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3.1 THEORY OF ELECTRONS  



 





 




Preface 



 




Chapter 3.1  


-


 


“Theory of electrons” gives an overview of the physical constitution of
 




atoms, molecules and conductive and insulating elements.  



 





 




Learning outcomes 



 




The students should be able to: 



 




-


 


explain an atom, with protons, neutrons and  


electrons. 



 




-


 


give the characteristics of a conductor and an insulator.  



 





 




3.1. Theory of electrons 



 




3.1.1 The atom 



 





 




Matter is made up of "grains" of minute matters, so small that one could not cut
 




them in half, hence their name atomos, which means  


indivisible. 



 





 




The atom can be compared to our solar system, it allows to approach the
 




structure of the atom. 



 





 




Constitution of an atom 


:



 





 




The whole matter of the universe, alive or inert, made of particles called atoms 



 





 




The atom consists of two parts : a nuc 


leus and electrons moving rapidly around
 




this nucleus. 



 





 




The nucleus is made up of positive electric charge protons. 



 





 




And neutrons with zero electrical charge.  
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The electronic procession consists of electrons with negative electric charge that
 




revolve around the nucleus. 



 





 





 





 





 





 





 





 





 





 





 




The electric charges of an electron and a proton are opposite. 



 




The mass of a proton or neutron is 1,7.10 


-


27


 


Kg.



 




The mass of the proton is about 2000 times larger than that of the electron. 



 




The mass of the atom is  


essentially concentrated in the nucleus. 



 




The nucleus alone accounts for 99.97 % of the mass of an atom. 



 




An atom is electrically neutral when it has as many electrons as protons. 



 




An atom has a size of the order of 10 


-


10


m, a tenth of a millionth of a millim 


eter. 



 




The nucleus is a hundred thousand times smaller than the atom itself. 



 




If we compare the atom to a ping 


-


pong ball, the electron would be on a
 




circumference with a radius of 1000m. 



 




It is the movement of the electrons which is the basis of the circulati 


on of the
 




electric current. 



 





 




3.1.2 Conductors and insulators 



 





 




Some materials, especially metals, have their peripheral electrons weakly
 




maintained, and at ordinary temperature, the energy possessed by these
 




electrons is sufficient to release them from  


the influence of the nucleus. 
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For these materials, there  
is
 
a number of free electrons that will be easily set in  

motion. These are good conductors, they have less than four electrons on the  

last electronic layer. 
  

For example, the copper atom has 29 electr 
ons that gravitate to different orbits  

around the nucleus, a single electron is located on the last electron layer 
  

An element is insulating when its last layer is naturally saturated. 
  

Insulators have their peripheral electrons firmly held, they have more t 
han four  

electrons at the last electronic layer. 
  

When an insulating element is subject to an electric field, it will not give up  

electrons: the current will not pass (very great resistance to the passage of the  

current). 
  

An element is conductive when it  
yields or attracts electrons easily. 
  

When a conductive element is subject to an electric field, it will yield  
or easily  

capture the electrons 
: the current is established very easily (little resistance to  

the passage of the current). 
  

Semiconductors have fou 
r electrons at the last layer. 
  

An ion is an atom that has won or lost one or more electrons. 
  

  

3.1.3 The molecule 
  

The molecule is a set of several atoms that seek stability by creating bonds  

between them. 
  

  

Example:  
  

The water molecule is composed of one oxygen atom and two hydrogen atoms,  

H
O.
  

2
Hydrogen atoms. 
  

  

Oxygen atom. 
 
An atom has 1 electron. 
  

  

He has 8 electrons. 
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T


he hydrogen chloride molecule is composed of a hydrogen atom and a chlorine
 




atom, H Cl. 



 





 




Atom of  


chlorine. 



 




 


Hydrogen atom. 



 




It


 


has 17 electrons. 
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N
  

  

Preface 
  

Chapter 3.2  
-
 
“Static electricity and conduction” gives an  
overview on static  

electricity, the attitude of bodies according to their charge and explains the  

magnetic permeability and conduction in the different states of matter. 
  

Learning outcomes 
  

The students should be able to explain: 
  

-
 
the phenomenon of electrif 
ication 
  

-
 
the attraction and repulsion of two materials 
  

-
 
the magnetic permeability 
  

-
 
the conduction in the different states of matter 
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3.2 Static  
electricity 
 
and conduction 
  

3
.2.1 Electrification 
  

When an insulating material is rubbed by  
another insulating material, electrons  

are torn off by friction with the superficial atoms. 
  

The equilibrium of the proton electron charges is then broken in the concerned  

atoms which are then positively charged. 
  

On the other side, the object that ripped th 
e electrons took them to its surface  

and is in turn negatively charged. 
  

In theory, the positive charge of one of the objects is identical to the negative  

charge of the other. 
  

In practice, air is not a perfect insulator, especially when it is wet, and elect 
rons  

escape from the negatively charged object while stray electrons are attracted to  

the positive charges of the other object. 
  

This phenomenon of electrification occurs in nature, during thunderstorms where  

large masses of moving air electrify to the poin 
t of accumulating large electrical  

charges capable of causing flashes of considerable power. 
  

If we touch an insulated conductive material not electrically charged with  

another charged material, a portion of the charges moves from the charged body  

to the ne 
utral body. 
  

It is electrification by contact. 
  

Electrification can also occur without contact, simply bringing the two bodies  

together ; we then speak of electrification by influence. 
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3.2.1.1 
 
Electrification by influence 
  

  

  

  

  

  

  

  

  

  

When approaching an  
electrically neutral material A with another material B  

electrified, it occurs on the body A electrification such that charges of opposite  

signs accumulate opposite the body B. 
  

As the material A does not receive or yield any load, charges of opposite signs 
  

are distributed on the surface of the material A with a predilection for the curved  

or pointed surfaces of the ends. 
  

  

  

3.2.1.1 
 
Attraction and repulsion 
  

  

Two neutral materials do not attract or repel each other 
  

  

 
  

  

Two materials of opposite loads attract each  
other 
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Two positive or negative charge materials repel each other 
  

  

 
 
  

 
  

  

Experience 
  

  

At the electrode E are connected two strips F cut in a gold sheet, good  

conductors and very light. 
  

  

All is enclosed in a Bt bottle that protects the gold  
sheets. 
  

  

  

When an electrified stick B is approached, the charges c are distributed along the  

gold sheets and they repel each other. 
  

  

3.2.2 Magnetic permeability 
  

The magnetic permeability is at induction what the electrical conductivity is at  

the conducti 
on.
  

It depends on the material: iron is well known to be magnetic. 
  

Used as a core for a coil, it greatly increases induction by concentrating the force  

lines. 
  

The comparison with conductivity has its limits: unlike a conductor, a magnetic  

material saturates itself from a certain flux,  
o
r also depends on the magnetic  

excitation. 
  

We will return to these principles with magnetism. 
  

Electrical conductivity is the abi 
lity of a material to let electrical charges move  

freely, in other words to allow the passage of electrical current. 
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Electrical conductivity is the opposite of resistivity. 
  

2 

It corresponds to the conductance of a portion of material 1m long and 1m 
  

section. 
  

The best conductors are metals (such as copper or aluminum) for which charge  

carriers are "free electrons" and electrolyte solutions (having ions in solution). 
  

For the latter, the value of the conductivity depends on the nature of the ions  

present in the  
solution and their concentrations. 
  

The conductivity of a solution can be measured using a conductivity meter. 
  

Some materials, such as semiconductors, have a conductivity that depends on  

other physical conditions, such a 
s temperature or light exposure 
 
...
  

The
se properties are increasingly used to make sensors. 
  

  

3.2.3 Conduction of electricity in solids, liquids, gases and vacuum 
  

The term electrical conduction refers to all phenomena that have the effect of  

transmitting electricity. 
  

The ability of a substance t 
o conduct electricity is measured by conductivity,  

more generally we prefer to talk about its ability to withstand the passage of  

current: its resistivity 
  

The passage of the electric current in the matter under its three states is due to  

the  
displacement of charged particles, subjected to an electric field. 
  

The carriers can be electrons, as in the  
solid or liquid metals, and positive or  

negative ions, as in electrolytes or gases. 

  

Conduction 
 
in solids 
  

The conductivity in a solid is due to movin 
g electrons, the conductivity will  

depend on the nature of the solid and the temperature. 
  

Copper and aluminum are chosen to carry electric current because of their low  

resistivity at ordinary temperatures. 
  

Conduction 
 
in liquids 
  

The conductivity in a liquid 
 
is generally due to moving ions: the dissolution of a  

body, called an electrolyte in a body called a solvent (such as water) is  

accompanied by a dissociation of the molecules giving rise to electrically charged  

ions. , cations (positive charge) and anions 
 
(negative charge). 
  

Conduction 
 
in gases and vacuum 
  

Under normal conditions the gases are composed of neutral atoms and  

molecules, so they are not conductors of electricity.  
  

However, when subjected to an external electric field, they can conduct the  

current. This very weak conduction causes the ionization  
of the gases and is  

carried out thanks to the electrons of the peripheral layers, it will depend on the  
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molecular agitation (and therefore of the temperature) and the spacing between  

the molecules (thus of the pressure). 
  

  

3.2.4 Electrical conduction in cry 
stalline oxides 
  

Crystalline oxides, when stoichiometric, are electrical insulators: 
  

-
 
they can be described as quasi 
-
ionic crystals (near salts), the charges are  

linked to the atoms and are not mobile. 
  

Electrical insulators are also frequently ceramics or gl 
asses (note, however, that  

ceramics and glasses are not all oxides, and that the glasses are solid but  

amorphous). 
  

However, differences in stoichiometry give rise to point defects that allow  

electrical conduction. 
  

Ionic and electronic conductivity 
  

The elec 
tric current can result from the movement of two types of charges: 
  

-
 
the ions (anions and cations): the migration of the ions causes the  

displacement of the associated charge 

  

-
 
electronic charges: free electrons and electron holes 

  

Ion displacement can be done  
in two ways: 
  

-
 
either the ions slip between the "fixed" ions of the network, we speak  
 
of  

"interstitial" motion 

  

-
 
either there is a gap in the network (a missing ion), an ion of the network  

can then "jump" into the empty position; we speak of "lacunary" 
  

movement 

  

The charge carried is not the charge of the ion itself, but the difference between  

the charge of the ion and the charge that one would have if the network was  

perfect at this place, what is called the "effective charge". 
  

Phenomenological laws of c 
onduction 
  

If the oxide is subjected to an electrical voltage, the non 
-
zero relative charges  

are set in motion. In doing so, it creates a concentration gradient, which  

diffusion tends to level. 
  

If we have a stationary regime, we can describe this movement g 
lobally  
-
  

statistically  
-
 
by Nernst 
-
Einstein's law : 
  

 
 
 
 
 
D
F 

 
v
=
  

 
i
 
i
 
k
 
T
  

i
  

  

v
 
is the average speed of species i considered 
  

i 

D
 
is the diffusion coefficient of this species i in the crystal 
  

i 

F
 
is the electrostatic force to which species i is subjected 
  

i 

k
 
is Boltzmann's constant 
  

T
 
is the absolute temperature 
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Preface 
  

Chapter 3.3  
-
 
“Electrical terminology” gives an overview of terms and  
conventions  

used in electricity. 
  

  

Learning outcomes 
  

-
 
The students should be able to: 
  

-
 
explain the constitution of an electrical circuit 
  

-
 
explain the nature and the direction of the current 
  

-
 
calculate an amount of electricity 
  

-
 
explain the concept of  
resistance 
  

  

3.3 Electrical terminology 
  

3.3.1 The electrical circuit 
  

An electrical circuit consists of a generator that is the source (battery,  

accumulator, ...) and one or more receivers (lamp, iron, heater, washing  

machine ...). 
  

The terminals of  
these elements are interconnected by conductors (copper  

wires ...) to form an uninterrupted closed circuit. 
  

In this closed circuit, there is then appearance of an electric current. 
  

  

switch 
 
lamp 
  

     
 
 
   
 
battery 
  

  

 
 
       
Closed circuit 
 
 
 
          
Schematization of this circuit 
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3.3.2 Nature of the current 
-
  

  

The battery and its electromotive force: 
  

Between the two terminals of a battery, there is continuously a difference in  

density of free electrons : The negati 
ve terminal has a stronger electron  

concentration than normal while the positive terminal is electron deficient. 
  

If an electrical circuit is connected to the battery, the free electrons of the circuit  

are attracted to the positive terminal, pushed back by  
the negative terminal of  

the battery. They circulate from the minus terminal to the plus terminal on the  

outside of the generator. 
  

The difference of potential (or electrical voltage) that exists between the  

terminals of the battery is still called electrom 
otive force because it is able to set  

in motion the free electrons of the circuit. 
  

The real sense of displacement of the electrons is from the negative terminal to  

the positive terminal. 
  

  

Magnetic and chemical effects are reversed when the generator ter 
minals are  

switched. Scholars who did not know the reality of the electron were therefore  

led to arbitrarily choose a sense of the current. They have chosen the one that  

goes from the positive terminal to the negative terminal, that is to say the  

inverse o 
f the direction of movement of the electrons. 
  

So by convention, we say that the direction of displacement of the electrons  

goes from the positive to the negative. 
  

The electric current can propagate in a conductive material such as copper,  

silver ... or  
in an ionized gas, or in a vacuum. 
  

A current is said to be continuous when it does not change direction and  

alternative when it is reversed. 
  

  

3.3.3 Electrical intensity (I 
 
symbol 
)
  

The intensity of an electric current can be compared to the flow of water fl 
owing  

through a garden hose. 
  

The unit of intensity of the electric current is the ampere (symbol A). 
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It is the intensity of the constant current which deposits 1,118 mg of silver in  

one second in the electrolysis of a solution of silver nitrate, which corr 
esponds to  

a coulomb / second. 
  

Direct current is obtained from generators such as: dynamo, batteries,  

accumulators, solar cells ... 
  

Alternating current is obtained from an alternator and outlets connected to a  

distribution network. 
  

  

  

  

To obtain an  
electric current, two conditions are necessary: 
  

 
make a closed electrical circuit 
  

 
turn on this circuit 
  

  

3.3.4 The amount of electricity 
  

An electric current is determined by the displacement of electrons. 
  

The quantity of electricity Q (in coulomb) is the p 
roduct of intensity I of current  

(in ampere) by time t (in second) 
  

  

 
 
 
  

  

The coulomb (symbol C) is the amount of electricity needed to deposit 1,118 mg  

of silver in the electrolysis of a silver nitrate solution 
.
  

  

3.3.5 Electrical voltage and d.p. (U symbo 
l)
  

A hydraulic analogy of voltage or potential difference (d.p.) is the pressure  

difference between two points of a hydraulic circuit 
  

The unit of voltage is volt (symbol V), it is the potential difference between two  

points of a circuit where a quantity of 
 
energy of 1 joule is lost between these two  

points when a quantity of electricity of 1 coulomb circulated there. 
  

Electrical voltage is a physical quantity whose usual symbol is the letter U. 
  

Usually, to switch on an electrical appliance, it is  
connected to a socket or a  

switch is closed. 
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3.3.6 Notion of resistance and Electric resistance 
  

When a pipe carries water, it suffices to crush the pipe a little so that the flow d  

decreases and the pressure increases upstream A of the throttling point and 
  

decreases downstream B thereof. 
  

  

 
  

  

The higher the resistance to the throttle point, the greater the pressure  

difference between points A and B. As the resistance increases, the flow rate  

decreases. If the pipe is completely crushed, the 
 
water does not pass, the flow is  

zero and the resistance is infinite. 
  

We can also imagine that if there are two choke points one after the other (in  

series) on the pipe, the overall resistance will be greater and the flow rate even  

lower. 
  

  

In an electric 
al circuit, the resistance to electric current can be a component  

called resistance or any other element opposing the passage of electric current. 
  

A small cable will let less current flow than a big cable. 
  

Some metals are less good conductors for electrici 
ty than others. 
  

For example, the resistivity of iron is greater than that of copper or silver. 
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The electric resistance unit is the ohm :  
Ω
  

Common resistance values  
range from a few milli ohms to tens of megohms. 
  

The symbol of resistance as an electrical  
unit is R. 
  

3.3.7 Conductance 
  

This is the opposite of the electrical resistance. 
  

Symbolized by the letter G, it is expressed in siemens (symbol S). 
  

  

 
 
 
  

  

  

  

A resistance of 1000  
Ω 
corresponds to a conductance of 1 millisiemens. 
  

Ohm's law 
  

We will see in chapter 3.6 the relationship between these different units with  

Ohm's law. 
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Preface 
  

Chapter 3.4  
-
 
"Generation of electricity" gives an overview about the  
different  

possibilities of producing electricity. 
  

Learning outcomes 
  

The students should be able to mention the six possibilities of producing electricity  

with an example for each 
.
  

  

3.4 Generation of electricity 
  

Electric current generators are systems capab 
le of moving the free electrons in  

directed and ordered motion by imparting to them an energy that they will be  

able to release by passing through electric current receivers. 
  

We can present here the production of electricity with the following  
methods: 
  

  

3.4.1 Light: Photovoltaic cell 
  

Principle: When a silicon p 
-
n junction (similar to the junction of a diode) receives  

radiant energy, charge transfer occurs and a voltage appears between terminals  

A and B. 
  

Primary energy: radiant energy 
  

Voltage: 0. 
3 V to 0.9 V c.c. 
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3.4.2 Pressure: Piezoelectric 
  

Principle: By applying a mechanical stress to certain crystals, quartz for  

example, its faces are covered with electric charges of opposite directions. 
  

The potential difference thus created is all  
the higher as the stress is important. 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

3.4.3 Heat: Thermocouple 
  

Principle: Two different metals such as iron and constantan are united at a point  

called "hot welding", the two ends are connected to a millivoltmeter. When  

heating the  
junction point there is a deviation of the needle proportional to the  

rise in temperature. 
  

Primary energy: heat 
  

Voltage: 1 mV to 200 mV c.c. 
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3.4.4 Friction 
  

Principle: Friction can cause electrification. The body that has excess electrons is  

negatively charged. The body that has lost electrons is positively charged. Flying  

planes accumulate static electricity by friction. 
  

  

  

  

  

3.4.5 Chemical: Battery 
  

Principle: Two plates of different materials placed in a suitable electrolyte release  

electric 
al energy by a transformation of their chemical structure. 
  

Primary energy: chemical 
  

Voltage: 1 V to 2 V c.c. 
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3.4.6 Magnetism and Displacement: AC Generator 
  

Principle: a voltage is induced between the terminals of a conductor when  

moving in a magnetic f 
ield. 
  

Primary energy: mechanical 
  

Voltage: 6 V to 25 kV c.a. 
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Preface 
  

Chapter 3.5  
-
 
"DC sources of electricity" gives an overview on the different models  

of 
batteries and accumulators as well as how to connect them together.  

Thermocouples and photo cells are also explained. 
  

  

Learning o 
utcomes 
  

The students should be able to: 
  

-
 
explain the operation of a battery or accumulator 
  

-
 
explain the internal  
resistance of an element 
  

-
 
explain and calculate the couplings of the elements in series or in parallel 
  

-
 
explain the principle of a thermocouple 
  

-
 
explain why there are different thermocouples 
  

  

3.5 DC sources of electricity 
  

There are currently different t 
ypes of batteries: dry batteries "saline or alkaline",  

"mercury batteries" less and less used for ecological reasons and "rechargeable  

batteries". 
  

  

3.5.1 Definition 
  

Batteries are primary electrochemical elements. 
  

These are sources of electricity that conve 
rt chemical energy into electrical  

energy. The chemical transformation d 
ete
rior 
ates 
 
gradually one of the two  

electrodes so that the battery is no longer usable. 
  

Accumulators are secondary elements. 
  

The chemical transformation that occurs during the dischar 
ge is reversible. A  

battery can be recharged by circulating a current in the opposite direction, which  

gives the electrodes and the electrolysis their initial chemical composition. 
  

  

3.5.2 Batteries 
  

Operation 
  

Consider a container filled with water  
mixed with sulfuric acid. 
  

In this solution called "electrolyte" is immersed two electrodes, one made of a  

copper plate, which will be the + and the other a zinc plate for the pole  
-
.
  
  

It appears between these two electrodes an electromotive force of about 
 
1.08 V. 
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Fig. 1 
  

  

Now connect a load to the battery terminals. 
  

A current is established and flows from + to  
-
 
outside the cell. 
  

There is then a release of hydrogen on the copper plate, the appearance of zinc  

sulfate in the bottom of  
the container, along with a decrease in the weight of the  

zinc plate. 
  

After a certain period of operation, the electromotive force is rapidly attenuated  

to reach a zero potential. 
  

This is explained by the fact that the hydrogen bubbles that have formed on  
the  

copper plate isolate the latter from the electrolyte. The battery is then  

"polarized", and no longer produces electricity. To restore normal operation,  

simply wipe the copper blade. 
  

To prevent the formation of bubbles, an  
electrolyte 
-
hungry body is mixed with  

the electrolyte, this body is called a "depolarizer". 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
  

 
  
 
       
Fig. 
 
2
  

  

Any "chemical" process of electricity production necessarily consists of a reaction  

located at the "atomic" scale of the mate 
rial. The zinc electrode is called the  
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cathode, the copper electrode is the anode. The chemical reaction and the  

material constitution of the electrodes, allows to create + ions and  
-
 
ions. 
  

The purpose of the electrolyte is to prevent (at most) the passage 
 
of atoms and  

electrons. Only + ions will be attracted by  
-
 
ions, creating a positive "ionic"  

current inside the cell, when a load is connected to its terminals. 
  

  

Saline and alkaline dry batteries 
  

All materials used in the internal construction of a  
cell are chosen for their good  

electrochemical reactivity. 
  

In saline dry batteries, the electrode which constitutes the container, is made of  

zinc. Inside we find the electrolyte which consists of water and acid salts. This  

electrolyte is mixed with a  
material in gel form, and therefore is not liquid. The  

batteries are then called "dry". 
  

In this solution plunges the positive electrode which is not in copper, but in micro  

porous coal, with around the depolarizer, enclosed in a small canvas bag. 
  

This piec 
e of coal ends with a nickel 
-
plated brass capsule, constituting the + pole  

of the battery. 
  

The pole  
-
 
consists of a metal disk in contact with the outer bottom of the zinc  

container. 
  
  

"Alkaline dry cells" use the same zinc / carbon pair, but in a strong b 
ase alkaline  

electrolyte (potassium hydroxide). 
  

Their construction is different from saline batteries. Zinc no longer serves as a  

container, but is placed in the center of the pile as a powder. 
  

  

Mercury or silver batteries 
  

The use of active masses with a h 
igh energy density (mercury or silver) gives  

these batteries much higher energy than ordinary batteries. 
  
  

They consist of a pure zinc cathode amalgamated, secured to the nickel 
-
plated  

steel cover, and an anode itself secured to a steel container. This cat 
hode is  

composed of graphite and mercuric oxide or silver oxide for silver batteries.   
  

The electrolyte is the same as that of alkaline batteries, namely potassium  

hydroxide. The two electrodes are separated by a membrane called separator,  

but passing the  
current.   
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Fig. 3 
  

  

When the battery is in operation, hydrogen is formed on the cathode  

(polarization phenomenon), immediately neutralized by the oxygen contained in  

the mercury oxide (or silver) to form water in minute amounts of course. Water  

and mercury (or silver) being c 
onductive, nothing therefore opposes the passage  

of the current.   
  

  

3.5.3 Accumulators 
  

An accumulator stores energy during its charge, through the passage of a direct  

current that produces the chemical transformation of two materials. In use, this  

stored e 
nergy is restored in the form of electric current, by reverse process of  

the two materials. 
  

The chemical transformation, located at the level of the electrodes, breaks down  

into two partial reactions of oxidation 
-
reduction, of which one engenders the  

liber 
ation and the other the capture of electrons. This exchange of electrons is in  

a closed circuit consisting of the external equipment (which may be the load  

member or use), the two electrodes and the electrolyte. The latter constitutes an  

ionized medium in  
which the passage of the current is due to the displacement  

of the ions between the electrodes. 
  

  

Lead accumulators 
  

These accumulators are the most common. They are mainly used for starting  

and supplying automotive electricity, but also as a source of energ 
y for the  

electric traction of vehicles or special machines. Their capacity, expressed in Ah  

can be very important and reach values of the order of 200 Ah.   
  

In a tank containing a mixture of water and sulfuric acid, two lead electrodes are  

immersed. By su 
bjecting these electrodes to a continuous electric current, thus  

polarized, the water is decomposed as follows: 
  

-
 
The hydrogen will stick on the electrode subjected to the negative polarity ( 
-
)  

of the supply. This electrode is then the cathode. 
  

-
 
The oxyge 
n on the other electrode, positive (+) side of the feed, and reacts  

with the lead to form lead oxide. This electrode is the anode, and the process we  

have just seen is the pure and simple charge of the accumulator. 
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Fig. 4 
  

  

The two  
electrodes now being of different natures (lead and lead oxide), an  

electromotive force appears between them. If one connects to these two  

electrodes any device, consumer of electricity, a current is established, and the  

accumulator is discharged little by 
 
little. During this discharge, the two  

electrodes gradually resume their initial appearance, until complete discharge. 
  

An accumulator therefore consists of the following organs: 
  

A box 
, usually made of acid resistant plastic; 
  

An electrolyte 
. On the  
majority of lead accumulators, this electrolyte consists  

of a mixture of water and sulfuric acid. This liquid electrolyte has the advantage  

of being inexpensive, but has some disadvantages: 
  

 
-
 
Batteries can only be positioned horizontally 
  

 
-
 
There is gas p 
roduction by decomposition of water during charging,  

 
overload, discharge and shutdown. For this reason, it is necessary to  

 
periodically add distilled water. 
  

 
-
 
The gas, in contact with the air is transformed into liquid loaded with  

 
sulfuric acid, and th 
ere is corrosion of the surrounding metal elements. 
  

Electrodes 
. These are often made of antimony leaded wire mesh. Antimony has  

the effect of increasing the hardness of the lead and improving the adhesion of  

the active ingredients on the grids. These activ 
e ingredients are lead oxide for  

positive plates, and spongy lead for negative plates. Some battery  

manufacturers use special alloys for the plates, eliminating the use of antimony. 
  

