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8. Three-phase Current
8.1. Generation of Three-phase Current

In the preceding Chapter we have shown that a sinusoidal alternating voltage is
induced in a conductor loop which is rotated in a homogeneous magnetic field.
Several conductor loops which are mechanically connected together can also be
turned in a magnetic field at the same time. Then, in each conductor loop, a
sinusoidal alternating voltage is induced. An arrangement where three conductor
loops displaced by 120 to each other are used has gained great importance in
practice (Fig. 8.1.).
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Fig. 8.1. Principle 6f the three-phase oberhung-type alternator

1, 2, 3 - Rotatable coils
4 - North pole
5 - South pole

In order to conduct the electrical energy generated in this overhung-type alternator
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to the consumer, sliding contacts must be provided for all three conductor loops.
This disadvantage is not associated with the inner-pole alternator. In This type, the
three conductor loops are fixed in the stator of the alternator (an alternating-current
generator is also called alternator) while the magnetic field in the interior is rotated.
(Fig. 8.2.). The relatively low electrical energy for the production of the magnetic
field must be fed to the rotor of the generator via sliding contacts.

In each of the three coils, a sinusoidal voltage is produced when the magnetic field is
rotating which - in accordance with the arrangement of the coils - exhibits a phase
shift of 120°. (Consequently, a voltage maximum is always reached, when the
magnetic pole is turned past the coil. For the three coils, this always occurs after a
rotation of the magnetic pole through 120 °). The line diagram of these three
voltages is shown in Fig. 8.5.
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Fig. 8.2. Principle of the three-phase inner-pole alternator

1, 2, 3 - Fixed coils
4 - North pole
5 - South pole
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Fig. 8.3. Line diagram of voltages of three-phase current

The three voltages subjected to a phase-shift of 120° are called three-phase current.
In order to distinguish safely between the three voltages and their three coils, the
three phases are marked by L1, L2 and L3 and coloured (L1: yellow; L2: green; L3:

violet) according to an IEC-recommendation. 1) The connections of the starts of the
coils can be desighated by U, V and W and the ends of the coils by X, Y and Z. For the
phases L1 to L3, sometimes R, S and T are used as designation.

1) 1EC = International Electrotechnical Commission

When a magnetic field is rotated, inside of three coils which are displaced by
120° to each other, then three sinusoidal voltages are produced which are
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called three-phase current. A phase shift of 120° exists between every two of

the three voltages.

Questions:

1. What is the difference between overhung-type alternator and inner-pole

alternator?
2. What are the advantages of the inner-pole alternator over the overhung-

type alternator?
3. How are the three phases distinguished from each other by markings?
4. What is the phase angle between the voltages of the three phases?

8.2. The Rotating Field

The most important property of the three-phase current is discussed here. For this
purpose, we again start from three coils displaced by 120° from each other which are
connected to a three-phase current according to Fig. 8.3. (Fig. 8.4.).
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Fig. 8.4. Three-phase winding of a motor

Fig. 8.5. Development of the rotating field
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b) Resulting magnetic field for the points of time plotted on

In each of the three coils, an alternating field will be brough about in accordance
with the alternating voltage applied. The total magnetic field resulting from the
magnetic fields of the 3 coils is subject to a closer examination below. For this
purpose, we have to give some explanations regarding the representations. When the
positive half wave of the alternating voltage is applied to the coil, a magnetic north
pole will be formed at the end of the coil which is inside the arrangement in
accordance with the sense of winding of the coil. This pole is represented by cross
hatching. The density of the lines of hatching corresponds to the amplitude of the
voltage present at the instant of observing. When the negative half wave is applied,
the south pole is formed which is represented by longitudinal hatching. For the
points of time entered into the three-phase current line diagram in Fig. 8.5.a, the
magnetic flux produced in the three coils at the points of time a to g is shown in Fig.
8.5.b. The position of the total magnetic field brought about by the three individual
fields is represented by the position of a rod magnet whose north pole is marked
black. (A representation of the coils as given in Fig. 8.4. is omitted for the sake of
clearness.) The position of the total magnetic field changes with the interval of time
under consideration of the three-phase current line diagram. It is evident that the
total magnetic field has turned through half a revolution from point of time a to point
of time g. When further partial pictures would be represented, then a full revolution
of the total magnetic field would be performed during the duration of a cycle of the
three-phase current. This shows that, in a three-phase winding connected to three-
phase current, a rotating magnetic field is formed which is called rotating field. The
majority of electric motors and their mode of operation are based on the presence of
the rotating field which enables extremely simple and sturdy designs of electric
motors. Within a full cycle of the three-phase current one revolution of the rotating
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field is performed in an arrangement according to Fig. 8.5. When two times three
coils are arranged at the circumference, then the rotating field will perform only half
a revolution within one cycle. Such an arrangement is termed as design with two
pairs of poles. There are also arrangements with a higher number of pole pairs. For
the calculation of the rotational speed of the rotating field we have

np =f/p

(8.1.)

where:

np rotational speed of the rotating field

f frequency
p number of pole pairs

Example 8.1.

A three-phase current winding (also known as polyphase winding) with three pairs
of poles is connected to a three-phase current having a frequency of 50 Hz.
Determine the rotational speed of the rotating field per minute!

Given:
f =50 Hz
p=3
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To be found:

np in rpm
Solution:

np = f/p
np = (50 1/s)/3

Since the speed per minute is required, the above calculation will, however, result in
the revolutions per second, multiplying by 60 s/min is necessary.

np = (50 1/s ¢« 60 s/min)/3
np_= 1000 rpm

The rotating field has a speed of 1000 revolutions per minute.

When exchanging two phases shown in Fig. 8.5. in the manner represented in Fig.
8.6., the sense of rotation of the rotating field is inverted. This property of the three-
phase current is also of advantage to the construction of electric motors.
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Fig. 8.6. Three-phase winding with the phases exchanged as compared to Fig. 8.5.

Inside a polyphase winding connected to three-phase current a rotating field
is formed (rotating magnetic field) whose sense of rotation can be inverted by
exchanging two connections. The rotational speed of the rotating field is
dependent on the frequency and the humber of pole pairs. Simple designs of
motors are possible due to the rotating field involved in three-phase current.

Questions and problems:
1. Under which conditions is a rotating field formed?

2. Demonstrate the reversal of the sense of rotation due to the exchange of
two phases as shown in Fig. 8.6. with the help of a representation as given in
Fig. 8.5.b!
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3. What is the technical importance of the rotating field?

4. Calculate the possible rotational speeds of the rotating field for
arrangements with 1 to 10 pairs of poles when the frequency is 50 Hz!

8.3. Interlinking of the Three-phase Current

The explanations given in Section 8.1. show that three-phase current involves three
phases with two connections each. Consequently, six lines would be necessary as
connection between generator and consumer or load. Such an open three-phase
system ins not used in practice. By a combination of certain conductors, which is
termed as interlinking, connecting lines can be saved. In practice two of such
interlinking connections are used, namely, the star connection (also known as Y-
connection) and the delta connection.

The interlinking of the three phases of a three-phase current into a star connection is
shown in Fig. 8.7. For this purpose, the ends of the three generator coils (X, Y and Z)
are connected and, in most cases, the connecting point is brought out as neutral
conductor N. Then, four lines are required between generator and consumer.
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Fig. 8.7. Star connection

When the load, resistors also arranged, in star connection have the same resistance
values and cause an equal phase angle between current and voltage (in Fig. 8.7.,
pure active load, with a phase angle of 0 is represented.), then a line diagram will be
brough about for the three currents which resembles that shown in Fig. 8.5. When
we take a closer look at the sum of the three instantaneous values at any point of
time in this line diagram, we will find that this sum is always equal to 0. Let us study
this fact with particular respect to certain points of time on the basis of the line
diagram shown in Fig. 8.5.a. For example, at point of time b, the phases L1 and L3
have half of the positive peak value and phase L2 the negative peak value. At point of
time c, phase L3 has the value of 0, and the values of phases L1 and L2 are equal but
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of opposed directions. From this follows that no current is flowing in the neutral
conductor R with the same phase load. In practice, equal phase load is seldom given
so that a current flows in the neutral conductor which, however, is smaller than the
current in the phase conductors L1, L2 and L3.

Fig. 8.7. also shows that a voltage can be tapped between phase conductor and
neutral conductor (UL 1N, UL2N, UL3N) Which is designated by Ugtr, and between

two phase conductors (U112, UL1L3 UL2L3) which is designated by U . The voltage

between the phase conductors is produced by series connection of two generator
coils. In order to be in a position to calculate the magnitude relations between Uggr

and UL, a similar circuit in a direct current circuit will be considered as a repetition
(Fig. 8.8.).
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Fig. 8.8. Determination of the voltage between the points A and B

Two voltage sources are connected in series and the point of connections is
considered as the reference point (e.g. frame or earth). In this example, point A has
a positive voltage (Up) with respect to the reference point and point B has a negative

voltage (Ug) with respect to the reference point. Between the points A and B is the
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difference of the voltages Up and Upg related to the reference point.

UaB =Ua-Up
When we assume that Up = 2 Vand Ug = - 2V, then we have for Upp

UaB = +2V - (-2V)
uap =4V

Similar conditions are given in a star connection; however, the phase shift between
the voltages sources connected in series must be taken into consideration. In order
to ascertain the voltage between the phase conductors, we first have to represent
the three phase voltages (also known as star voltage) with their phase shift of 120°
to each other in the form of voltage vectors.

In order to be in a position to determine the voltage between the phase conductors,
two voltages related to the neutral conductor as reference point in each case must be
subra... | from each other by adding a further vector to the tip of a given vector but
having opposite direction. As resultant vector we obtain the line-to-line voltage. By
comparison of magnitudes in a vector graph true to scale, we obtain as magnitude
relation between phase voltage and line-to-line voltage

UL = 1.73 ¢ Ustr

Fig. 8.9. Graphical determination of the line-to-line voltage
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a) Vector diagram of the phase voltages
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Uuan

b) Vector diagram of the phase and line-to-line voltages

The numerical factor 1.73 is the root extracted from 3 and, consequently, the
equation can be written as

U, =3-Uy,

(8.2.)
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where:

UL line-to-line voltage (or phase-to-phase voltage)
Ustr phase voltage or star voltage or voltage to neutral

o o
Fig. 8.10. Triangle for calculating the magnitude relation between phase voltage and
line-to-line voltage (Ustr = phase voltage, UL = line-to-line voltage)

The ralation of magnitude between U and Ugtr can also be determined

mathematically. For this purpose, Fig. 8.10. shows a triangle as a part of the
representation given in Fig. 8.9. Using the trigonometric functions, we have

UL/2 = Ugtr » 30°

UL = 2 o Uggr o cOS 30°
T 7 I a
l{jj. = 2‘{_.'"\-”_;‘\‘/;
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U, =+3-Uy,
Example 8.2.

The phase voltage of a three-phase current network is 220 V. Which line-to-line
voltage is available in this network?

Given:
Ustr = 220
To be found:
UL
Solution:
U, =3-Uj,
UL =1.73¢220V

Up =380V

A line-to-line voltage of 380 V is available.

Example 8.2. demonstrates a typical case. With such a network, the voltage of 220 V
desired by households can be supplied as the phase voltage while a line-to-line
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voltage of 380 V is available from the same network for industrial enterprises.

In practice, sometimes the phase relation between phase voltage and line-to-line
voltage is utilised. Thus, Fig. 8.9.b shows that, for example Ul 12 exhibits a phase
shift of 90° with respect to UL3N- In general, it holds that the line-to-line voltage has

a phase shift of 90° with respect to the phase voltage of the phase conductor not
under consideration.

