- cos¢ 0707
3
Load current = -m—: 113.15A
0.707 x500

Active component of load current |, = I, cos ¢,
=113.15x% 0.707

=79.997A = 80A
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Reactive component of load current /, =/, sin ¢,

=113.15x0.707

= 80A.

To cancel the reactive current, a capacitor is fitted to operate in paralle/ With the |
€ loan

which must pass a similar reactive current value as shown by the phasor diagram

11.7). g
Thus /. must be 80A. Reactance X, of capacitor must be: L. 6.25Q
Since X, = 1 then —19—6—— =6.25 (where Cis in microfarads)
27fC 27fC
10°
Thus € = =
2x3.14x50x6.25 =~ OF:

(b) Note. I, sin ¢, is not to be cancelled completely as the line phase angle is reduce

from ¢, to ¢, and the line current to a new value I, as illustrated (figure 11.7)
power or active component remains the same, VI, cos ¢, = 40 000 as before

40x10°

= —————= 84.2A
500x0.95

# D

Since cos ¢, = 0.95 (lagging) sin ¢,=0.312and/, sin ¢,=84.2x0.312=26.1A.

A Ic=l1 Sin¢1
l=
A Iising — lsing,
/1 COS¢1—
I1 Cps% 74 lZCosq)
¥ 20050, 1A
01 i ¢ g 3

: ¢ :

i bsing, [ =TT T T 1h
| | :
£ | |

| I

| |

1} I

: 1
YoM Yo '

Iising4 Iy lising4 h

A Figure 11.7

 pethe®
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eactive current component is reduced from 80A to 26.1A = 53.9A.This will
w value of [ or a capacitor is used which takes a current of 53.9A.

500 10°
thus X 539 2mfC

e line I

(where Cis in microfarads)

10° x53.9

__—————  C=343yF.
of €= 500x2x3.14x50

gince 343pF brings the line power factor to 0.95 a further (510 — 363) = 167uF would
ing the value to unity. As the capacitor cost depends on its capacitance value and
little advantage is gained by improving the power factor above 0.95, it is not necessary
10 achieve unity power factor working. It is vital to note that, although power factor is
imPfOVEd' an increased power output is not obtained from the load. Students often
have the wrong idea, for example, that the power factor of a circuit supplying a 5kW
motor is improved, a motor will give an output greater than 5kW. This is wrong. All
that is achieved is that, by connecting an extra capacitor across the motor, the total
line current is reduced, i.e. a condition is attained when the minimum supply current
required for a specified power output is used. This minimum supply current reduces all
the disadvantages already stated but the motor current itself is unaltered.

AW, KVA and kVAr -

As mentioned kW, kVA and kVAr terminology is still used in electrical engineering and
some revision is needed, so the diagram (figures 11.8a and 11.8b) is considered. For a
circuit, where current and voltage are out-of-phase, the phasor diagram is as shown.
Current / is resolved into an in-phase or active component / cos ¢ and an out-of-phase
or reactive component / sin ¢. | cos ¢ is responsible for all the power dissipated in the
circuit, since P = VI cos ¢, while I sin ¢ is responsible for no power, being at right angles
to the voltage.

From the expression P = VI cos ¢ it is seen that P can be the ‘active’ component of V/
(symbol S - see Note). The term volt amperes or kilovolt amperes is used for VI then
the kVA (kilovolt amperes) is regarded as resolved into 2 components, one of which
is the power component. The term W or kW (kilowatts) describes this component and
the other component termed the ‘volt amperes reactive’ or ‘reactive kilovolt amperes’
and designated by VAr or kVAr. If the current phasors of figure 11.8a are multiplied

by V, the new condition becomes more apparent and leads to a power diagram. The
vi

Product V/ (S) is shown as the volt amperes (VA) or 000 kVA and referred to as the

apparent power’ Since VI cos¢ = P then VA cos ¢ = WandkVA cos ¢ = kW. kW
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d that the kVA values of various loads are not in-phase and don't add
nOt-e Ily. kW values are all active components, are in-phase and add. kVAr values
i met-lcz c};mponents, they can be in-phase or in anti-phase and are added, provided
] re:;tcl;/ is made for the sign as shown in the following examples.