Separators 
. These are made of microporous plastic material or fiber, to al 
low  

the passage of the electrolyte. They are placed between the positive and  

negative plates. 
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Fig. 5 
  

  

The advantages of a lead 
-
acid battery are an almost constant electromotive  

force, a very low internal resistance and a  
good efficiency. 
  

The disadvantages are a high mass, the brittleness of the plates, does not  

support short circuits, dangerous electrolyte and careful maintenance of adding  

distilled water. 
  

There are now accumulators whose electrolyte, always made of the water /  

sulfuric acid mixture, is fixed in a silica gel. This allows operation that is  

absolutely maintenance 
-
free and safe for the user and the battery environment.  

Safety valves replace the 
 
traditional filler caps, and ensure degassing during  

charging. With the gelled electrolyte, the gas production is practically zero, since  

most of the oxygen forming during the charge is formed by formation of water in  

the element.   
  

  

Cadmium / nickel accu 
mulators 
  

This type of battery has an electrolyte either acidic but basic, which is usually a  

solution of soda or potash. 
  

This solution is no longer part of the reaction, and serves only ionic conduction.  

The electrodes consist of nickel hydrate and iron pl 
ates or of nickel and cadmium  

hydrate. 
  

This type of battery is virtually maintenance 
-
free, and has a higher capacity and  

mass energy than lead accumulators, can withstand long overloads and can be  

stored for many years without being damaged. 
  

The voltage pe 
r element is lower than that of lead 
-
acid batteries, and is 1.2 V,  

but the internal resistance is greater, of the order of 0.1  
Ω 
per element. 
  

The arrangement of positive and negative plates, and separators, is the same as  

that of lead 
-
acid batteries. 
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Fig. 6 
  

  

3.5.4 Internal resistance and its effect 
  

When a current is delivered to a battery, the voltage at its terminals decreases  

as the current increases. A battery has indeed an internal resistance that causes  

a voltage drop  
inside it when it is charging. 
  

The battery can be represented by a voltage source E in series with a resistor r. 
  

E is the no 
-
load voltage (no current flow), it varies with time, that of a battery  

decreases when the latter discharges. 
  

I
  

  

 
 
  

  

  

+
  

 
   
E
  

 
  

r
  

I =  
  

R
 
 
  

R + r 
 
  

 
 
  

  

  

 
E
  

      
                                                   
Fig. 7 
  

  

The internal resistance increases as the battery ages and when it discharges. 
  

The internal resistance has the effect of heating the battery when  
it delivers or  

absorbs a current. 
  

The current absorbed by a battery must be limited when it operates as a  

receiver. 
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3.5.5 Cells connected in series 
  

Operation without load:   
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
  

 
 
 
 
 
 
Fig. 8 
  

  

The total electromotive force is equal to  
the sum of the different electromotive  

forces. 
  

Operation in charge:   
  

Here, the internal resistances of the different electromotive forces must be taken  

into account. 
  

  

 
 
 
 
 
 
 
 
 
 
 
  

 
 
 
 
 
 
 
Fig 9 
  

  

Internal resistances add up as well as voltages. 
  

  

 
  

 
9
 

    

    
        
    








    
        
    

    
        3.5 DC SOURCES OF ELECTRICITY  
  

3.5.6 Cells connected in parallel 
  

  

Operation without load:   
  

  

  

 
 
 
 
 
     
Fig 10 
  

  

We keep the same electromotive force. 
  

For elements that do not have the same fem, coupling is not possible. 
  

Operation in charge: 
  

Taking into account the internal  
resistances of the batteries, the internal  

resistances of each of the elements are in parallel so the equivalent internal  

resistance is lower. 
  

  

3.5.7 Thermocouples 
  

The operating principle of thermocouples is essentially based on the SEEBECK  

effect. 
  

When a temperature difference along a thread occurs, there is a charge transfer.  

The importance of the charge transfer depends on the electrical characteristics of  

the chosen material. 
  

When two wires of different materials are soldered to one side and a  

te
mperature difference occurs, a voltage is formed at both free ends. 
  

This voltage depends on the temperature difference along the two wires. 
  

To measure the temperature at the junction point, the temperature must be  

known at the free end. 
  

A thermocouple is c 
omposed of two electrical conductors of different materials  

interconnected at one end (measuring junction). 
  

Thermocouples are used to measure temperatures up to 1600 ° C. 
  

When the two metals of different types are brought into contact at the same  

temperatu 
re, an electrical voltage appears at the other end of these two metals. 
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Fig. 11 
  

  

This voltage (EMF = electromotive force) is produced because of the different  

electron density of the two (different) metal conductors used, in combination  

with the t 
emperature difference between the measuring point and the cold  

junction (or connecting the reading device). 
  

  

There are different types of thermocouples: 
  

E : chromel / constantan :  
-
270°C à 870°C  
 
-
9,835  
mV à 66,473 mV 
  

J : fer / constantan :  
-
210°C à 800°C  
 
-
8,096  
mV à 45,498 mV 
  

T : cuivre / constantan :  
-
270°C à 370°C  
 
-
6,258  
mV à 19,027 mV 
  

K : chromel / alumel :  
-
270°C à 1250°C  
 
-
5,354  
mV à 50,633 mV 
  

R : platine 
-
rhodium (13%) / platine :  
-
50°C à 1500°C  
 
-
0,26  
mV à  
17,445 mV 
  

S : platine 
-
rhodium (10%) / platine :  
-
50°C à 1500°C  
 
-
0,26  
mV à 15,576 mV 
  

B : platine 
-
rhodium (30%) / platine 
-
rhodium (60%) : 0°C à 1700°C  
 
0 
mV à 
  

      
12,426 mV 
  

  

Example of thermocouples characteristic curve: 
  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
  

  

  

  

  

  

Fig. 12 
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3.5.8 Operation of photo 
-
cells 
  

  

"Photo" means light, so photoelectricity simply means electricity produced by a  

light beam. 
  

  

When light hits the semiconductor material, it generates a DC electrical signal  

(small voltage and current).  
Technically, when light hits the semiconductor, it  

"encourages" electrons to migrate (jump) from one side to the other. 
  

  

Photoelectricity is about light energy being converted into electrical energy and it  

happens in three different ways (though, on the fa 
ce of it, quite similar). 
  

  

  

  

  

  

  

  

  

 
 
Fig. 
 
13
  

  

  

  

  

  

Light increases the flow of electrons and reduces the resistance 
  

  

  

  

 
 
 
 
 
 
  

 
 
     
 
 
Fig. 
 
14
 
  

 
 
  

Fig. 15 

  

  

Light makes electrons move between layers, producing a voltage and a current  

in an external  
circuit. 
  

  

 
12
 

    

    
        
    








    
        
    

    
        3.5 DC SOURCES OF ELECTRICITY  
  

  

  

  

 
     
Fig. 
 
16
 
 
Fig. 17 
  

 
 
 
 
  

  

 
 
 
  

Light knocks electrons from a cathode to an anode, making a current flow  

through an external circuit. 
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Preface 
  

Chapter 3.6  
-
 
"DC Circuits" gives an overview on Ohm's law and Kirchhoff's law,  

the coupling of resistors and the simplification of circuits to find the equivalent  

resistance. 
  

  

Learning outcomes 
  

The students should be able to: 
  

-
 
state Ohm's law with its units 
  

-
 
calculate the equivalent resistance of resistors coupled in series, in parallel or  

of a mixed circuit 
  

-
 
find the different currents in a circuit 
  

-
 
calculate circuits with generator elements and accumulators taking into account  

the internal resistances of t 
he elements 
  

-
 
to solve a complex circuit with the law of the nodes and the mesh law 
.
  

  

3.6. 
 
DC Circuits 
  

3.6.1 Ohms law 
  

In a circuit, if the resistance is constant, the intensity of the current I is directly  

proportional to the voltage U. 
  

If the voltage stay  
constant, the intensity of the current I is inversely  

proportional to the resistance R. 
  

 
U 

 
I
 
= 

U
R
.
I
=
  

 
 
 
 
      
Or 
 
 
  

 
 
 
 
 
R 

 
  

  

The voltage or potential difference existing at the terminals of a circuit is equal  

to the product of the resistance of the circuit by the intensity of the current 
  

flowing in the circuit. 
  

 
U 
expresses in 
 
 
volts V 
  

 
R 
expresses in 
 
 
ohms  
Ω
  

 
I expresses in  
 
am
peres A 
  

Volt is the voltage at the terminals of a generator that circulates a current of 1 A  

in a resistance of 1  
Ω.
  

The ampere is the intensity of the current flowing in a resistance circuit 1  
Ω 
if  

the generator produces a potential difference of 1 V. 
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The
 
ohm is the resistance of the electric circuit which allows to circulate a  

current of 1 A under a potential difference of 1 V to the generator. 
  

Exercices: 
  

  

1.
 
An incandescent lamp powered at 240 V has a hot resistance of 1200  
Ω.
  

Determine the intensity of the 
 
current flowing through it. 
  

2.
 
Determine the voltage at the terminals of a generator that provides a  

current of 25 A in a group of lamps with a resistance of 4  
Ω.
  

3.
 
In what resistance does a 12 
-
volt storage battery deliver a current of 2.5  

A?
  

4.
 
Determine the int 
ensity of the current flowing in a resistance of 34 K 
Ω  

supplied under the voltage of 170 V. 
  

  

3.6.2 Resistance coupling in series 
  

  

  

  

 
  

  

  

  

  

 
 
 
 
 
 
Fig. 1 
  

  

The intensity of the current is the same everywhere in the circuit. We can place  

a single  
ammeter anywhere in the circuit. 
  

The voltage at the terminals of the generator is equal to the sum of the partial  

voltages, that is to say at the terminals of the resistors. 
  

It is the passage of the current in the circuit which reveals a potential differen 
ce  

across the resistors. 
  

  

 
 
 
 
U = U1 + U2 + U3 
  

  

 
 
U1 = R1 x I  
 
 
U2 = R2 x I  
 
 
U3 = R3 x I 
  

  

we can write that 
 
: 
 
U  =  R1 .  
I  +  R2 . I  +  R3 . I 
  

  

A single resistor is able to replace the others by producing the same current in  

the circuit. This resistanc 
e alone represents in value the sum of the three other  

resistances. It is called the equivalent resistance. 
  

  

 
 
 
 
R
 
= R1 + R2 + R3 
  

eq 
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Exercices: 
  

  

1.
 
Four resistors R1 = 6  
Ω, 
R2 = 25  
Ω, 
R3 = 3  
Ω 
and R4 = 5.1  
Ω 
are placed  

in series. What is  
equivalent resistance? 
  

2.
 
What is the intensity of the current flowing in a circuit with 4 resistors in  

series of 3  
Ω, 6 Ω, 2 Ω  
and 4  
Ω 
supplied under the voltage of 120 V? 
  

3.
 
A circuit powered at 15 V consists of 3 resistors connected in series R1 =  

3.6 Ω,  
R2 
= 5  
Ω 
and R3 = 3.4  
Ω. 
What is the voltage appearing across  

R2?
  

4.
 
An electrical circuit consists of 3 resistors R1 = 4  
Ω, 
R2 = 5  
Ω 
and R3 = 6  

Ω 
connected in series. A voltmeter connected to the terminals of R2  

indicates 10 V. 
 
What is the supply voltage applie 
d to the entire assembly? 
  

  

3.6.3 Resistance coupling in parallel 
  

  

  

  

  

  

  

  

  

  

  

 
  

 
 
 
 
 
Fig. 2 
  

  

It can be seen that there is only one voltage in the circuit: U1 = U2 = U3 = U 
  

The voltage across each resistor is the same voltage as that of the generator. 
  

There  
are several partial currents whose sum corresponds to the value of the  

total current measured by the ammeter placed after the power supply! 
  

We can write 
 
: I = I1 + I2 + I3 
  

As in the case of series mounting, the equivalent resistance is the  
resistance that  

would have a value such that under the same voltage it would absorb the same  

current. 
  

The Ohms law makes it possible to write 
 
 
U  =  R1 .  
I1  =  R2 . I2  =  R3 . I3 
  

 
 
I = I1 + I2 + I3 
  

 
 
I1 = U/R1          I2 = U/R2          I3 = U/R3       
     
I = U/R 
  

eq 

 
 
U/R
  
=  U/R1  +  U/R2  +  U/R3 
  

eq 

 
 
1/R
  
=  1/R1  +  1/R2  +  1/R3 
  

eq 

Note: The equivalent resistance is always smaller than the smallest of the  

derived resistors. 
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Exercices 
 
:
  

  

1
 
: 
Determine the equivalent resistance of 
 
:
  

 
two resistors of 10 
 
Ω 
and 2.5  
Ω
  

 
two equal resistors of each 8  
Ω
  

 
three resistors of 5, 12 and 20  
Ω
  

 
four resistors of 6, 12, 18 and 36  
Ω
  

2 : What is the equivalent resistance of 4 resistors R1 = 2  
Ω, 
R2 = 6  
Ω,
  

R3 = 4  
Ω 
and R4 = 8  
Ω?
  

Determine the intensity of the  
current in each of the resistors if the whole is  

powered under the voltage of 24 V. 
  

3
 
: 
Between 2 points A and B, 3 resistors are connected in parallel R1 = 4  
Ω,
  

R2 = 8  
Ω 
and R3 = 12 
Ω 
supplied at 60 V. 
  

Determine the different current intensities and the eq 
uivalent resistance. 
  

4
 
: 
Between 2 points A and B, we connect 3 parallel resistors of R1 = 30  
Ω,
  

R2 = 45  
Ω 
and R3 = 90  
Ω.
  

We see that the current flowing in R1 is 3 A. 
  

Realize the circuit diagram and determine the equivalent resistance of all 3  

resistors;  
the intensities circulating in the other 2 resistances. 
  

  

3.6.4 Mixed coupling of resistors 
  

  

The mixed coupling of the resistors comprises both resistors coupled in series  

and in parallel. 
  

In order to find the equivalent resistance of such an  
arrangement, the circuits  

are simplified more and more so that they are returned to equivalent diagrams. 
  

Exemple 
 
:
  

Find the equivalent resistance if R1 = 1  
Ω, 
R2 = 5  
Ω, 
R3 = 4  
Ω 
and R4 = 3.6  
Ω
  

The voltage = 60 V 
  

  

  

  

  

  

  

Find the equivalent  
resistance between R1 and R2 
  

  

 
 
 
R
 
BCD = R1 + R2 = 1  
Ω
+ 5  
Ω
 
= 6  
Ω
  

eq 
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The equivalent diagram becomes 

  

  

  

  

  

  

  

Find the equivalent resistance between R 
 
BCD and R3 
  

eq 

  

R
 
BD = ( R 
 
BCD x R3 ) / ( R 
 
BCD + R3 ) = ( 6 x 4 ) / ( 6 + 4 )  =  2,4  
Ω
  

eq
eq
eq 

  

The equivalent diagram becomes 

  

  

 
  

  

  

  

Search the last  
equivalent resistance 
  

  

 
 
 
R
 
= R4 + R 
 
BD = 3,6 + 2,4 = 6   
Ω
  

eq
eq 

  

The equivalent diagram becomes 

  

  

  

  

  

  

  

  

Search currents and voltages: 
  

  

To find  
currents or voltages in the circuit, we proceed in the opposite direction of  

the search for the equivalent resistance. We start from the final equivalent  

schema and we gradually go back to the given schema. The properties of the  

circuits in series and in p 
arallel are applied as and when. 
  

  

Search of total current I 
  

 
  

  

  

  

  

  

  

 
 
 
I = U 
 
/ R
 
= 60 / 6 = 10 A 
  

ad
eq 
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Search for U 
 
and U 
 
voltages 
  

AB
BD 

 
  

  

  

  

  

  

  

  

  

 
 
 
U
 
= R4 x I = 3,6 x 10 = 36 V 
  

AB 

 
 
 
U
 
= R
 
BD x I = 2,4 x 10 = 24 V 
  

BD
eq 

 
 
 
U = U 
 
+ U
 
= 36 + 24 = 60 V 
  

AB
BD 

  

Search for currents I1 and I3 
  

  

  

  

  

  

  

  

  

  

 
 
 
I1 = U 
 
/ R
 
BCD = 24 / 6 = 4 A 
  

BD
eq 

 
 
 
I3 = U 
 
/ R3 = 24 / 4 = 6 A 
  

BD 

 
 
 
I = I1 + I3 = 4 + 6 = 10 A 
  

  

Search for tensions 
 
U
 
and U 
  

BC
CD 

  

  

  

  

  

  

  

 
 
 
U
 
= R1 x I1 = 1 x 4 = 4 V 
  

BC 

 
 
 
U
 
= R2 x I1 = 5 x 4 = 20 V 
  

CD 
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Exercices: 
  

  

1
 
: 
Determine 
 
:
  

the equivalent resistance of the whole 
  

the total intensity of the current 
  

the intensities derived 
  

  

R1 = 40  
Ω
  

R2 = 30  
Ω
  

R3 = 40  
Ω
  

R4 = 18  
Ω
  

U = 120 V 
  

  

2
 
: 
Determine 
 
:
  

the equivalent  
resistance of the whole 
  

the total intensity of the current 
  

the intensities derived 
  

  

R1 = 2  
Ω
  

R2 = 60  
Ω
  

R3 = 40  
Ω
  

R4 = 15  
Ω
  

R5 = 10  
Ω
  

R6 = 12  
Ω
  

U = 45 V 
  

  

3
 
: 
According to the diagram, determine 
 
:
  

the applied voltage U 
  

the voltage across R1 
  

the different in 
tensities 
  

  

  

  

  

  

  

4
 
: 
Which resistor R3 must  
be  

connected so that the voltage between the points BC is 20 V? 
  

U
 
= 20 V 
  

BC 
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5
 
: 
From the data of the problem, determine 
 
:
  

the applied voltage U 
  

the value of R2 resistance 
  

the value of  
resistance R3 
  

the value of resistance R5 
  

  

  

  

 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

3.6.5 Significance of the internal resistance of a supply 
  

  

We have seen in Chapter 3.5 the existence and the importance of the presence  

of the internal resistance of a battery. 
  

When  
charging an accumulator, the element is a receiver. 
  

The voltage remaining at the terminals of the element is in opposition to the  

voltage of the source. It tends to circulate a current of direction opposite to that  

of the generator. 
  

In fact, only one curre 
nt flows in the circuit. Its meaning is imposed by the  

polarities of the generator. 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Fig. 3 
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For this reason, this voltage at the terminals of the accumulator is called back  

electromotive force (b.e.m.f.) E '. 
  

It is the difference U  
-
 
E' 
which pushes the current in the circuit. 
  

  

 
 
 
I = ( 
𝐔
 
− 
𝐄
′) / ( 
𝐑
 
+ 
𝐫
′)
  

  

Once charged, the accumulator is a current generator and the voltage that exists  

at its terminals is an electromotive force (e.m.f.) E. 
  

  

Exercices 
 
:
  

1 
: 
If R1 = 1.5  
Ω 
and R2 = 3  
Ω 
what is  
:
  

the intensity of the current, 
  

the voltage that appears across R1, 
  

the voltage that appears across R2, 
  

the charging voltage of the accumulator so that the intensity of the current is 5  

A?
  

  

  

  

  

  

  

  

  

  

  

2
 
: If R1 = 12  
Ω, 
what is the resistance R2 to be connected in parallel across R1  

so that the total current intensity is 1 A. 
  

  

  

  

  

  

  

  

  

  

  

 
  

 
10
 

    

    
        
    








    
        
    

    
        3.6 DC CIRCUITS 
  

3
 
: 
What resistance must be incorporated in the charging circuit of the  

accumulator so that the intensity of the current is 5 A? 
  

 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

4
 
: 
Determine the value of the resistor R to be placed in the circuit during the  

charging of 20 accumulator elements placed in series, of unitary unit E '= 1.9 V  

and of internal resistance r' = 0.05  
Ω 
so that the current is 5 A. The open 
-
circuit  

voltage of the 
 
generator is E = 100 V and the internal resistance r = 3  
Ω.
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3.6.6 Kirchhoff 
  

For the study of complex circuits (or portion of circuit), the notions seen  

previously are not generally enough. We must apply Kirchhoff's laws. 
  

  

3.6.6.1 Law of node 
s
  

A node is the junction of several conductors (at least 3) at the same point. 
  

Complex set of drivers, receivers and generators: 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

According to the definition of the nodes, one notes in this circuit that there are 3  

nodes: with points A, B  
and C. 
  

 
  

  

Findings 
 
:
  

 
Node A  
 
I1 + I2 + I3 = I5 
  

 
Node B  
 
I5 = I1 + I4 
  

 
Node C  
 
I4 = I2 + I3 
  

From these equations it can be concluded that the sum of the intensities of the  

currents leading to a node is equal to the sum of the intensities which move  

away f 
rom it. 
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From the equations above, we draw; 
  

 
 
 
I1 + I2 + I3  
-
 
I5 = 0 
  

 
 
 
I5 
-
 
I1 
-
 
I4 = 0 
  

 
 
 
I4 
-
 
I2 
-
 
I3 = 0 
  

The algebraic sum of the currents currents passing through a node is always  

zero. 
  

Provided 
 
-
 
to precede the sign + currents that go to the  
node. 
  

 
 
-
 
to precede the sign  
-
 
currents that move away from the node. 
  

  

3.6.6.2 Mesh Law 
  

A mesh is a set of conductors forming a closed circuit without shunting. 
  

Reminder: The passage of a current I in a resistor R shows at its terminals a ddp  

U = RI  
with the with the polarities + at the input and  
-
 
at the output following  

the conventional direction of the current. 
 
The emf of the generator is equal to  

the sum of the voltage drops occurring in the circuit. 
  

Here are the different meshes that we can spot  
in our diagram: 
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A mesh may comprise receivers and generators, ... 
  

We browse any mesh to choose. 
  

Beforehand, the flow direction of the currents is arbitrarily chosen. 
  

If one of the intensities found is preceded by the sign  
-
 
it means that the actual  

direction of circulation of the current is the opposite of that chosen. 
  

In any mesh, the algebraic sum of the electromotive forces (emf) is equal to the  

algebraic sum of the voltage drops provided 
 
:
  

 
-
 
to consider the fem. as positive if, by traversing the 
 
mesh, they raise the  

potential (if we go from  
-
 
to +) and vice versa. 
  

-
 
to consider the voltage drops as positive if one traverses the resistance in the  

direction of circulation of the current and vice versa. 
  

What gives us for the equations: 
  

mesh 
 
A R5 B R 
1 A  
 
 
 
+ E1 + E2 = R5 I5 + R1 I1 
  

mesh 
 
A R1 B R4 R2 A  
 
 
0 =  
-
 
R1 I1 + R4 I4 + R2 I2 
  

mesh 
 
C R2 A R3 C  
 
 
 
+ E3 = + R2 I2  
-
 
R3 I3 
  

mesh 
 
B R4 C R3 A R5 B  
 
 
-
 
E3 + E1 + E2 = + R4 I4 + R3 I3 + R5 I5 
  

Establish as many equations as there are unknown 
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Example 
:
  

Determine: 
  

-
 
The intensity of the current in each of the resistors 
.
  

-
 
The direction of circulation of each of the currents 
.
  

 
E1 = 3 V  
 
 
 
r1 = 1  
Ω
 
 
 
R1 = 9  
Ω
  

 
E2 = 2 V  
 
 
 
r2 = 1  
Ω
 
 
 
 
R2 = 9  
Ω
  

 
E3 = 1 V   
 
 
 
r3 = 1  
Ω
 
 
  

  

  

  

  

  

  

  

  

  

  

  

  

Choose  
arbitrarily the flow direction of currents. 
  

Apply the law of the knots. 
  

  

 
 
 
No
de
 
B 
 
 
0 = I1 + I2 + I3 (1) 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

Apply the law of meshes. 
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mesh 
 
A E2 R2 B E1 R1 A 
  

-
 
E2 + E1 = + r2 I2 + R2 I2  
-
 
r1 I1  
-
 
R1 I1 
  

3 
–
 
2 = I2 + 9.I2  
–
 
I1 
–
 
9.I1 
  

1 =  
10.I2  
-
 
10.I1 (2) 
  

  

  

  

  

  

  

  

mesh 
 
A E3 B E1 R1 A 
  

-
 
E3 + E1 = + r3 I3  
-
 
R1 I1  
-
r1 I1 
  

-
1 + 3 = I3  
-
 
9.I1  
-
 
I1
  

2 = I3  
-
 
10.I1 (3) 
  

  

  

From (1) we hace:  
 
 
I3 =  
-
 
I1 
-
 
I2 (4) 
  

(4) in (3):  
 
 
 
2 =  
-
 
I1 
-
 
I2 
–
 
10.I1 
  

 
 
 
 
2 =  
-
 
I2 
-
 
11.I1 (5) 
  

Multiply (2) by 11 
 
 
 
 
11 =  
110. I2  
-
 
110 . I1 
  

Multiply 
 
(5) by  
-
10 
 
 
 
-
 
20 = + 10. I2 + 110 . I1 
  

Add the two equations 
 
 
 
-
 
9 = 120.  
I2
  

 
 
 
 
 
I2 =  
-
9/120 =  
-
0,075 A 
  

(I2) in (2)  
 
 
 
1 = 10. (  
-
 
0,075 )  
-
 
10 . I1 
  

 
 
 
 
1 =  
-
 
0,75  
-
 
10. I1 
  

 
 
 
 
1 + 0,75 =  
-
 
10. I1 
  

 
 
 
 
1,75 =  
-
 
10. I1 =  
-
 
0,17 
5 A
  

In (4)  
 
 
 
I3 =  
-
 
I1 
-
 
I2
  

 
 
 
 
I3 =  
-
 
( 
-
 
0,175 )  
-
 
( 
-
 
0,075 ) 
  

 
 
 
 
I3 = 0,175 + 0,075 = 0.25 A 
  

Verification with Mesh   
A E3 B R2 A 
  

 
 
 
E2 
-
 
E3 = r3.I3  
-
 
R2.I2  
-
 
r2.I2 
  

 
 
 
2 
-
 
1 = I3  
-
 
9.I2  
-
 
I2
  

 
 
 
1 = I3  
-
 
10.I2 
  

 
 
 
1 = 0,25  
-
 
10 ( 
-
 
0,075) 
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1 = 0.25 +  
0.75 
  

 
 
 
1 = 1 
  

  

From the data of Figure 2 and information found we obtain: 
  

  

  

  

  

  

  

  

  

  

  

I1 and I2 being negative, the flow direction of the current is the opposite of that  

arbitrarily chosen. 
  