In the delta connection shown in Fig. 8.11., one starts from the consideration that
the sum of the individual voltages is always 0 at any time. Therefore, no balance
current can flow within the generator in delta connection. In this circuit, only the
line-to-line voltage occurs. But in the junctions, a current division is obtained. For
the upper junction we have

IL1 = Iwz - Iux

When the three line-to-line currents have the same intensity, then the vector
representation given in Fig. 8.12. is obtained. For the relation of magnitude between
phase current and line-to-line current a relation is given similar to the relation of
magnitude between phase voltage and line-to-line voltage. With the same phase load
we have

where:
IL line-to-line current (or phase-to-phase current)

Istr phase current
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I = xf3 A,
(8.3.)
L1
[¥;
L2
L3

Fig. 8.11. Vector representation of the currents
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Fig. 8.12. Delta connection

In three-phase systems, two methods of interlinking are possible - the star
connection and the delta connection. In the star connection, voltages can be
tapped both between the phase conductors and between the neutral
conductor and the phase conductors. In the delta connection, only the line-to-
line (phase-to-phase) voltage is available, however, the difference between
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line-to-line current and phase current must be taken into consideration.

Questions and problems:

1. Sketch the star connection and the delta connection of the three coils of a
generator!

2. Determine the relations of magnitude between phase voltage (voltage to
neutral) and line-to-line (phase-to-phase) voltage by means of sketch true to
scale! (Note: Select a length of 50 MM for the phase voltage!)

3. Calculate the voltage to neutral with a phase-to phase voltage of 220 V!

4. What is the value of the current flowing in the coils of a generator in delta
connection when the current in the phase conductors is 34.6 A?

8.4. Power of Three-phase Current

For calculating the power of three-phase systems, the same relations are applicable
as for the calculation of the power of alternating current systems. In accordance with
the phase angle involved, a distinction is also made between effective power,
reactive power and apparent power.

The star connection of three equal resistors is shown in Fig. 8.13.
For the total power, we have

P=3eUgtreIL ecosg
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When the power is to be determined, on the basis of the line-to-line voltage UL, the

following holds when using equation u.2.

=

L

P=3
T

L8]

I, -cosg

[y

P=+3" U, -1, -cosg

(8.4.)
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Fig. 8.13. Star connection of three resistors

When three equal resistors are connected in delta (Fig. 8.14.), the total power is
written as
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P=3eULelIgtrecosyop

ha

L3
IWL/

IL2

L2 R1
!*:?‘ \
| R2
L1
L1 ——

Fig. 8.14. Delta connection of three resistors

When the line-to-line current is used, the following holds when using equation 8.3.

[a—

> —3.]]. - —L_.
P=3-U -—=cosp

L3

v
P=+3-U, 1, -cosg

D:/cd3wddvd/NoExe/.../meister10.htm 33/282



21/10/2011 meister10.htm
(8.5.)

where:

UL line-to-line voltage
IL line-to-line current
cos ¢ power factor

A comparison of the equations 8.4. and 8.5. shows that, independent of the given
type of connection, the same equations for calculating the power are given.

When the phase load is unequal, the total power is obtained in the form of the sum of
the powers in the three phases to be determined individually.

Example 8.3.

Three resistors of 800 O each have to be interposed in a three-phase network of 380
V one time in star connection and another time in delta connection. Calculate the
effective power involved in each case.

Given:

U_.=380V
R = 800 Q
cosgp =1

To be found:
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effective power P for star connection and for delta connection

Solution:

star connection of the three resistors

P=+3" U, -1, -cosg

In star connection, only the phase voltage drops at the three resistors. Hence, for the

current I we have

U i

V3R

This expression is entered in the initial equation

I, =

P=+3-U,- [%a-cosgp

N2

P = (380 V)2/800 O

P=180.5W

delta connection of the three resistors

P=43 U, ‘1, -cose
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P=3eULelIgtrecosyop

Since the full line-to-line voltage is applied to each resistor, we have for the phase
current

Istr = UL/R
This expression is entered in the initial equation

P=3eUL2/Recos g

P =3.(380V)2/800 Q
P=541.5W

At the three resistors, a total power of 180.5 W is obtained, in star connection and of
541.5 W in delta connection.

In practice frequently advantage is taken of the possibility of obtaining different
powers by changing the type of connection of the various loads. For example, for
three-phase motors, there are special switching devices which enable the changing
over from star connection to delta connection and vice versa.

The power of a three-phase system can be determined from the sum of the
individual powers in the three phases in ease of unequal phase loads or from
the relation given in equation 8.4. in case of equal loads irrespective of the
type of connection.

Questions and problems:
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1. Determine the effective power of three resistors in star connection of 200 O
if the latter are connected to a three-phase network with a line-to-line voltage
of 220 V!

2. Determine the effective power when the three resistors of problem 1. are in
delta connection!

3. Three unequal effective resistances (80 Q, 200 Q, 500 ) have to be
connected in star and in delta arrangement to a three-phase network with a
line-to-line voltage of 380 V. Determine the total effective power!
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Introduction to Electrical Engineering - Basic vocational knowledge (Institut fr
Berufliche Entwicklung, 213 p.)

9. Protective Measures in Electrical Installations
9.1. Danger to Man by Electric Shock

The electrical current exerts effects on man (also see Chapter 1). A useful effect is
produced, in a few electromedical therapies. On the other hand, hazards to man can
be caused by an electric shock (inadvertent passage of current through the human
body). The consequences of an electric shock are dependent on the intensity of the
current passing through the human body and on the duration of action. The current
path through the human body is also of particular importance. A great danger is
given when the current path passes through the heart; this is given when the voltage
acts from hand to hand or from hand to foot. Depending on intensity and duration of
the passage of current through the body, muscle contraction, which may reader
impossible the release of the touched electrode, will occur. Consequences are burns,
unconsciousness and ventricular fibrillation which is an extreme danger of life.

To prevent accidents due to electrical current, comprehensive safety regulations
have been en acted in all countries which must be observed in any case. The
increasing exchange of goods necessitates in future a standardisation of these
regulations on an international level. Efforts are made by the “International
Electrotechnical Commission” (IEC), and the “"Standing Commission for

D:/cd3wddvd/NoExe/.../meister10.htm 38/282



21/10/2011 meister10.htm

Standardisation” of the “Council for Mutual Economic Aid” (CMEA) to arrive at
generally accepted rules.

The definition of a few physical quantities in connection with protective measures is
illustrated in Fig. 9.1. Here, it is assumed that the phase conductor L1 has body
contact (low-resistance connection of the phase conductor with the casing of the
motor) and that the protective conductor with the function of a neutral conductor
(PEN) is interrupted. The contact voltage Up is the voltage directly acting on man in

the event of a fault while the failure voltage Uf in the present case is given by the

voltage between phase conductor and neutral conductor. The current flowing in case
of a fault is called fault current Ip! The operational earthing resistance Rp, is the

resistance given when the neutral conductor at the supply side is connected with
reference earth and the position transition resistance Rgy is the resistance between

the position (of the installation and the like) and reference earth. Depending on the
condition of the position, Rgt, can become very small (e.g. wet basement floor) while

Up practically becomes equal to Ug. The danger to man at a well conducting position
is, therefore, particularly high.
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Fig. 9.1. Example of the representation of contact voltage, failure voltage and fault

D:/cd3wddvd/NoExe/.../meister10.htm

current (leakage current)

40/282



21/10/2011 meister10.htm
I =fault current

U =failure voltage

Rp =operational earthing resistance
Rgt = position transition resistance
Up = contact voltage

As has been mentioned, above, the detrimental effects is dependent on the fault
current and the time of its action. The fault current is determined by the contact
voltage Upg and the resistance of the human body. This resistance depends, among

other things, on the skin surface and perspiration and may vary within wide limits. In
the case of slight injuries of the skin surface, the resistance is considerably reduced.
In order to acquire the effectiveness of protective measures by measuring techniques
irrespective of the largely varying resistance of the human body, in regulations the
maximum permissible contact voltage (e.g. 65 V, for alternating current the effective
value is decisive) is specified. Another possibility is the statement of the maximum
permissible contact voltage at a maximum permissible disconnection time. Table 9.1.
contains a few values of an IEC Publication as an abstract.

Table 9.1. Maximum permissible contact voltage in dependence of the disconnection
time

\Contact voltage in VHMaximum permissible disconnection time in s\

] < 50 I © |
50 5
| 7= I 1 |
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| i | + |
] 110 I 0.2 |
] 220 I 0.05 |
| 280 H 0.03 |

In the past many different measures for the protection of man from electrical shock
have been developed. Of the great variety of protective measures, one or several
have to be selected in accordance with the given concrete conditions. For electrical
devices, three protective classes have been specified. Devices with protective
conductor connection belong to the protective class 1, devices with protective
insulation belong to protective class 2 and devices for extra-low protective voltage
to class 3.

For the protection of man from electric shock, protective measures in
electrical devices and installations are necessary. The maximum permissible
contact voltage continuously applied or occurring only during a specified
period of time must not exceed the specified maximum value.

Questions:

1. Gather information about “first aid” in cases of accidents due to electrical
current!

2. Which are the conditions under which the danger due to an electric shock is
particularly high?

3. Explain the terms contact voltage, failure voltage and fault current!
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9.2. Measures for the Protection of Man from Electric Shock

9.2.1. Protective Insulation

For electrical household appliances and portable tools (e.g. electric hand-drilling
appliances), the electrical protective insulation is a very effective protection from
electric shock. The emergence of a contact voltage is practically avoided by the
special arrangement of the insulation. Fig. 9.2. shows two methods of arranging a
protective insulation. For example, an electric hand-drilling appliance can be
provided with a plastic enclosure (protective insulating covering) and the metallic
gear and drill chuck can be connected with the motor by means of a clutch of
insulating material (protective intermediate isulation). For this purpose, special
requirements must be specified for the mechanical, thermal, electrical and chemical
stability of the insulating materials to be used. At accessible points of live parts,
which do not belong to the service circuit, a protective conductor must not be
connected. Devices with protective insulation may be marked with two squares, an
outer one and an inner one. ([2])

Fig. 9.2. Protective insulation
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b) protective intermediate insulation

1 Operational insulation

2 Metal enclosure
3 Protective insulation

9.2.2. Extra-low Protective Voltage

If a safe protection against accidental contacts of the live parts in operation is not
possible or if tools have to be used in an environment where particular hazards are
given (e.g. in narrow boilers), an expedient protective measure is the use of extra-
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low protective voltage. In the no-load state, it must not be greater tan 50 V. For
electrical toys for children lower values are specified.

When extra-low protective voltage is used, no live conductor must be earthed in
operation. The extra-low protective voltage is generated in special transformers or
by motor generators. The circuits of extra-low protective voltage have to be installed
in such a way that they are safely separated from other circuits. For this purpose,
only such plug-type connections or connectors have to be used which safely prevent
an inadvertent connection of the tools and the like to other voltage sources. Like
with protective insulation, conductive parts of the tools and the like, which do not
belong to the service circuit, must not be connected with a protective conductor.

9.2.3. Protective Isolation

Like the extra-low protective voltage, the protective isolation is a galvanic separation
from the feeding supply network but the output voltage may be greater than 50 V.
This protective measure is applicable, for instance in television repair shops, in work
to be done in the open or in boiler houses.

In this case only one load may be connected to an output winding of a transformer.
Fig. 9.3. shows an otherwise dangerous situation in the case of double body contact
and connection of two devices to one winding. The using plug-type connectors,
switches and a tool or the like with protective conductor connections (protective
class 1), all protective conductor connections must be connected with each other. If
work is to be done in narrow space on metallic floors and the like, then the isolating
transformer should be provided with protective insulation and arranged outside of
this space. In addition a potential equalisation line must be arranged between
protective conductor connection and tool. In this way any danger due to a damaged
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lead is safely avoided.

Fig. 9.3. Impermissible connection of two devices to one winding of a protective
isolating transformer

I = fault current;
Up = contact voltage
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9.2.4. Protective Wire System

The measures described in 9.2.2. and 9.2.3. ensure a high protective effect against
electric shock but they are very expensive. When in a room many electrical
appliances are put into operation at the same time and when, for reasons of safety, it
should be avoided that, in the case of body contact of one of the devices, the whole
installation is switched off, then the protective wire system is the adequate
protective measure. These conditions may occur, for example, in an operation
theatre.

No conductor of the service circuit must be earted, not even the neutral conductor-
that is a condition of the protective wire system. On the other hand, all of the
conductive parts not belonging to the service circuit and all conductive parts of the
building (water pipes, other pipe lines, metallic structures of the building) must be
connected together in any case. There is a puncture cut-out between neutral
conductor (H) and earth. In the case of a simple body contact, there is no danger of
an occurrence of a dangerous contact voltage. However, in the case of a double body
contact, there is the danger of a dangerous occurrence of contact voltage.