_[loW

5V ¢ 05

le 11.6. Two loads are connected in parallel. Load A is 800kVA at 0.6 (lagging).
E dB :’ 700kVA at 0.8 power factor (lagging). Find the total kW, kVA and overall power
':‘ or of the joint loads.

— _— ' _ the diagram (figure 11.9)
A Figure11.8

is a measure of ‘active power’, in line with the original definition for
ratio of active power to apparent power.

kw

KVA

Similarly V/ sin ¢ (Q - see Note), or kVA sin ¢ is the ‘reactive power’ or volt amp,
reactive designated by kVAr and from the power diagram (figure 11.8b).

= =800 x 0.6 = 480kW
Power factor, jq ive power, P, = VI, cos ¢, =80

neactive power, Q, = VI, sin ¢, =800 x 0.8 = 640kVAr
Thus: power factor or cos ¢ = . . . ce oo

O g

Active power, P, = VI cos ¢, = 700 x 0.8 = 560kW

Reactive power, Q, = VI, sin ¢, = 700 X 0.6 = 420kVAr

Apparent power = \/Active Power? 4 Reactive Power?

Total active power, P =480 + 560 = 1040kW
Summarising kW = kVA cos ¢. kVAr = kVA sin ¢

kVA = [kW? + kVAr?

Total reactive power, Q = 640 + 420 = 1060kVAr

otal apparent power, S = +/(1040° +1060°) = 1485kVA

1040 .
kw . kVAr Berall factor = —— = 0.7 (lagging)
Ccos = — sin = —_— Jverall power ractor

¢ kVA n ¢ kVA 1485

Note. Symbols S, P and Q are recommended substitutes for VI, Vi cos ¢ and Vi sin ¢

! ol 5 Y
itis likely the units - kVA, kW and KVAr - will continue to be shown on phasor diag; A 5 T i
as this is the older electrical power engineer practice. The appropriate alternative R E E i
been introduced and is shown where appropriate. KVAGY NN > :kVIAB E
\\I ]
l\\ 1
In summary we have; N ;
S, 1
1 ~ 1
P=Vicos ¢ Q=Visin$and S=V KVARY - N VAN i
g S i
\\\\ \\\ i
Thus S = P2+ Q? and P = Scos¢p Q = Ssing . - E

RVAY oD W VA

cos ¢ = and sing =

1% Wi}
wlo
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Problems involving multiple loads are best treated by setting out the pow
components in tabular fashion. An arrow illustrates the phasor direction 3
students which columns can be added arithmetically.

er-dig

127.9
Resultant power factor = £TTY

e 0.99 (lagging)

The reactive inductive load component dominates, hence a resultant lagging
te.

Example 11.7. A 220V, single-phase alternator supplies the following loads: wer-factor condition.
0

(A) 20kW at unity power factor for lighting and heating.

(B) A 75kW induction motor having an efficiency of 90.5% operating at a

wer_factbr imprc‘:vement (kVA m,et:hod) :
of 0.8 (lagging). e : =

Power 5 ,

| ent of power-factor improvement problems is similar to the ‘current method:
Trea’fff‘ ram for the load condition is made by splitting the original load kVA into its
P dla? expended power) and kVAr (imaginary) components. Since the kW remains
P (re:;e then for a new power-factor condition for the supply, the final kVAr value
b ;:ainéd by reducing the original kVAr by an amount equal to the kVAr of the
u onents added. Such components must use no power and a static capacitor is
con;Pa device component. The added kVAr leading, reduces the lagging supply kVAr.
'sfu aC synchronous motor is used to obtain a better overall power factor, this contributes
output power which must be taken into account.

(©) A synchronous motor taking 50kVA at a power factor of 0.5 (leading).