  

Exercices: 
  

  

1: 
calculate 
 
I1, I2, et I3. 
  

  

  

E1 = 13.5 V 
  

E3 = 6 V 
  

R1 = 4  
Ω
  

R2 = R3 = 3  
Ω
  

  

  

  

2: 
calculate 
 
E
  

  

E1 = 2 V 
  

R1 = 2  
Ω
  

R2 = 15  
Ω
  

R = 10  
Ω
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3
: 
calculate 
 
I1, I2 et I3 
  

  

E1 = E2 = 50 V 
  

R1 = R2 = 4  
Ω
  

R3 = R4 = 8  
Ω
  

R5 = 12   
Ω
  

  

  

  

  

  

  

  

  

4: 
calculate 
 
I1...I6 
  

  

E1 = 12 V 
  

E2 = 18 V 
  

E3 = 25 V 
  

R1..., R6 = 10  
Ω
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List of Pictures 

  

  

All drawings and exercises come from the book: 
  

Electricité industrielle Base 
 
: Jean COLLET  
–
 
Jean 
-
Pol LEMPEREUR 
 
: Technifutur 
  

  

  

List of Videos 

  

  

Essential & Practical Circuit Analysis: Part 1 
-
 
DC Circuits 
  

 
https://www.youtube.com/watch?v=sqxzQkAdJm0 
  

Basic Electricity  
-
 
Resistance and Ohm's law 
  

 
https://www.youtube.com/watch?v=NfcgA1axPLo 
  

Ohm' 
s Law, The Basics 
  

 
https://www.youtube.com/watch?v=d34 
-
VKc2cyY 
  

Kirchhoff's current law | Circuit analysis | Electrical engineering | Khan Academy 
  

 
https://www.youtube.com/watch?v=OYerdzZPSI0 
  

Kirchhoff's Rules (2 of 4) Circuit Analysis, Example No. 1 
  

 
https://www.youtube.com/watch?v=6s 
VeFqlSV4A 
  

  

List of Links 

  

  

https://www.electronics 
-
tutorials.ws/resistor/res_3.html 
  

https://www.electronics 
-
tut
orials.ws/resistor/res_4.html 
  

https://www.electronics 
-
tutorials.ws/resistor/res_5.html 
  

https://www.electronics 
-
tutorials.ws/dccircuits/dcp_4.html 
  

https://www.sciencedirect.com/topics/engineering/kirchhoff 
-
law
  

https:// 
www.allaboutcircuits.com/textbook/direct 
-
current/chpt 
-
6/kirchhoffs 
- 

current 
-
law
-
kcl/ 
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Preface 
  

Chapter 3.7  
-
 
"Resistance / Resistor" gives an overview on  
the constitution and  

factors affecting fixed or variable resistance. Potentiometers, PTC and NTC, VDR,  

Wheatstone Bridge are also presented. 
  

  

Learning outcomes 
  

The students should be able to: 
  

-
 
explain the factors that influence the value of a resistance 
  

-
 
explain the Law of Pouillet 
  

-
 
use the color code table 
  

-
 
explain the operation and connection of a potentiometer 
  

-
 
explain the usefulness of the Wheatstone bridge 
  

-
 
define a PTC, NTC, VDR 
  

  

3.7 Resistance/Resistor 
  

3.7.1 Resistance and affecting  
factors 
  

The electrical resistance of a conductor is the difficulty that this conductor offers  

to the passage of electric current. 
  

If the length increases, the intensity of the current decreases: the resistance R  

increases. It is therefore proportional to t 
he length. 
  

The larger the section, the more the intensity of the current increases: the  

resistance R is inversely proportional to the section. 
  

For the same length and the same section, the intensity of the current depends  

on the nature of the body. 
  

Influence of temperature on electrical resistances :  
The resistance of an element  

varies with the temperature 
  

Matheisen's law 
 
: The law of variation is expressed by the formula 
  

 
 
 
 
R
 
= R
 
( 1 +  
α
 
. Δ
t )
  

t
0 

Δ
t 
represents the temperature variation (final tempe 
rature  
-
 
initial temperature) 
  

R
 
: 
end temperature resistance t ° C 
.
  

t 

R
 
: 
initial temperature resistance 
  

0 

α
 
: t
emperature coefficient 
  

α
 
represents the increase or decrease of a resistance of one ohm for a  

temperature rise of 1° C. 
  

α 
varies according to the  
nature of the conductive body 
.
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Some values  
of 
α
 
(
alpha) 
  

 
Copper 
 
 
0,004 
  

 
Aluminum 
 
 
0,004 
  

 
S
ilver 
 
 
 
0,0037 
  

 
Tungsten 
 
0,0065 
  

  

3.7.2 Resistivity or Specific resistance 
  

This is the resistance of a wire 1 m long and 1 mm² section, at a specific  

temperature. It depends on the material of the driver. 
  

This constant is designated by the Greek letter rhô ( 
ρ),  
its value will be different  

depending on the material. 
  

It is expressed in ohm mm² / meter ( 
Ω
mm² / m) 
  

Some values  
of the resistivity in  
Ω
mm² /  
m at 20 ° C 
  

 
Copper 
 
0,017 
 
 
 
 
 
Tin  
 
 
0,115 
  

 
 
Silver  
 
 
0,016 
 
 
 
 
 
Lead 
 
 
 
0,22 
  

 
Aluminum  
 
0,028 
 
 
 
 
 
Mercury 
 
 
0,958 
  

 
Iron 
 
 
 
0,1
 
 
 
 
 
Tungsten 
 
 
0,055 
  

Law of Pouillet 
  

 
 
R =  
ρ
 
. L / S 
  

 
R 
expresses in 
 
Ω
  

 
ρ
 
expresses in  
Ω
mm²/m 
  

 
L 
expresses in 
 
m
  

 
S Square  
expresses in 
 
mm²
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3.7.3  
C
olor code 
  

When the resistances are of low power, they are very small, it is not possible to  

identify them directly then one uses a code of color! 
  

 
  

  

  

Fig. 1 
  

  

The  
Resistor Color Code 
 
system is all well and good but we need to  

understand how to apply it in order to get the correct value of the resistor. The  

“left 
-
hand” or the most significant colored band is the band which is nearest to a  

connecting lead with the color coded bands bein 
g read from left 
-
to
-
right as  

  

follows: 

 
color 

 
Digit, Digit, Multiplier = Color, Color x 10 
 
 
in Ohm’s ( 
Ω)
  

For example, a resistor has the following colored markings; 
  

 
Yellow 
 
Violet 
 
Red
 
=
 
4
 
7
 
2
 
=
 
4
 
7
 
x
 
10
2
 
= 4700 
Ω 
or 4k7 Ohm. 
  

The fourth and fifth bands are  
used to determine the percentage tolerance of the  

resistor. The color code used to denote the tolerance rating of a resistor is given  

as:
  

 
Brown 
 
= 1%,  
Red
 
= 2%,  
Gold 
 
= 5%,  
Silver 
 
= 10 % 
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3.7.4 Resistors in series and parallel 
  

The coupling of the  
resistors in series, in parallel and mixed coupling is seen in  

detail in chapter 3.6 
  

  

3.7.5  
P
otentiometers and Variable resistors, Rheostats 
  

The  
potentiometer 
, commonly referred to as a “pot”, is a three 
-
terminal  

mechanically operated rotary  
analogue device. 
  

  

  

  

Fig. 2 
  

  

The rheostats are variable resistors for adjusting the intensity of the current in  

its circuit. Rheostat symbol: Rh 
  

The slider rheostat allows a gradual adjustment of the intensity of the current in  

the circuit while the  
padded rheostat allows only a setting by jumps. 
  

  

  

  

  

  

  

Cursor rheostat 
 
 
 
 
 
Rheostat with studs 
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Potentiometer 
  

When used as a potentiometer, connections are made to both ends as well as the  

wiper, as shown. The position of the wiper then  
provides an appropriate output  

signal (pin 2) which will vary between the voltage level applied to one end of the  

resistive track (pin 1) and that at the other (pin 3). 
  

The potentiometer is a three 
-
wire resistive device that acts as a voltage divider  

produ 
cing a continuously variable voltage output signal which is proportional to  

the physical position of the wiper along the track. 
  

  
  

  

  

 
 
Fig. 3 
 
 
 
 
 
 
 
Fig. 4 
  

  

Variable 
 
Resistor or  
Rheostat 
  

When used as a variable resistor, connections are made to only  
one end of the  

resistive track (either pin 1 or pin 3) and the wiper (pin 2) as shown. The  

position of the wiper is used to vary or change the amount of effective resistance  

connected between itself, the movable contact, and the stationary fixed end. 
  

Somet 
imes it is appropriate to make an electrical connection between the  

unused end of the resistive track and the wiper to prevent open 
-
circuit  

conditions. 
  

Then a variable resistor is a two 
-
wire resistive device that provides an infinite  

number of resistance values controlling the current offered to the connected  

circuit in proportion to the physical position of the wiper along the track. Note  

that a variable 
 
resistor used to control very high circuit currents found in lamp or  

motor loads are called  
Rheostats 
.
  

  

 
 
  

Fig. 5 
 
 
 
 
 
                    
Fig. 6 
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3.7.6 Construction of Potentiometer and Rheostat 
  

Slider Rheostat 
  

Tubular slider rheostats are also  
available which can be found in physics labs and  

laboratories in schools and colleges. These linear or slide types use resistive wire  

wound around an insulating tubular former or cylinder. The sliding contact (pin  

2) mounted above, is manually adjusted lef 
t or right to increase or decrease the  

rheostats effective resistance. 
  

Fig. 7 
  

  

  

Rotary 
 
Potentiometer 
  

Rotary potentiometer (the most common type) vary their resistive value as a  

result of an angular movement. Rotating a knob or dial attached to the  
shaft  

causes the internal wiper to sweep around a curved resistive element. The most  

common use of a rotary potentiometer is the volume 
-
control pot. 
  

  

  

  

  

  

  

Fig. 8 
  

Slider Potentiometer 
  

Slider potentiometers are designed to change the value of their  
contact  

resistance by means of a linear motion and as such there is a linear relationship  

between the position of the slider contact and the output resistance. 
  

F
ig. 9 
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Rheostats 
  

They are two connection variable resistors configured to provide any resistive  

value within their ohmic range to control the flow of current through them. 
  

When a variable resistor is used as a two 
-
terminal rheostat, only the portion of  

the total resistive element that is in between the end terminal and the movable  

contact will be dis 
sipating power. Also, unlike the potentiometer configured as a  

voltage divider, all the current flowing through the rheostats resistive element  

also passes through the wiper circuit. 
  

  

Fig. 10 
  

  

Linear or  
Logarithmic 
 
Potentiometers 
  

The most popular type  
of variable resistor and potentiometer is the linear type,  

or linear taper, whose resistive value at pin 2 varies linearly when adjusted  

producing a characteristics curve that represents a straight line. That is the  

resistive track has the same change of r 
esistance per angle of rotation along the  

whole length of the track. 
  

So if the wiper is rotated 20% of its total travel, then its resistance is 20% of  

maximum, or minimum. This is mainly because their resistive track element is  

made from carbon composites, 
 
ceramic 
-
metal alloys or conductive plastics type  

materials which have a linear characteristic across their whole length. 
  

But the resistance element of a potentiometer may not always produce a straight  

line characteristic or have a linear change in resista 
nce across its whole range of  

travel as the wiper is adjusted, but instead can produce what is called a  

logarithmic change in resistance. 
  

The all potentiometers and rheostats are available in a choice of different  

resistive tracks or patterns, known as law 
s, being either linear, logarithmic, or  

anti 
-
logarithmic. These terms are more commonly abbreviated to  
lin
, 
log
, and  

anti 
-
log
, respectively. 
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3.7.7 Wheatstone Bridge 
  

The Wheatstone bridge is a manipulation used to measure unknown  
resistances. 
  

This bridge consists of four resistors (two known R1, R2, Rv variable and a Rx to  

be determined) and a galvanometer. 
  

In the particular case of equilibrium, it will make it possible to determine the  

value of the resistance Rx to be measured. 
  

Th
e industrial use of the Wheatstone bridge principle is found in many control  

systems. 
  

  

  

  

  

  

  

  

  

  

  

  

  

The bridge is in equilibrium when the needle of the voltmeter is at central zero,  

ie there is no difference of potential between points B and D. 
  

As a result, 
 
we can say that: 
  

-
 
The voltage U 
 
(at the terminals of R1) is the same as the voltage U 
  

AB
AD 

(at the terminals of R3) 
  

-
 
The U 
 
voltage (across R2) is the same as the U 
 
voltage (across Rx) 
  

BC
DC 

  

If 
 
U
 
= U
  
 
 
U
 
= R1. I1   
 
 
U
 
= R3. I3 
  

AB
AD
AB
AD 

We can write : 
 
 
 
 
 
R1.  
I1 = R3. I3  
 
(a)
  

 
 
 
 
 
 
R2. I1 = Rx I3  
 
(b)
  

In (a) seek value of I3 :  
 
 
I3 = R1.I1 / R3 
 
(c)
  

In (b)  
replace I3 with its value in 
 
(c) :  
 
 
R2 .  
I1 = Rx . (R1 .I1 ) 
 
/R3
  

Let's simplify by I1 
 
: 
 
 
 
 
R2 = Rx . (R1/ R3) 
  

The value of Rx is given by the  
following equation: 
 
 
 
Rx = R2.R3 
 
/ R1 
  

  

3.7.8 Positive  
-
 
Negative Temperature Coefficient conductance 
  

Thermistors are actually resistors whose value varies with temperature. 
  

PTC and NTC are part of thermistors like PT100. 
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PTC Positive temperature coefficien 
t
  

Positive coefficient (PTC): resistance increases with increasing temperature, i.e.  

it conducts less well; the sensor is then referred to as a PTC thermistor. 
  

PTC is a resistor whose resistance increases with increasing temperature. 
  

  

  

  

  

Examples of use: 
  

-
 
Current limitation according to the ambient temperature 
  

-
 
Prevent the value of the current from passing a certain limit, the temperature  

of the PTC being determined by the current that the cross 
  

  

NTC Negative temperature coefficient 
  

Negative  
coefficient (NTC): resistance increases with decreasing temperature,  

i.e. it conducts better; the sensor is then referred to as an NTC thermistor 
  

NTC is a resistor whose ohmic value decreases when its temperature increases 
  

  

  

  

  

Examples of use 
 
:
  

-
 
In 
compensation, the NTC serves to compensate for the drift of the other  

resistances 
  

-
 
In 
measurement, the value of the NTC depends on the temperature of the  

environment 
  

  

  

  

  

  

  

  

 
  

  

  

Fig. 11 
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3.7.9 Fixed resistors, stability, tolerance and  
limitations, construction 
  

Fixed resistors have a constant resistance value, a defined ohmic resistance and  

are not adjustable. 
  

Fixed resistors are the most commonly used resistors and in general one of the  

most used electronic components. 
  

Fixed resistors a 
re available in axial. 
  

In an ideal world a perfect resistor would have a constant ohmic resistance  

under all circumstances. This resistance would be independent of for example  

frequency, voltage or temperature. 
  

In practice no resistor is perfect and  
all resistors have a certain stray capacitance  

and inductance, resulting in an impedance value different from the nominal  

resistance value. The resistor materials have a certain temperature coefficient,  

resulting in a temperature dependency of the resistor 
 
value. 
  

  

Fig. 12 
  

  

Carbon Composition (CCR) 
  

  

The resistive element is made from a mixture of fine carbon particles and a non 
- 

conductive ceramic material. The substance is pressed in a cylindrical shape and  

baked. The resistance value depends on the dimensi 
ons of the body and the  

ratio between carbon and ceramic material. 
  

  

Fig. 13 
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Carbon Film 
  

A thin, pure carbon film is deposited on an insulating cylindrical core.  
 
A spiral  

cut is made in the film to increase the resistive path. This increases the  

resistance value and is also a way to control the resistance value more precise.  

Values from 1 
Ω
 
up to 10 M  
Ω
 
are available. 
  

  

Fig. 14 
  

Metal Film 
  

Metal film resistors are axial resistors with a thin metal film as resistive element.  

The thin film is deposited 
 
on usually a ceramic body. 
  

  

 
  

  

  

  

  

 
 
  

  

  

Fig. 15 
  

  

Wirewound (WW) 
  

A wire wound resistor is an electrical passive component that limits current. The  

resistive element exists out of an insulated metallic wire that is winded around a  

core of  
non
-
conductive material. 
  

  

  

  

  

  

  

  

  

  

  

Fig. 16 
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3.7.10 Voltage dependent resistors 
  

VDR (Voltage Dependent Resistor) 
  

The VDR is a resistor whose ohmic value changes inversely proportional to the  

voltage. 
  

  

 
  

  

  

  

  

  

A voltage dependent resistor has a  
nonlinear varying resistance, dependent on  

the voltage applied. The impedance is high under nominal load conditions, but  

will sharply decrease to a low value when a voltage 
 
threshold, 
 
 
the breakdown  

voltage, is exceeded. 
  

When the circuit is exposed to a hi 
gh voltage transient, the varistor starts to  

conduct and clamps the transient voltage to a safe level. The energy of the  

incoming surge is partially conducted and partially absorbed, protecting the  

circuit. 
  

The most common type is the MOV, or metal oxide v 
aristor. They are constructed  

of a sintered matrix of zinc oxide (ZnO) grains. The grain boundaries provide P 
-
N  

junction semiconductor characteristics, similar to a diode junction. The matrix of  

randomly oriented grains can be compared to a large network o 
f diodes in series  

and parallel. When a low voltage is applied, only very little current flows, caused  

by the reverse leakage through the junctions. However when a high voltage is  

applied, which exceeds the breakdown 
-
voltage, the junctions experience an  

av
alanche breakdown and a large current can flow. This behavior results in the  

non linear current 
-
voltage characteristics. 
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Fig. 17 
  

  

Example of use 
  

-
 
In the electronic circuits essentially to limit or stabilize the voltage 
  

-
 
Device protection  
against power surges 
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Preface 
  

C
hapter 3.8  
-
 
"Power" gives an overview on the power, the work, the energy. 
  

  

Learning outcomes 
  

The students should be able to: 
  

-
 
define a Force, a Work, a kinetic and potential Energy, a Power 
  

-
 
give the different formulas of power 
  

-
 
to solve the calculations involving power, work and energy  
  

  

3.8 Power 
  

3.8.1 Mass, acceleration, power, work, energy 
  

  

Mass m is a property of matter. 
 
It is expressed in kg. 

  

It reports the amount of material contained in this body regardless of where it is  

located.  
  

The weight, also called gravitational mass, expressed the gravitational force that  

body exerts on another. The weight varies depending on t 
he location in which the  

body is placed. On the moon, a body present a weight six times less than on Earth.  

The weight unit is the Newton (N).   
  

Mass and weight are linked by the following relation:  
  

  

 
 
weight    = mass   x    g  
  

2 

 
 
   
N              kg       N/kg or m/s 
  

  

g represents the acceleration of gravity at a given location.  
  

For the earth, g = 9.81 
  

Acceleration indicates the increase of the speed or frequency of evolution of any  

process. 
  

Force 

  

A  force  is  a  mechanical  action  
on  a  body  in  order  to  deform  it,  to  move  it,  to  

accelerate its movement or to change its direction.  
  

1 N is the force required to print to an object of 1kg an acceleration of 1 m / s².   
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A force is characterized by: 
  

  
-
 
An application point 
  

  
-
 
A direction 
 
and sense (those moving it tries to impose) 
  

  
-
 
A greater or lesser intensity (measured in Newtons N) 
  

Vector representation of a force  
  

It is represented by an arrow AB 
  

  
-
 
The origin is at point A 
  

  
-
 
The direction and sense are those of force 
  

  
-
 
And wh 
ose length, on a conventional scale, is the intensity of the force.  
  

  

B
  

  

A
  

  

  

 
 
 
 
 
Fig. 1 

The same vector representation can be applied to other variables:  
  

  
-
 
the speed of a point 
  

  
-
 
acceleration 
  

  
-
 
an electric field 
  

  
-
 
a tension 
  

  
-
 
current  
  

Resolution of forces 
  

All vector quantities add up geometrically. 
  

  

N
 
T
  

Two forces      and      
are applied to the same point A.  
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Fig. 2 
  

 
 
 
 
  

  

   
is a resultant force that can replace all the forces  
     
and  
 
N
 
T
 
F
  

Conversely, it may be convenient to replace a real force     by two fictitious  

forces  
(      and      ) of which she is the geometrical sum.  
 
F
 
N
 
T
  

  

Work 
  

When there is displacement of the point of application of a force, there is work.  
  

Work = Force x  
Long way  
  

W = F x L 
  

(W) Joules  
–
 
(F) Newtons  
–
 
(L)  
meters  
 
  

1 Joule is the work produced by a force of 1 N whose point of application moves   

1 m in the direction of the force.  
  

  

Example 
  

Let's raise a charge of  
  

-
 
50 N  
at a height of 
 
1 m  
  

-
 
50 N  
at a height of 
 
2 m
  

-
 
50 N  
at a height of 
 
3 m
  

 
 
  

 
 
 
 
 
 
 
 
 
  

 
 
Fig. 3 
  

  

The effort will be double to wear the load of 50 N to 2 m compared at the  

elevation of 1 m and triple for the height of 3 m   
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Let's raise a charge of : 
  

-
 
50 N at a height of 1 m  
  

-
 
100 N at a height of 1 m  
  

-
 
150 N at a height of 1 m 
  

        
 
 
 
 
 
  

 
 
 
Fig. 4 
  

The  
effort will be double for the load 100 N and triple for charging 150 N in relation  

to the elevation the same height (1 m) 
from the charge of 50 N   
  

  

  

Energie kinetic and potential 
  

The  potential  energy  is  a  reserve  energy,  a  system  at  rest.  Example,  water  

r
etained by a dam.  
  

The  kinetic  energy  is  the  energy  produced  by  a  moving  system.  For  example,  

falling water can drive a turbine.  
  

Every body is able to produce a work when it has energy.  
  

Mechanical   energy   can   be   transformed   into   electrical   energy   (alterna 
tor,  

magnetos, piezoelectric igniter ...) or thermal energy (the friction of moving parts,  

ball bearings ...). 
  

Similarly, electrical energy can be transformed into mechanical energy (electric  

motor), thermal (electric heating), chemical (charging electric  
batteries) or light  

(lighting).  
  

The  energy  is  found  in  various  forms  that  can  transform  from  one  form  into  

another.  
  

The electrical  energy  absorbed  by  an  engine  is  converted  into used mechanical  

energy AND lost thermal energy.    
  

During an energy transformation, the total quantity of energy remains the same,  

there is conservation of energy.  
  

Power 
  

The watt is a power unit that corresponds to a work of 1 joule for 1 second.  
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Example: 
  

To lift 60 kg of bricks to a height of 10 m, a wo 
rker develops a force of 600 N and  

the rise time lasts 2 minutes with a mechanical crank winch.  
  

The hand 
-
made work is  : W = F x L = 600 N x 10 m = 6000 J in 120 sec 
  

Worker Power : Work in 1 second :  6000 j / 120 sec = 50j/s = 50 W  
  

If the winch is power 
ed by an electric motor, the 60 kg of bricks are mounted at  

the same height in 40 seconds.  
  

The work done by the motor is: W = F x L = 600 N x 10 m = 6000 J in 40 sec 
  

Engine power: Work in 1 second :  6000 j 
 
/ 40 sec = 150j/s = 150 W  
  

The work produced in  
both cases is the same but we see that it is executed in 40  

seconds by the engine while manually it took 120 seconds, the engine has done  

the work 3 times faster than the man.  
  

It is said that the engine is 3 times more powerful.  
  

Power is work done for on 
e second.   
  

 
 
 
  
P =W /t  
  

 
 
   
Watts  
–
 
joules  
-
 
seconds  
  

The kilowatt 
-
hour (kWh) is the unit of consumption of electrical energy.  
  

 
 
 
 
  
W = P x t  
  

 
 
  
Watthour  
–
 
watt  
-
 
hour  
  

-
 
1 Wh = 3600 J 
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Efficiency 
  

The thermal energy that emerges in the motor windings is not interesting for the  

user, it is lost energy. 
  

The industrial efficiency of a machine is the ratio between the useful energy and  

the energy absorbed. 
  

  

  

  

  

  

  

Fig. 5 
  

-
 
O
utput (available) = A 
bsorbed  
+ losses  
  

-
 
η (efficiency) = Output / Absorbed 
  

  

3.8.2 Dissipation of power by a resistor 
  

A  receiver  (resistance)  is  a  device  that  converts  electrical  energy  into  thermal  

energy.  
  

The voltage appearing at the terminals of this rec 
eiver is due to the passage of  

the current.  
  

  

  

  

  

  

  

Fig. 6 
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Ohm's law    V = R x I 
  

The  thermal  energy  that  is  released  is  provided  by  the  amount  of  electricity  

passing through the receiver.  
  

Each coulomb passing through the receiver provide a certain amount of energy.  
  

We can say: Q coulombs yield energy W joules  
  

This loss of energy of each coulomb measures the ddp between the input and the  

output of the receiver.  
  

 
 
V (volts) = W (joules) /  
Q (coulombs) 
  

Q = I x t 
  

 
 
V = W / (I x t) or V x I = W / t 
  

P = W / t 
  

 
 
Thus 
 
P = V x I 
  

The energy released during each second (power) is therefore the product of the  

voltage (ddp) by the intensity of the current.  
  

3.8.3 Power formula 
  

 
 
P = V x I 
  

-
 
V = R x I 
  

 
 
P = R x I x I 
 
 
P = R x I 
2
  

-
 
I = V / R 
  

 
 
P = (V x V) / R 
 
 
P = V 
2
 
/ R
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Fi
g. 7 
  

The formulas listed above are valid for a circuit supplied with single phase AC or  

DC with a purely resistive receiver.  
  