If in an installation - as has been mentioned above -, with an suddenly occurring
body contact no danger to man shall occur and no switching off is to be effected,
then a switching monitoring continuously the isolation resistance to earth of the
service circuit (e.g. 25 Q/V) is employed, releasing a fault signal (Fig. 9.4.). This type
of monitoring will reliably indicate a first body contact. When signalling is not
desired, care must be taken that, in case of a double body contact, the breaking
current Iy will flow and the installation is reliably and quickly switched off. The

conditions for the breaking current I3 will be explained in Section 9.2.5.
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Fig. 9.4. Protective wire system with monitoring of the insulation resistance

1 - Monitoring relay for insulation resistance to earth with signalling the fault
by a horn

2 - Water pipes

3 - Conductive parts of the building

4 - Other pipe lines

9.2.5. Protective Earthing
In protective earthing, all of the conductive parts not belonging to the service circuit
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are connected with the protective earthing device by means of the protective
conductor. Since the fault current is conducted through the earthing resistance, no
impermissibly high contact voltage must occur in the form of voltage drop in this
resistance until the breaking current is reached. Therefore, it is necessary to realise a
sufficiently small earthing resistance (see formula 9.1.)

{

7
B perm
R < —Brem
I

a

where:

UB perm maximum permissible contact voltage (e.g. 65 V)
I3 breaking current

Rs earthing resistance

Fig. 9.5. shows an example of a fault-current circuit
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Fig. 9.5. Fault circuit involved in the protective measure called protective earthing

IF - fault current
Rg - earthing resistance
Rp - operational earthing resistance

Depending on the fuse used, the breaking current must be selected in such a way
that it is higher by the factor k than the rated current of the fuse (formula 9.2.)
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Ia = k In

where:

I5 breaking current

k switching off factor
I, rated current of the fuse

In this way it is to be achieved that, in case of a fault, the circuit is interrupted within
a adequately short time. High values of k ensure an increased safety due to a quicker
response of the fuse but in many cases they cannot be realised by an economically
justifiable expense. The minimum values of k are specified, in special regulations in
dependence of the type of fuse connected.

For the return flow of the fault current, the water pipes may be used if permission is
given. But this is rarely used today because no-metallic water pipes are increasingly
employed.

9.2.6. Connection to the Neutral

A protective measure which can be realised, easily and at low expediture is the
connection to the neutral; it provides a good protective effect. All conductive parts
and units not belonging to the service circuit are connected with the protective
conductor (PE) which is connected with the earthed neutral conductor (N).
Protective conductor and neutral conductor may in this case be formed by a common
conductor (PEN) (protective conductor carrying current in operation) or they may be
installed separately (protective conductor not carrying current in operation).
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In the case of a breakage of the PEN conductor at the supply side, a high contact
voltage may occur at the protective conductor under unfavourable conditions
(danger of Life!). Therefore, additional comprehensive regulations must be observed
for the installation of the protective conductor carrying current in operations,
especially in overhead local transmission lines. Further, a connection of the PEN
conductor to the earth bus at the feeding point and sometimes also in the network
spurs is required. An effective potential equalisation must be provided, in the
customer installation.

If, for the connection of safety plugs, a two-core lead is used (protective conductor
carrying current in operation), the lead (also known as supply line) must be
connected to the protective contact first and then it must be brached off to the
current carrying connection (see Fig. 9.6.). The fault-current circuit for body contact
of L1 with the motor casing shows that the fault current flows through the fuse. For
the breaking current the equation 9.2. also is applicable in this case.

Under certain conditions, monitoring of the voltage at PEN to reference earth may be
required; in this case an all-pole cut-out is effected when a maximum permissible
voltage is exceeded.
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Fig. 9.6. Connection to the neutral (also known as multiple protective earthing)

1 - Protective contact socket

2 - Pipes and other conductive parts in buildings
I = fault current

RpB = operational earthing resistance
9.2.7. Fault-current Protection

In the fault-current protection system, a special switching device - the FI protective
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switch or the FI relay - is connected in series with the loads. All accessible
conductive parts must be earthed Fig. 9.7. shows the fault-current protection device.

A summation transformer is arranged in the FI protective switch which monitors the
current flowing into and out of the installation. In the faultless condition, the sum of
these currents is always equal to 0 according to the first Kirchhoff’'s law, even in the
case of an unsymmetrical load.

The magnetic fields produced in the current transformer neutralise each other and
the secondary of the transformer is not excited. If, in case of a fault, body contact
occurs, the fault current does not flow via the summation transformer but via
ground.
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Fig. 9.7. Fault-current protection system with earthing the protective conductor
connection

1 - Summation transformer in fault-current protective switch
2 - Fault-current protective switch
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3 - Pipe lines as earthing resistance
Rg = earthing resistance

Consequently, the sum of the inflowing and out flowing currents in the transformer is
unequal to 0. The voltage generated in the secondary of the summation transformer
causes the triggering of the switch and the all-pole switching off of the installation
within a very short time (about 20 ms).

The FI protective switches differ by the height of the tripping current (rated, fault

current Ify) Ifn should be designed, in such a way that it is three times the leakage

current to be expected. The earthing resistance must be so small that the rated fault
current causes a maximum voltage drop of Ug perm at the most (formula 9.3.)

RS = UB perm/Ifn
where:

Rg earthing resistance
UB perm maximum permissible contact voltage
Ifn rated fault current of the FI protective switch

For a protective switch with Ify = 50 mA and UB perm = 65 V, an Rg of 2.15 kQ is

obtained. This value can be reached without great difficulties. Also, for a protective
switch with If, = 500 mA, an earthing resistance of 130 Q is sufficiently small. When

a tool and the like is with necessity connected with an earth lead (water pump,
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electrical thermal storage water heater), this method of earthing will suffice when
the required earthing resistance is ensured.

In connection with the protective measure known as connection to neutral, the FI
protective system can be used to advantage according to an IEC recommendation
(Fig. 9.8.). The advantage over the connection to the neutral consists in the fact that
- in case of a relatively low fault current which is considerably lower than the rated
current of the fuse connected in series - a quick switching off of the faulty
installation is effected. The problems of connection to the neutral associated with the
realisation of the switching-off factor k (equation 9.2.) are avoided, the total
switching-off time is shorter.

In order to protect man from the dangerous effects of an electrical shock,
various protective measures can be taken in dependence of the concrete
conditions given. Besides the protective measures without protective
conductor (extra-low voltage, protective insulation), there are protective
measures with protective conductor (protective isolation, protective
conductor system, protective earthing, connection to the neutral). The
measures of the second group differ with respect to protective effect and
costs. It is possible to apply several protective measures at the same time
(connection to the neutral with FI protective system). The selection of the
suitable protective measure is dependent on the type of three-phase network
given and the dangers that may occur in the handling of electrical tools and
the like. Further, it must be decided whether or not several tools and the like
may be switched off in cause of a fault current (e.g. in case of connection to
neutral) or only the defective tool (e.g. in case of separate FI protective
switch for each tool and the like). Further, it must be decided whether in case
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of simple body contact it should only be signalled and the work can be
finished without endangerment (e.g. protective conductor system with
monitoring of the insulation resistance).

L1
L2
L3

I {

— e ma el e e e —aa —

PE

|~

3
Fig. 9.8. Connection to neutral combined with FI protective switch
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1 - FI protective switch
2 - Protective contact socket
3 - Connection of PE to conductive parts in the building

Questions:
1. Explain the protective effect of the various protective measures!
2. What protective measure is suitable for dwelling

installation? Start from the consideration of the different three-phase current
mains!

3. What are the advantages of the connection to neutral with FI protective
switch over the connection to neutral?

4. What has to be observed when using the protective isolation?

5. Why have special connection to be used for the protective measure known
as extra-low protective voltage?

6. Why should the earthing resistance not exceed a maximum value when the
protective measure known as protective earthing with FI protective system is
used?

7. Why should the breaking current value be higher than the rated current of
the fuse connected in series?

9.3. Checking the Protective Measures
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Protective measures taken will only then offer sufficient protection against the
horrible effects of an electrical shock when they are serviceable at any time.
Therefore, checking the effectiveness of the protective measures is demanded by the
legislator. This checking must include both the protective measure for portable tools
and the like and those for fixed tools and plants.

For portable tools and the like, checking of the proper condition of the protective
conductor is required every six months or at shorter intervals depending on the
stress on these means. Care should be taken that the protective conductor
connection at the terminals is always longer than that at the lines carrying current in
operation in order that, in case of a failure of the cord attachment, the protective
conductor will break as the last.

Inspections of the electrical installations have to be carried out every 1 to 3 years.
The way how the inspektions have to be carried out is specified in special legal
regulations.
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Preface

The present textbook is intended for trainees in the field of electrical engineering. It
is also suitable for electricians who want to make themselves again acquainted with
the theoretical fundamentals of electrical engineering by private study and qualify for
higher positions.

The authors have spared no effort to represent the subject-matter scientifically exact
and at the same time so that it is easily understood. For the derivation of formulas
only fundamental knowledge of mathematics is required on the part of the reader.
The grasping of the subject-matter is facilitated by the inclusion in this book of
numerous sketches and illustrations. The practical use of the formulas is shown by
demonstrations of examples of solutions and the trainee will thus be enabled to solve
the problems presented without assistance. Each Section is followed by a summary
of the subjects and problems for exercise and recapitulation.
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We are indepted to the experts for their valuable suggestions. We wish all readers a
successful completion of their vocational training and hope this textbook will be
instrumental to this end; and we ask them to send suggestions for improving the
textbook to the Institute for Vocational Development.

Institut fr berufliche Entwicklung
[ | ™
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1. Importance of Electrical Engineering
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Our life would be unthinkable without the use of electrical energy. The growing
utilisation of the latter is a decisive prerequisite for a rapid development of industry
and agriculture.

A few examples will show the importance of electrical energy. Thus, electrical
lighting is indispensable for working during the dark hours of the day. With
increasing industrialisation, a growing proportion of electrical energy is used for the
lighting of shops, offices, dwellings and for outdoor lighting. Man is relieved from
heavy physical labour by the use of electrical devices. The drive of machines, hoisting
gear and lifts is enabled in a simple form by the electromotor which in railway
transport also has the advantage over internal combustion engines. There are many
buildings where an air-conditioning system including heating, cooling and ventilation
is installed for the operation of which electrical energy is required. At higher ambient
temperatures, foodstuffs can only be kept for a prolonged period of time in
refrigerators or cold-storage rooms which usually are also operated with electrical
energy.

Without electrical energy, there would be no broadcasting and television systems, no
telephone communication or telegraphy. In order to arrange automatic sequences of
operation in production, devices of control an regulation engineering are required
which, today, are driven almost exclusively by electrical energy. Table 1.1. shows a
survey of the two large fields of electrical engineering, power electrical engineering
and information electrical engineering.

The consumption of electrical energy by the various branches of economy is quite
different. The chemical industry and metallurgy have a particularly high
consumption. For the production of the electrical conductor materials electrolytic

D:/cd3wddvd/NoExe/.../meister10.htm 64/282



21/10/2011 meister10.htm
copper and aluminium, very large amounts of electrical energy are required.

Table 1.1. Sections of Electrical Engineering

] Power Electrical Engineering H Information Electrical Engineering \
\ Section H Examples H Section H Examples \
Generation of electrical |Power stations Overhead |Communication-|Broadcasting, television,
energy Transmission of |lines, cables engineering other telecommunication,
electrical energy telephone, telegraph,
telewriter
Conversion of electrical |Motors, light sources, Control and Control of air-conditioning
energy thermal devices, regulation plants, control and
refrigerators, galvanic engineering regulation of production
stations processes
Storage of electrical accumulators Electronic Pocket computers, data
energy computer processing
engineering

In industrial countries, the consumption of electrical energy increases by 4 % to 7 %
per year. For this purpose, considerable amounts of primary energy carriers such as
coal, petroleum or natural gas must be provided. All over the world, a reduction of
the resources of primary energy carriers takes place. At the same time, their prices
have been increased continuously. Water power is not in all countries available to a
sufficient degree.