Find the total kVA, current and the power factor of the combined load.
Load A can be set into the columns directly as shown.

Load B Motor power output = rating as given = 75kW

Motor input active power = L. - 82.9kwW
0.905

gxample 11.8. A 400V, 50Hz, 20kW, single-phase induction mo'for ha:s a full-load
efficiency of 91.15% and operates at a power factor of 0.87 (Iagglng).' Find the kVAr
value of the capacitor to be connected in parallel to improve the circmt. power .factor
to 0.95 (lagging) (2 decimal places). Find also the capacitance value of this capacitor (3
significant figures). Figure 11.10 illustrates the problem and solution.

Apparent power = %;: 103.6kVA

Load C can also be set into the columns directly.

Total apparent power (S) = ,/127,92 +18.92 = 129kV A |
" i ® Motor output = motor rating as given = 20kW

129 x 1000 20
Total current = ——— """ — 588A ive i P = —— = 21.94kW
220 Motor active input power P, 09115
21.94
: Motor apparent power S, = ——= 25.22kVA
Table 11.1 PRATENtpowers = a7
Load VA | KWor— |KVAror{kVA| cosep '
()2  |kVAcosd(P)| sinb(Q) - As c0s ¢, = 0.87 then sin ¢, = 0.493
a 20— 20— 0 1 Thus Q, or S, sin ¢, = 25.22 x 0.493 =12.44kVAr
b 103.6 \, 829 — -62.16 | 0.8 o )
¢ 50 A 25, 4331 05 Although the circuit power factor is improved to cos ¢, the power of the circuit is no
dltered . A = P,or S, cos ¢, = S, cos ¢, whence
1279 — -18.86 |
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A kVAﬁ ‘
LW =kVA,coso,
=|QVA2cos¢2 v A student who intends to have a good practical knowledge of electrotechnology
o :' st understand the terms, relationships and theory of polyphase working. The
txﬁrzs; ; ! ortance of the work now covered cannot be too strongly stressed. Most students
e i Kty sider this part of theory to be ‘that small straw which breaks the camel’s back’ and
:l onordingly give it little attention. The result is that much hasty revision is needed later
C ;
E chen A.C. machines are studied. Although Volume 7 is devoted to more advanced
o E wC- technology, the subject matter must now be considered as basic and essential to
= Y S | »
KVA,sing, kVA, further studies.

polyphase or split-phase power systems achieve their high conductor efficiency and
'mproved safety by splitting up the total voltage into smaller parts and powering
: multiple loads at these reduced voltages, while drawing currents at levels typical of
. 5 full-voltage system, achieving a balance between system efficiency (low conductor
gurrent) and safety (low load voltage). Incidentally this approach will work just as well
for D.C. power systems as well as A.C.

A Figure 11.10
5,=5,cos ¢, cos ¢,

orS, = 2522 x R = 23.1kVA
0.95

Again cos ¢, = 0.95 therefore, from tables, sin ¢, =0.3123 and
Q,=23.1x0.3123 =7.21kVAr

Required Qualue = 1244 — 7.21 = 5.23kVAr. This should be the capacitor’s rating ained from a 3-phase system and in this way the relative advantage of either system

is available. 2-phase systems are rarely used and don’t warrant study here. More than

Capacitor current |, = 5230 = 13.75A 3-phase arrangements, such as 6-phase, have fewer and more specialised applications
and we will confine our investigation to 3-phase working only.

: 400 onsider a 2-pole magnet, as shown (figure 11.11), rotated inside an external stationary

Capacitor reactance X, = 1375 30590 Mature or stator. Three coils are shown equally displaced, with ‘starts’ and ‘“finishes’

. arked symmetrically in a regular arrangement. Induced e.m.fs result in each coil,

10° tical in magnitude but displaced in-phase by 120 electrical degrees. A phase

or X, = 3059=

€nce Red-Yellow-Blue (R-Y-B) is assumed, i.e. the rotor turns so that the red-
ptse Voltage reaches its maximum 120° before the yellow-phase voltage reaches its
eXimum and the latter 120° before the blue-phase voltage, as shown by the waveform
' A sinusoidal distribution of rotor flux is assumed and sine-wave e.m.fs
-f‘ ced. The methods by which this is achieved will be discussed for the alternator.
1€ 3 separate coils can be used to supply 3 independent single-phase loads, but

2XmXxX50x%xC
(where Cis in microfarads.)