The capacitive and inductive receivers will be detailed later as well as the circuits  

supplied with three 
-
phase.  
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3.8.4 Calculations involving power, work and energy 
  

1.
 
A tractor pulls a truck developing a force of 1200 N. Calculate the work  

done over a distance of 1 km. 
 
  

2.
 
2 : To lift a bucket of water at a height of 0.5 m, perform a work of 40 J.  

Calculate the force exer 
ted.  
  

3.
 
Calculate the power of an engine that delivers a job of 16,200,000 J in 45  

minutes.  

  

4.
 
A motor of a winch develops a power of 2 kW. How long will it take to lift  

a 2000 N load to a height of 10 m?  
  

5.
 
A crane lifts a load of 3600 N at 6 m height in 15 s. What is the power of  

the machine? 
  

6.
 
A hand 
-
operated crane lifts a load of 5000 N at a height  
of 4 m in 3  

minutes while a crane with electric control ensures work in 8 seconds.  

Determine the corresponding power in each case.  
  

7.
 
A dynamo supplies a current of 36 A at a voltage of 220 V. What is the  

corresponding power output? 
  

8.
 
The dashboard of a car is 
 
equipped with a cigarette lighter which, powered  

by the 12 V battery, is crossed by a current of 5 A. Determine its power  

and its resistance.  
  

9.
 
What is the power of an incandescent lamp that is powered by a current of  

0.272 A at 220 V?  
His resistance? The  
amount of current carried in 50  

minutes?  
  

10.
 
An electrical installation absorbs a current of 15 A for 8 hours at a  

voltage of 220 V. Determine the electrical energy consumed.  
  

11.
 
What is the average power of an electrical installation knowing that  

the meter has  
recorded 12 kWh after 1 hour and 30 minutes of operation?  
  

12.
 
An accumulator battery delivered a current of 5 A below the 12 V  

power supply for 8 hours. 
  

We ask : 
  

a) the quantity of electricity transported 
  

b) receiver resistance 
  

c) the power supplied to the re 
ceiver 
  

d) energy consumed (in Joules and Wh)  
  

13.
 
An electric motor of 8 kW of useful power has an efficiency of 60%. 
  

He works 6 hours a day. What are 
  

a) the work provided 
  

b) the electrical power consumed 
  

c) the electrical energy recorded by the meter.  
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Lis
t of Pictures 

  

Fig. 1 to 6 come from the book 
 
: Electricité industrielle Base 
 
: Jean COLLET  
–
  

Jean 
-
Pol LEMPEREUR 
 
: Technifutur 

  

Fig. 7 
 
: 
http://www.sengpielaudio.com/FormulaW 
heel 
-
ElectricalEngineering.htm 
  

List of Videos 

  

Physics  
-
 
Mechanics: Work, Energy, and Power (1 of 20) Basics 
  

https://www.youtube.com/watch?v=Lm7UL0XU74U 
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List of Links 

  

https://www.physicsclassroom.com/calcpad/energy 
  

  

https://ww 
w.electronics 
-
tutorials.ws/dccircuits/dcp_2.html 
  

https://www.physicsclassroom.com/class/energy/Lesson 
-
1/Power 
  

https://www.physicsclassroom.com/calcpad/energy 
  

https://revisionmaths.com/advanced 
-
level 
-
maths 
-
revision/mechanics/work 
- 

energy 
-
power 
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Preface 
  

Chapter 3.9  
-
 
"Capacitance / Capacitor" gives an overview on constitution, function,  

charge and discharge, color code, parallel or serial coupling and testing of  

capacitors. 
  

  

Learrning outcomes 
  

The students should be able to: 
  

-
 
explain the charge and discharge cycle of a capacitor 
  

-
 
give the factors affecting capacity 
  

-
 
use the color code table 
  

-
 
calculate capacities in series or in parallel 
  

-
 
explain the capacitor test  
  

  

3.9 Capacitance/Capacitor 
  

3.9.1 Capacitor function, constitution 
  

The capacitor is used mainly for  
stabilize a power supply or to correct a phase  

shift. 
  

This unloads when voltage drops and loads when voltage spikes 
  

In general, 
 
a capacitor  
is formed by the assembly of  
two metal conductors of large  

areas, separated by a thin insulating layer of constant thickness.   
  

The conductors are called "armature", the insulation is called dielectric. It may be  

gaseous (air), liquid (oil) or 
 
solid (paper, mica, ceramic ...)  
  

  

  

  

  

  

  

  

 
 
 
 
 
         
Fig. 1 
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For example, a paper capacitor consists of two long aluminum foils separated by  

a strip of paraffin paper, the whole is wound to reduce the bulk. 
  

  

  

  

  

  

  

 
 
  

 
 
 
 
 
 
        
Fig. 2 
  

  

  

  

  

  

 
 
 
 
 
         
Fig. 3 
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Some examples of achievements 
 
  

Paper capacitors  
  

They are made of two long sheets of aluminum separated by one or two strips of  

paraffin paper. The set is wrapped and enclosed in a case.   
  

Currently,   capacitors   of   this   type   are   built   by   di 
rectly   metallizing   the  

reinforcements on the paper or better on a thin sheet of plastic material (mylar  

...) which replaces the paper.   
  

These  capacitors  are  used  in  electronics  or  in  industrial  installations,  they  are  

sometimes immersed in oil. Their capacity reaches a few tens of microfarads and  

their service voltage a few thousand volts.  
  

  

Electrolytic capacitors (polarized)  
 
  

They  allow 
 
to  obtain  large  capacities in  low  volumes,  their  operating  voltage  is  

only a few volts to a few tens of volts. They are used a lot in electronics.  
  

The positive plate is an aluminum strip covered on one side by a very thin alumina  

layer (a few microns) 
  

Th
is layer of alumina is the dielectric, it is formed on the armature by electrolysis  

of a solution of a gelled ammonium salt as in a dry cell.   
  

This solution is the second armature. An aluminum strip applied to the gel serves  

as a power outlet. 
  

The two frames are clamped between two sheets of paper, the set is wrapped and  

housed in a box.   
  

Some capacitors of this type use tantalum instead of aluminum and manganese  

dioxide instead of ammonium salt.   
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Fig. 4 
  

Fixed capacitors of low capaci 
ty 
 
  

With mica, we obtain capacities of a few picofarads to about ten nanofarads; but  

mica is rare and expensive, and is replaced more and more by dielectrics based  

on glass, ceramised glass and ceramics.   
  

A capacitor may be in the form of a metallized di 
sk on either side or in the form  

of a small dielectric tube metallized inside and outside.  
  

These capacitors are mainly used in electronics assemblies.  
  

Charging a capacitor  
  

Consider  a  circuit  consisting  of  a  capacitor,  a  center  zero  milliammeter,  a  DC  

g
enerator, and a three 
-
position switch.  
  

  

  

  

  

  

  

Fig. 5 
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Set the switch to position 1, the milliammeter needle deflects to the right and then  

returns  to  zero  and  the  voltage  across  the  capacitor  is  equal  to  the  generator  

voltage.  
  

Then set the switch to the zero position, the voltage persists across the capacito 
r.   
  

The  milliammeter  has  recorded  a  current  whose  electrical  charges  have  flowed  

although   the   circuit   is   interrupted   by   the   dielectric   of   the   capacitor. 
  

When the circuit is open, the persistence of the voltage indicates that a quantity  

of current has been 
 
stored by the capacitor.   
  

The electrons in excess at the ( 
-
) pole of the generator flow partially towards the  

armature  B  while  the  generator  pumps  an  equal  quantity  of  electrons  of  the  

armature A.   
  

A current has crossed the circuit. 
  

The milliammeter was 
 
traversed by a quantity of current. 
  

A load ( 
-
Q) appeared on the armature B. 
  

A load (+ Q) appeared on the armature A.   
  

The capacitor is charged and its load is equal to Q.   
  

Discharge of the capacitor  
  

By switching the switch to position 2, the milliammeter needle deviates to the left  

by the same value as the load and the voltage across the capacitor drops back to  

zero.  
  

  

  

  

  

  

F
ig. 6 
  

By returning the switch to the zero position, the voltage across the cap 
acitor has  

disappeared. 
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The milliammeter recorded an equivalent current, but in the opposite direction to  

the capacitor load. 
  

The generator being off, the electrical charges which have circulated can come  

only from the armatures of the capacitor. 
  

The volta 
ge across the capacitor is zero, there are no more electrical charges in  

the armatures.  
  

The armatures A and B are joined by conductors and the electrons in excess on  

the armature B flow towards the armature A until complete neutralization.  
  

The capacitor is discharged.   
  

  

Note: In direct current, the capacitor acts as a power reservoir which is filled by  

connecting it to the terminals of a generator (switch in position 1) and which is  

emptied by short 
-
circuiting it after having disconnected f 
rom the generator (switch  

in position 2)  
  

  

Charging and discharging diagrams of a capacitor  
  

  

  

  

  

  

 
 
  

Fig. 7 
  

 
 
 
 
  

  

 
        
Fig. 8 
 
 
 
 
 
 
            
Fig. 9 
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Fig. 10 
  

  

3.9.2 Factors affecting capacitance 
  

  

Influence of the charge voltage V 
  

If we increase the charging voltage V, we see that the current increases, so the  

amount of current stored increases.   
  

If the charging voltage V is decreased, it is found that the current decreases so  

that the amount of current stored is lower.   
  

The  
quant 
ity of 
 
current (Q = I t) stored by the capacitor is proportional to the  

charging voltage.   
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Influence of the C capacity 
  

The  capacitor  C  characterizes  the  capacitor,  it  measures  its  ability  to  store  a  

quantity of current for a given voltage. This is the capacity of the capacitor, the  

unit is the Farad (F).   
  

It can be said that the amount of electricity stored by the capacit 
or depends on  

the  charge  voltage  and  capacitance  of  the  capacitor  (as  in  a  gas  cylinder,  the  

amount stored depends on the pressure of the gas and the volume of the cylinder).   
  

 
 
 
 
      
Q = C . U 
  

 
Q 
in Coulombs  
 
 
 
C in Farads  
 
 
U in volts  
  

  

Farad is the ca 
pacitance of a capacitor which has between its armatures a potential  

difference of 1 Volt when its charge is 1 Coulomb.   
  

It is a huge unit, so we use multiple sub:  
  

-
6
-
9
-
12 

 
 
1 μF = 10 
 
F 
 
 
1 nF = 10 
 
F 
 
 
1pF = 10 
 
F 
  

  

The capacitance C (in Farad) of a  
capacitor is: 
  

 
Proportional to the surface of these frames (m²); 
  

 
Conversely proportional to the thickness of the insulation (m); 
  

 
Depends on the nature of the insulation.   
  

 
 
 
 
C =  
ε
 
. 
ε
 
. S/d 
  

0
r 

ε
 
= 
permittivity of the vacuum 
 
  

0 

Influence of insulation  
  

Each insulator multiplies the capacitance of a capacitor whose insulation would be  

the vacuum, by a factor called relative permittivity or dielectric constant ε 
.
  

r 

 
ε
 
≈
 
1 for the air 
  

r 

-
12 

 
ε
= permittivity of the vacuum 
 
= 8,859.10 
 
F/m
  

0  

 
ε
 
> 1 for other ins 
ulators 
  

r 
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Dielectric strength 
  

When an electric field is very intense, it can cause the release of electrons normally  

bound: the dielectric becomes conductive, it is slammed. The capacitor is out of  

order.  The field modulus needed to crack a dielectric is ca 
lled dielectric strength.  
  

For example, the dielectric strength of dry air, under normal conditions, is of the  

order of 3 x 10 
6
 
V / m.  
  

Fig. 11 
  

When the electric field exceeds this value, a conductive spark joins the two frames  

and the discharges.  
  

T
i
me constant of a circuit 
  

We have seen how the charge and discharge decrease with time. It is obvious that  

the capacitor will be more slowly discharged if the current is discharged in a great  

resistance.  The  discharge  will  also  be  longer  if  the  capacity  of  the  capacitor  is  

larger.  
 
  

It can be shown that the discharge time, and also the charge time, is proportional  

to the product of the resistance by the capacitance of the circuit.   
  

This product is called the time constant of the circuit: τ = R x C  
  

▪
 
R = ohms  
  

▪
 
C = Farads 
  

▪
 
τ 
= secondes 
 
  

Stored energy 
  

2
  

W = 1/2 x C x V 
 
or
 
W = 1/2 x Q x V 
  

 
W = joules  
 
 
Q = coulombs  
 
 
V = volts  
  

 
10
 

    

    
        
    








    
        
    

    
        3.9 CAPACITANCE, CAPACITOR 
  

3.9.3 Capacitor types 
  

Chemical and polarized capacitors 
  

Chemical capacitors are characterized by the insulator which is an electrolyte.   
  

These capacitors generally have a value of between 0.1 μF and 100,000 μF.  

Polarized means that there is a sense to connect the capacitor; if the connection  

is poorly made 
may  
explode due to the chemical reaction occurring inside. 
  

  

  

  

  

  

  

  

  

  

  

Fig 12 
 
 
 
 
 
 
 
Fig 13 
  

  

Tantalum capacitors 
  

The anode of this capacitor is tantalum powder. 
  

Same function and polarized as chemical capacitors. 
  

These capacitors offer a large capacity in relation to the volume.   
  

 
11
 

    

    
        
    








    
        
    

    
        3.9 CAPACITANCE, CAPACITOR 
  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 14 
  

Non
-
chemical capacitors 
  

There are 4 families of non 
-
chemical capacitors: the insulation that was paper was  

replaced by 4 different kinds of plastics. 
  

F
amil 
y
 
MKT  
 
 
 
 
 
 
  

The insulation is made with polyester. 
  

  

  

  

  

  

  

  

  

  

  

  

 
 
Fig. 15 
 
 
 
 
 
 
Fig. 16 
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MKS family  
 
 
 
 
 
 
 
 
MKC family 
 
  

The insulation is made with polystyrene. 
 
The insulation is made of 
  

polycarbonate.  
 
  

  

  

  

  

  

 
 
Fig. 17 
 
 
 
 
 
 
 
Fig. 18 
  

  

Ceramic  
capacitors 
  

They consist of a ceramic disc, on which a tab is connected on each side. 
  

Their values are of the order of 1 to 10,000 pF.  
  

  

  

  

  

  

  

 
 
Fig. 19 
 
 
 
 
 
   
 
  
Fig. 20 
  

Tubular  Ceramics:  These  capacitors  resemble  resistors,  they  are  recognized  by  

the color of the body which is either pink or pale green.   
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Fig. 21 
 
  

3.9.4  
Capacitor 
 
color coding 
  

  

 
Fig. 22 
 
 
 
 
 
      
Fig. 23 
  

  

Fig. 24 
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3.9.5  
Calculations of capacitance 
  

In parallel 
  

The frames A1, A2 and A3 are united and form a single conductor, they are at  

the same potential. 
  

It is the same for the frames B1, B2 and B3. 
  

The potential difference is the same for the 3 capacitors. 
  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 25 
  

After establishing the current, each capacitor carries a charge:   
  

 
 
Q1 = C1.V  
 
 
Q2 = C2.V  
 
 
Q3 = C3.V  
  

The total charge is:   
 
Q = Q1 + Q2 + Q3 = C1.V + C2.V + C3.V  
  

 
 
 
 
Q = C.V ( 
C is the equivalent capacity 
)
  

 
 
 
 
C.V = V.(C1 + C2 + C3)  
  

 
 
 
 
C =   
C
1 + C2 + C3 
  

The capacity equivalent to a capacitor battery is the capacitance which,  

subjected to the same voltage U, accumulates the same charge. 
  

In parallel, the capacities add up.   
  

In serial 
  

The reinforcements B1 and A2 joined together form a single in 
sulated conductor  

and the frames B2 and A3. 
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When   A1   carries   a   charge   +   Q,   B1   takes   influence   by   a   charge  
-
Q.
  

By influence, also A2 will take a load + Q and B2 the load  
-
Q; A3 will take a charge  

+ Q. 
  

Capacitors C1, C2 and C3 will take the same charge Q. 
  

  

  

  

  

  

Fig. 26 
  

Total tension   
 
V = V1 + V2 + V3 ( 
serial assembly 
) 
  

 
 
 
Q1 = Q2 = Q3 = Q =  
equivalent load 
 
  

 
 
V = V1 + V2 + V3  
 
⟹
 
Q = C.V  
 
⟹
 
 
U = Q / C  
  

 
 
Q / C = (Q / C1) + (Q / C2) + (Q / C3)  
  

whence  
 
1/C = 1/C1 + 1/C2 + 1/C3 
  

In series, the inverse of the equivalent capacity is equal to the sum of the inverse  

of the partial capacities.  
  

Notes: 
  

•
 
The laws of the grouping of the capacitors are reversed compared to those  

of the resistors. 
  

•
 
To obtain a large equivalent capacity, use t 
he parallel connection. 
  

•
 
Serial mounting will be used when a single capacitor can not support the  

total voltage.  
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3.9.6 Testing of capacitors 
  

Here are the different steps to follow to test a capacitor.   
  

Step 1: Unplug the capacitor  
  

To test a capacitor, 
 
it is initially necessary to disconnect it from the electrical  

circuit. 
  

Using a resistor, or a screwdriver, then empty the capacitor of any residual  

charges. 
 
  

Step 2: Set the multimeter  
  

Set your multimeter to the conventional ohmmeter option,  
depending on the  

capacitance of your capacitor, adjust the ohmmeter calibration to match your  

capacitor best. 
 
  

Step 3: read the result  
  

In the case of an analog multimeter: 
  

-
 
If the value changes to 10,000 and goes back to 0 it means that the  
capacitor  

is functional. 
  

-
 
If the value read goes up to 10000 but does not go down to 0, it is because it  

has leaks. 
  

-
 
If the read value remains at 0 it means that it is not powered and therefore out  

of service 
 
  

In the case of a needle model: observe the m 
ovement of the needle of the  

ohmmeter, and interpret the result of your test by following these indications: 
  

-
 
the needle of the device goes up then down completely: your capacitor works  

properly; 
  

-
 
the needle of the device does not go down: your capacitor 
 
does not work; 
  

-
 
the needle of the device does not go down completely: your capacitor leaks; 
  

-
 
the needle of the device does not go up: your capacitor is not powered. 
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Preface 
  

Chapter 3.10  
-
 
“Magnetism” gives an overview of the theory of magnetism  

presenting the different materials, their actions, their magnetizations, their  

properties, their uses, their dangers and the possible protections. 
  

  

Learning outcomes 
  

The students should be able to: 
  

-
 
give the magnetic properties of natural materials 
  

-
 
explain the principle of an electromagnet 
  

-
 
explain the effects of a magnetic field 
  

-
 
explain a hysteresis curve 
  

-
 
explain the reason for a shield for the electric cables 
  

-
 
explain the eddy currents  
  

  

3.10 Magnetism 
  

3.10.1 Theory of magnetism 
  

Magnetism is the part of physics in which magnets are studied. 
  
  

There are two kinds of magnet: 
  
  

Natural magnets. It is magnetite (iron ore 
 
Fe
O
) 
which has the property of  

3
4 

attracting i 
ron filings. 
  

Artificial magnets. It’s a piece of steel that has been magnetized electrically.  

Species of magnets: the straight bar, horseshoe, the magnetic needle ... 
  
  

Magnetic field 
  

If you put a magnet under a glass plate sprinkled with iron filings, the 
 
grains of  

iron filings will react like tiny magnetic needles, orienting themselves under the  

influence of the magnet. 
  

The grains are so numerous that they line up appearing to come out of one pole,  

move away from the bar and finally enter through the othe 
r pole. 
  

These lines never cross. 
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Fig. 1 
  

The lines drawn by the grains of filings are called:  
magnetic induction lines 
.
  

The set of magnetic lines located in the plane of the glass plate is called:  

magnetic spectrum 
.
  

The region of space in which the magnetic action (of the induction lines) of the  

magnet takes place is called:  
the magnetic field of the magnet 
.
  
  

By convention 
, the direction of the induction lines goes: 
  

 
From S to N inside the bar, 
  

 
From N to S outside the bar. 
  

Induction lines never cross. 
  

The induction lines are not only in the horizontal plane, but all around the  

magnet.  
We can imagine them by rotating the ma 
gnetic spectrum by the N 
-
S  

axis of the magnet. 
  

  

3.10.2 Properties of a magnet 
  

It 
exists: 
  

•
 
Non
-
magnetic  
bodies: 
 
they do not allow themselves to be attracted by the  

magnet: wood, paper, lead, copper, aluminum, plastics, ... 
  

•
 
Magnetic  
bodies: 
 
they are attracted to the magnet: cobalt, nickel, iron and  

its alloys. 
  

A piece of iron under the influence of a magnet behaves  
like a magnet. 
  

The attraction of a magnet is exerted by influence. 
  

The ends of a magnet are called poles. 
  

The end of the magnet that points to the Earth's North Pole is called the North  

Pole. 
  

Law of the poles 
  

The poles of the same name repel each  
other. 
  

Poles of opposite names attract each other. 
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In a magnet, it is impossible to isolate one pole from the other. By dividing a  

magnet in half, you get two smaller magnets. 
  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 2 
  

  

3.10.3 Action of a magnet suspended in the Earth’s  
magnetic field 
  

A compass is a magnet free to move and sensitive to the earth's magnetic field. 
  

Operating condition: a magnetized needle suspended by its center of gravity on  

a wire without twist and placed far from any other magnet, any other circuit  

trave 
rsed by a current or any significant mass of iron, is oriented in the direction  

of the northern hemisphere. 
  

This therefore confirms the existence of a magnetic field on the surface of the  

earth. 
  

  

3.10.4 Magnetisation and demagnetisation 
  

A 
magnetized ferromagnetic material is characterized by a high number of  

magnetic domains which are oriented in the same direction or have joined  

together to form larger magnetic domains. 
  

The magnetic flux of the individual domains is added to a larger total 
 
flux, which  

appears as residual magnetism or a stray magnetic field outside the  

ferromagnetic material. 
  

Demagnetized material can be magnetized at any time by: 
  

-
 
A sufficiently high magnetic field 
  

-
 
A transformation in the crystal structure (for example,  
formation, bending) 
  

-
 
When strong electric currents pass through the material 
  

Ferromagnetism cannot be physically eliminated. 
  

A demagnetized state is a state where the aligned domains have been  

subdivided into smaller domains with different  
directions of magnetization. 
  
  

From this state, no substantial magnetization results. 
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Fig. 3 
  

  

The magnetic properties of a ferromagnetic material are described by  

characteristic points of the magnetic hysteresis curve: see chapter 3 
.10.9 
  

  

Mild steel magnetization curve 
  

We use a metal that has never been magnetized. 
  

Using a mild steel ring, knowing the average length of the ring, the number N of  

turns of the magnet coil and the cross section of the ring, we measure the  

intensity of the current I in the circuit. 
  

We can get the At/m, that is to say N I / l 
  

We noted the indications of the flowmeter  
ɸ
 
in Webers. 
  

With the cross section S of the ring, we have the magnetic induction =  
ɸ
 
/ S
  

Let us vary I and determine for  
each corresponding value N / l and B. 
  

Which gives us: 
  

  

  

  

 
 
 
 
 
 
Fig. 4 

  

  

Part 0A: 
  

It’s a straight line. 
  

There is proportionality between the magnetic induction and the amperes turns  

per meter magnetizing. 
  

The induction increases strongly for a small  
increase in the magnetizing field. 
  
  

Part AB: 
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This is a curve called "saturation bend". 
  

Magnetic induction does not grow as quickly anymore. 
  

Part BC: 
  

It’s a line that goes horizontal. 
  

A very large increase in magnetizing At / m is required to increase indu 
ction very  

slightly. 
  

The metal saturates. 
  

  

3.10.5 Magnetic shielding 
  

All devices are subject to various electromagnetic disturbances, and all electrical  

devices generate them. These disturbances are generated in many ways.  

Basically, their  
generating facts are mainly sudden variations of electrical  

quantities (Voltage or Current). 
  

The sources of electromagnetic emissions can be of origin: 
  

✓
 
Natural: atmospheric, galactic, solar, thermal noise, etc. 
  

✓
 
Artificial: among these sources, some  
are: 
  

o
 
 
Intentional (radio transmitters, mobile phone, induction oven, ...). 
  

o
 
 
Unintentional: ignition systems of internal combustion engines, protection 
     

electronics, power equipment, ...  
        
  

The main causes of disruption are: 
  

Magnetic and electric fie 
lds: 
  

Any conductor crossed by an electric current radiates a magnetic field H. 
  

If an electric conductor forming a loop S is crossed by a magnetic field H, any  

variation of H will induce an emf. in the loop causing the circulation of a  

disturbance current in the circuit if this loop is closed. 
  

Harmonic: 
  

Being  
a source of disturbance, 
 
which can be permanent as in: inverters, power  

cut, starting the motor. 
  

Voltage fluctuations: 
  

This is a variation which remains within the limit of (+/ 
-
) 10 
%, they are caused  

by all machines with high current. 
  

Voltage dips and short interruption: 
  

It is a decrease in voltage between 10% and 100% for a period of 10ms to 1mn.  

They are caused by energizing large receivers, capacitors, and the associated  

shutdown  
or automatic resetting of a protection device. 
  

  

Signals transmitted over the network: 
  

It is essentially the transmission of carrier currents used by: 
  

  
1
-
 
energy distributors to convey tariff orders. 
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2
-
 
the  
remote 
-
control 
 
components. 
  

  
3
-
 
internal commun 
ication systems of the interphone type on the network. 
  

These disturbances can spread, by conduction along wires and cables, or by  

radiation in the form of electromagnetic waves. 
  

All of the above factors cause unwanted phenomena like: 
  

  
-
 
interference of ra 
dio waves. 
  

  
-
 
interference from radio emissions in control systems. 
  

  
-
 
distort the imaging results 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 5 
  

  

A variation in current in a cable generates an electromagnetic field which, at a  

short distance, can be  
considered as purely magnetic and then induces a  

disturbing voltage in wires forming a loop. 
  

The cable shield is an extension of the conductive shell provided around the  

sensitive equipment. 
  

It is connected to this at the shortest, and if  
possible, 
 
over it 
s entire  

circumference for protection against disturbances of high frequencies. 
  