The initial cost for the construction of a hydroelectric power station by far exceed,
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the initial cost of a thermal power station.

According to the present developmental stage of engineering, nuclear power stations
represent not yet a final solution of the problem. Therefore, it is absolutely necessary
to use electrical energy sparingly. This also means that such devices and installations
have to be developed and used which ensure a high net efficiency with as small a
consumption of electrical energy as possible.

Finally, mention should be made of the fact that electrical energy can be transported
conveniently through large distances at low losses. On the other hand, there is the
disadvantage that electrical energy can be stored only in small amounts at high cost.
Production and consumption must take place largely at the same time.
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Introduction to Electrical Engineering - Basic vocational knowledge (Institut fr
Berufliche Entwicklung, 213 p.)

2. Fundamental Quantities of Electrical Engineering
2.1. Current

Flowing quantities of electricity cause effects which are utilised in practice, i.e. in
electrical engineering. Since flowing quantities of air are called an air current,
flowing quantities of water a water current, the phenomenon of flowing quantities of
electricity is called electrical current.

The carriers of the quantities of electricity are called charge carriers. Mostly the
latter are electrons, in rare cases ions. An electron has the smallest imaginable
charge which, therefore, is called elementary charge. In electro-technology,
electrons are considered as practically massless charge carriers because of their
small volume and extremely small mass.

Electrons are constituents of atoms, the basic units of which the material world is
constructed. An atom consists of a nucleus and the electrons surrounding it. Atoms
or groups of atoms which have lost or gained one or more electrons are called ions.
Ions are charge carriers having mass. When an ion - as compared with the chargelss
neutral atom - has more electrons, then it is called negatively charged, when it has
less electrons, it is called positively charged. The electron itself has a negative
charge.

As a current consists of flowing quantities of electricity (charge quantities), it can
only flow in such substances which possess freely mobile, non-stationary charge
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carriers. Substances with many mobile charge carriers are called conductors. They
include all metals (especially silver, copper, aluminium and iron) and electrolytes
(salt solutions). As the current in metals is carried by electrons, it is called electron
current, whereas the current flowing through electrolytes is called ion current
because the flowing charge carriers are ions.

) ) .-
Fig. 2.1. Electron current; the free electrons move through the atomic lattice of the
conductor

1 - Atomic union
2 - Conductor electrons
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Fig. 2.2. Ion current

1 - Metallic feed lines
2 - Electrolyte

3 - Electrons

4 - Negative ions

5 - Positive ions

6 - Neutral molecules

Substances in which the charge carriers are fixed or stationary, that is to say, they
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are not freely mobile, are called non-conductors or insulators. Current cannot flow
through them. The most important non-conductors are procelain, glass, plastics.

There are substances whose electrical conductivity is such that they are between
conductor and non-conductor. They conduct current so badly that they cannot be
termed as conductor but they allow a small current to flow so that they cannot be
used as a non-conductor. These substances are called semiconductor. The most
important semiconductors are silicon, germanium and selenium. Semiconductors are
of particular practical importance to electrical engineering.

We cannot perceive electrical currents directly but only indirectly we become aware
of three characteristic effects of current.

These are

1. the generation of heat in conductors through which current flows
2. the magnetic field associated with the current
3. transport of substance by ion currents

Re 1. - Every electric current generates electric heat in conductors. It is utilised in
electric heating engineering, for example, cooking plate, flat iron. The generation of
electric heat can be imagined in such a way that the flowing charge carriers collide
with the stationary particles forming the skeleton of the material or substance. As a
consequence, the energy of the braked charge carriers is converted into irregular
oscillatory energy, namely thermal energy, of the stationary particles.
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Fig. 2.3. Development of heat in the current carrying conductor

Re 2. - Every electric current is accompanied by a magnetic field. It surrounds the
current spatially like an eddying fluid its axis of eddy. There is no current without a
magnetic eddy and no magnetic field eddy without current. Proof of this can easily be
given by means of a magnetic needle which with initial direction parallel to the
current will be turned so that it is across to the current. The mutual coupling of
current and magnetic field is of eminent practical importance, for example, for an
economic production of electrical energy (see Section 5).
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Fig. 2.4. Magnetic field associated with the current

1 - North pole
2 - South pole

Re 3. - When a fluid conductor with ions is interposed in a metallic current path,
material changes will take place at the two feed wires when current flows. These
material changes are the result of the material particles flowing with the ions, in
other words, a consequence of the transport of substance associated with the
current. From the ions, the electrons can migrate into the current supply leads or out
of them; this cannot be effected by the material particles which, consequently, are
deposited at these leads. If, for example, the fluid conductor is a copper sulphate
solution, the copper particles are separated at one electrode in the form of a metallic
coat. This process is called electrolysis. It is used for the winning of metals,
especially metals in a pure state, for the deposition of metallic coats and protective
coverings (galvanisation).
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Fig. 2.5. Transport of matter in case of conduction by ions

In order to define the intensity of a current, the term current intensity (formula sign
I) has been introduced.

Obviously, it is independent of the place of the line, the line material and the line
cross-sectional area but it is only determined by the number of charge carriers
(quantity of charge Q) flowing through the line in a certain time t. When, in a certain
time, many charge carriers flow through the conductor, then the current intensity is
high, vice versa it is low.

The fallowina holds: where . . . Lo (2.1)
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I =Q/t I current intensity

Q charge quantity
t time

The sign of the current intensity indicates the current direction. It is an arbitrarily
established mathematical direction of counting and should not be confused with the
aktual flowing direction of the moved charge carriers. One has defined:

The current intensity is positive when the current direction is equal to the direction
of flow of the positive charge carriers or when it is opposite to the direction of flow
of negative carriers (e.g. electrons).

The unit of current intensity is called ampere = A in honour of the French physicist
Marie Andr Ampre (1775 - 1836).

[I1=A
Other usually used units of the ampere are

1 kA = 1 kiloampere = 103 A = 1.000 A
1 mA = 1 milliampere = 103 A = 0.001 A
1 JA = 1 microampere = 106 A = 0.000001 A

In electrical engineering, current intensities may occur in largely different
maghnitudes. Table 2.1. shows a few values.

Table 2.1. Current Intensities for a Few Applications
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Melting furnace 100,000 A= 100 kA
Aluminium production 10,000 A= 10 kA
Welding 1,000 A= 1 kA
Starter for motor-car 100 A

Household appliances up to 6 A

Refrigerator 0,5A =500 mA
Torch lamp 0,2 A=200 mA

After the establishment of the basic unit for the current intensity, units for the
quantity of electricity can be derived from equation (2.1.), namely

Q=1I.t

[Q] = [I] « [t]
[Q] = A es and from 1A ¢ 1s = 1C = 1 coulomb follows

[Ql=C

The product of A ¢ s is called coulomb in honour of the French physicist Charles
Auguste de Coulomb (1736 - 1806).

A larger unit of the quantity of electricity is the ampere-hour (a.h). As 1 hour has
3,600 seconds, the following relation holds for the conversion of A.s into A.h:

1Aeh=1A«¢3600s =3600A«s =3600C

The electrical current is the phenomenon of flowing quantities of electricity. The
carriers of the quantities of electricity are called charge carriers; these are electrons
and ions. As to their conductivity for electrical current, the various substances are
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divided into conductors, non-conductors (insulators) and semiconductors. The three
characteristic effects of current are

- generation of heat in conductors through which current passes
- the magnetic field associated with the current
- transport of substance by ion currents

The current intensity is determinded by the quantity of charge flowing through the
conductor during a certain time. It results from the relation I = Q/t. The unit of
current intensity is the ampere = A; the most frequently used sub-units are kA, mA
and pA.

From the definition equation of the current intensity, the basic unit for the quantity of
electricity is derived; it is the ampere-second (A.s) = coulomb (C). A frequently used
sub-unit is the ampere-hour (A.h).

Questions and problems:
1. How many A are 27 mA; 5,1 kA; 80 pA; 1,000 mA; 6,500 pA; 0,04 kA
2. How many C are
0,5 A.h; 84 A.h; 0,000278 A.h?

3. A quantity of electricity of 108,000 C is flowing through a line within 5
hours. Find the current intensity.

4. An electric current having the intensity of 2 A flows through a line for a
period of 2 hours. Calculate the transported quantity of electricity in the units
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C and A.h.

2.2, Voltage

In order that a current flows through a conductor, an electrical “pressure” must be
exerted on the freely mobile charge carriers. This “pressure” is the electrical drive
phenomenon on the charge carriers which is called voltage. There is no current
without an electrical voltage.

The original drive phenomenon for current is called primary electromotive force. It is
generated in a voltage source. It imparts energy to the charge carriers which thus
are driven through the conductor.

Since every conductor offers resistance more or less to the passage of current, the
charge carriers lose energy when passing through. This loss can be characterised as
voltage drop.

A current can only flow through a conductor; therefore, the current path formed by
the conductor must be closed.

When a charge carrier has received drive energy from a voltage source, it passes
through the conductor, completely transferring the energy taken up to this
conductor. After exactly one circulation, the charge carrier differs by nothing from its
state bevor it started the circulation, that is to say, it cannot have stored energy.

The primary electromotive force is designated by the formula sign E, the voltage drop
by U. In practice, no difference is made between these two terms and they are called
voltage in short. Primary electromotive force and voltage drop have the same unit
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which is called volt - V in honour of the Italian physicist Alessandro Volta (1745 -
1827).

[E]=V
[U] =V

Frequently used sub-units of volt are

1 MV = 1 megavolt = 106 v = 1,000,000 V
1 kV = 1 kilovolt = 103 vV = 1,000 V

1 mV = 1 millivolt = 10-3 vV = 0.001 V

1 pV = 1 microvolt = 10~ v = 0.000001 V

In electrical engineering, voltages may occur in quite different magnitudes. Table
2.2, shows some values.

Table 2.2. Voltage Values for a Few Applications

Lightning up to 10.000,000 V= 10 MV
Extra-high voltage lines 600,000 V=600 kV
High-voltage lines 60,000 V= 60 kV
Sparking-plug in an internal combustion engine 15,000 V= 15 KkV
Lighting network 220V

Motor-car battery 12V

Receivina voltaae of a wireless set 0.000.01 V= 10 uVv
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The primary electromotive force is a prerequisite for an electrical current. Table 2.5.
shows the various possibilities of producing a primary electromotive force, the
designations of the respective voltage sources and their main applications.

For the winning of electrical energy, the generation of the primary electromotive
force by chemical and magnetic-field actions is of particular importance. On
principle, these voltage sources operate as follows

e Primary electromotive force by chemical action

When immersing two conductors of different kinds into an electrolyte, then one will
find an excess of electrons at one conductor (negative pole) and an electron deficit at
the other conductor (positive pole). This charge carrier difference externally acts as
electrical primary electromotive force. Diluted sulphuric acid H2SO0g4 is suitable as

electrolyte; as conductor rods (electrodes), copper Cu and zinc Zn are particulary
suitable (Fig. 2.6.).

Table 2.3. Ways of Producing Primary Electromotive Forces

Causes of the production of| Designation Examples of use
the electromotive force |of the voltage
source
chemical action galvanic cell; |lvoltage supply to portable devices; starting
battery; battery in motor-cars
accumulator
thermal action thermoelectric |measuring the temperature at points which
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action of magnetic field
(induction)

meister10.htm

element

generator

are not readily accessible; remote temperature

ieasurement
economical generation of electrical energy in
power stations

action of light

photovoltaic
cell; solar cell

measuring the intensity of illumination

\charge separation by

conductor by means of
pressure

- influence influence generation of high and extra-high voltages by
machine means of which, for example, the properties of
insulating materials are tested
- mechanical charge belt-type
movement generator
displacement of charge piezoelectric |measurement of pressure; sound pick-up for
(polarisation) on a non- element records; microphone
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Fig. 2.6. Galvanic element also known as galvanic cell

Other substances are also suitable (especially coal and zinc in a thickened
ammonium chloride solution).