10*
Hence C=———— =104pF .
30.59 X
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—<Voltage—> +

A Figure 11.11
methods are described: either the STAR or the DELTA connection.

Staror Y connection

Figure 11.12 shows the star arrangement with the 3 coils or phase windings connected
so that either all the starts or finishes are joined together to form a star-point, i.e
‘corresponding ends’ are connected together. Similarly supply lines are connected to
the free ends, remote from the star-point.

The phasor diagram is drawn in terms of voltage with the red-phase voltage (V) ast
reference. This notation is used from now on. The small letter suffix denotes the
value, while the capital letter denotes the line value. Lines have been identified with
the colours of the phases to whose ‘starts’ are connected. The double suffix such asVe
denotes the voltage between lines, the example being the red to yellow line voltage.

Assume the condition when the red-phase voltage is positive and the ‘start’ of the’
red-phase winding +ve with respect to the‘finish’or neutral point. Current flows through
the lines and load as shown. For this example it is possible because, for the yellow:
phase at the same instant, its start is —ve with respect to its finish, as the yellow-phasé
waveform is in its —ve half cycle. Thus for the phasor diagram, the voltage between the
red and yellow lines is obtained by the phasor difference of V. and V..

A.C. Parallel Circuits and Systems - 287

Eﬁgure 11.12

As a phasor difference is considered, the resultant is obtained by reversing one phasor
with respect to the other and completing the parallelogram. From the deduction
pelow, it is seen that the line voltage is v/3 times the phase voltage. This relation holds
for the other lines and their associated phases. A further point of importance for the
star connection is that the line current equals the phase currentor I, = I,

Consider the phasordiagram. Let the line voltage V, , = 2x

\3

But == cos30° -, x = —2—Vr or 2x= V3V,

r

Hence V,, = V/3V,

~ orthe voltage between lines = /3 x the phase voltage.

Thus V, = v/3 x V,

- Fora star connection the following must be remembered.

Line voltage = v/ 3-phase voltageor V = v/3V,, = 1732V,

Line current = Phase currentor/ = [,

Note.The subscript, asin V, and /, is omitted when generalising - this is usual and both

Vand /are assumed to be line values Agaln the relations are derived for an alternator or
SUDDBIV emtivmm b

B R [ [P [ R P B N L
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Example 11.9. Three 50Q resistors are connected in a star configuration acro
3-phase mains supply. Calculate the line and phase currents (1 decimal place) =3

power taken from the supply (2 significant figures). s
As the load is balanced, the voltage across each resistance is

o /  \fime —/

the phase Voltage

— <— Current — +

Vip =—== 240V i
ph \/5 ib r
Phase current = line current or by =1 = 20 _ 4.8A
50

Power dissipated by 1 phase of load = o ? R, =4.8x50W

= 1152W or 1.152kW gfigure 11.14

E;‘,a,,ced load

A 3-phase load is said to be ‘balanced’if the currents in all 3 phases are equal and their
phase angles the same. If an instant in time is considered on the diagram (figure 11.14),
the sum of instantaneous values of the currents i, +i, +i, = 0. As these currents
meet at the load neutral point and the resultant flows through the neutral line then the
neutral carries no current and need not be used for balanced loading.

and 3-phase power from the supply

=3X 1.152 = 3.456kW = 3.5kW.