Precaution to avoid disturbances 
  

Cables should be grouped by category. 
  

The routing of the various categories will be physically separate: in particular the  

power cables will be gathered on one side, the  
low
-
level 
 
cables (telephony,  

control, etc.) on the other. 
  

A minimum distance must be observed between the two categories. 
  

Be
tween these two categories, any common conductive element will be carefully  

avoided. 
  

For the transmission of information, twisting the lines further reduces the  

susceptibility to interference. 
  

The use of twisted pairs is therefore to be preferred before th 
at of the single  

pair. 
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Measuring cables 
 
and  
information transmissions must be shielded if possible and  

their shielding is connected to earth at a maximum of points. 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
        
Fig. 6 
  

  

  

3.10.6 Various types of magnetic  
material 
  

All materials are divided into tree categories dependent upon the effect that a  

magnetic field has upon them. 
  

Ferromagnetic materials 
  

These exhibit very pronounced magnetic effects, tending to concentrate lines of  

flux into the material.  
  

The  
permeability of these materials is much greater than 1 : iron, nickel,  

cobalt, ... 
  

Paramagnetic materials 
  

These types have no appreciable effects and are generally considered non  

magnetic. 
  

They have a permeability of slightly greater than 1 :  
platinum, manganese,  

chromium. and aluminium and copper. 
  

Diamagnetic materials 
  

These materials demonstrate the minimum magnetic effects, rather like 
  

paramagnetic, but they tend to be slightly anti magnetic and have a permeability  

of less than 1 : bismu 
th
. 
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When making a permanent magnet, it is not so much the residual induction that  

matters but the coercive field which must be significant, characterized on the  

curve by At/m, so that the magnet does not demagnetize under the action of  

external magnetic fields 
.
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
        
Fig. 7 
  

  

Carbon expands the hysteresis cycle, the coercive field increases but the  

remanent magnetization decreases. 
  

Permanent magnets with a strong coercive field are produced using steels  

alloyed with chromium,  
cobalt, tungsten, ... 
  

Hysteresis is the delay in the magnetization and demagnetization of a metal  

subjected to variations in magnetic flux. 
  

Ferromagnetic materials are iron, nickel, cobalt and some of their alloys. 
  

  

3.10.7 Electromagnets constitution and p 
rinciples of operation 
  

An electromagnet is an assembly formed by a coil and a ferromagnetic bar.   
  

We put an iron rod in a solenoid, a steel rod in another identical solenoid and we  

circulate an electric current, we approach the two of a pile of iron filin 
gs.
  

It can be seen that the iron filings are attracted to the ends of the two bars. 
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Fig. 8 
 
 
 
 
 
 
Fig. 9 
  

  

If we cut the power: the iron filings detach from the iron core. 
  

Iron does not retain magnetization. 
  

I
f you replace the iron with steel, there is a  
remnant 
 
magnetization. 
  

  

3.10.8  Hand  rules  to  determine  magnetic  field  around  current  carrying  

conductor 
  

Take a cardboard sheet traversed by a wire which is perpendicular to it and let  

pass a current in the cond 
uctor.   
  

Using iron filings and a few magnetic needles, we determine the magnetic  

spectrum and the direction of the magnetic induction lines. 
  

Then we reverse the direction of the current 
  

  

  

  

  

  

  

Fig.10 
  

  

The electric current creates a magnetic field  
around the conductor. 
  

The magnetic field forms a cylinder whose axis is the conductor. 
  

In a plane perpendicular to the conductor, the induction lines form concentric  

circles. 
  

The direction of the induction lines depends on the direction of the electric  

cur
rent in the conductor. 
  

Knowing the direction of the electric current, we can determine the direction of  

the induction lines. 
  

Magnetic field caused by a current flowing in a solenoid: 
  

A solenoid is a long coil in relation to its diameter. 
  

Let’s determine th 
e magnetic spectrum and the direction of the induction lines. 
  

  

  

  

  

  

  

  

 
 
 
 
 
        
Fig. 11 
  

 
10
 

    

    
        
    








    
        
    

    
        3.10 Magnetism 
  

A solenoid traversed by a current is assimilated to a right magnet: it has an N  

pole and an S pole 
  

It creates a magnetic field consisting of induction lines  
reminiscent of the bar  

magnet. 
  

The coil producing the magnetic field is called the magnetizing coil. 
  

  

Knowing the direction of rotation of the electric current in the coil, we can  

determine the magnetic poles. 
  

Rule of the palm of the right hand 
  
  

Place the 
 
palm of your right hand facing the coil (without touching it) so that the  

current: 
  

  
-
 
Enter by the wrist, 
  

  
-
 
And comes out with your fingertips. 
  

The thumb apart from the hand indicates the direction of the N of the coil. 
  
  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
        
Fig. 12 
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3.10.9 Magnetomotive force, field strength, magnetic flux density,  

permeability, hysteresis loop, retentivity, coercive force reluctance,  

saturation point, eddy currents 
  

Magnetic induction 
  

A magnetic needle placed on a pivot, away from any 
 
magnet, will orient in the  

direction of the Earth's magnetic field. 
  

If we approach a permanent magnet (or a powered solenoid) at a certain  

distance, the magnetized needle undergoes a deviation due to the influence of  

the terrestrial magnetic field but esp 
ecially due to the magnetic field of the  

magnet. 
  

If we approach the magnet even closer, the needle deflects even more because  

the influence of the magnet becomes more important. 
  

  

  

  

  

  

  

  

  

Fig. 13 
  

  

At a point in a magnetic field there is a magnetic  
induction: 
  

  
-
 
it characterizes the magnetic state of this point, 
  

  
-
 
it is represented by the letter B, 
  

  
-
 
the unit is the Tesla T. 
  

The magnetic induction B 
 
can be represented by a vector which defines the  

magnetic field at a point.   
  

It has (like a  
mechanical force): 
  

•
 
An origin (the point considered) 
  

•
 
A direction (that of the magnetic needle placed at the point considered) 
  

•
 
A way (from pole S to pole N of the needle) 
  

•
 
An intensity (magnitude of the force exerted on the magnetic needle) 
  

The induction vect 
ors from two different magnetic fields are composed as forces. 
  

Earth's magnetic induction is around 0.00005 T. 
  

The magnetic induction in the air 
 
gap of an electric machine is 1 to 1.5 Tesla. 
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Coil without ferromagnetic core 
  
  

The  
ferromagnetic materials are iron, nickel, cobalt and some of their alloys. 
  

Inside the coil, the intensity of the induction vector is: 
  

 
B
0
 
= (
1
.
25
 
N
 
I
) / ( 
10
6
 
I
)
  

B
0
 
= intensity of magnetic induction expressed in Tesla. 
  

Magnetic permeability in vacuum but ad 
mitted in air, also called magnetic  

constant of vacuum: 
  

 

 
1
.
25
 
/ 
10
6
= 
4
 
 
10
−
7
 
= 
μ0
 
= 1 / 800 
.
000
  

In a vacuum, 800 
.
000 amperes turns / meter are required for an induction of 1  

Tesla. 
  
  

N = total number of turns of the coil. 
  

I = intensity of electric  
current in amperes. 
  

l = length of the coil in meters. 
  

NI = Amperes  
-
 
turns (At) 
  

N I / l = Amps  
-
 
turns / meter (At / m) = Spiers per meter (sp / m) 
  

  

Magnetic induction flux 
  
  

The magnetic induction flux across a surface S perpendicular to the flux, is  
made  

up of all the induction lines crossing the surface in question. 
  

Inside the coil:  
  

ɸ
0
 
= 
B
0
 
x
 
S
  

 
ɸ
0
 
= 1.25  
N
 
I
 
S
 
/ 10 
6 
l
  

ɸ
0
 
= magnetic induction flux (in Webers Wb) 
  

Index  
0
 
because it's in the air. 
  

S = section of the coil in m². 
  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
        
Fig. 14 
  

  

  

Outside the coil: 
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The magnetic induction flux  
ɸ
 
crossing a surface S perpendicular to the induction  

lines of a uniform field is   
  

 
 
ɸ
 
= 
B
 
x S
  

0 

If the material is not magnetic.   
ɸ
 
= B x S 
  

The magnetic induction flux  
ɸ
 
is expressed in Webers Wb. 
  

The section in m². 
  

Magnetic induction in Tesla T. 
  

There is another unit of magnetic flux: the  
M
axwell 
  

1 Weber = 100 
.
000,000 Maxwell 
  

There is another magnetic induction unit: the  
G
auss. 
  

1 Tesla = 10 
.
0
00 Gauss 
  

Magnetic induction therefore translates as the magnetic flux density. 
  

If the surface S is not perpendicular to the induction lines, the angle  
α 
made by  

the normal to the surface considered with the induction lines is taken into  

account. 
  

ɸ
 
= 
B
 
S 
cos  
α
  

0 

  

Magnetic permeability 
  

B
      
 
 
 
 
Induction in steel 
  

μ
=
 
   
=
  

r  

 
B 

0 
      
Induction  
that would exi 
st in the air for the same 
 
N/I
  

  

It is easy to calculate: for different values of NI / l, we determine B thanks to the  

magnetization curve and B 
 
is obtained by the formula 

0
  

 
B
 
= 1,25 N I /10 

0
6
 
l
  

  

For mild steel 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

Fig. 15 
  

The relative permeability of a metal is not constant, it varies according to the  

value of the magnetic field. 
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It is great for small magnetic fields but  
decreases when the magnetic field  

increases. 
  

The relative permeability  
μ
r
 
of a metal indicates how often, at the same At / m,  

the magnetic induction is greater in this metal than in air. 
  

  

The hysteresis cycle 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
        
Fig. 16 
  

  

0
-
S1 represents the curve of first magnetization. 
  
  

By decreasing the current, we note that for I = 0, there remains a remanent  

magnetization whose value of the induction is represented by 0 R1. 
  

By reversing the direction of the  
current, for NI / l represented by 0 
-
C1, the  

magnetization is canceled (B = 0). 
  

0
-
C1 represents the At / m that must be produced to cancel the magnetization in  

the metal. They are called coercive At / m. 
  
  

There is a delay in demagnetization, so in the opp 
osite direction of  

magnetization of the metal. 
  
  

By increasing the intensity of the current, we notice that the magnetic induction  

changes direction (the metal is magnetized in opposite direction) then that it  

increases and tends towards saturation S2. 
  
  

T
hen we gradually reduce the current to 0, we see that there remains a  
remnant 
  

magnetization of opposite direction whose value of the induction is represented  

by 0 
-
R2 (of value equal to 0 
-
R1 but of opposite direction). 
  
  

To cancel this remanent magnetizatio 
n, reverse the direction of the current,  

adjust the intensity so that the NI / l represented by 0 C2 create a magnetizing  

field called the coercive field. 
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By continuing to increase the intensity of the current, i.e. the magnetizing At / m  

and therefore the 
 
magnetic field, the induction increases again at and reaches  

point S1. 
  

The loop thus formed by the magnetization constitutes the hysteresis cycle. 
  
  

  

Eddy currents 
  

We call eddy currents, induced currents which arise in metallic masses (iron,  

copper, steel, aluminum, ...) subjected to flux variations. 
  

 
They can be produced from: 
  

-
 
variable magnetic flux and fixed magnetic circuit (transformers, ...) 
  

-
 
fixed magnetic flux and moving magnetic circuit (rotor of motors, dynamos, ...) 
  

They develop p 
erpendicular to the magnetic induction flux. 
  
  

To reduce eddy currents, the mass of steel in the magnetic circuits of the  

machines is made up of sheets laminated in the direction of flow, thin (0.35 mm  

to 0.50 mm) and isolated from one another by thin pape 
r, varnish, ... 
  

We choose silicon steel with excellent permeability favoring magnetic flux and  

with high resistivity strongly reducing eddy currents. 
  

These currents brake the moving parts and transform energy into heat by the  

Joule effect. 
  

Eddy  
currents are not always prejudicial, they are used in induction furnaces,  

induction cookers, induction brakes, tachometers of motor cars... 
  

  

3.10.10 Precautions for care and storage of magnets 
  

For the storage of large magnets, as well as for their use and  
cleaning, they  

must be protected mainly against three types of factors, which promote  

demonetization and even destruction.   
  

Mechanical protection. 
  

They should not be hit, that is why they should be left to "close the magnetic  

circuits", connected to  
pieces of iron, inside a box with padded interior surfaces.  

Even if the blows are not strong enough to break them, they are very effective in  

reducing the magnetization of the magnet. 
  

This phenomenon is more pronounced when the magnets are at a higher  

temp 
erature (for example in industries where certain magnets are washed with  

steam jets). 
  

Chemical protection. 
  

The magnets must not come into contact with a corrosive or humid atmosphere.  

It is therefore convenient to place them in hermetically sealed boxes, w 
ith  

particles of a desiccant (such as silica gel). 
  

Permanent rare earth magnets such as samarium and neodymium magnets are  

only easily oxidized on contact with oxygen in the air. 
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Therefore, in general, its surface is metallized with nickel. 
  

  

Thermal protec 
tion. 
  

Magnets should be stored and used at the lowest possible temperature, as this  

accelerates their demagnetization. 
  

Consequently, for a given application, a magnet must be chosen whose material  

has a critical temperature Tc of approximately 3 times the  
operating  

temperature. 
  

For example, the magnets that are magnetically the best are the worst in terms  

of temperature. In fact, Nd2Fe14B has Tc = 310 degrees Celsius and therefore it  

is not recommended to put it at temperatures well above 100 degrees Celsiu 
s.   
  

Large magnets should not be stored near equipment fitted with cathode ray  

tubes (CRT) or magnetic storage media. 
  

Magnets that are not of the same alloy may need to be buffered from each other  

due to the effects of demagnetization. 
  

Keep magnets at leas 
t 20 cm away from medical implants such as pacemakers  

or insulin pumps, as magnetic fields can impair their function and affect the  

health of those who use them. 
  

One of the most common accidents when handling magnets is that a limb is  

caught between two ma 
gnets. This is especially serious when these magnets are  

large, when they are small can be a pinch, but being large, the force of  

attraction is greater, making it more difficult to separate them. 
  

This can cause fractures as well as possible necrosis due to 
 
a lack of circulation  

in the limb. 
  

it is important to use tools made of non 
-
magnetic materials, such as stainless  

steel. 
  

The nickel allergy in magnets is common in many people and is triggered when  

the person comes into prolonged contact with  
objects containing nickel. 
  

Some magnets contain nickel, which can trigger allergies. 
  

It is recommended to avoid prolonged contact with these types of magnets, even  

if no allergy has been diagnosed. 
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Preface 
  

C
hapter 3.11  
-
 
“Inductance / Inductor” gives an overview of the influence of  

magnetic fields on conductors and the transmission of electrical or magnetic energy  

via a magnet or  
current. 
  

  

Learning outcomes 
  

The students should be able to: 
  

-
 
explain Laplace's law 
  

-
 
calculate an electromagnetic force 
  

-
 
explain the principle of induction 
  

-
 
explain a emf 
  

-
 
give an example of self induction 
  

-
 
explain the Lenz’s law 
  

  

3.
11
 
Inductance/ Inductor 
  

  

3.11.1 Laplace’s law, Faraday’s law 
  

  

  

Laplace's law 

Take a mobile conductor suspended by flexible conductors, placed perpendicular  

to the induction lines of the magnetic field of a horseshoe magnet. 
  

Let’s circulate a current in the  
conductor, we see that it moves towards the  

opening of the magnet. 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
Fig. 1 
 
 
 
 
 
Fig. 2 
  

  

Let's change the direction of the induction lines, the driver deviates in the  

opposite direction. 
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And reverse the direction of the current, we see that  
the conductor deviates  

again towards the opening of the magnet. 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
Fig. 3 
 
 
 
 
 
 
Fig. 4 
  

  

Place the conductor parallel to the induction lines, the conductor does not  

deviate. 
  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
Fig. 5 
  

  

When an  
electric current pass 
 
perpendicular to a magnetic field, there is a force  

called electromagnetic force which displaces the current making it cut the lines  

of induction. 
  

The force that arises on the conductor depends on the magnetic induction, the  

intensity of the current and t 
he length of the conductor placed in the magnetic  

field. 
  

  

 
 
 
F = B I l 
  

  

F = electromagnetic force in Newton (N) 
  

B = induction of the magnetic field in Tesla (T) 
  

I = current intensity in the conductor in amperes (A) 
  

l = length of the conductor placed in the 
 
magnetic field, in meters. 
  

The rule of the 3 fingers of the right hand 
  

The rule of the 3 fingers of the right hand makes it possible to determine the  

direction of the electromagnetic force. 
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The thumb, index and middle fingers of this hand are  
placed like the 3 sides of a  

cube which end at the same vertex: 
  

-
 
The thumb is placed in the direction of the magnetic field induction lines 
  

-
 
The middle finger is placed in the direction of the current 
  

-
 
The index indicates the direction of the conductor, i.e.  
the direction of the  

electromagnetic force 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
Fig. 6 
  

  

3.11.2 Induction principles 
  

  

Electromagnetic induction produced by a magnet 
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Fig. 7  
–
 
Fig. 8 
  

  

A current occurs in the closed circuit of the coil when  
there is relative  

displacement of the magnet or the coil. 
  

The current is canceled if the movement disappears. 
  

The current is called induced current. 
  

The coil is called the induced coil. 
  

The magnet is called an inductor magnet. 
  

The phenomenon of production  
of induced currents is called electromagnetic  

induction. 
  

Electromagnetic induction produced by an electromagnet 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 9 
  

  

The production of induced currents is more important than with the magnet. 
  

The 1st coil is called induced coil. 
  

The current which originates there: induced current. 
  

The 2nd coil is called the induction coil. 
  

The current which feeds it: inductive current. 
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If the circuit of the induced coil is open, the galvanometer obviously no longer  

deviates. There will be no  
induced currents, but using a voltmeter you can  

observe the presence of a voltage for a short time. 
  
  

This voltage is called the induced electromotive force (emf.) 
  
  

When an open circuit coil is subjected to variations in magnetic flux, an induced  

electrom 
otive force arises.  
  

It is it which circulates the current in the circuit as long as the circuit is closed. 
  

3.11.3 Effects of the following on the magnitude of an induced voltage 
  

  

Influence of magnetic flux 
  

  

 
 
 
 
 
 
Fig. 10 
  

  

The induced  
electromotive force is directly proportional to the magnitude of the  

flux variation. 
  

  

Influence of the duration of the flow variation 
  

  

 
 
 
 
 
 
Fig. 11 
  

  

The induced electromotive force is inversely proportional to the duration of the  

flux variation. 
  

Influenc 
e of the number of coils of the induced coil 
  

  

 
 
 
 
 
 
Fig. 12 
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The induced electromotive force is proportional to the number of turns of the  

induced coil. 
  

The emf that arises across an induced coil is:   
  

  

 
 
E =  ( 
Δ
ɸ
 
/ 
Δ
t) N 
  

  

E :  
emf. induced in Volts. 
  

Δ
ɸ
 
: 
variation of the flow in webers. 
 
 
  

Δ
t :  
time variation in seconds (flow variation duration) 
  

N :  
number of turns of the induced coil. 
  

  

  

3.11.4 Mutual induction,  
Self 
-
induction 
, Back emf 
  

  

  

  

  

  

  

  

  

 
 
 
  

 
 
 
 
 
 
Fig. 13 
  

  

The L1 lamp lights up when the  
switch is closed. 
  

The L2 lamp lights up after a certain delay after closing the switch. 
  

When the circuit is closed, the flow of current causes a magnetic flux to appear  

in the coil. 
  

This coil will therefore undergo its own increase which flows give rise to 
 
an  

induced emf. 
  
  

This emf opposes the current generator and slows growth (called electromotive  

force against back 
-
emf). The coil is therefore both inductor and induced. 
  

It is said that there is a phenomenon of self 
-
induction. 
  
  

A 
self 
-
induction phenomenon occurs because the current increases in the coil  

circuit. 
  

When the switch opens, 
  

The L1 lamp goes out as soon as the switch is operated. 
  

The L2 lamp goes out with a certain delay. 
  

There is a spark across the switch 
  

The current ten 
ds to disappear in the circuit, it decreases. 
  
  

The turns of the coil undergo a decrease in magnetic flux and are the seat of 
  

induced emf which tends to oppose the decrease in the current in the circuit. 
  

This emf of self 
-
induction causes a spark across the 
 
blades of the switch. 
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A self 
-
induction phenomenon occurs because the current decreases in the coil  

circuit. 
  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 14 
  

  

Any variation of the current in an inductive circuit (coil) generates in this circuit  

an emf of self 
-
induction that opposes the change in current. 
  

Self 
-
induction is the property of a coil to oppose variations in the current flowing  

through it. 
  

Self 
-
induction 
  

A coil traversed by a current creates a flux 
  
ɸ
  

However, this coil bathes in its own magnetic field and is therefore subject to its  

action. 
  

This is the flux generated by the coil 
: 
ɸ
1
  

If the current varies, the flow varies. This  
variable flux induces an emf.  

responding to Lenz's law. 
  

  

  

  

  

  

  

  

for N turns of the coil 
  
Δ
ɸ
 
= N  
Δ 

1
ɸ
  

 
 
 
 
 
 
 
 
       
Fig. 15 
  

  

  

  

  

Or : N,  
μ
, S, l  
are constant 
  

  

 
 
ɸ
1 = K I 
 
 
The constant 
   
 
K = L 
 
 
ɸ
1 = L I 
  

  

L represents the inductance of the coil  
expressed in Henry 
 
(H)
  

(the sign ( 
-
) indicates that it is a  
back 
-
emf
)
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3.11.5 Factors affecting mutual inductance 
  

  

The induced emf appearing at the terminals of a coil subjected to flux variations  

is equal to: E = ( 
Δ
ɸ
 
/ 
Δ
t) N 
  

  

The flux  
variation  
Δ
ɸ
 
is produced by the winding itself. 
  
  

  

Δ
t is the time variation, i.e. the duration of the flux variation. 
  
  

  

If the coil is coreless 
  

  

  

  

  

  

So we have 
  

  

  

  

  

  

  

Set
  
 
 
L = 1,25.N 
2
.S / 10 
6
.l
  

N = number of turns of the coil. 
  

S = straight  
section of the coil in m². 
  

l = length of the coil in m. 
  

L = self 
-
induction coefficient or  
self 
-
inductance 
 
of the coil depends only on the  

constitution of the coil and is expressed in henry: H. 
  

We also see 
 
 
 
E = L . ( 
Δ
I /  
Δ
t)
  

L =  
self 
-
inductance 
 
in Henry. 
  

Δ
 
I = variation of the current intensity in A. 
  

Δ 
t = time of the variation of the current in S 
  

If the coil has a ferromagnetic core, the self 
-
induction coefficient is μ 
 
times  

r 

greater;  
however, 
 
as we have seen μ 
, the relative permeability  
coefficient of the  

r 

metal is not constant but depends on the magnetic state of the coil. 
  

From the formula E = L. ( 
Δ
I /  
Δ
t) it can be seen that the self 
-
induction emf is  

greater the greater and faster the variation in current. 
  

This phenomenon leads to: 
  

-
 
dangerous over voltages for the operator, for the isolation between the  

turns and the mass of the machines. 
  

-
 
sparks at switch knives, brushes on electric machines (motors and  

dynamos). 
  

-
 
over voltages due to the ballast (important self) to allow the lighting  
of  

the fluorescent tubes. 
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3.11.6 Lenz’s law and polarity determining rules 
  

  

Direction of induced currents 
  

The meaning of induced currents is given by Lenz's law. 
  

By introducing the S pole of a magnet in the coil, the coil will experience an  

increase in flows. 
  

Knowing that the needle of a measuring device deviates to the right if it is  

crossed by a current which enters by the + terminal and leaves by the  
-
  

terminal, we can determine the direction of flow of the induced current and the  

magnetic 
 
poles of the coil. 
  

An S pole appears on the side of the S pole penetration of the magnet. 
  
  

Induction lines are in opposite directions, that is, in opposition. 
  

Induction field induction line (magnet) 
  

An induced field induction line (coil)   
  

  

 
 
 
 
 
       
Fig. 16 
  

  

The induced magnetic flux is in the opposite direction to the inductive magnetic  

flux. 
  

  

The induced magnetic flux therefore tends to oppose the increase in the  

inductive magnetic flux. 
  

By removing the magnet from the coil, the coil experienc 
es a decrease in flux.   
  

An S pole appears on the side out of the magnet. 
  
  

  

  

  

  

  

 
 
 
 
       
Fig. 17 
  

  

The induced magnetic flux is in the same direction as the inductive magnetic  

flux. 
  

The induced magnetic flux tends to oppose the decrease in flux. 
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Influence of the poles 
  
  

By introducing the N pole of the magnet in another coil, the coil will undergo an  

increase in flux 
  

An N pole appears on the side of the coil penetration. 
  

Induction lines are in opposite directions. 
  

  

  

  

  

 
 
 
 
       
Fig. 18 
  

The induced magnetic flux is in the opposite direction to the inductive flux. 
  

The induced magnetic flux tends to oppose the increase in the inductive  

magnetic flux. 
  

By removing the magnet from the coil, the coil will experience a  
decrease in flux. 
  

An S pole appears on the side of the magnet outlet. 
  

Induction lines are the same way. 
  

  

  

  

 
  

 
 
 
 
 
       
Fig. 19 
  

The induced magnetic flux is in the same direction as the inductive magnetic  

flux. 
  

The induced magnetic flux tends to  
oppose the decrease in flux. 
  

LENZ LAW   
  

The direction of the induced current is such that the flux which it creates  

opposes the variation (increase or decrease) of the inductive flux which causes  

it.
  

  

3.11.7 Saturation point 
  

See magnetization curve  
chapter 3.10.4 
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3.11.8 Principle uses of inductors 
  

Example of practical application of the rule: the mobile frame device   
  

The current flowing in the frame and the induction lines produced by the  

permanent magnet are arranged perpendicular to each  
other. There is therefore  

the birth of electromagnetic forces, the meaning of which can be determined  

using the 3 
-
finger rule with the right hand. 
  

The two forces produced on the branches of the frame are equal and opposite,  

they produce a driving torque wh 
ich makes the frame rotate. 
  