In accordance with the general tendency to balance differences in concentration, the
basic units of construction of the solid conductors are eager to migrate as ions in the
electrolyte. On the other hand, the electrolyte tries to press its ions into the solid
conductor. This impetus of motion is different in the different conductor materials so
that, as a result, a primary electromotive force acts externally.
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When current flows, these voltage sources disintegrate due to the transport of
substance and become useless; this is also occurring when stored too long.
Rechargeable voltages sources do not show this disadvantage, therefore, they are
called accumulators (storage batteries). Lead accumulators and nickel-iron or nickel-
cadmium accumulators are of particular importance.

o Primary electromotive force by magnetic-field action (induction)

This production of voltage is of greatest technical importance and it is used in all
cases when primary electromotive force is to be generated by mechanical motion.
According to a law of nature (law of induction) the following happens:

When the magnetic flux enclosed by a conductor loop is changed, the charge carriers
in the conductor are subjected to an impetus to move. Then, the entire conductor
loop is a primary electromotive force source.

The change of the magnetic flux may, for example, be due to the fact that the
conductor loop is turned inside the magnetic field or the magnet is approached to are
moved away from this loop.
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Fig. 2.7. Primary electromotive force 2 generated by induction

1 - Direction of motion

2 - Direction of the primary electromotive force
3 - North pole

4 - South pole

As symbol of a voltage source, the graphical symbol shown in Fig. 2.8. is used. The
electrode with an excess of electrons is called negative pole (-); the electrode with
an electron deficit is called positive pole (+).
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Fig. 2.8. Graphical symbol of a (direct) voltage source; the arrow indicating the
direction may be omitted

The direction of voltage corresponds to the direction of current defined in Section
2.1.; thus, the primary electromotive force E is directed from - to + whereas the
voltage drop U runs from + to -.

The voltage direction is indicated by an arrow.

The electrical drive exerted on the charge carriers is called voltage. The drive
phenomenon originally generated in a voltage source is called primary
electromotive force E; the loss in voltage caused when current flows through
a conductor is called voltage drop U. As unit of the voltage, the volt - V - has
been laid down; the most frequently used sub-units are MV, kV and pV. For
the winning of electrical energy, the generation of the primary electromotive
force by chemical action and by the action of the magnetic field is of particular
importance.

Questions and problems:
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1. How many V are

500 mV; 2,5 kV; 350 pV; 0,6 MV?

2. Give reasons for the fact why in a current passage the sum of all voltage
drops must be equal to the entire primary electromotive force!

2.3. Resistance and Conductance

Every conductor and every electrical device (electric bulb, heater, electromotor,
wireless reciever, etc.) has the property of resisting any current passage. This
property is called electrical resistance (formula signh B), Depending on the material
used and the design of the conductor or the device, it has a different magnitude.

For a conductor, the geometrical dimensions and the conductor material are decisive
for the value of the resistance. The formula for calculating the resistance is called
resistance rating formula. It is easily understood and can be checked by experiment
that a long thin wire will offer a higher resistance to the current passage than a short
thick one. When designating the line length by 1 and the line cross-sectional area by
A, then the resistance R is proportional to 1/A, hence,

R~1/A

Finally, the resistance is dependent on the conductor material; for example, iron as a
conductor is inferior to copper (iron has a higher resistance). This dependence on
material is covered by a material constant which is termed as specific resistance or

resistivity (formula sign p 1)). Hence,
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1) p Greek letter rho

/
R=p—
'{A

(2.2)
where

R resistance

p specific resistance

| length of the conductor

A cross-sectional area of the conductor

The higher the resistance, the poorer the conduction of the current. The permeability
to current of a conductor is called conductance (formula sign G) and, hence, is
inversely proportional to the resistance.

G=1/R
(2.3)

where

G conductance
R resistance
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Similar relations apply to the material constant. In the place of the specific

resistance, the specific conductance (formula « 1)) can be stated as reciprocal value;

x=1/p. From the equations (2.2.) and (2.3), the rating equation for the electrical
conductance is obtained as follows

1) k Greek letter kappa

GZK%

where

G conductance

k specific conductance; «=1/p

A cross-sectional area of the conductor
| length of the conductor

The unit of the resistance is called ohm in honour of the German physicist Georg
Simon Ohm (1789 - 1854) and abbreviated by the Greek letter O 2)

2) o Greek letter omega
[R] =0

A conductor has a resistance of 1) if a voltage of 1 V drops when a currentof 1 A
passes this conductor.
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The unit of the conductance is called siemens = S in honour of the German physicist
Werner von Siemens (1816 - 1892). (In English-speaking countries, the unit siemens
has not been generally adopted.) The correlation between the units siemens and ohm
is given by equation (2.3).

[G]=S=1/Q

Frequently used sub-units of ohm (Q) and siemens (S) are

1 MQ =1 megaohm =106 o =1,000,000 &
1 kQ =1 kiloohm =103 = 1,000 &
1 mQ =1 milliohm =103 = 0.0010
1 kS =1 kilosiemens =193 g = 1,000S

1 mS =1 millisiemens =19-3g= 0.001S
1 puS =1 microsiemens =19-6 g = 0.000001 S

Now, units can be given also for the specific resistance and the specific conductance
by rearranging the equations (2.2) and (2.4).

For p from equation (2.2.) we have

p=ReA/I
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[pl=Qem2/ m=Qem

A frequently used sub-unitis Q e mm2/m = 106 o-m
From equation (2.4), for « we have
k=GI/A
[k]=Sem/m2=S/m=1/(Q ¢« m)
Table 2.4. shows for a few substances the values of p and «.
Example 2.1.

Calculate the resistance and conductance of a copper wire having a length of 175 m
and a cross-sectional areas of 2,5 mm?2.

Given:

Il =175 mm

A = 2,5 mm2

pCu = 0.0178 (Q e mm2)/m

(kcu = 1/pcu ~ 56 « 10 S/m)
To be found:

R

D:/cd3wddvd/NoExe/.../meister10.htm 89/282



21/10/2011 meister10.htm

G
Solution:
R=pel/A
G=1/R
R=0.0178 « (Q « mm2)/m
175 m/2.5 mm2 = 1.246 O
G=1/1.246Q = 0.804 S
Example 2.2.

A copper conductor having a cross-sectional area of 6 mm is to be replaced by an
aluminium conductor of the same resistance. What is the size of the cross-sectional
area of the aluminium conductor?

Given:

Acy =6 mm?2
pCu = 0.0178 (Q e mm2)/m
pAl = 0.0286 (Q e mm2)/m

To be found:

Al
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Solution:
Rcu = RaAl
Rcu = pCu * 1/Acu

RAI = pCu * 1/AA|

pCu * 1/Aa| = pal » 1/Ap|

AAl = pAl/pCu * Acu

Ap| = 0.0286/0.0178 « 6 mm?2 = 9.64 mm?2

For the aluminium conductor, the standardised cross-sectional o area of 10 mm?2 is
selected.

The most striking influence on the resistance of a conductor or device is exerted by
the temperature.

The temperature dependence of the electrical resistance can be quantitatively
expressed by the temperature coefficient ol)
1) o, Greek letter alpha

The temperature coefficient states the fraction by which the resistance changes with
a change in temperature of 1 K:

a = (AR/R) e 1/Av
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(2.5)

where

o temperature coefficient
A 2) R/R change in resistance related to the initial resistance

Ab 3) temperature change

2) A Greek letter delta
3) v Greek letter theta

The unit of the temperature coefficient is
[a] = 1/K (K = Kelvin)

In metallic conductors, the resistance increases with increasing temperature. This is
due to the fact that the more intensively oscillating crystal lattices offer a higher
resistance to the electron current; hence, o is positive.

In electrolytes and semiconductors, the resistance diminishes with increasing
temperature. This is due to the fact that with rise in temperature more charge
carriers are released which then are available as free charge carriers for the
transport of electricity; hence, o is negative.

For practice, the following approximate values of the temperature coefficient will
suffice (see also Table 2.4):
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o Non-ferromagnetic pure metals (no metal alloys)

o~ + 0.004 1/K

The resistance of a copper conductor of 1000, for example, will increase by 0.4Q to
100.4Q in the event of an increase in temperature of 1 K; in case of a rise in
temperature of 80 K (e.g. from 20 °C to 100 °C) it will increase by 32 O to 132 Q.

o Ferromagnetic metals (iron, nickel)
a =~ + 0.006 1/K

o Metal alloys of a special composition (novoconstant, constantan)
a~0

These special metal alloys are of particular importance to measuring techniques if
resistors independent of temperature are required.

o Electrolytes
oa~-0.021/K
e Semiconductors

o is negative and largely dependent on temperature; a numerical value cannot be
stated; it should be drawn from special Tables for the temperatures involved.

Table 2.4. Specific Resistance p, Conductance « and Temperature Coefficient o of a
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Few Conductor Materials

Il e | « | a
Conductor Materiall, , mm2/m|S e m/mm2| 1/K
silver 0.016 62.5 ~ + 0.004
copper 0.0178 56 ~ + 0.004
laluminium | 0.0286 | 55 |~ + 0.004
lzinc | 0.063 | 16 |~ +0.004
lead | 021 | 48 |~+0.004
Inickel | 0.0 | 10 [~ +0.006|
liron, pure | 0.0 | 10 [~ + 0.006|
Novokonstand 1) 0.45 2.3 ~0
constantan 2) 0.5 2 ~ 0

1) Novokonstant: 82.5 % Cu; 12 % Mn; 4 % Al; 1.5 % Fe
2) constantan: 54 % Cu; 45 % Ni; 1 % Mn

Example 2.3.

A coil of copper wire has a resistance of 18 O at room temperature (20 °C). During
operation, the temperature rises to 85 °C. Find the resistance of the coil at this
temperature.
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Given:

R20 =18 Q
Av=85°C-20°C=65K
a~ +0.004 1/K

To be found:
R8s

Solution: From equation (2.5) we obtain by transposing a value for the change of
resistance

AR = a R20 Av

This amount must be added to the resistance Rpg in order to determine the final
resistance Rgs.

Rgs5 = R0 + AR

Rg5 = R20 + aR20AL

Rg5 = R20 (1 + aAv)

Rgs = 18Q (1 + 0.004 1/K « 65K)
Rgs = 18Q (1 + 0.26)

Rgs = 18Q ¢ 1.26

Rgs = 22.68Q
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Components which are used to limit the current by means of certain resistance
values and which are constructed specifically for this purpose are called resistors.
Resistor is a component for the realisation of a certain resistance value.

The general graphical symbol of a resistor is shown in Fig. 2.9.

—L__}—

Fig. 2.9. Graphical symbol of a resistor

Resistance and conductance are properties of electrical conductors and devices. The
resistance characterises the resistance offered to the passage of current; the
conductance indicates how well the conductor or device in question allows the
current to pass. The correlation between resistance and conductance results from the
relation

R=1/G

The rating equation of the resistance and of the conductance is
R=pel/Aand G =« e A/l

The material constant p is called specific resistance, « is called specific conductance.

The resistance (and the conductance, too) is primarily depending on temperature.
The magnitude of the temperature dependence is covered by the temperature
coefficient o which indicates the relative change in resistance per degree of change
in temperature. For non-ferromagnetic metals, ¢ = +0.004 1/K; this means that the

D:/cd3wddvd/NoExe/.../meister10.htm 96/282



21/10/2011 meister10.htm
resistance of these materials increases with increasing temperature. As unit of the
resistance, the ohm = Q is specified; the most frequently used sub-units are MQ, KQ,

le

The unit of conductance is siemens = S = 1/Q; the most frequently used sub-units
are kS, msS, pS.

A component which is specially built to realise a certain resistance value is called
resistor.

Questions and problems:
1. How many Q are
2 MQ 15 kQ; 350 mQ; 0.5 pS; 4 S; 2 mS?

2. For the supply of energy to a consumer situated at a distance of 150 m, a 2-

core copper line with a cross-sectional area of 2.5 mm?2 per conductor is used.
Calculate the resistance and the conductance of the line (take into
consideration the outgoing and the return conductors).

3. Calculate the temperature (related to a reference temperature of 20 °C) at
which the resistance of a copper wire will double.

wdB B

Home"" """"> ar.cn.de.en.es.fr.id.it.ph.po.ru.sw
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{1} Introduction to Electrical Engineering - Basic vocational
knowledge (Institut fr Berufliche Entwicklung, 213 p.)