Use of the neutral

An obvious use of the star connection is for distribution, as 2 voltages are available
to the consumer, one for lighting and the other for power. Either 1-phase or 3-phase

loading is possible and shown (figure 11.13). § B e icedlond '
Jnoa ,
A neutral must be used if the load phase currents are unequal or the phase angles
] different. The neutral line carries the unbalanced current, i.e. the resultant of the 3
R line currents. Since this neutral current is a phasor sum, it is obtained graphically or
3{ Zl/ G mathematically, as shown.
— 17 * N Example 11.10. The loads of a 4-wire, 3-phase system are: red line to neutral current
= 50A, PF. = 0.707 (lagging).
" Sub-motion Yellow line to neutral current = 40A, power factor = 0.866 (lagging)

Sub-motion L L L NBYR
N N

L L1 L1

L |

' FaCtory

Blue line to neutral current = 40A, power factor = 0.707 (leading)

Determine the value of the current in the neutral wire. The solution is worked with
feference to figure 11.15.

l,=50A lagging the voltage by 45° since cos 45 = 0.707

Figure 11.
A igure 11.13 I\,= 40A laaaina tha valtana kv 2N° cineca rac N — N RAA
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58.9A Y, Not to scale

A Figure 11.15

l, = 40A leading the voltage by 45° since cos 45 = 0.707
Resolving into horizontal and vertical components.
;= (50 x cos 45) — (40 x cos 30) - (40 x cos 15)
= (50 x 0.707) - (40 x 0.866) — (40 x 0.966)
=35.35 ~34.64 — 38.64 = —37.93A
[, == (50 X sin 45) - (40 x sin 30) + (40 X sin 15)
=—(50x0.707) - (40 x 0.5) + (40 x 0.259)
=-35.35-20+ 10.36 = -44.99

Current in the neutral is the resultant,

or Iy =+/37.93* + 44,922

=58.9A
cos = =3/ _ —0.653
58.9
8=495°

Note. The —ve sign gives the quadrant in which /. lies. as shown an tha disaram

A.C. Parallel Circuits and Systems - 291

e ta A or (mesh) connection

; ngement is shown (figure 11.16). For this connection, the 3-pha§e windings
e gd into a closed circuit by connecting ‘uncorresponding ends; i.e. the start
E arranr?ese to the finish of another phase. Thus R start is connected to B finish, Y
R F;ﬁanish etc. The same reasoning as introduced for figure 11.17 is applied here,
N h tvol’éage's are considered. Thus if the diagram represented the 3 equal phase
R ajt is seen that at any instant the sum of the instantaneous voltage values
VOItag‘fSI —Il— v, = 0, For the mesh or closed winding, as the sum of the instantaneous
:;|:a—geys is ze:o, no circulating current flows round the mesh. Lines are tlakendfrorr'r; St?z
junction points and for this connection, it is clear- that the voltage developed ac
phase is the voltage provided for the connected lines.

Thus ¥ or V=V,

The lines have been identified with the colours of the phases tc? who.s? sta‘rts t:ey ari
connected. Assume the condition when the red-phase voltage is positive, i.e. t : :tar
of the red-phase winding is +ve with respect to the finish. Cu_rrent ﬂows.throug' rc;r:
R phase into R line as shown. At this same instant the voltage in B phase is negatlv:' L.
its finish is +ve with respect to its start. Thus it is also correctly connected for fee ing
currentinto the R line and a line current is obtained by considering the phasor difference
of 2 phase currents. The resultant line current is obtained by reversing a phase current
(l,) and combining it with / as shown (figure 11.16).

As before x = l.cos30°= Iph cos 30°

\/§ 2\/51 ph
2

Or x = —i—lphand as | =2x=

Hence i or]= \/31ph
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ne[a p 7 p p i ’ y i
e

Thus for a delta connection, Line voltage = Phase voltage and Line Current = 3 ted: 3-phase power s given by V3 Vlcos ¢.
ected: 3-

current. ! gelta-Conn . ]
O A 75kW, 400V, 3-phase, delta-connected induction motor has a full-load
11.12. P

Aot 8o et ! el T ey e e s £91% and operates ata power factor of 0.9 (lagging). Calculate the line and
0

same result. As before Vand / are used for line values and Vph and Iph for phase

aple
‘ A ;enCYO
B e Curl‘e

Give
Valye
Example 11.11. Three 50Q resistors are delta-connected across 415V, 3-phase linedl
for Example 11.9. Calculate the line and phase currents (1 decimal place) ang the
taken from the mains supply in 1 phase of the load (4 significant figures),

nts at full load.