  

Spiral springs which serve as current input and output as well as resistive torque  

bring the frame into a stopped position on a graduated scale. 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
       
Fig. 20 
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Preface 
  

C
hapter 3.12  
-
 
“DC Motor / Generator theory” gives an overview of the  

constitution, role of each element, and the operation, with the different connection  

methods, of a generator or a DC motor.   
  

  

Learning outcomes 
  

The students should be able to: 
  

-
 
explain the different engine components and their role 
  

-
 
explain the different coupling series, shunt, compound 
  

-
 
explain the factors affecting the direction of rotation, speed, torque 
  

-
 
explain the four operating quadrants 
  

  

3.
12
 
DC
 
Motor/Generator theory 
  

3.12.1 Basic motor and generator theory 
  

The machine consists of two main parts: 
  

-
 
One, fixed, called inductor (stator) is an electromagnet. 
  

-
 
The other, mobile, called armature (rotor) is the rotating armature of the  

electromagnet. 
  

  

  

  

  

  

  

  

  

 
 
 
 
  

Fig. 1 

 
 
 
 
 
  

In 
generator mode 
, conductors are placed on the periphery of a rotor which is  

driven by a "mechanical" motor.  
  

They are placed perpendicular to the field produced by the inductor winding fixed  

on the stator. 
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They mow the lines of induction of a magnetic field produced by the inductor  

winding. 
  

  

They are the seat of an induced electromotive force whose direction of current is  

determined by the rule of the 3 fingers of the left hand. 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
Fig. 2 
  

 
 
 
 
  

Conductors are placed on the periphery of a rotor and are traversed by a current  

from the source. 
  

  

They are placed perpendicular to the field produced by the inductor winding fixed  

on the stator. 
  

  

Electromagnetic forces are born at the right of  
drivers whose direction is  

determined by the rule of the 3 fingers of the right hand. 
  

  

There is production of a driving torque which produces the rotation of the  

armature. 
  

The generator therefore transforms mechanical energy into electrical energy. 
  

In 
moto 
r mode 
, conductors are placed on the periphery of a rotor and are  

traversed by a current from the source. 
  

They are placed perpendicular to the field produced by the inductor winding fixed  

on the stator. 
  

  

Electromagnetic forces are born at the right of driv 
ers whose direction is  
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determined by the rule of the 3 fingers of the right hand. 
  

There is production of a driving torque which produces the rotation of the  

armature. 
  

The motor transforms electrical energy into mechanical energy. 
  
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
  

 
  

Fig. 3 
  

  

The machine is reversible, that is to say that when there is an inductive  

magnetic field: 
  

If the rotor is driven, it provides electric current = generator 
  

If electric current is supplied to the rotor, it turns = motor 
  

Electric motor illustration 
  

Di
rection of the current           
Magnetic field           
Laplace force 
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Fig. 4 
 
 
 
 
 
 
Fig. 5 
  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
Fig. 6 
  

  

Reverse direction by reversing current direction 
 
 
  

  

  

  

  

  

  

  

  

 
 
 
Fig. 7 
 
 
 
 
 
 
Fig. 8 
  

  

Electric generator illustration 
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Fig. 9 
 
 
 
 
 
 
 
 
Fig. 10 
  

  

  

  

  

  

 
 
 
 
 
  

 
 
  

 
 
 
 
 
Fig. 11 
  

  

3.12.2 Constitution and purpose of components in DC generator 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 12 
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The inductor. 
  

  

Its constitution is as follows: 
  

a)
 
A cast steel cylinder head (C) 
  

It is the frame of the  
machine; 
 
it supports all the fixed parts and the bearings  

in which the armature rotates. 
  

It closes the magnetic circuit of the machine. 
  

b)
 
Two main poles (P) 
  

They are often made of 1.5 mm thick sheets cut and then assembled. 
  

Sometimes the polar core (NP) is made of solid mild steel, and the polar  

expander (EP) is laminated to reduce the eddy current losses due to the  

flickering of the force lines. 
  

  

c)
 
The inductors (B) 
  

They are placed around the poles. Their amp turns  
produce flux. 
  

These coils are in series and wound so that one of the polar expansions is a  

North face and the other South. 
  

d)
 
Auxiliary switching poles. 
  

Compensates for induced reaction due to current flow. 
  

  

The induced. 
  

It rotates in a fixed magnetic  
field, so it will be the site of hysteresis and eddy  

current losses, so the armature will be laminated. 
  

These sheets which constitute it are isolated from each other by a thin film of  

varnish and assembled. 
  

To reduce hysteresis losses these sheets are made 
 
of silicon steel. 
  

On the periphery of the armature, notches (E) have been cut in which the  

conductors of the armature are housed. 
  

Between two notches, there is a tooth (D) 
  

The outside diameter of the armature is slightly smaller than the inside diameter  

o
f the inductor, a few millimeters which constitute the two air gaps. 
  

  

Electric part of the induced. 
  

1: The coil: 
  

Each wire taken in isolation is called a conductor. 
  

Two conductors form a turn. 
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The turns are grouped by section. 
  

The sections are  
grouped by coils before being placed in the notches. 
  

  

  

  

  

  

  

 
 
 
Fig. 13 
  

 
 
 
 
 
 
 
 
 
Fig. 14 
  

  

Layout of a section on the rotor: 
  

The two halves are located in almost diametrically opposite notches. 
  

The section output wires are welded to two  
neighboring collector blades. 
  

  

2: The collector: 
  

Placed at the end of the armature and wedged on the same tree, it is formed of  

copper strips insulated from each other by mica. 
  

  

At the back of the blade is a fin in which the entry of one section and the  
exit of  

the other are welded. 
  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 15 
  

3: The brushes: 
  

They are fixed to the inductor by means of brush holders. They are made of  

carbon and rub on the collector thanks to springs. 
  

  

Since the collector rotates, the contact with the  
brushes is slippery and the  

admissible current density is low (10 A / cm²) 
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Very often there is a brush line instead of a brush. The brushes are placed on  

the axis of the main poles. 
  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 16 
  

  

Flux distribution:   
  

The flux leaves the N  
pole, flourishes in the air gap, crosses the induced and  

enters the S pole. It returns to the N pole via the two half 
-
yokes. 
  

The perpendicular to the axis of the poles is called the neutral line. 
  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 17 
  

  

3.12.3 Operation of, and  
factors affecting output and direction of current  

flow in DC generators 
  

  

The bipolar DC generator 
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1) Principle. 
  

-
 
Induced electromotive force. 
  

If we consider a single conductor placed on the rotating armature, this conductor  

cuts the lines of force, so it  
is the seat of an emf. induced whose meaning is  

given by the rule of the three fingers of the left hand. 
  

  

  

  

  

  

  

  

  

 
 
 
 
 
Fig. 18 
  

In position 1 the emf. has the direction indicated (from front to back) and in  

position 3 it has the opposite  
direction. 
  

In positions 2 and 4 the emf. is canceled since the induction is zero on the  

neutral line. 
  

The driver is therefore the seat of an emf.  
alternative. 
  

If we consider a turn formed by two diametrically opposite  
conductors, 
 
we notice  

that the two alternative emf. are of the same direction inside the turn; the emf.  

total, sum of the two, will also be alternative. 
  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 19 
  

Note: 
  
  

The connecting wire at the back does not cross a line of force is therefore the  

seat of no emf. induced. 
  

Likewise, 
 
for the front connecting wires. They are called "inactive drivers" 
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The emf. reversing when the conductors pass under the  
neutral line. 
  

Since we wish to have direct current, it will be necessary at this precise moment  

to reverse the connections between the coil and the external terminals. This is  

the role of the collector. 
  

-
 
The collector. 
  

Let's join the ends of the coil to a  
collector (conductive ring cut in half) secured  

to the armature and place two fixed brushes on the axis of the poles. 
  

The induction of the poles goes from left to right N  
-
 
S.
  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 20 
  

In position 1: 
  

The collector blade I is negative as  
well as the left brush, the blade II is positive  

as well as the right brush. 
  

  

In position 2: 
  

The blades have changed polarity, and also of the brush, it follows that they  

keep the same polarity and that between the two terminals the voltage is  

continuous. 
  

Reversing the sense of emf. induced when the conductors pass below the neutral  

line. 
  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 21 
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-
 
Nature of the current and the armature voltage. 
  

If we divide an armature winding into a certain number of sections (8 for  

example)  
distributed symmetrically on the circumference and that each connects  

to a collector plate (ring cut in 8), we form a cylindrical assembly of 8 blades  

isolated between them on which rub two fixed brushes diametrically opposite. 
  

These brushes collect  
almost the direct current, that is to say constant in size  

and sign. 
  

The direct current will be less pulsed the higher the number of blades and  

sections. 
  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 22 
  

  

  

  

2) Winding. 
  

We make two kinds of windings: 
  

Nested winding (parallel)  
  

The sections overlap, they overlap one another. 
  

Corrugated windings (series)  
  

The sections are connected one after the other without going back. 
  

  

3) Equivalent diagram of the armature, induced. 
  

 
Each conductor is a generator and  
can be represented by the symbol of a  

battery. 
  

Between the two brushes, the two winding paths are in parallel, each of them 
  

being equivalent to eight generators in series. 
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Fig. 23 
  

If N is the number (even number) of conductors, the  
armature is equivalent to  

the parallel grouping of 2 series of N / 2 generators. 
  

The emf. "E" being the emf. average of a conductor, the emf. total = (N / 2) e 
  

Current: 
  

If the machine delivers a current I, each conductor is crossed only by a current  

equal to I / 2 
  

Resistance: 
  

If r’ is the resistance of all the conductors, active or not, placed end to end; the  

resistance of a channel is r '/ 2 and the equivalent resistance to two parallel  

channels is R ’= r' / 4 
  

  

4) Electromotive force:  e =  
Δ
ɸ
 
/ 
Δ
t
  

N
 
= the number of conductors of the armature. 
  

n = the speed of rotation in revolutions per second. 
  

ɸ
 
= the flux under a pole. 
  

In 1 / n seconds, any conductor performs a complete revolution during which he  

cuts two times the flux  
ɸ
 
(
once under the North Pole and once under the South  

Pole 
) 
So we have : 
  

 
 
Δ
ɸ
 
= 2  
ɸ
 
 
 
Δ
t = 1/n 
  

 
 
e = 2 
ɸ
 
/ (1/n) = 2 n  
ɸ
  

multiplying by N / 2 conductors i 
n series (1 pair of channels) 
  

We obtain the emf. of the machine 
  

 
 
 
E = N n  
ɸ
  

  

3.12.4 Series wound, shunt and compound generators, Starter Generator  

constitution and operation 
  

  

DYNAMO WITH INDEPENDENT EXCITATION 
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The excitation winding is supplied by an  
auxiliary source (other dynamo, rectifier,  

etc.) 
  

Empty study: 
  

The dynamo is driven by a motor (electric, diesel, turbine) 
  

The inductor is powered by an auxiliary source of direct and variable voltage. 
  

  

An ammeter indicates the value of the excitation curre 
nt.
  

A voltmeter measures the voltage across the dynamo. 
  

  

  

  

  

  

 
 
 
 
 
 
Fig. 24 
  

No
-
load characteristic E = f (i) at constant speed (n): 
  

Voltage across the dynamo as a function of the excitation current (i) at constant  

speed. 
  

The emf. and the flux being  
proportional, the no 
-
load characteristic is none other  

than the magnetization curve of the magnetic circuit of the machine. 
  

Let us trace the curve with increasing then decreasing excitation, we obtain two  

distinct curves. 
  

This duplication is due to the hys 
teresis of the magnetic circuit of the machine. 
  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 25 
  

Characteristic under load U = f (I) at i and n constants:  
 
  

  

Voltage across the dynamo as a function of the current supplied at constant  

excitation and speed. 
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The load rheostat  
consists of identical resistors which are put in parallel. 
  

-
 
We note that: 
  

-
 
When the current increases, the voltage decreases 
  

-
 
The total voltage drop is due not only to the resistance of the armature  

but also to a phenomenon called armature reaction. 
  

  

  

  

  

  

  

  

  

 
Fig. 2 
6
 
 
 
Fig. 27 
  

 
 
 
 
 
 
  

Phenomenon of the armature reaction. 
  

When the dynamo does not deliver (therefore empty) the magnetic field goes  

from the North Pole to the South Pole in a straight line. 
  

When the armature delivers a current I, all the  
conductors it carries are crossed  

by a current I / 2 and create a magnetic field on its periphery. 
  

The general orientation of the lines of force due to the armature reaction is  

perpendicular to that of the lines of force of the inductor. 
  

This magnetic fiel 
d of the armature is added to the field of induction and gives a  

resulting magnetic field whose lines of force are inclined. 
  

It looks like these lines of force are driven by the rotation of the armature. 
  

There is saturation of the output polar horns and 
 
demagnetization of the input  

polar horns. 
Fig. 28 
           
  

  

  

Fig. 
28
 
 
 
 
Fig. 
29
 
 
 
 
Fig. 30 
  

  

15
  

 

    

    
        
    








    
        
    

    
        3.12  
DC Motor/Generator theory 
  

  

Consequence: 
  

Poor distribution of voltages to the collector which will cause sparks because the  

brushes short 
-
circuit two collector blades which have  
non
-
zero voltages. 
  

Remedy: 
  

We will compensate this magnetic field of the armature by compensation poles  

housed in the notches of the polar expansions. 
  

To have correct compensation at any load, the compensation winding is  

traversed by the current I delivere 
d by the machine. 
  

There will be no more distortion of the flux. 
  

The distribution to the collector becomes correct again. 
  

The flux and the emf. are the same empty when loaded. 
  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 30 
  

DYNAMO AT EXCITATION SHUNT 
  

It is the voltage  
produced by the dynamo that powers the inductors. 
  

Constitution. 
  

A shunt dynamo is identical to a dynamo with independent excitation.  
  

The inductor is placed in parallel with the armature. It must therefore be  

calculated to operate under the same voltage U. 
  

It has a large number of fine wire turns. 
  

The armature provides the current i in addition to the current I, ie: 
  

 
 
I’ = I + i (i = à 3 % de I) 
  

  

  

  

  

Fig. 31 
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Booting. 
  

1 
-
 
Suppose the machine is running at its nominal speed. 
  

-
 
The remnant flow produces an  
emf. of a few volts, this emf. generates a  

weak excitation current and this current creates a small flux; so we can  

have: 
  

-
 
Or this flow is in the same direction as the remnant flow, E increases, so i  

increases and the machine starts, the emf. takes a value  
close to the  

nominal voltage. 
  

-
 
Or this flow is in the opposite direction from the residual flow and the total  

flow becomes zero, the machine does not start. In this case, either change  

the direction of rotation or swap the connections to the inductor. 
  

2 
-
 
N
o
-
load operating point. 
  

The machine is initiated, what exactly is its voltage? 
  

Between the terminals of the armature, the voltage is U = E  
-
 
Ri since the  

armature delivers only a current i in the inductor; this being weak, the voltage  

drop Ri can be  
neglected in front of E, and we have substantially U = ± E 
  

The voltage between the terminals of the armature is given by the no 
-
load  

characteristic E = f (i) at n = constant. 
  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 32 
  

As the armature and the inductor are in  
parallel, their voltages are therefore  

equal u = U and ri = E 
  

  

Point A intersection of the line of the inductors and the no 
-
load characteristic is  

called: no 
-
load operating point. 
  

3 
-
 
Moving the operating point. 
  

Influence of the inductor circuit. 
  

If we  
increase "r" by action on the excitation rheostat, the slope of the right of  

the inductors increases and A moves to the left. 
  

17
  

 

    

    
        
    








    
        
    

    
        3.12  
DC Motor/Generator theory 
  

If “r” becomes too large (straight line in thin line) point A is poorly defined and  

the operation becomes unstable, the value of t 
he resistance is said to be  

defusing. 
  

Beyond, (dotted right) the machine does not start anymore. 
  

  

  

  

  

  

  

  

  

  

  

 
 
  

 
 
 
 
 
 
Fig. 33 
  

No
-
load characteristic. 
  

  

It’s the same as a dynamo with independent excitation. 
  

Characteristic under load. 
  

  

  

  

  

  

  

 
 
 
Fig. 34 
 
 
 
 
 
Fig. 35 
  

We notice that the tension decreases much faster than in independent excitation. 
  

  

If, when the voltage has dropped sharply, the load resistance continues to  

decrease, hoping to increase the current, we see that it decreases as well as the  

voltage. 
  

The machine refuses to charge, sometimes we can pick up a few points (dotted  

curve), but the operation is unstable. 
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In
 
the
 
Independent 
 
excitation 
 
dynamo, 
 
because 
 
of
 
the
 
RI
 
ohmic 
 
drop 
 
and
 
the
  

induced 
 
reaction, 
 
the
 
voltage 
 
decreases 
 
as
 
the
 
flow 
 
incr 
eases 
 
but
 
the
 
excitation 
  

current 
 
remains 
 
constant. 
  

In the dynamo shunt, on the contrary, the previous  
voltage drops cause a  

reduction in the excitation current, therefore in the f.é.m. 
  

We can even short 
-
circuit a shunt generator since then i = 0 and the  
f.é.m.  

remaining is due to the only residual flux. 
  

We have substantially: Icc = E0 / R 
  

  

DYNAMO EXCITATION SERIES 
  

Constitution. 
  

  

The only difference with the previous machines concerns the inductor winding  

which is placed in series with the  
armature, so it will be crossed by the current I  

supplied to the external circuit. 
  

As a result, it has few coils of large wire, its resistance R’ is low. 
  

  

  

  

  

  

 
 
 
 
 
Fig. 36 
  

The armature and the inductor being in series, the sum of the voltage drops  

which they produce is subtracted from the f.é.m. to give U = E  
-
 
(R + r’) I 
  

The inductor is only supplied if the machine delivers in an external circuit. 
  

It cannot prime empty. 
  

No
-
load characteristic. 
  

She always traces herself to independent excitement. 
  

Ch
aracteristic under load. 
  

This is the curve U = f (I), it is drawn at constant speed. 
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Fig. 37 
  

When the current increases, the voltage begins to increase to B: the magnetic  

circuit is not saturated, the increase in excitation produces an  
increase in the  

emf. greater than the voltage drop. 
  

  

After B the voltage drop wins out because the circuit becomes saturated. 
  

  

C being the operating point under load. 
  

If Re increases the line switches to the left. 
  

  

In 0D the operating point is poorly defin 
ed, there is instability. 
  

To the left of the right 0D, the machine does not boot. 
  

  

DYNAMO AT EXCITATION COMPOUND 
  

Constitution. 
  

  

It is a shunt type dynamo, the inductors of which also have a few turns in series  

with the armature, therefore supplied by  
the current I supplied. 
  

The series amps are added to the shunt amps. 
  

  

  

  

  

 
 
 
 
  

 
 
 
 
 
Fig. 38 
  

We have seen that to compensate for the voltage drop of a shunt dynamo, it was  

necessary, as the delivered current increases, increase the excitation current  
"i",  

that is to say increase the number ampere towers. 
  

The series winding of a dynamo compound being powered by current I, the  

production of additional tower amps will be done automatically without external  

intervention. 
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The voltage is self 
-
regulating. 
  

Ass
embly. 
  

We can make a “short shunt”  (1) or a “long shunt”  (2) 
  

The differences are negligible. 
  

The machine starts like a shunt dynamo. 
  

Characteristic under load. 
  

If the series winding produces a flow which opposes the shunt flow, it will be said  

that  
the dynamo is discordant. (curve 3) 
  

By crossing the  
connections, 
 
we will make it concordant (curve 1) 
  

If the series winding is too large, the compensation for the voltage drop will be  

too great. 
  

We have a hyper compound dynamo. 
  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
Fig. 39 
  

  

  

3.12.5 Operation of, and factors affecting output power, torque, speed and  

direction of rotation of DC motors 
  

The dynamo is driven by a motor and gives rise to a voltage U. 
  

  

E = electromotive force. 
  

R = internal resistance. 
  

I = current delivered by the dyn 
amo. 
  

E = n N  
ɸ
  

n = speed of rotation in t / second 
  

N = number of conductors 
  

ɸ
 
= the flux under a pole. 
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Fig. 40 
  

The rule of the left hand gives us the direction of the current which is born in the  

dynamo. 
  

The motor is supplied with  
direct current and gives rise to a rotational  

movement. 
  

The right hand rule gives us the direction of rotation of the motor. 
  

U = voltage across the motor 
  

E ’= force against electromotive, it arises following the rotation of the rotor in a  

magnetic field. 
  

 
 
 
E ’= n N  
ɸ
  

It is it which will give the mechanical energy of the rotor. 
  

r I = the internal voltage drop. 
  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
Fig. 41 
  

  

The starting current 
 
 
U = E ’+ r I 
  

 
 
 
 
I = U / r 
  

 
At startup n = 0, so E ’= 0 
  

 
r is very small (a few ohms) I will be  
very large. 
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Remedies: 
  

-
 
decrease U (soft start by voltage regulator) 
  

-
 
increase 
 
r (starting resistance to drop the voltage) 
  

The torque 
 
 
 
 
U = E ’+ r I 
  

Multiply by I  
 
 
U I = E ’I + r I² 
  

U I = power absorbed by the motor 
  

r I² = losses by Joule effect of the arm 
ature 
  

E’ I = mechanical power of the armature 
  

 
 
E’ I = w C 
 
 
(P = w C) 
  

 
 
n N  
ɸ
 
I = 2 
π
 
(n/60) C 
  

 
 
C = n N  
ɸ
 
I 60 /  2  
π
 
n
  

Torque adjustment: Action on flow 
 
ɸ
 
  

 
 
C = k   
ɸ
 
I
 
 
k = N 60 / 2   
π
  

The rotation speed 
  

 
 
 
U = E’ + r I 
  

 
 
 
U = n N  
ɸ
 
+ r I 
  

 
 
 
n = (U  
-
 
r 
I) / N   
ɸ
  

Speed setting 
  

-
 
Action on voltage U (voltage variator); It's the most frequent case. 
  

-
 
Action on the flow  
ɸ
: but watch out for the torque. 
  

  

3.12.6 Series wound, shunt and compound motors 
  

Independent excitation motor. 
  

  

  

  

  

  

Fig. 42 
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Fairly  
stable speed and increasing torque with load. 
  

  

  

  

  

  

 
 
 
Fig. 43 
 
 
 
 
 
Fig. 44 
  

  

 
 
n = f (I) at  
ɸ
 
constant 
 
 
C = f (I) at  
ɸ
 
constant 
  

 
 
 
Speed n 
 
 
 
 
Torque ( C ) 
  

 
 
       
n = (U  
-
 
r I) /  
ɸ
 
 
 
C = k  
ɸ
 
I
  

 
 
 
 
 
 
 
If 
ɸ
 
constant C = k I 

  

Series excitation motor. 
  

  

  

  

 
 
 
 
 
Fig. 45 
  

Very high speed at low load (motor runaway) 
  

Very large couple at high load 
  

  

  

  

  

  

 
 
 
 
Fig. 46 
 
 
 
 
 
Fig. 47 
  

 
 
 
n = f (I) 
 
 
 
 
 
C = f (I) 
  

 
 
 
Speed n 
 
 
 
 
 
Torque ( C ) 
  

 
 
 
n = U  
-
 
r I /  
ɸ
 
 
 
 
C = k  
ɸ
 
I
  

 
When empty I is small and  
ɸ
 
is small  
 
 
ɸ
 
is proportional to I 
  

 
 
n is high (runaway) 
 
 
 
 
 
C = k I . I = k I² 
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Compound motor. 
  

  

  

  

  

 
 
 
 
 
Fig. 48 
  

No load and low load, I being low there are few ampere 
-
series and the motor  

properties are shunt or  
independent. 
  

In load, the properties are close to the series type. 
  

  

  

  

  

  

  

  

  

.
  

 
 
 
Fig. 49 
 
 
 
 
 
Fig. 50 
  

 
 
 
n = f (I) 
 
 
 
 
 
C = f (I) 
  

Shunt motor. 
  

  

  

  

 
Fig. 51 
  

The characteristics of the shunt motor are quite similar to those of the  

independently excited  
motor. 
  

  

These motors are less flexible than motors with independent excitation. 
  

Operation. 
  

When the motor supplied at its maximum voltage reaches its nominal speed, its  

speed can be further increased by reducing the inductive flux. 
  

 
 
N = (U  
-
 
R I) / k  
ɸ
  

This operation is called de 
-
energizing operation. 
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Constant torque and variable voltage operation 
; it is in constant flux. 
  

  

The operating zone is said to be constant torque when the motor can deliver the  

nominal torque at any speed without abnormal heating. 
  

  

The majority of applications work under this regime. 
  

 
C = k  
ɸ
 
I
  

  

  

  

  

  

  

Fig.52 
  

  

The DC motor operates in four quadrants. 
  

In quadrants 1 and 3 where the power is positive, it is motor, it provides motor  

torque. 
  

In quadrants 2 and 4 where the power is  
negative, it is a generator, it provides  

braking torque. 
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Fig. 53 
  

  

As
: 
 
n = (U  
-
 
R I) /  
ɸ
 
k
  

At constant flux, neglecting the ohmic voltage drop, we can say that the speed  

(n) is like the voltage (U) 
  

At constant flux, we can say that  
the current I in the armature is like the couple  

C.
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AC THEORY 
  

Preface 
  

C
hapter 3.15  
-
 
“AC Theory” gives an overview of the forms and characteristics of  

sinusoidal signals  
  

Learning outcomes 
  

The students should be able to: 
  

-
 
explain Instantaneous value, peak to peak, rms value, frequency of a  

signal 
  

-
 
explain the simple and compou 
nd voltages in three phase  
  

3.13 AC Theory 
  

3.13.1 Sinusoidal waveform: phase, period, frequency, cycle 
  

An alternating voltage or an alternating current is a quantity which changes  

direction periodically and constantly of value.  
  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 1 
  

A 
period is the duration in time between two instants when the current takes the  

same value and the same direction. 
  

This time is represented by T 
  

Frequency is the number of periods per second where f = 1 / T  
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Instantaneous value: 
 
It is the value and the direction of the current at a  

determined instant (ex: i1 and i2) 
  

Maximum value, amplitude or peak value: 
 
This is the highest instantaneous  

value in any direction. The amplitudes in both directions are equal to themselves  

but in opp 
osite directions.  
  