O 3. Electric Circuits

] 3.1. Basic Circuit

1 3.2. Ohm'’s Law

D 3.3. Branched and Unbranched Circuits
-1 3.3.1. Branched Circuits

3.3.2. Unbranched Circuits

1 3.3.3. Meshed Circuits

Berufliche Entwicklung, 213 p.)

3. Electric Circuits

3.1. Basic Circuit

If an incandescent lamp for illuminating a working place is to be caused to light, the
following pre-conditions are required.

e A voltage source whose voltage is available at the point of connection
(socket outlet). The voltage source may be far away from the point of
connection (e.g. in a power station). A fuse is interposed in each line as
overcurrent protection.

e A 2-core line leading to the incandescent lamp which conducts the voltage

via a plug to the lamp. For conveniently switching on and off, a switch is
D:/cd3wddvd/NoExe/.../meister10.htm
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interposed. Fig. 5.1. shows the described arrangement. Fig. 5.2 the schematic
representation with symbols which is called wiring diagram.

Fig. 3.1. Simplified representation of the arrangement voltage source/table lighting
fitting

1 - Voltage source
2 - Table lighting fitting
3 - Plug socket

4 - Plug
5 - Fuses
6 - Switch

This shows that a closed connection from the voltage source to the incandescent
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lamp is essential for operation. The charge carriers driven from the source pass

through the conductor, transfer their energy to the lamp and return to the source
where they receive again drive energy. This is a circulatory process and, therefore,

such an arrangement is called circuit.

Fig. 3.2. Wiring diagram for Fig. 3.1

Graphical symbols:
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1 - Voltage source
2 - Lighting fitting
3/4 Plugged connections
5 - Fuses
6 - Switch

Since no charge carriers are lost during the passage, the current is a phenomenon
closed in itself, a band without start and without end which has the same intensity at
any point.

The above described example is the simplest circuit. Therefore it is called basic
circuit. For the principle illustrated here it is of ho consequence if in the place of the
generator a different voltage source (e.g. an accumulator) is used and a heater,
washing machine, motor or another consumer operates in the place of the electric
bulb. In the circuit diagram, frequently the fuses, the point of connection and the
switch are not represented; the consumer is frequently represented simply by the
resistance symbol, see Fig. 3.3.
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L 2

Fig. 3.3. Fundamental circuit

1 - Voltage source
2 - Load general

The basic circuit is a circuit which cannot be further simplified. It consists of a
voltage source to which a consumer is connected. The current flowing in this
circuit is a phenomenon closed in itself, a band without start and end which
has the same intensity at any point.

3.2. Ohm'’s Law

A natural law found by Georg Simon Ohm is called Ohm'’s law and it has fundamental
importance to electrical engineering. It correlates the quantities current, voltage and
resistance. When two quantities are know, the third can be found with the help of
this law.

Proof of this fact is given here experimentally by means of an arrangement whose
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wiring diagram is shown in Fig. 3.4. The following devices and components are
required:

e An adjustable voltage source; this may be an accumulator with six cells each
of which provides 2 V voltage so that a total of 12 V are available;

e a voltage selector switch with six switch steps;
o two resistors with resistance values of, for example, 10Q and 20Q;

o two measuring instruments for the measurement of current and voltage.
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DA P—*FT*FTI—

Fig. 3.4. Circuit for the proof of Ohm’s law

1 - Accumulator with 6 cells of 2 V each
2 - Voltage selector switch
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3 - Resistor
4 - Voltmeter
5 - Ammeter

Measuring instruments are indispensable auxiliaries in electrical engineering; they
cannot be dealt with in this book, however. Here, it will suffice to know that the
current can be measured by means of ammeters and the voltage by means of
voltmeters with adequate accuracy.

At first, one switches on the 10Q resistance and then, using the voltage selector
switch, stepwise applies a voltageof2V,4V,6V,8V, 10V, and 12 V. The current
flowing at each switch step is measured, by means of the ammeter and the quantities
are recorded in a table of values.

Table of values 1: (for R = 10 Q)

Switch step Voltage U Current I

1 2V 0.2A
2 4V 0.4 A
5 6V 0.6 A
4 8V 0.8 A
5 10V 1.0A
6 12V 1.2A

A similar test with the 20 resistance results in the following table of values:

Table of values 2: (for R = 20 Q)
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Switch step Voltage U Current I

1 2V 0.1A
2 4V 0.2A
5 6V 0,5A
4 8V 0.4 A
5 10V 0.5A
6 12V 0.6 A

The experiment is indicative of the following facts:

1. with a given voltage U, the current I is the smaller, the greater the
resistance R is. (The resistance offers resistance to the passage of current).

E.g. with U = 6V

measurement series 1: I = 0.6 AwithR=100Q
measurement series 2: I = 0.3 AwithR=20Q

I~1/R

2. With given current I, the voltage U (more exactly: the voltage drop) is the
greater, the greater the resistance R is. (When a higher resistance is offered.,
the charge carriers must give more energy to it!)

E.g. withI = 0.4 A:
measurement series 1:
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U =4V with
R=10¢Q

measurement series 2:

U =8V with
R=20Q
U~R

3. The quotient U/I yields the same value for all values of a measurement
series:

10V/A=10Q
20V/A=200Q

for measurement series 1: U/1
for measurement series 2: U/1

Obviously, the resistance is constant, its magnitude is thus independent of the
current passing through it and of the voltage applied to it.

The result is the important Ohm'’s law.
It has the following expression in signs
R=U/I

[R]=V/A=Q

(3.1)
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where

R resistance
U voltage
I current intensity

When two quantities are known, the third one can be determined; equation must be
rearranged in such a way that the unknown is alone, namely,

U=RI (3.1.a)I=U/R(3.1.b)
[UJ=QeA=V[I]=V/Q=A

When the measuring results are interpreted graphically, the U-I diagram shown in
Fig. 3.5 is obtained. The functional correlation between U and I is linear. The slope of

the straight lines is the steeper, the higher the resistance R is.
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Fig. 3.5. Current/voltage diagram
U= (I)R1 =10; R = 20Q

The correlation between the various units of the quantities current, voltage,
resistance and conductance is represented in Table 3.1.
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We know thatV/ A=Q; A/V=S=1/0;V/IQ=A; QeA =V

Y\ﬂ\
W*\
. \&
A l-r:SngK2 mSk52

Table 3.1. The Units of the Quantities Current, Voltage, Resistance, and Conductance

When sub-units are used in calculations, the unit of the quantity to be determined
may also be a sub-unit. When taking a closer look at the 3rd column under V (= volt),
you read the unit of the resistance or conductance in the first to fourth lines:

V/pA = MQV/mA = kQ V/A = QV/kA = mQ

pA/V =uS mA/V =mSa/V =S kA/V = ks

The other units are handled in a similar manner.
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Example 3.1

Calculate the resistance and conductance of an electrical soldering iron through
which a current of 0.4 A passes when connected to a voltage of 220 V.

Given:
U=220V
I=04A

To be found:

R
G
Solution:
R=U/I
R =220V/0.4A = 550 V/A
R = 550Q
G=1/R=1/550Q = 0.00182 S
G=1.82ms
Example 3.2.

An ammeter has a resistance of 30 mQ. Calculate the voltage drop across the
instrument when a current of 5 A passes.
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Given:

R=30m
I=5A

To be found:
U
Solution:

R = U/I inverted: U
U=Rel

U=30mQe5A
U=0.03V/Ae5A=0.15V
U=150 mV

Example 3.3

A voltage of 4.5 V is applied, to a resistance of 15 kQ. Calculate the intensity of the
current passing through the component.

Given:
R =15 kO
U=4.5V
To be found:
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I

Solution:

R = U/I inverted: 1

I=U/R

I =4.5V/15kQ

I =4.5V/15000kQ = 0.0003 A
I=0.3mA

If a current flows through a consumer and a voltage drops across it because of the
current passing through it, then this consumer has a resistance.

The correlation between current, voltage and resistance is described by Ohm'’s law.
It has fundamental importance to electrical engineering and is written as

R=U/I

An inversion of this law for U or I gives
U=RelIorlI=U/R

Questions and problems:

1. A voltage of 220 V is applied to a flat iron while a current of 2.75 A flows
through it. Calculate the resistance and conductance of the electrical flat iron.

2. What is the current passing through a resistor of 10 kQ at a voltage of 200
v?
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3. The power supply system of a workshop is protected by a fuse of 10 A. The
voltage is 220 V. Calculate the resistance which the connected loads must
have at least.

4. A small horsepower motor has a resistance of 15 during operation. The
current intensity is 0.4 A. Calculate the voltage required at the terminals of
the motor.

3.3. Branched and Unbranched Circuits
3.3.1. Branched Circuits

When connecting several consumers, also known as loads, in parallel in a circuit,
then the current can flow at the same time through several consumers. Fig. 3.6.
shows such an arrangement.
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Fig. 3.6. Branched circuit

The current I driven by the voltage source is divided into three partial currents 11, I>
and I3 at branching point A. These currents pass through the three loads, join in

point B and return as total current I to the voltage source. Since no charge carriers
are lost, the sum of the partial currents I1 ... I3 branching off from point A must be

equal to the incoming total current I; in point B the sum of the incoming currents I1
... I3 must be equal to the total current I returning to the source.

In general, the statement formulated by Robert Kirchhoff (German physicist 1824 -
1887) and known as the 1st Kirchhoff’'s law or junction point theorem holds;

In each junction point, the sum of the currents flowing toward the point is
equal to the sum of those flowing away from it.

For the example shown in Fig. 3.6. thus, we have

I+1I1+1Ip+1I3

(3.2)
Since the voltage through all loads is the same, we have
I/U=1I1/U+1I2/U +1I3/U

I/U is the conductance of the load; the total conductance or equivalent conductance,
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which is to be designated Gequ, is written as

Gequ =G1 + G + G3

(3.3)

In a parallel connection of consumers, the equivalent conductance is equal to
the sum of the individual conductances; it is always greater than the greatest
individual conductance.

For n-equal conductances (n = 2, 3, 4 ...) holds

Gequ=nOG

(3.3. a)

For two consumers with the conductances G1 and G we have

Gequ = G1 + G2

(3.3.b)

In practice, resistances are more frequently used for calculating than conductances.
In accordance with the general relation R = 1/G, the following is derived from
equation (3.3)
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1/Requ =1/R1 +1/R2 + 1/R3

(3.4.)

In a parallel connection of loads, the reciprocal value of the equivalent
resistance is equal to the reciprocal values of the individual resistances; the
equivalent resistance is always smaller than the smallest individual
resistance.

For n-equal resistances (n = 2, 3, 4 ...) holds

Requ =R/n

(3.4. a)
For two loads with the resistances R1 and R> the following holds:
1/Requ = 1/R1 + 1/R2 = (R1 + R2)/(R1 « R2)

Requ = (R1 ¢« R2)/(R1 + R2)

(3.4. b)

The ratio of the partial currents is dependent on the ratio of the partial resistances. It
is obvious that the smaller current flows through the larger partial resistance and
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vice versa. This relation which is known as the current divider rule for two loads
connected in parallel is written as

I1/I2 =G1/G2

(3.5 a)

or

I1/12 = G1/Gequ

(3.5a)

In a current divider, the ratio of the partial currents is like that of the partial
conductances.

Expressed in terms of resistances, we obtain from equation (3.5.)

I1/I2 =R1/R3

(3.6.a)

I1/1I2 = Requ/R1
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(3.6.b)

In a current divider, the ratio of the partial currents is inverse to that of the
partial resistances.

Example 3.4

Two loads with the conductances G1 = 12.2 mS and G2 = 8.7 mS are connected in

parallel while a voltage of 24 V is applied to them. Draw a sketch of the circuit.
Calculate the equivalent conductance and the equivalent resistance as well as the
total current and the partial currents.