Output power = 75 X 10° watts

3
Voltage across 1-phase resistor = 415V npifE peer — 15_X__l(;_1__>f.l@

Currentin 1 phase of load = %: 8.3A

watts

=v3Vlcos¢
Since the load is balanced, line current = V3 x 8.3 amperes = 14.4A alsoP =Y

Power in 1 phase of load = 8.32 x 50 = 3445w 75 x 10°
50 V/3 X 400 X | X 09 = ————

In addition the power in all 3 phases of load will be = 3 x 3.445 = 10.3kW,

In addition the power in all 3 phases of load will be = 3 x 3.445 = 10.3kWw. 75 % 10° Aoeres
And/ = P

o 2 1732 x 4 x 9 x 91
Th,iteeephas& power
e or/=132.2A

For a star-connected load, V= \/3Vph and /= Iph oy

1
Motor phase current N = 76.3A

The power expended in 1 phase = Vin b, cOs ¢ and the power expended in 3 phases
= 3V, 1, cos ¢

Converting to line values, the above becomes:

Three-phase power = 3 v I cos ¢ _,:l,'»ee‘Pha-se kVA, kW an d KA

Ve

or P=+3Vicos ¢

‘ i ritcan be
As power factor can be defined as the ratio of true power to apparent powe

For a Delta-connected load V/ = Vph and /= ‘/3’ph applied to 3-phase working.

The power expended in 1 phase = Vv, Ioh €0s ¢ and the power expended in 3 phases Thus:

= 3V I, cos @ active power

power factor = apparent power

Converting to line values the above becomes:

/
X = 3V— 3
T Shasi gy V3 g Irrespective of star or delta connection P = /3 VI cos ¢.

or P=+3VIcos ¢
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_40A
So:
P
COS () = —n
9 V3v
L)
It follows that for 3-phase working, in order that the definition for powerfactorsho ‘ Y Y 40A
; >

apply,

40A
apparent power (S) =+/3 ; Figure 1117
. . ol . . .re . ; . J . . 88%.
Note introduction of /3 distinguishes this condition from single-phase Working, If the motor operates at a power factor of 0.8 (lagging) and an efficiency otfpwc (02
; . ; d the motor’s power ou

Again it is known that cos o= i or hulid so it follows that: 3-phase kVA = @ 1 Find the alternator’s kVA rating (1 decimal place) an

S KVA 1000
Example 11.13. A 3-phase, 400V motor takes a current of 16.5A when the outpuyt js %w.
Calculate (a) the kVA Input (2 decimal places) and (b) the power factor, if the efﬁcienq;
at this load is 89% (2 decimal places).

@ KVA input — J§Vl= V3 x 400 x 165
1000 1000

= 11.43kVA

decimal places).

J3vi

Apparent power rating of alternator = ian

_V3x60 x40, va
1000

NEYY]

' er =
(b) Output power = 9kw MABIGF apareTit IpUY PO 1000

1.732 x 600 X 40 _ ;. a
1000

True active power = ﬂ = 10.11kW
0.89

. ; ivei ower = 416 x 0.8 = 33.28kW
1011 = 0.88 (lagging)- True active input p

apparent power 11.43

So Power factor —

88

= 29.21kW
Output power = 33.28 x oo 29.21

Combining star and delta networks provides an interesting exa mple,

Example 11.14. A 3-phase, star-connected alternator supplies a delta-connected
induction motor at 600V. The current taken is 40A. Find (a) the alternators phase
voltage (3 significant figures) and (b) the current in each phase of the motor (1 decimal
place) refer to figure 11.17.