Peak to peak value: 
 
This is the absolute value which goes from maximum  

positive to maximum negative.  
  

Effective value / root mean square: 
 
The effective value of an alternating current  

is the value of an imaginary direct current which dev 
elops in a pure resistance  

the same amount of heat or energy during the same time.  
  

 
 
𝑰
 
= 
𝑰
 
𝒎𝒂𝒙 
 
/ √
𝟐
 
  

Frequency of the sinusoidal current: 
 
The frequency represents the number of  

cycles per second therefore the number of periods per second. 
  

The unit f 
or frequency is Hertz, symbol Hz.  
  

  

The sinusoid   
  

Sine waveform for a given rotation angle (ωt)  
  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 2 
  

  

  

 
3
 

    

    
        
    








    
        
    

    
        3.
13
 
AC THEORY 
  

3.13.2 Triangular/Square waves 
  

The most widely used waveform is the sinusoid. 
  

Other waveforms are the square or the triangle.  
  

 
 
 
 
 
Fig. 3 
  

  

3.13.3 Single / 3 phases principles 
  

Production of an alternating voltage 
  

Principle of operation of a dynamo.  
  

A winding rotates at constant speed between the poles of a magnet. Due to the  

variation in the number of induction lines cutting the winding, an electromotive  

force (emf.) is induced. 
  

Two slip rings allow to bring this emf. to external connections. 
  

The following diagrams show the different phases of the emf, it is sinusoidal.  
  

Let u 
s consider the displacement of the straight line ab of the turn.   
  

  

  

  

  

  

 
 
 
 
 
Fig. 4 
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During the first quarter turn, we see the birth of a emf. from zero to a positive  

maximum.  
  

  

  

  

  

  

  

 
 
 
 
Fig. 5 
  

During the second quarter turn, the emf. goes from the maximum positive value  

to the zero value.  
  

  

  

  

  

  

 
 
 
 
 
Fig. 6 
  

The third quarter turn sees the polarity of the fem. reverse and its value go from  

zero to a negative maximum.  
  

  

  

  

  

  

 
 
 
 
 
Fig. 7 
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In the  
fourth quarter turn the value of the fem. goes from negative maximum to  

zero. 
  

The coil has returned to its initial position and can thus start a second cycle. 
  

With an alternator  
  

The principle is based on the fact that an electrical conductor becomes (by  

i
nduction) the seat of a fem. when it cuts the induction lines of a magnetic field. 
  

This phenomenon occurs indifferently when the magnetic field is fixed and the  

conductor moves or, conversely, when the conductor remains fixed and the  

magnetic field moves.  
  

On alternators, the conductor remains fixed (stator winding) and the magnetic  

field moves (rotational movement, hence the name rotor) 
 
To obtain a powerful  

induction effect, we do not just expose a single turn to the action of the  

magnetic field, but we mu 
ltiply the number.  
  

The set of turns constitutes the stator winding. The poles of the magnetic field  

change place by turning, the tension, which arises in the stator winding, varies  

in strength and direction, hence the name of alternating tension.  
  

For a r 
egular rotor speed, the voltage curve between two maximum values is  

sinusoidal. The higher the magnetic field, the stronger the magnetic field (i.e.  

the more concentrated the induction lines), and the faster the speed at which  

the induction lines are cut.  
high.   
  

On alternators the magnetic field is produced by electromagnets. 
  

The electromagnetic field is only effective when the inductor winding (excitation  

winding) is traversed by a current.   
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Fig. 8 
  

  

  

Realization of a three 
-
phase voltage 
  

An electromagnet rotates at angular speed ω inside a fixed carcass carrying 
 
3  

identical coils whose axes are offset between them by 120°. 
  

We will get 3 emf. offset by 120 ° between them.  
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
Fig. 9 
 
 
 
 
 
 
Fig. 10 
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The 3 tensions: 
  

-
 
are sinusoidal 
  

-
 
have the same maximum value and the same period therefore the same 
  

E
ffective value 
  

-
 
are offset, one relative to the other by 1/3 of the period, therefore phase 
  

S
hifted by 120 °  
  

A three 
-
phase alternator has a power about 50% higher than that of a single 
- 

phase alternator of the same value and the same price. 
  

The same energy  
is transported with 3 wires whereas it would take 6 identical  

single 
-
phase or 2 triple section.   
  

Description of the network   
  

  

  

  

  

  

  

  

  

 
 
  

 
 
 
 
 
 
 
Fig. 11 
 
  

The difference in potential existing between a phase conductor and the  

conductor called  
neutral is called simple voltage. It is symbolized by the letter V. 
  

The difference in potential existing between 2 phases is called compound  

voltage. It is symbolized by the letter U. 
  

Relationship between the compound voltage U and the single voltage V 
  

 
 
 
U = V √3  
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RESISTIVE, CAPACITIVE AND INDUCTIVE CIRCUITS 
  

Preface 
  

C
hapter 3.14  
-
 
“Resistive,  
Capacitive and Inductive circuits” gives an overview of the  

behavior  of  electrical  current  and  voltage  signals  when  coupled  with  resistive,  

inductive or capacitive loads. 
  

  

Learning outcomes 
  

The students should be able to: 
  

-
 
retrace the  
characteristics for each element R, L, C 
  

-
 
combine the elements in series or in parallel 
  

-
 
define the active, reactive and apparent powers 
  

-
 
explain the power factor  
  

  

3.14 Resistive, Capacitive and Inductive circuits 
  

3.14.1 Phase relationship of voltage and cur 
rent in L, C and R circuits,  

parallel, series and series parallel 
 
Impedance, phase angle and  

current calculations 
  

  

The concept of phase 
  

Being in phase: The coils 1 and 2 coincide and rotate at the same speed, the  

emf. induced in the two coils reach at the same time their maximum values and  

their zero values.   
  

  

  

  

  

  

  

  

  

Fig. 1 
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Not being in phase: The voltages which are induced in the  
two coils are no  

longer in phase. They no longer reach their maximum values and their zero  

values at the same time. There is a fixed offset between the two voltages, it is  

said that there is phase shift. 
  

  

  

 
 
 
  

 
 
 
 
 
 
Fig. 2 
  

Relationship between current and 
 
voltage, if the receiver is resistive. 
  

It is the property of a conductor to transform electrical energy into thermal  

energy: W = R I² t  
  

The energy transformation results in: 
  

-
 
to reduce, for a given voltage U, the current I = U / R 
  

produce a potential diff 
erence across the resistor.  
  

For a resistance, in alternating current, the law of ohm applies in the same way  

as in direct current 
  

 
 
 
I = U / R 
  

Using an oscilloscope, you can trace the image of voltage and current on the  

screen. 
  

  

  

  

  

  

  

 
 
 
 
 
 
  

 
Fig. 3 
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Relationship between voltage and current in an inductive receiver. 
 
  

To simplify we consider that the circuit is purely inductive. 
  

-
 
L the  
self 
-
coefficient 
 
expressed in Henry 
  

-
 
U the rms value of the voltage 
  

-
 
I the 
 
rms value of the current 
  

For an inductor with a 
lternating current, the current varies proportionally to the  

voltage and inversely proportional manner with respect to the coefficient of self  

and frequency. 
  

The influence of the frequency will be expressed by the pulsation  
ω 
→
ω 
= 2  

π
f 
  

  

 
 
I = U /   
ωL
 
 
 
 
U = ω L I 
  

  

L ω is called: "the reactance of self" of the circuit and is expressed in ohm. 
  

  

The reactance of self is proportional to the frequency.  
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 4 
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There is an offset between the voltage curve and the  
current curve. 
  

It is the phase shift difference between current and voltage. 
  

The value of the phase shift is π / 2 (90 °) behind the current I compared to the  

voltage U.  
  

  

Relationship between voltage and current, if the receiver is only capacitive. 
  

A capa 
citor is formed by two conductive plates separated by an insulator called a  

dielectric. 
  

If we put a capacitor in series with a lamp in a circuit: 
  

-
 
In direct current the lamp does not light up, the circuit is interrupted by  

 
the dielectric of the capacitor. 
  

-
 
In alternating current the lamp lights normally, everything happens as if  

 
the capacitor did not exist.  
  

To simplify we consider that the circuit is purely capacitive. 
  

 
C the capacity in μF 
  

 
U the effective value of the voltage, 
  

 
I
 
the rms value of the current.  
  

For a capacitor supplied with alternating current: the current varies  

proportionally with respect to the voltage, the frequency and the capacity.  
  

The influence of the frequency will be expressed by the pulsation ω 
  

  

 
 
I 
= U  
ω
 
C
 
 
 
I
 
= U / (1/ω C) 
  

  

1 / ω C is called “capacity reactance” and is expressed in ohm 
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Fig. 5 
  

  

There is an offset between the voltage curve and that of the current. 
  

It is the phase difference between current and voltage. 
  

The value of the  
phase shift is π / 2 (90 °) in advance of the current I with  

respect to the voltage U. 
  

  

Serial circuits 
 
  

A resistor and an inductor (RL Circuit) 
 
 
  

  

  

  

 
 
 
 
 
 
Fig. 6 
  

W
e cannot, as in direct current, add up the partial voltages arithmetically. 
  

The voltages Ur and UL are out of phase with each other.  
  

We know that in a pure resistance the voltage and the current are in phase and  

that in a pure inductor the voltage is 90 ° ahead of the current.  
  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 7 
  

We are dealing with a series cir 
cuit, so the common element is the current.  
  

The vector sum of the vectors UL and Ur gives the value of the total voltage U.  
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Fig. 8 
  

In the triangle of tensions following Pythagoras 
  

  

 
U² = (Ur) ² + (UL) ²  
 
 
Ur = R I  
  

 
 
 
 
 
 
U
 
= 
ω
 
L I  
  

L 

 
U² = (R.I)² + (  
ω
L I) ²  
  

 
U² = I² (R² + ( 
ω
 
L)²)  
  

 
U = I √ (R2 + ( 
ω 
. L) 
2
)
  

We name √(R² + (ωL)²) “ 
circuit impedance” 
. 
  

It represents all the effects that oppose the flow of current in an alternating  

circuit. 
  

The impedance is greater than the value of the pure resistance of the circuit.   
  

 
Z = √(R² + (ωL)²) 
 
 
 
 
U = Z I  
  

Z is the impedance of the circuit.  
  

  

Example of an impedance triangle for an RL circuit 
  

When we divide the sides of the triangle of voltages by  
the intensity of the  

current, we get a similar triangle whose value of the sides becomes:  
  

  

 
 
U = Z I  
  

 
 
Ur = R I  
  

 
 
UL =  
ω
 
L I  
  

  

 
 
 
 
 
 
 
   
Fig. 9 
  

The angle between R and Z or between U and I in the triangle of voltages similar  

to the triangle of  
impedances is called φ (phi) 
  

 
7
 

    

    
        
    








    
        
    

    
        3.
14
 
RESISTIVE, CAPACITIVE AND INDUCTIVE CIRCUITS 
  

Pythagoras' theorem gives: Z² = R² + (  
ω
L )²  
  

 
 
R = Z cos φ 
 
 
then 
 
 
cos φ = R / Z  
  

  

A resistor and a capacitor (RC circuit) 
 
  

  

  

  

  

  

Fig. 10 
  

As seen previously, we cannot arithmetically add the tensions Ur and Uc. The  

voltages are out of phase with each other.  
  

In a pure resistance the current is in phase with the voltage while in a perfect  

capacitor, the current is phase shifted by π / 2 ahead 
 
of the voltage. 
  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 11 
  

The sum of the vectors Ur and Uc gives the value of the total voltage U.  
  

In the triangle of  
tensions, 
 
we can write: 
  

 
  

 
 
U² = (Ur)² + (Uc)²  
 
 
 
U = R I  
  

 
 
 
 
 
 
 
 
Uc = I / 
ω
 
C 
  

 
 
U² = (R I) 
2
 
+ ( 1 /( 
ω
 
C)) ²  
  

 
 
U = I  
√(R² + ( 1 /( 
ω
 
C))
2
 
)
  

The impedance of the circuit is √(R² + ( 1 /( 
ω
 
C))
2
 
= Z
  

 
 
U = Z I 
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A resistor, an inductor and a capacitor (RLC circuit)  
 
  

  

  

  

  

  

 
 
 
 
 
 
Fig. 12 
  

  

Ur = R I in phase with current I 
  

UL = ω L I ahead of π / 2 over current I 
  

Uc = I / ω C  
behind π / 2 on current I 
  

  

Vector diagram 
 
  

  

U² = (Ur)² + (UL  
–
 
UC)²  
 
 
 
 
  

U² = (RI) 
2
 
+ [( 
ω
 
L I) − (I /( 
ω
 
C))] 
2
 
  

U = I √[R² + (( 
ω
 
L I) − (I /( 
ω
 
C))
2
 
]
  

U = Z I 
  

with Z = √[R² + ((ω L I) − (I /(ω C)) 
2
 
]
  

  

 
 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
Fig. 13 
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Parallel circuits 
  

A 
resistor and an inductor (RL Circuit) 
 
  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 14 
  

The voltage is the same everywhere 
  

The total current is subdivided into 2 currents IL and Ir 
  

 
Ir is in phase with the voltage U 
  

 
It is π / 2 behind the voltage U 
  

The vector sum of the  
vectors Ir and Il, we obtain a vector I which represents  

the total current of the circuit. 
  

  

  

  

Fig. 15 
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According to Pythagoras we can write that:  
  

 
 
I² = (Ir)² + (IL)²  
 
 
 
Ir = U / R  
  

 
 
 
 
 
 
 
IL = U /  
ω
 
L
  

I² = (U² / R²) + (U² / ( 
ω
L)² ) = U² ( (1 / R²) + (1 /  
ω
²L²) )  
  

I = U  √  
( (1/ R²) + (1 / ω²L² ))  
  

U = Z I 
 
 
 
 
with Z = 1 /  √ ((1/ R²) + (1 /  
ω²
L² ))  
  

  

A resistor and a capacitor (RC circuit) 
 
  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 16 
  

  

Ir = U / R  
 
in phase with 
 
U 
  

Ic = ω C U  
 
in advance of   
π
/ 2 over U 
  

I² = (Ir)² + (Ic)²  
  

I² = (U² / R²) + ( 
ω
 
² C² U²)  
  

I = U √((1 / R²) + ( 
ω
 
² C²)) 
  

U = Z I  
 
with Z = 1 / √((1 / R²) + (ω ² C²)) 
  

 
 
 
 
 
 
 
 
 
Fig. 17 
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A resistor, an inductor and a capacitor (RLC circuit) 
 
  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 18 
  

  

Current I is subdivided into 3 currents IL, Ic and Ir.   
  

IL = U / ( 
ω 
L) behind  
 
/ 2 over U 
  

𝜋 

Ic = U  
ω 
C ahead of  
 
/ 2 over U 
  

𝜋 

Ir = U / R in phase with U  
  

  

I² = (Ir)² + (Ic  
–
 
IL)²  
  

I = √ (Ir 
2
 
+ (Ic − IL)² ) 
  

I = √[(U² / R²) + ((U  
ω
 
C
) − (U /  
ω
 
L
))
2
] 
  

I = U √[(1 / R²) + (( 
ω
 
C
) − (1 /  
ω
 
L
))
2
] 
  

U = Z I 
  

with Z = 1 / √[(1 / R²) + (( 
ω C
) − (1 /  
ω L
))
2
]
 
 
 
Fig.19 
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S
e
rie  
parallel 
  

A resistor, an inductor and a capacitor (RLC circuit) 
  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 20 
  

  

The current is subdivided into 2 parts IL and Ic.  
 
  

Ic = ω C U ahead of π / 2 over U  
  

IL = U / √ ((RL) 2+ (ω L) ²) behind by a certain angle φL on the voltage U  
  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 21 
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3.14.2 Power dissipation in L, C and R  
circuits True 
 
power, apparent power  

and reactive power calculations 
 
Power factor 
  

The power, taken by a resistive load, can be determined, both in direct current  

and in alternating current, by the formula:   
  

 
 
 
 
P = R  
I² 
  

In alternating current,  
we take the value RMS. 
  

  

Apply this principle to a coil (R L series circuit) and we get: 
  

 
I = U/Z  
 
 
P = (U/Z) I R 
 
 
P = U I (R/Z) 
  

Now we know by the triangle of impedances, that: R / Z = cos φ 
  

Draw the triangle of tensions  
  

  

U x  
I = P  
  

Ur x I = Pr  
  

UL x I = PL  
  

Ur = U cos  
φ
  

UL = U sin  
φ
  

 
 
 
 
 
 
 
Fig. 22 
  

Different powers 
  

 
P = U I cos  
φ
  

We call this power:  
active power 
, it is expressed in watts (W)  
  

 
S = U I  
  

We call this power:  
apparent power 
, it is expressed in voltamperes (VA)  
  

 
Q = U I sin  
φ
  

We call this power:  
reactive power 
, it is expressed in reactive voltamperes  

(VAr)  
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For a parallel circuit R L, we draw the triangle of currents: 



 




We multiply the currents by the common element, the volta 


ge.



 




We thus obtain powers (P, Pr and PL)  



 





 




 


P = U I cos  


φ



 




 


S = U I  



 




 


Q = U I sin  


φ


 


Fig. 23 



 





 




Triangle of powers 



 




In a series arrangement, when the sides of the triangle of voltages are multiplied
 




by the current, we obtain the triangle of powers 


.



 




In a parallel arrangement, the sides of the current triangle will be multiplied by
 




the voltage to obtain the power triangle. 



 




Fig. 24 



 




Power factor 


 



 




The angle φ represents, in the triangle of voltages and the triangle of currents,
 




the phase difference exis 


ting between the current and the supply voltage of the
 




circuit. 



 




In the power triangle the angle φ represents the phase shift between the active
 




power P and the apparent power S.  



 




 


cos  


φ


 


=


active power / apparent power 



 




 


cos  


φ


 


= P / S  



 




The cos φ is called: power factor.  
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Power factor improvement 
 
  

The current which is necessary to develop a determined active power is a  

function of cos φ. 
  

At the  
greater 
 
is the cos φ, at the smallest will be the current I in the line. 
  

Receivers, like motors, transformers, windings have an inductive characteristic  

or, in other words, the current is phase shifted back on the voltage. 
  

For a given active power, the current ta 
ken from the network will be minimum if  

the power factor is maximum (close to 1) 
  

The improvement of the power factor is obtained by placing a capacitor bank in  

parallel on the user.  
  

Finding the cos φ of a device or installation   
  

P = U I cos   
φ
  

cos  
φ
  
= P
 
/ U.I 
  

 
= active power / apparent power 
  

 
= Power measured with the wattmeter / Power calculated by U x I  
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Preface 
  

C
hapter 3.15  
-
 
“Transformers” gives an overview of the constitution, the operating  

principles under load and empty, losses, mono and three 
-
phase connections of  

transformers.  
  

 
  

Learning outcomes 
  

The students should be able to: 
  

-
 
explain the  
principle of a transformer 
  

-
 
explain the different losses of a transformer 
  

-
 
explain the connections of a three 
-
phase transformer  
  

-
 
  

3.15 
 
Transformers 
  

3.15. 
1
 
Transformer constitution principles and operation 
  

  

The transformer is a static machine for raising or loweri 
ng the voltage or  

intensity of an alternating current.  
  

The single 
-
phase transformer  
  

Constitution. 
  

A magnetic circuit channels the flow.  
  

It consists of thin silicon sheets, sometimes with oriented grains to avoid losses  

by hysteresis and Foucauld current.  
  

These sheets are isolated by their oxidation (for small transformers) or by  

special varnishes in large transformers.  
  

They are hooped wi 
th rods and nuts.  
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The windings. 
 
  

The numbers of turns of the two windings, N1 and N2 are different. 
  

The winding which has the most is on the side of the highest tension, it is in  

finer wire than the other winding of smaller tension.  
  

  

  

  

  

  

 
                   
Fig. 1 
 
 
 
 
 
 
Fig. 2 
  

Principle. 
 
  

Let us consider a closed ferromagnetic core on which two coils hav 
e been placed. 
  

If one of these windings, called "primary" is supplied by means of a sinusoidal  

potential difference, a current I1 flows there which creates a magnetic flux also  

sinusoidal in the core. 
  

This variable flux induces in each of the windings a em 
f. alternative proportional  

to the number of turns. 
  

In the primary winding, it is a back emf. which opposes the supply voltage.  
  

Primary behaves like a receiver  U 
 
= E’ 
 
+ (r 
 
. I
)
  

1
1
1
1 

In the other winding, the "secondary" is a real emf. 
  

Secondary behaves li 
ke a generator  U 
 
= E
 
–
 
(r
 
. I
)
  

2
2
2
2 

By modifying the number of turns of the two windings, we obtain sinusoidal  

voltages of different values. 
  

The device is therefore, first of all, a voltage transformer.  
  

If we charge the secondary, we can apply the princip 
le of energy conservation. 
  

It follows that the intensities in the windings must vary in the opposite direction  

to the voltages. 
  

The device is therefore also a current transformer. 
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Transformer action under load and no 
-
load conditions 
  

No
-
load  
operation of a perfect transformer. 
 
  

The perfect transformer is a fictitious product whose characteristics would be:  

zero winding resistance (self pure), reluctance of the zero magnetic circuit and a  

perfect magnetic circuit (all the induction lines generated by the primary go  

through the sec 
ondary)  
  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 3 
  

The primary winding is a strong self circuit.  
  

Δ
ɸ
 
= K I1 = L1 I1 
 
 
 
Δ 

1
ɸ
 
= N
 
Δ 

1
1
ɸ
  
(
for N turns 
)
  

  

ɸ
N
 
B S
 
N
 
μ H
 
S
 
N
 
μ N I  
S
  

1
 
N 

1
1
1
2
 
μ 
S
  

 
L 
 
=
 
=
 
=
 
=
 
=
  

I
I
I
I
 
l
 
l
  

 
1
 
1
 
1
 
1 

-
 
L is proportional to the  
square of the number of turns. 
  

-
 
In primary, the resistance is very low compared to L.  
  

I with no 
-
load 
  

  

U
 
 
U
 
  

1
1 

I
=
 
=
  

 
0
 
√
  

Z
R 

1
 
1
2
 
+ (
ω
 
L)
2
  

  

If R 
 
i
s weak,  
R 

1
1
2
 
is even weaker: we can neglect it.  
  

U
 
= E’ 
 
 
I
 
= E' / ( 
ω L) 
 
 
ω 
= 2  
π
 
f 
is a constant  
  

1
1
0 

  

N
2
 
μ 
S
  

 
L 
 
=
  

 
l
  

N, S and l 
 
are constant 
, 
L depends on  μ 
  

I
 
is inversely proportional to 
 
μ and therefore I 
 
is small if μ is large.  
  

0
0 

A good transformer has a small I 
, 
this is proof of a good magnetic circuit  
.
  

0 
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I0 
is the current absorbed by the primary winding, when the secondary winding  

is open ( 
no
-
load 
 
transformer), it is called "the magnetizing current" because it is  

used to create the magnetic flux.  
  

The transformer  
operates at constant flux as long as the voltage U is constant. 
  

  

The perfect transformer under load. 
 
  

If the transformer secondary is closed on a receiver with impedance Z and  

cosine  
ɸ
2, a current I2 will flow there with a phase shift  
ɸ
2 relative to E2. It 
 
is an  

induced current, so it obeys Lenz’s law.  
  

  

  

  

  

 
  

 
 
 
 
 
 
Fig. 4 
  

This means that at any moment the direction of the current I2 will be such that  

it will oppose the cause that creates it. The current I2 (variable since it is  

alternating current)  
traverses the secondary winding and creates a flux  
ɸ
2 which  

will oppose the variation of the inductive flux  
ɸ
1.
  

Therefore, the resulting flux  
ɸ
r in the magnetic circuit will :  
ɸ
r =  
ɸ
1 
-
 
ɸ
2
  

However, we know that if the voltage remains constant the flux rema 
ins  

constant whether the transformer is empty or under load.  
  

 
 
ɸ
r =  
ɸ
0 = constant if U  
stays constant 
.
  

The transformer is self 
-
regulating: if the current I2 increases, the flow  
ɸ
2 also  

increases. 
  

The resulting flux  
ɸ
r is constant, so the flux  
ɸ
1 must incr 
ease. 
  

For the flow  
ɸ
1 to increase, the current I1 must also increase. 
  

Any variation in current at the transformer secondary is transmitted to the  

primary.  
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Transformer looses and methods for overcoming them 
  

Operation of the real transformer under l 
oad. 
 
  

Losses in the transformer. 
 
  

Losses in the iron. 
 
  

The magnetic circuit heats up under the effect: 
  

-
 
hysteresis losses 
  

-
 
losses by eddy currents. 
  

To reduce losses: 
  

-
 
we leaf through the magnetic circuit. 
  

the maximum upper induction is limited to a value  
such as hysteresis  

losses 
 
and eddy currents remain acceptable. 
  

-
 
low
-
loss sheets are used to build the magnetic circuit: silicon or 
  

oriented crystal.  
  

Winding resistance. 
  

In the primary: I 
 
will create a voltage drop R 
 
I
, to be deducted from the  

1
1
1 

supply vol 
tage U.  
  

  

E
 
= U
 
-
  
R
 
I 

1
1
1
1
  

 
U = E 
 
+ R
 
I 

1
1
1
  

 
 
P = R 
 
I 

1
1
2
  

P represents the loss of power due to the Joule effect.  
  

In secondary: I 
 
will create a voltage drop R 
 
I
, to be deducted from the emf.  

2
2
2 

E
 
produced. 
  

2 

So the voltage available at the  
secondary will be called U 
 
will be:  
  

2 

 
E
 
= U
 
-
  
R
 
I 

2
2
2
2
  

The loss of power by joule effect will be R 
 
I 

2
2
2
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Magnetic leaks 
 
  

In primary: certain induction lines generated by primary close in on themselves  

without passing through secondary. 
  

We 
consider that the primary contains a reactance of self: ω L1 
  

In secondary: we observe the same phenomenon as in primary. 
  

Also, for secondary, we consider that there is a reactance of self: ω L2 
  

The transformer can be compared to the assembly below.  
  