Given:

Gl =12.2mS
G2 =8.7mS
U=23V

To be found:

Gequ
Requ
I
I1;12

Solution:

Circuit:
D:/cd3wddvd/NoExe/.../meister10.htm 119/282



21/10/2011 meister10.htm

7'

[

T

i
E| - T G G;

]

Fig. 3.7. Circuit with two loads connected, in parallel

According to equation (3.5.b):

Gequ = G]_ + G2
Gequ = 12.2 mS + 8.7 mS
Gequ = 20.9 mS;

the equivalent conductance is greater than the greatest individual
conductance

According to equation (2.3.):

Requ = 1/Gequ
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Requ = 1/0.0209 S = 48 1/S
Requ =48 Q

or according to equation (5.4.b) where for

Ry = 1/G1 = 1/0.0122 S = 82  and for
Ry =1/Gy = 1/0087 S = 1150

we have to write

Requ = (R1 ¢ R2)/(R1 + R2)
Requ = (82Q«115Q)/(82Q + 115 Q) = 9430 Q/197Q = 47.9 Q

the equivalent resistance is smaller than the smallest individual resistance
According to equation (3.1.b):

I= U/Requ
I1=24V/48Q
I=0.5A=500mA

I1 =U/R1 =24V/82¢Q
I1 =0.292 A =292 mA

the greater partial current flows through the smaller individual resistance

D:/cd3wddvd/NoExe/.../meister10.htm 121/282



21/10/2011 meister10.htm
I =U/R2=24V/115Q
I = 0.208 A = 208 mA

I1 and I can also be found with the help of the current divider rule, i.e. equations
(3.5. and 3.6.), namely,

Il/I = Gl/Gequ OrIl/I = Requ/Rl
I{1 =1 Gl/Gequ I{1 =1 (Requ/Rl)
I{ = 500 MA « (12.2/20.9) Iy = 500 mA « (48/82)

292 mA

—
—
Il

292 mA Iy

The calculation for I3 has to be performed analogously.

Check with the help of equation (3.2.):

I=1p+1I
I =292 mA + 208 mA
I = 500 mA

the total current is equal to the sum of all partial currents
3.3.2. Unbranched Circuits

When connecting several load in one circuit in such a manner that the current passes
through all loads one after the other, then this circuit is called series connection or
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series circuit.

Fig. 3.8. shows such an arrangement.

RT U\
ty
B | 7
R, U, U
+
E2 1 ___-|=" I
Ry Us

Fig. 3.8. Unbranched circuit

The two voltage sources connected in series produce a total voltage of
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E=Eq+Ep

The current driven by the total voltage has the same intensity at any point in the
circuit and causes an adequate voltage drop at any load. Since the charge carriers
give their en-tire energy to the circuit, the statement in the form of the 2nd
Kirchhoff’'s law or the mesh-network theorem holds:

In each unbranched circuit, the sum of all voltage drops is equal to the total
voltage.

For the example shown in Fig. 3.8., thus we have

E=E1+E2=U=U; +Uy + U3

(3.7)
As the current through all loads is the same, we have
U/I=U31/1I+U3/I +U3/1

U/I, however, is the resistance of the load; the total resistance or equivalent
resistance will be called Reqy and obtained in the form of

(3.8.)
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In a series connection of loads, the equivalent resistance is equal to the sum
of the individual resistances; it is always greater than the greatest individual
resistance.

For n-equal resistances (n = 2, 3, 4, ...)

Requ = n ¢« R holds.

(3.8.a)

If conductances have to be calculated, the required equations can easily be derived
from the relation G = 1/R. In practice, calculations of conductances are required very
seldom for unbranched circuits.

The ratio of the partial voltages is dependent on the ratio of the partial resistances.
It is obvious that the greater voltage drop occurs via the greater partial resistance
and vice versa. This relation called voltage divider rule is expressed for two loads
connected in aeries in the following way:

Ui/U2 = R1/R3

(3.9.a)

or
U1/U = R1/Requ
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(3.9.b)

In a voltage divider, the ratio of the partial voltages is the same as that of the
partial resistances.

Example 3.5.

Two loads with the resistances Rq1 = 18 Q and R = 72  are connected in series and

a voltage of 60 V is applied to them. Draw a sketch of this circuit. Calculate the
equivalent resistance, the current and the partial voltages.

Given:
R1 =18Q
R2 =720
Uu=60V

To be found:

I
Ujp; U

Solution:
Circuit:
According to equation (3.8.):
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Requ = R1 +R>
Requ 180 +720Q
Requ =90 Q

the equivalent resistance is greater than the greatest individual resistance

Fig. 3.9. Circuit with two loads connected in series
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According to equation (3.1.b):

I= U/Requ
I=60V/900Q
I =0.0667 A =667 mA

According to equation (3.1.a):

Ui =Rpel
Ui = 18 Q « 0.667 A
Up = 12V;

the smaller partial voltage drops via the smaller individual resistance

Up=Rpel
Uy =720« 0.667 A
Uy = 48V

U1 and U3 can also be calculated according to the voltage divider rule, equation
(3.9.b), namely,

Ul/U = Rl/Requ or UZ/U = Rz/Requ
Ul =Ue (Rl/Requ) U2 =Uoe (RZ/Requ)
Ui =60V e18/90 U = 60V e (72/90)

Us =12 U» =48
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Verification by means of equation (3.7.):

U=Uj +Up
U=12V +48YV
U=60V;

the sum of all voltage drops is equal to the total voltage.

In the following Table 3.2., an unbranched circuit is compared with a branched
circuit. In each of the two cases, two loads are included. It is obvious that the
formulas of one circuit have the same structure as those of the other circuit. The only
difference is that, as compared to the branched circuit, for the unbranched circuit U
is put instead of I, I instead of U, R instead of G and G instead of R.

Table 3.2. Relations in Branched and Unbranched Circuits Having two Loads Each

Branched Circuit Unbranched Circuit

| ——-

| |+
N |
|
o
&
> -
c

| —
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U
Uz
U is equal across all loads I is equal through all loads
I=11 +1Ip U=1I1 +Up
Gequ = G1 + G2 Requ = R1 + R2
1/Requ = 1/R1 + 1/R3 1/Gequ = 1/G1 + 1/G2

— Requ = (R1 ¢ R2)/(R1 + R2) — Gequ = (G1 » G2)/(G1 + G2)

forG1 =G> =G =1/Ris forR1 =R» =R =1/G is
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Gequ = 2 G, sincen =2 Requ = 2 ¢ R, sincen =n
or Requ = R/Z or Gequ = G/2
I1/1 = G1/G2 = R2/Rq U1/U2 = R1/Rp = G2/Gy

I1/1 = G1/Gequ = G1/(G1 + G2)U1/U = R1/Requ = R1/(R1 + R2)

I1/T = Requ/R1 = R2/(R1 + R2) U1/U = Gequ/G1 = G2/(G1 + G2)

3.3.3. Meshed Circuits

Meshed Circuits, also known as interconnected circuits, are such circuits where loads
are connected in parallel and other loads in series. In addition, the various “branches
can contain voltage sources. Computations of these circuits are possible with the
help of the two Kirchhoff's laws. Here, we confine ourselves to the loaded voltage
divider as the simplest case which is of great importance to practical electrical

engineering.

By means of a voltage divider, one can draw from an available voltage any desired
smaller partial voltage which is used to supply a certain load R. Through the latter,
an adequate current will then flow. Besides a voltage division, a current division is
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also involved; Fig. 3.12. shows these conditions.
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Fig. 3.12. Loaded voltage divider

R = Requ1

Circuits of this type where resistances are connected in parallel and other resistances
in series are called series-parallel connections. According to Fig. 3.12,, the following
considerations should be made:

Through the load Ry a current passes which is part of the total current. As a
consequence, the current flowing through R1 only has the intensity of I1 = I - Iy, i.e.

it is smaller than in the case of a non-connected load. A lower current causes a
smaller voltage drop according to Ohm’s law. This fact is described by the following
equation.

U1/U = Requl/Requ

(3.10.)

Requ = (R1 ¢ Ry)/(R1 + Ry) is smaller than the smaller resistance of Ry and
Rv

Requ = Requ1 + R2
Example 3.6.

From a voltage source of 24 V, a voltage of 6 V is to be supplied t aload Ry = 30 Q
via a voltage divider. The total current is 0.5 A. Calculate the partial resistances Ry
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and R>
Given:
U=24V
I=05A
Ui =6V
Ry =30Q
To be found:
R1 and R
Solution:
R2 =U2/1
Ry =18 V/0.5A
R2 =36 Q

Up=U-U; =24V-6V =18V

Requi = U1/1

Requi = 6 V/0.5A = 12 0

1/Requl = 1/R1 +1/Ry inverted for Ry

1/R1 = 1/Requl - 1/Rv = (Ry - Requ1)/(RV ¢ Requ1)
R1 = (Ry ¢ Requ1)/(Rv - Requ1i)
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R1=(30Q¢12Q)/(30Q-12Q) =360/18 Q
R1 =20Q

Verification by means of equation (3.10.):

Ui = Ue (Requi/Requ)
U1=25V e (12Q/(12Q + 36 Q)) = 24V« 12/48
Ui =6V

If the load had not been connected, then for the selected divider resistances the
voltage dropping via R1, would have been greater and, according to equation (3.9.b)

would be

U1 =Ue (R1/Requ)
Ui= 24 V. (20/36) = 40/3 V
Uj = 13.3V

According to their circuit structures, a distinction is made between branched,
unbranched and meshed circuits. In branched circuits all loads are connected
in parallel. Their equivalent conductance is equal to the sum of the individual
conductances, hence, always greater than the greatest individual
conductance. The equivalent resistance, however, is always smaller than the
smallest individual resistance.

Gequ = G1 + G2 + G3 + ...
1/Requ = 1/R1 + 1/R2 + 1/R3 + ...
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The voltage across all loads is equal. At each junction point,

l

Fig. 3.13. Circuit for example 3.6.
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the sum of the currents flowing toward, the point is equal to the sum of those
flowing away from it.

I=1I1+Ip+1I3+...

The division of the voltage by the loads is effected in the same ratio as that of
their conductances.

In unbranched circuits, all loads are connected in series. Their equivalent
resistance is equal to the sum of the individual resistances, hence always
greater than the greatest individual resistance.

Requ = R1 + R2 + R3 + ...

The current is equal through all loads. The total voltage is equal to the sum of
all individual voltage drops.

U=U; +Uz +U3 + ...

Voltage division by the loads is effected in the same ratio as that of their
resistances.

In meshed circuits, some of the loads are connected in parallel and some of
them in series. Such a circuit is called series-parallel connection. For
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computing or designing a series-parallel connection, the laws at the bottom of
both branched and unbranched circuits have to be taken into account. A
series-parallel connection of particular importance to electrical engineering is
the loaded voltage divider.

Questions and problems:

1. The following loads are connected in parallel to a voltage of 110 V: 1
soldering iron having 200 Q, 1 incandescent lamp having 120 Q, 1 heater
having 24 (. Calculate the partial currents and, with the help of the 1st
Kirchhoff’'s law, the total current. Check the result according to Ohm'’s law
after having determined the equivalent resistance of the three loads
connected in parallel.

2. By means of a certain ammeter, a current of maximum Ij = 10Ma can be
measured. Assume the resistance of the instrument is Rj = 10 Q. In order to

measure a higher current, for example, a current of I = 100 mA, a resistor of a
suitable resistance value must be connected in parallel through which (that is
to say, past the instrument) a current of 90 mA (in the case of full-scale
deflection) or, in general, of I - I; can flow. Calculate the value of the parallel

resistance for the conditions given above.

3. In an electronic device, three resistors are connected in series to a voltage
of 12 V: R1 = 360 Q, R2 = 240 , R3 = 120Q. Calculate the equivalent

resistance, the current and the partial voltage dropping via Ry to R»>.

4. By means of a certain voltmeter, a maximum voltage of Uj = 15 mV can only
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be measured. Assume the resistance of the instrument is Rj = 5 Q. In order to

be in a position to measure a higher voltage, for example, a voltage of U = 3
V, a resistor of a suitable resistance value must be connected in series with

the voltmeter. Via the latter, the excessive voltage of 2.985 V (in the case of
full-scale deflection) or, in general, of U - Uj can drop. Calculate the value of

the series resistor for the conditions specified above.