Example 11.15. A delta-connected load is as shown (.ﬁgure 11.18). If the i:z;zgr:/:r:'ctas‘g;i
is400V, 50Hz, calculate the red-line current (1) (1 decimal place). Assun;e curents
shown and maintain the correct phase sequence: R, Y and B. If the r.ed- |r?e :: ontiects
current into the red phase of the load, the blue-phase current will be in the opp

sense so a phasor difference is involved.

400

(@) Forastarconnection V = V'3 v,

4 = ——4A in-phase with V.
LV = N %03-0 = 346V. This is the alternator phase voltage. Here /, 100 = "MP R
400

Also 1,

]

— = 3.7Aleading V;, by 90°
(b) For a delta connection Iy = ~—=7-§-= 23.1A 06

&
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A Figure 11.18

11.1.

11.3.

by =12 +12 +21,1, cos150°

= 42 1372 —2x4x3.7c0s150°

=74A.

A coil consumes 300W when connected into a 60V D.C. circuit. It consumes

1200W when connected into an A.C. circui i
.C. t of 130V. What is the coil’
(1 significant figure)? o

- A circuit consists of 2 branches A and B in parallel. Branch A has a resistance

of 120 .and a reactance of 3Q), while the values of branch B are 8Q and 200
respec.tlvely. The circuit is supplied at 100V, Calculate the current in each branch
(1 decimal place) and the supply current (1 decimal place).

An induc'five circuit of resistance 50Q and inductance 0.02H is connected in
parallel with a 25uF capacitor across a 200V, 50Hz mains supply. Find the total
current taken from the supply (1 decimal place) and its phase angle.

. Two coils of resistances 8Q and 100Q and inductances 0.02H ana 0.05H

respecti\{elyare connected in parallel across 100V, 50Hz mains supply. A capacitor
of capacitance 80uF in series with a 20Q resistor is then connected in parallel

11.9.

11.10.
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with the coils. Find the total current taken from the mains supply (2 decimal
places) and its phase angle with respect to the applied voltage.

A single-phase motor has an input of 50.6A at 240V, the power input being
10kw and the output 9kW. Calculate the value of the apparent power (1 decimal
place), power factor (2 decimal place) and the efficiency.

A single-phase motor running from a 230V, 50Hz mains supply takes a current
of 11.6A when giving an output of 1.5kW, the efficiency being 80%. Calculate
the capacitance required to bring the power factor of the supply current to 0.95
(lagging) (2 significant figures). Calculate the capacitor’s kVAr rating (2 decimal
places).

The load taken from a single-phase supply consists of:

(a) Filament lamp load of 10kW at unity power factor.

(b) Motor load of 80kVA at 0.8 power factor (lagging).

(c) Motor load of 40kVA at 0.7 power factor (leading).

Calculate the total load taken from the supply in kW (3 significant figures) and
in kVA (2 decimal places) and the power factor of the combined load (2 decimal
places). Find the ‘mains’ current if the supply voltage is 250V (3 significant
figures).

Three equal impedances of 100, each with a phase angle of 30° (lagging),
constitute a load on a 3-phase alternator, giving 100V per phase. Find the
current per line and the total power when connected as follows: (a) Alternator
in star, load in star, (b) Alternator in star, load in delta, (c) Alternator in delta,
load in delta, (d) Alternator in delta, load in star (all 1 decimal place).

A 500V, 3-phase, star-connected alternator supplies a star-connected induction
motor rated 45kW. The motor efficiency is 88% and the power factor 0.9
(lagging). The alternator efficiency at this load is 80%. Determine (a) the line
current (1 decimal place), (b) the alternator power output (2 decimal places)
and (c) the output power of the prime-mover (2 significant figures).

A 400V, 3-phase system takes 40A at a power factor of 0.8 (lagging). An
over-excited synchronous motor is connected to raise the power factor of the
combination to unity. If the motor’s mechanical output is 12kW with efficiency
91%, find the kVA input to the motor and its power factor. Find also the total
power taken from the supply mains (all 2 decimal places).