5. Two resistors R1 = 18 kQ and R = 36 kQ are connected in series and to a
voltage of U = 110 V. A load of Ry = 10 kQ is connected in parallel to Rj.
Calculate the voltage at Ry, the total current and the partial currents.
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4. Electrical Energy
4.1. Energy and Power

The electrical energy is used advantageously for the drive of machines, for lighting
and other purposes. Here, a study is made to find out how the quantities current,
voltage and resistance discussed above can be used to determine the converted
electrical energy or the available electrical power. For this purpose we should
remember the comparison of the electrical circuit and the circulation of water. When
a pump is used to pump water from a vessel arranged at a lower level into a vessel at
a higher level, energy must be expended. When the water is allowed to flow from the
upper to the lower vessel, the energy expended originally, actually fed into the
water, will be released. The magnitude of the energy of the water is dependent on
the weight of the water and the difference between the two levels. The following
holds

W=Geh

(4.1.)
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where:

G weight
h difference in height

When comparing the weight G with the quantity of electricity Q and the height with
the voltage U, we have for the electrical energy

W=Q.U
Since Q = I « t, we have for the electrical energy

W=Uelet

(4.2.)

The energy stored in the upper water basin can flow down in different times. The
energy conversion related to time is called power.

P=W/t=(UesI.t)/t
P=U.I

(4.3)

This is illustrated by an example. When I fill the upper water basin by means of a
hand pump, so I can do this during a long period of time without particular effort or
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in a very short time exerting myself. The shorter the time, the greater the energy I
have to expend or, in other words, the higher the power attained.

The unit of power is expressed as

[P] = [U] « [I]
[P]=VeAandfrom1lVeA = 1W follows
[P]=W

The product V « A is called watt in honour of the English physicist James Watt (1736
- 1819).

Thus, for the unit of the electrical energy we have

[W] = [U] « [I] « [t]
[W]=VeAess
[W]=Wes

The energy unit Nm used in mechanics and the energy unit J used in heat engineering
are of the same magnitude as the Ws

1Ws=1Nm=1]
where:

W watt
s second

N. Newton
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rriricuc

J joule

Since a watt-second is a very small energy unit and in most cases the operating
times of electrical equipment amounts to many hours, the kWh (kilowatt-hour) is
also used as energy unit. Thus, we have

1 kWh = 3,600,000 Ws = 3.6 MWs

With the help of Ohm'’s law, the equations (4.2.) and (4.3.) can be written in the
following form

W=UeIet=I2°R*ty = (U/R) et
P=U.I=I2°R=U%/R

In accordance with the great variety of electrical devices used in practice, the
magnitude of the power input ranges from very small values to very great values.
Table 4.1. shows some examples.

Table 4.1. Power Input to Selected Electrical Devices

Device mean power input
electronic pocket computer pWw
headphone mwW
loudspeaker 5w
incandescent lamp 60 W
ventilator 100w
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motors at machines 1 kw

motor of electric locomotive 1 MW

power station generator 100 MW

Example 4.1.

In the supply line for a soldering iron connected to 220 V, a current of 0.2 A is
measured. What is the power input to the soldering iron? What is the amount of
energy converted within 8 hours?

Given:
U=220V
I=02A
t=8h

To be found:

PinWwW

W in kWh
Solution:

P=Uel

P=220V.0.2A

P=44 W

W=UelIet
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W =220V ¢0.2A¢8h
W = 352 Wh
W = 0.352 kWh

The energy input to the soldering iron is 44 W. Within 8 hours, an energy of 0.552
kWh is converted.

Example 4.2.

An electrical hardening furnace having a resistance of 20 Q requires a current input
of 5 A. Calculate the electrical energy consumed within a period of 24 h.

Given:
R=20
I=5A
t=24h

To be found:
W in kWh

Solution:

W=I2.,Ret
W = 5A ¢ 5A ¢ 20Q ¢ 24h
W = 12 kWh

Within 24 hours, the hardening furnace consumes 12 kWh of electrical energy.
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Example 4.3.

The circuit of a washing machine with the rating-plate markings P = 2 kW and U =
220 V is to be provided with fuses. Find out whether a fuse with the rated current of
6 A will be sufficient.

Given:
P=2kW
U=220V

To be found:
IinA

Solution:
P=Uel
I=P/U
I=2000W/220V
I=9.09A

The current input to the washing machine is 9.09 A; therefore, a fuse with the rating
of 6 A will not suffice. A fuse having a rated, current of 10 A must be used.

The electrical energy is calculated, according to W = U ¢ I ¢ t and the electrical
power according to P = U « I. As unit for the energy, the Ws has been laid
down, while the greater unit kWh may be used when required. The unit of
power is W. The relation with other energy unitsis 1 Ws =1 Nm =1 J.
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Questions and problems:

1. Derive from the relations P = U eI and W = U « I t further formulas, taking
the resistance into account.

2. Gather information about the price of 1 kWh.
3. How great is the energy in Nm corresponding to one kWh?

4. Using the markings on the rating-plate of various technical devices (P and
U), determine the resistance of these devices.

5. What is the current input to a washing machine connected to 220 V having
a power input of 2.2 kW?

6. What is the time for which the washing machine mentioned in problem 5
has been operated when the electric meter indicates a consumption of 5 kWh?

4.2, Efficiency

A conversion of energy without loss is not possible. For example, the electrical
energy fed to a motor is converted not only into mechanical energy but also in heat
due to the rise in temperature of the motor. Since this heating is not desired, this
portion of the fed electrical energy which is converted into heat energy is called
energy loss or lost energy. The efficienca is defined as the ratio of the energy
delivered by the device to the energy supplied to it.
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(4.4.)

where:

- 1) efficiency

We effective energy (energy delivered)
W1 indicated energy (energy supplied)
Pe effective power

Pi indicated power

Since the delivered energy is always smaller by the lost energy than the supplied
energy, the efficiency is always smaller than 1. According to equation (4.4,), the
same statement applies to power. When the losses are small, the efficiency will have
a high value. The developmental level of a device is substantially determined by the
maghnit de of the efficiency. Great efforts are made to further improve the efficiency
in order to convert the supplied energy into the desired energy with losses a small as
possible.

Table 4.2. shows a few typical examples of the values involved.

Table 4.2. Efficiency of Selected Technical Equipment

Equipment mean efficiency
incandescent lamp 0.05
steam locomotive 0.2
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small electric motor 0.5
large electric motor 0.85
transformer 0.95
power station generator 0.98

1) n Greek letter eta

In many cases, several devices having a certain efficiency each are connected
together and then the total efficiency of the arrangement is of interest. Fig. 4.1.
shows an example. The arrangement shown may be, for example, a motor generator
where device A is the electric motor, which takes up Pgypplied 1 as electrical power

and delivers Pdelivered 1 @as mechanical power. At the same time Pdelivered 1 is the
drive power supplied to the generator (device B) designated as Pgypplied 2- The
power delivered by the generator is designated as Pdelivered 2- The motor has the
efficiency 1 and the generator the efficiency n2. The total efficiency is expressed as

n = Pdel2/Psupp1

p*

Fig. 4.1. Interaction of two technical devices
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P =Pzu; P =Pgp

When inverting the relation
n2 = Pdel2/Psupp2 for Psypp2 and n1 = Pdel1/Psupp1 for Psypp1, we obtain
Pdel2 = 12 ¢ Psuypp2 and
Psupp1 = Pdel1/n1
Substituted into the initial equation we obtain
n = (n2 ¢ Psupp2 * n1)/Pdel1

Since, however, Pdel1 = Psupp2; it follows that

nm=mnien2

(4.5)

This shows that the total efficiency is equal to the product of the individual
efficiencies and, thus, always smaller than the smallest individual efficiency.

Example 4.4.

The motor of a motor generator has an efficiency of 0.8 and the generator an
efficiency of 0.75. What is the total efficiency?
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Given:

To be found:

n

Solution:

=nien2
8¢ 0.75

n
n=0.
n = 0.6

The total efficiency is 0.6.

In any energy conversion process, losses occur. This fact is described, by the
efficiency. The conversion losses should be as small as possible; this is
expressed by a value of the efficiency near 1. The efficienca is always smaller
than 1. The total efficiency is the product of the individual efficiencies.

Questions and problems:
1. Why calls technical progress for an increase in the efficiency?

2. Give proof of the fact that for three devices connected together the total
efficiency is: = n1 ¢ n2 ¢ 3.
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3. A motor delivers a mechanical power of 650 W. What is its efficiency when
the current input is 3.5 A at a voltage of 220 v?

4. A motor generator has an input of 3 A while connected to a voltage of 220
V and delivers a voltage of 48 V to the generator. The motor has an efficiency
of 0.8 and the generator of 0.78. What is the current drawn from the
generator?

4.3. Conversion of Electrical Energy into Heat

The electrical energy in a resistor through which current passes (W = I2.R e t) is
converted, into heat energy. According to the law of conservation of energy, the
consumed electrical energy is equal to the generated heat energy. This correlation is
also clearly described by the energy units of the international system of units SI. For

the heat energy, the unit J (joule) 1) is used.

1) joule, English physicist 1818 - 1889
The following holds

1Ws=1)
1 kWh = 3.6 MJ

The formerly used unit for heat energy, cal (calorie), is no longer permitted; 1 Ws =
0.239 cal.

Since any conductor (wire) has a resistance, in every conductor through which
current passes electrical energy is converted in heat energy and, consequently, the
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conductor is heated. This phenomenon is a disturbing factor in supply lines to
electrical equipment and in windings of motors and transformers. Therefore, lines
included in an electrical installation should not be subjected to high currents or any
value. When the current is too high, the rise in temperature will become excessive so
that the insulation may be destroyed or the line catch fire. Depending on the method
of the installation of the line, the maximum permissible current intensity for a certain
cross-sectional area of the conductor can be drawn from special Tables. Table 4.3.
gives some information in this respect.

Table 4.3. Power Bating of Moisture-proof Cables

Cross-sectional area of 2 conductor in mm2| 1.5 2.5 4 6

]maximum continuous current in A

| |copper | 20273647
Haluminium H - H 21 H 29 H 37

rated safety current in A

| |copper |20 25]35]50

| |aluminium | -] 20]25] 35]

\voltage drop per 100 m of distance in V \
copper 47.6|38.5|32.2| 28
aluminium - 47.3| 41 |34.8

For example, a multi-core moisture-proof cable of copper whose individual
conductors have a cross-sectional area of 1.5 mm?2 may be loaded with a current of
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up to 20 A. Considerable voltage drops occur which are dependent on the length of
the conductor and which may be so detrimental that in many cases the choice of a
greater cross-sectional area is necessary. For the above line, a length between feed
point and consumer of 100 m would cause the extremely high voltage drop of 47.6 V
when loaded with the maximum permanent current.

Example 4.5.

A load having a current input of 15 A is to be connected to a moisture-proof cable of
copper of a length of 70 m. The voltage drop should not exceed 20 V. Determine the
required cross-sectional area of the line.

Given:
S=70m
I=15A
Uu=20V

oCu = 0.0178 (mm2 .« Q)/m
To be found:

A in mm?2
Solution:

From the Table, the minimum permissible cross-sectional area of the conductor can
be drawn which is A = 1.5 mm2. Check that the voltage drop in the line will not
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become too great.

R=(pel)/A
A= (pel)/RwithR = U/I
A=(po|oI)/U

For the length, twice the distance s must be used taking the outgoing line and the
return line into consideration.

A = (0.0178 0 e mm2 ¢ 140 m ¢« 15 A)/(m « 20 V)
A = 1.87 mm?2

A cross-sectional area of 2.5 mm?2 of the conductor must be chosen.

For windings of motors and transformators, the heat dissipation from the winding
wires to the environment is worse than in installation lines. Therefore, the individual
wire cross-sections should be loaded with an adequately lower current than
installation lines. For this purpose, there are Tables, too, from which the required
conductor cross-sectional area can be drawn and in which frequently the maximum
permissible current density S is stated.

S=1I/A;
[S] = A/mm?2
(4.6)
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where:

S current density
I current intensity
A cross-sectional area of the conductor

In screwed, plugged or clamped connections high transition resistances occur due to
insufficient contact pressure or dirty surfaces