The origin as well as the progress and improvement of civil society is foy
mechanical and chemical inventions, noeds

This chapter will not cover D.C. machine construction, operation and maintenancej -
asthisis better dealt with practically. The basic features of the D.C. generator will beIn e r»
and help to consolidate the theory introduced in Chapter 7. Once the DC ec "
construction is outlined, attention can then be given to further theory in v(')h'”‘ie”;m
will be considered from a functional viewpoint, under the headings: (1) The Generat .
(2)The Motor. Recently there has been a trend to remove detailed study of the D.C, genZ:: ¢
from marine electrotechnology syllabi. Nevertheless, study is valued as it helps deﬁ
the differences between the generator - a machine to convert mechanical into electri .
energy, from the motor — a machine to convert electrical into mechanical energy. 7

The principal features of D.C. machines are described under (1) the field system of

stator and (2) the armature or rotor. Figure 12.1is a representation fora D.C. compound
wound generator,

, ’Fiefd system

This includes the magnet arrangement of poles and yoke, the field coils and interpolés

(if fitted). Interpoles are part of the armature electrical circuit and are mentioned
under the headina af PAIEC ANA VALF - ¢ . .

The D.C. Generator = 299

®

Compole or
infarpels Symbols used
Sh_unt g Armature for the D.C.
Selo machine
Series field

5 Figure 12.1

electromagnets and are often fitted with pole-shoes to concentrate ‘the field across
the narrow air gaps in which conductors move. The yoke is an extension of a magnet
system forming the main frame of the machine carrying flux from and to the poles.
Figure 12.2 shows typical field system construction.

poles and yoke are constructed from cast steel or fabricated from mild steel sheet cut
and rolled into shape. Poles may be part of the yoke, but are now usually built up in thin
laminate form, riveted together and shaped to include the pole-shoes. Interpoles are
similar to the main field poles but located on the yolk between them, having windings
in series with the armature to reduce armature reaction effects.

FIELD COILS. Field coils are of 2 types: (1) shunt coils - made of many turns of fine wire
and (2) series coils - made from only a few turns of thick cable or conductor. Shunt coils
are built on a ‘bobbin’ or ‘former’ while series coils may be self-supporting. Figure 12.3
shows a typical construction cross-section with insulation determined by the machine

class and its duty.

The armature

This consists of armature core, windings, shaft and commutator. The brushes, although
not part of the armature, are considered as they work with the commutator.

ARMATURE CORE. This is built up from iron laminations clamped between 2 end plates.
Laminations are insulated from each other to minimise induced circulating or ‘eddy
currents’ If clamping bolts pass through the core as shown (figure 12.4), they must be
insulated.

Modern methods use stamped laminations pressed onto and ‘keyed’ to a shaft, with
end plates screwed onto small machine shafts. For larger designs a‘spider’shape helps
ventilatinn and keanc tha irnn valiime needed to a minimum.
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Cast steel Whole coll
yoke varnish  ——
Pole cast impregnated
Pole solid with -
shoe yora
(always
laminated)
Cotton
tape —
Former of —7]
leatheroid or
fibre

Double cotton covered
or enamelled wire

Pole
completely
laminated

Laminations of soft
iron stalloy or lohys

Ventilation
holes

Field
windings

Older type of construction

Laminations

Interpole Ventilation Engd

holes ring

Cast
spider

A ,Fig‘ufe 12,2

WINDINGS. The number of conductors, their size, shape, etc. are decided by the More modern construction

machine’s design requirements. Figure 12.5 shows a typical method of locating and
holding coil sides in place. A wedge of bakelised paper or fabric is shown, but open
slots with a piece of fibre and ‘binders’ made from high-tensile steel wire, can be used.
For small machines, for example, motors for vacuum-cleaners. cahin-fanc ate armature

A Figure 12.4