  

  

  

  

 
 
 
 
 
 
 
Fig. 5 
  

 
 
Receiver.  
 
 
 
 
 
 
 
Generator.  
  

 
U
 
= E
 
+  R 
 
I
 
+ 
ω 
L
 
I
U
 
= E
  
-
  
R
 
I
  
-
  
ω 
L
 
I 

1
1
1
1
1
1
 
2
2
2
2
2
2
 
  

  

3.15. 
4
 
Power transfer, efficiency, polarity markings 
  

Overcurrent when switching on a transformer 
 
  

In normal operation the flux is maximum when U is zero.  
  

  

  

  

  

  

  

        
Fig. 7 
 
 
 
 
 
 
 
Fig. 6 
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At the time of engagement,  
 
U
 
= 0
  

1 

 
 
 
 
 
I
 
= max 
  

1 

 
 
 
 
 
ɸ
 
= max 
  

1 

  

  

  

  

  

  

 
 
  

 
 
 
 
 
Fig. 8 
  

It is I 
 
which creates the flow  

1
ɸ
, which itself creates the emf. E' 
  

1
1 

To cr 
eate this emf. between two passages of U 
 
by zero, the flux varies by 2 x  

1 

the max flux. 
  

To have 2 
ɸ
 
max. more than twice the nominal current is required. 
 
  

See the induction curve  
  

  

  

It can be up to 10 times larger.  
  

 
 
 
 
  

 
 
 
 
 
 
 
 
 
Fig. 9 
  

If the  
transformer is charging, this charging current is added in addition. 
  

It is the resistive fall which limits the intensity and brings it back to its normal  

value after a few periods.  
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Fig. 10 
  

1: 
 
Switching on when U is maximum: I = 0 and  
ɸ
 
= 0
  

 
This is what happens in operation:  
  

 
No current draw.  
  

2 :
 
Activation when U = 0; I = max and  
ɸ
 
= max 
  

 
In operation I and  
ɸ
 
are maximum 
  

 
Significant current draw.  
  

The primary of the transformers must therefore be protected by slow fuses.  
  

  

Parallelization 
 
of two single 
-
phase transformers. 
 
  

“a” is a temporary connection for reading V = 0 
  

Parallelization conditions: 
  

1 
-
 
Same transformation ratio. 
  

2 
-
 
Secondary voltage in phase (reading of the voltmeter) 
  

3 
-
 
For correct operation, the transformers must have the same short 
-
circuit  

voltage.  
  

  

  

 
 
  

Fig. 11 
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Calculation of power in a three phase system 
  

To change the voltage of a three 
-
phase system, you can easily use three single 
- 

phase transformers. 
  

Eac
h primary is connected to a phase and they can be coupled in star or in  

triangle they function as receivers. 
  

The three secondaries constitute three generators which can also be connected  

in star or in triangle. 
  

It is more advantageous to use a single three 
-
phase transformer: it saves, both  

on space and on the weight of iron used.  
  

Constitution 
  

The most frequent model consists of three cores or laminated columns, placed in  

the same plane and joined by crosspieces or cylinder heads also laminated 
  

On each core 
 
are threaded a low voltage winding (LV) and a high voltage  

winding (HV)  
  

Primary couplings  
  

  

  

  

  

  

  

  

 
 
  

 
 
 
 
 
 
Fig. 12 
  

Secondary couplings 
 
  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 13 
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The two primary and secondary couplings Y and D and the three possible  

secondary couplings y, d, z, thus give six combinations, the first letter  

corresponding to the primary.  
  

 
 
 
Yy 
–
 
Yd 
–
 
Yz 
–
 
Dy 
–
 
Dd 
-
 
Dz
  

The upper case represents the HV, the lower case  
the LV.  
  

Example  
  

 
 
 
Secondary in star  
 
 
 
  
Secondary in triangle  
  

  

  

 
 
 
 
 
 
Fig. 14 
  

  

3.15. 
6
 
Primary  and  secondary  current,  voltage,  turns  ratio,  power,  

efficency, Calculation of line and phase voltages and currents 
  

  

No
-
load operation of a perfect transformer.  
  

  

 
Δ
ɸ
  

E
 
=
 
N
  

  

 
Δ
t
  

  

For primary:  E’ 
 
:  back 
-
emf
  

1 

  

 
Δ
ɸ
1
  

=
 
N
U
=
 
E’ 

 
1
 
1
 
1
  

Δ
t
  

  

  

  

For the secondary: the flux passing through the secondary winding is  
ɸ
 
: E
 
emf
  

1
2 
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Δ 

 
ɸ
2
  

=
 
N
E 

 
2
 
=
 
U 

2
 
2
  

Δ
t
  

  

Which gives the transformation ratio  
  

  

 
Δ
ɸ
1
  

N 

 
1
  

E’
 
 
U
 
 
Δ
t
 
N
E’
 
 
U
 
  

 
1
1
1
 
1
1 

=
 
=
 
=
 
=
  

  

Δ
U 

 
2
 
ɸ
U
U
U
N 

1
 
2
 
2
 
2
 
2
  

N 

 
2
  

Δ
t
  

  

  

In a pure self, the current is out of phase with 
  

90 ° back from the tension. 
  

At the transformer primary (considered 
  

a pure self, R 
 
is negligible compared to L) 
  

1 

I
 
is therefore 90 ° out of phase on U 
. 
  

0
1 

I
 
= 
magnetizing current, it  
produces a phase flux, 
  

0 

which influences the secondary of N 
 
turns, 
  

2 

where is born a amf. 
 
E
.
  

2 

  

Fig. 15 
  

 
 
 
 
 
 
 
 
 
  

The perfect transformer under load. 
 
  

Currents  
  

  

 
N
 
I
 
= N
 
I
 
+ N
 
I 

1
0
1
1
2
2
  

  

divide by N 
  

1 

  

  

N
N 

 
2
 
2
  

I
 
= I
 
+ 
 
I
I
 
= I
  
-
 
 
I 

0
1
2
 
1
0
2
  

  

N
N 

1
 
1
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I0 i 
s very small, let's neglect it  
  

  

 
N 

2
  

 
I
 
=  
-
 
 
I 

1
2
  

 
N 

1
  

  

The phase shifts U 
 
and U 
 
are in opposition 
  

1
2 

I
 
and I 
 
are in opposition 
  

1
2 

therefore  
φ
 
= 
φ
 
(
see the graph 
)
  

1
2 

Fig. 16 
  

 
 
 
 
 
 
      

The absorbed and supplied powers are  

approximately equal.  
  

Pabs. = U 
 
I
 
cos  
φ
 
= E’ 
 
I
 
cos  
φ
  

1
1
1
1
1
1 

Psup. = E 
 
I
 
cos  
φ
 
= U
 
I
 
cos   
φ
  

2
2
2
2
2
2 

  

N
U
 
 
N
I
 
  

1
 
1
1
 
2 

=
 
=
  

 
cos  
φ
 
= 
cos   
φ 

U
N
I
N
1
2
  

2
 
2
 
1
 
2
  

So, P absorbed = P supplied  
  

  

3.15. 
7
 
Auto transformers 
  

It has only one winding. 
  

Terminal A is common to primary and secondary, an intermediate socket B  

corresponds to the smaller of the two voltages.  
  

  

 
U
 
= E + E 
  

1
2 

  

 
U
 
= E
  

2
2 

  

 
U
 
 
E + E 
 
 
N + N 

1
2
2
  

=
 
=
  

 
U
E
N 

2
 
2
 
2
  

  

 
 
 
 
 
 
 
 
 
Fig. 17 
  

Simple and inexpensive device. 
  

It can  
be dangerous: if N 
 
is cut, U 
 
= U
  

2
2
1 

There is no insulation between the circuits.  
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Preface 
  

C
hapter 3.16  
-
 
“Filters” gives an overview of the function of different filters in  

signals to eliminate disturbances. 
  

  

Learning  
outcomes 
  

The students should be able to explain the functions of the different filters and  

give their own action on the disturbances of a signal.  
  

  

3.16 Filters 
  

3.16.1 Operation, application and uses of the following filters 
  

An electronic filter is a circu 
it that performs a voluntary operation of shaping an  

electrical quantity (current or voltage). 
  

The filter transforms the history of this input quantity (that is to say its  

successive values over a period of time Δt) into an output quantity. 
  

They are consid 
ered as quadrupoles of which the electrical quantities of input  

and output would be a signal.  
  

  

  

  

  

 
  

 
 
 
 
 
 
Fig. 1 
  

An electronic filter is supposed to separate a useful part from an undesirable  

part, like an air filter separates the gas from the dust. 
  

In a 
 
supply filter, reject the residual ripples from the rectifier and keep only the  

direct current. 
  

The electronic filter is specified to designate a linear signal processing device. 
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We can define and study a filter by its impulse response or by its frequency 
  

response; these two approaches are equivalent.   
  

Considered from the standpoint of frequency response, a filter amplifies or  

attenuates parts of a signal differently. For example, in a radio receiver, you can  

find tone controls to increase or decrease the 
 
low
-
pitched sounds (low  

frequencies) or high 
-
pitched sounds (high frequencies) of the audio signal.  
  

Considered from the point of view of its impulse response, a filter spreads a  

short pulse over a larger time interval by reducing their amplitude, we then  

speak of an integrator filter, or else increases the dimension of the variations  

without affecting th 
e stable signal level, this is known as a diverter filter.  
  

  

Low pass filters (integrators) 
 
  

A low 
-
pass filter amplifies the frequencies below a determined frequency, called  

cutoff frequency, it attenuates the others (high frequencies). 
  

  

The cut 
-
off frequency of an electronic circuit is the useful operating frequency  

limit of an electronic circuit.  
  

  

  

  

  

  

  

 
 
 
 
Fig. 2:  
Diagram of a low 
-
pass filter  
  

Low pass filters are used to remove parts of the signal outside of the useful  

bandwidth that could cause distortion.  
  

For the audio signal, the low pass attenuates the treble and amplifies the bass. 
  

  

The low and high cutoff frequencies define the bandwidth 
. 
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High pass filters (diverter) 
 
  

A high pass filter further amplifies the frequencies above a specific frequency.  

For the audio signal, it is a bass attenuator and a treble amplifier.  
  

  

  

  

  

  

  

 
 
 
 
     
Fig. 3 : Diagram of a high pass filter 
 
  

  

 
 
Fig. 4 : Cutoff frequency of a low pass and high pass filter 
 
  

  

Band pass filters 
 
  

A band pass filter is a filter that only passes a band or frequency range between  

a low cutoff frequency and a high cutoff frequency of the filter.   
  

A band pass circuit can be used to eliminate noise from the signal, if it is known  

that the signal has fre 
quencies within a specified frequency range. 
  

  

It is also a bandpass circuit which allows, in radio communication, to select the  

radio frequency listened to.  
  

  

  

  

  

  

Fig. 5 :  
Diagram of an RLC bandpass filter  
 
 
 
 
 
Fig. 6 
 
  

  

 
4
 

    

    
        
    








    
        
    

    
        3.
16 FILTERS 
  

Notch / band stop filter 
 
  

It is composed of a high 
-
pass filter and a low 
-
pass filter whose cut 
-
off  

frequencies are often close but different, the cut 
-
off frequency of the low 
-
pass  

filter is systematically lower than the cut 
-
off frequency of the pass 
-
filter high.   
  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 7 
  

  

  

 
  

 
5
 

    

    
        
    








    
        
    

    
        3.
16 FILTERS 
  

List of Pictures 

  

  

Fig. 1 :  
https://www.wikiwand.com/fr/Filtre_(%C3%A9lectronique 
)  

  

Fig. 2, 3, 6, 7 :  
http://www.gecif.net/articles/genie_electrique/filtre/ 
  

  

Fig. 4 
 
: 
https://www.wikiwand.com/fr/Fr%C3%A9quence_de_coupure 
  

  

Fig. 5 :  
https://www.wikiwand.com/fr/Filtre_passe 
-
bande 
  

  

  

List of Videos 

  

  

https://www.youtube.com/watch?v=Oy9Nsql4iIw 
  

https://www.youtube.com/watch?v= 
-
P3oZluajrY 
  

https://www.youtube.com/watch?v=OBM5T5_kgdI 
  

https://fr.coursera.org/lecture/electronics/3 
-
1
-
first 
-
order 
-
lowpass 
-
filters 
-
4yE9B 
 
  

https://fr.coursera.org/lecture/electronics/3 
-
3
-
cascaded 
-
first 
-
order 
-
filters 
-
PVgIz 
 
  

http://www.pfinc.com/paper_briefs/seminars/low 
- 

pass_filter_transient_response.html 
  

  

List of Links 

  

  

https://www.electronics 
-
tutoria 
ls.ws/filter/filter_3.html 

  

https://www.elprocus.com/differences 
-
between 
-
low
-
pass 
-
filter 
-
and
-
high 
-
pass 
- 

filter/ 

  

https://www.amplifiedparts.com/tech 
-
articles/filter 
-
low
-
pass 
-
high 
-
pass 
  

  

https://www.wikiwand.com/fr/Filtre_(%C3%A9lectronique 
)  

  

http://www.gecif.net/articles/genie_electrique/filtre/ 

  

http://www.swarthmore.edu/NatSci/echeeve1/Ref/FilterBkgrnd/Filters.html 
  

  

 
6
 

    

    
        


















    











3.17 AC  


GENERATOR 



 




TABLE OF CONTENTS 



 




Preface 


 


................................ 


................................ 


................................ 


..


 


2
 





 




Learning outcomes 


 


................................ 


................................ 


.................. 


 


2
 





 




3.17 AC generators 


 


................................ 


................................ 


............ 


 


2
 





 




3.17.1 Rotation of loop in a magnetic field and waveform produced 


 


......... 


 


2
 





 




3.17.2 Operation and constitution of revolving armature and revolving field
 




type AC generators 


 


................................ 


................................ 


.......... 


 


6
 





 




3.17 


.3 Single phase, two phase and three phase alternators 


 


................ 


 


10
 





 




3.17.4 Three phase star and delta connections advantages and uses 


 


..... 


 


14
 





 




3.17.5 Permanent magnet generators 


 


................................ 


.............. 


 


17
 





 




List of Pictures 


 


................................ 


................................ 


...................... 


 


19
 





 




List of Videos 


 


................................ 


................................ 


........................ 


 


19
 





 




List of Links 


 


................................ 


................................ 


.......................... 


 


19
 





 





 





 





 




 


1


 




 






    
        
    

    
        3.17 AC  
GENERATOR 
  

Preface 
  

C
hapter 3.17  
-
 
“AC generators” gives an overview of the operating principle of  

alternators, with their constitution, their no 
-
load and load operation,  
their possible  

couplings and the characteristics of their signals. 
  

  

Learning outcomes 
  

The students should be able to: 
  

-
 
give the elements constituting an alternator 
  

-
 
explain the operating principle of an alternator as well as its product signal  

characteristic 
s
  

-
 
explain the operation when no 
-
load and under load 
  

-
 
explain the performance and losses 
  

-
 
explain the principle of a three 
-
phase alternator with its advantages 
  

-
 
explain the star and triangle couplings  
  

  

3.17 AC generators 
  

3.17.1 Rotation of loop in a magnetic  
field and waveform produced 
  

Principle of an alternator  
  

The  principle  is  based  on  the  fact  that  an  electrical  conductor  becomes  (by  

induction) the seat of an emf. when it cuts the induction lines of a magnetic field. 
  

This  phenomenon  occurs  indifferently  when  the  magnetic  field  is  fixed  and  the  

conductor  moves  or,  conversely,  when  the  conductor  remains  fixed  and  the  

magnetic field moves.   
  

On  alternators,  the  conductor  remains  fixed  (stator  winding)  and  the  magnetic  

fie
ld moves (rotational movement, hence the name of rotor) To obtain a powerful  

induction effect, we do not just expose a single turns on the action of the magnetic  

field, but we multiply the number. 
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The set of turns constitutes  the stator winding. The poles  
of the magnetic field  

change place by turning, the tension, which arises in the stator winding, varies in  

strength and direction, hence the name of alternating tension. 
  

For  a  regular  rotor  speed,  the  voltage  curve  between  two  maximum  values  is  

sinusoidal. 
  

The  emf  induction  is  stronger  the  stronger  the  magnetic  field  (i.e.  the  lines  of  

induction are more concentrated) and the speed, at which the lines of induction  

are cut, is more high.  
  

On alternators the magnetic field is produced by electromagnets.  
  

The electromagnetic field is only effective when the inductor winding (excitation  

winding) is traversed by a current.  
  

  

  

  

  

  

  

Fig. 1 
  

Magnetic flux in the stator winding, the induction lines run from the North Pole  

to the South Pole. 
  

The polarity of the emf 
. induced varies when the direction of the magnetic field  

is reversed. 
  

  

Fig. 2:  
Characteristic curve  

of the alternating voltage  

induced during a rotation of  

the rotor 
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A magnet or an electromagnet, supplied with direct current, driven in rotation,  

produce 
s a rotating magnetic field. 
  

Each turn of a coil subjected to the action of this rotating field is the seat of an  

electromotive force. 
  

(Emf) induced alternative   
 
E =  
-
 
(
Δ
ɸ
 
/ 
Δ
t)
 
(Lenz) 
  

If the magnet rotates at the speed of n in t / s  
  

The frequency f = n  
  

The pulsation ω = 2 π n rad / s = angular speed ω of the magnet. 
  

The period is T = 1 / n = milliseconds  
  

 
 
 
f = p n 
  

p: number of pairs of poles 
  

n: revolutions per second (t / s)  
  

  

  

  

  

  

  

 
 
 
Fig. 3 
 
 
  

 
 
 
Fig. 4 
  

The machine thus constituted is called an  
alternator or synchronous generator. 
  

The rotating magnet or electromagnet is the rotor or the inductor. 
  

The fixed turn is the stator or the armature.  
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Frequency 
 
  

-
 
If we replace the magnet with a four 
-
pole electromagnet 
:
  

-
 
the flow takes the same value every 
 
half turn 
 
one period corresponds to  

this half 
-
turn 
  

  

So for n t / s if there are 2 periods, the frequency f = 2 n 
  

We say, if the electromagnet 4 pole that has two pole pairs! 
  

p = number of pairs of poles, there are p times n periods in one second!  
  

 
f = p 
 
n
  

  

  

  

  

  

  

 
 
 
 
 
Fig. 5 
  

Electromotive force (emf) 
  

  

When the axis of a pole coincides with that of a turn, the flux is maximum.  
  

If:  
ɸ
m 
its value. 
  

The value of Umax =  
ω
 
ɸ
m = 2  
π
 
f 
ɸ
m
  

The rms value = Um /  
√
2 = (2 π f  
ɸ
m) /  
√
2 = 4,44 f  
ɸ
m
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3.17.2  
Operation and constitution of revolving armature and revolving field  

type AC generators 
  

Rotor: 
 
  

For the salient pole alternator, it is an electromagnet whose poles are alternately  

North and South. 
  

The windings are fed continuously by means of brushes rubbi 
ng on two rings.  

Since the rotating part is crossed by a constant flow, it is not necessary to leaf  

through it. 
  

The windings are placed around the polar cores.  
  

For the rotor is "smooth", it is a solid cylinder in which we have machined  

notches. 
  

It most of 
ten has two poles and more rarely four. 
  

Its rotation speed is therefore 3000 or 1500 rpm. 
  

Stator: 
 
  

Subject to a rotating flux, it is the seat of hysteresis and eddy current, so it is  

always laminated.  
  

Use: 
  

Energy production for networks in power plants.  
  

  

  

  

 
  

  

  

  

  

  

  

 
Fig. 6 
 
 
 
 
          
 
 
  
F
ig. 7 Smooth pole rotor  
-
 
2 poles  
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Alternator operation  
  

No
-
load characteristic.  
  

Installation:  
The inductor is supplied with direct current by an adjustable  

auxiliary source for different values of the  
excitation current (i) 
  

An alternating voltmeter measures the emf. across the alternator. 
  

Measurements:  
They are done at constant speed and excitation. This will be the  

case for all measurements relating to the alternator since speed determines  

frequency. 
  

C
urves: 
 
It is analogous to that of a DC generator. The emf. which exists for i = 0  

is due to the remanent flux. 
  

In three 
-
phase we can raise either the emf. simple (v) (in case of star coupling) or U  

between phase.  
  

Fig. 8 
 
 
 
        
 
 
 
Fig. 9  
 
  

No
-
load charact 
eristic U=f(i) with n=constant 

Load characteristic.  
  

Mounting: The load is made up of resistors, inductors and adjustable capacitors  

to vary the current I and the cos φ 
  

Measurements: Measurements at constant speed and excitation. 
  

Curves: Curves of U = f  
(I) at constant cos φ. 
  

-
 
For cos φ = 1, the voltage decreases when the current delivered  

increases. 
  

-
 
For cos φ = 0.8, with rear phase shift (partially inductive load) the voltage  

decreases even faster. 
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-
 
By putting capacitors in parallel with the load and remo 
ving the inductors,  

we can get a phase shift before, the voltage then begins to increase with  

the current I.  
  

  

  

  

  

  

  

  

 
Fig. 10 
 
 
 
        
 
 
  
Fig. 11  
Characteristic under load 
  

 
 
 
 
 
 
 
 
            
Ev = no 
-
load voltage 
  

Causes of voltage variations: 
 
  

The winding 
 
of the alternator armature has a resistance R but this is very low  

and the voltage drop RI is most often negligible. 
  

Voltage variations are mainly due to synchronous reactance (ω L I) 
  

The alternating current output flows through the stator winding and pro 
duces an  

emf. induced which opposing the cause which gives rise to it (law of Lenz), is in  

fact a back electromotive force (back amf.) 
  

The value of this is E ’= ω L I 
  

This back emf. decreases the emf. that would be produced by the inductor alone. 
  

Ev is the 
 
emf. that we would have with no 
-
load with the same current of  

excitation. 
  

Electromotive force of a generator: E = U + RI 
  

Because of the synchronous reactance:  
  

  

Ev
 
-
 
E’ = U + R I 
 
Ev
 
= U + R I 
 
+ 
ω 
L I   
  

  

The voltage drop ω L I is due to a pure  
inductance is 90 ° ahead of the current I. 
  

It is of the same order of magnitude as U, and very often higher.  
  

 
8
 

    

    
        
    








    
        
    

    
        3.17 AC  
GENERATOR 
  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 12 
 
  

  

Efficiency of an alternator  
  

  

Efficiency (η) = Useful power / Absorbed power 
  

 
 
 
= (Power absorbed  
-
 
losses) / Power absor 
bed
  

Useful power = √3 U I cosφ  
  

Losses: 
  

-
 
Constant losses: These are the losses in the iron and the mechanical  

losses, they are almost independent of the load I. They can be measured  

by a  
no
-
load 
 
test with the excitation giving Ev = U 
  

-
 
Joule losses in the  
inductor: the excitation consumes p = u i where u is  

the excitation voltage. 
  

-
 
Joule losses in the armature: they are defined with the resistance R  

measured between two phase terminals of the alternator.  
  

  

Operation of an isolated alternator  
  

An alternator is isolated if it supplies an independent installation without being  

coupled to a network.  
  

a) 
Speed up  
  

It is carried out by the drive motor, which always has a speed regulator because  

the alternator must operate at constant speed since this 
 
determines the  

frequency.  
  

 
  

 
9
 

    

    
        
    








    
        
    

    
        3.17 AC  
GENERATOR 
  

b) 
Charging  
  

When the alternator is charged, the engine tends to slow down, the cruise  

control comes into action (if it is a diesel engine, it injects more diesel), the  

energy consumed increases as the active power requested f 
rom the alternator  

increases. 
  

The active power of an alternator comes from the engine that drives it.  
  

c) Reactive setting 
  

If we progressively changes from a resistant load to an inductive load consuming  

the same active power, the engine does not consume m 
ore fuel but the voltage  

of the alternator decreases when the phase shift increases. 
  

If you want to keep the voltage constant, you have to increase Ev, so the  

excitation, as the phase shift φ increases. 
  

The reactive power of an alternator is regulated by i 
ts excitation.  
  

  

3.17.3 Single phase, two phase and three phase alternators 
  

  

Single phase 

  

  

  

  

 
or
  

  

  

  

  

  

 
 
 
Fig. 13 
 
 
 
 
 
 
Fig. 14 
 
  

 
10
 

    

    
        
    








    
        
    

    
        3.17 AC  
GENERATOR 
  

Two phases 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
  

 
 
 
 
Fig. 15 
  

Three phases  
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 16 
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Principle of the three 
-
phase alternator  
  

It is based on the phenomenon of induction. 
  

Three coils offset 120 ° from each other make up the alternator stator. The rotor  

is an electromagnet. 
  

Each coil forms a separate single 
-
phase generator. The three  
coils are the same,  

so the emf. will be the same in maximum value. 
  

These emf. will be the same period, but they will be 120 ° out of phase with  

each other.  
  

 
 
 
  

 
 
 
 
 
Fig. 17 
  

  

Advantage of the three 
-
phase alternator.  
  

Iron:  
 
 
1 carcass for the three 
-
phase  
 
3 carcasses for the single 
-
phase 
  

Copper:  
 
1 three 
-
phase inductor  
 
 
3 single 
-
phase inductors 
  

Mechanics:  
 
2 stages in three 
-
phase  
 
 
6 stages for the single 
-
phase  
  

Less iron loss (eddy current, hysteresis), less loss in copper (Joule effect) and  

less mechanic 
al loss (friction). 
  

Another advantage is that three 
-
phase alternators distribute energy by saving  

line wires. 
  

They also make it possible to obtain rotating magnetic fields on which are based  

a large number of alternating current motors of great robustness  
and simplicity  

of construction.  
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Three 
-
phase circuits 
  

Each generator can be connected to a circuit by 3 separate lines, which supplies  

3 identical receivers.  
  

 
 
 
Z1 = Z2 = Z3 
  

 
 
Cos φ1 = Cos φ2 = Cos φ3 
  

These 3 circuits are supplied with the same voltage  
(V) called single voltage,  

and, absorb the same current (j) called single current, which have the same  

phase shift on the voltage.  
  

  

  

  

  

  

  

  

  

 
 
 
Fig. 18 
 
 
 
 
 
Fig. 19 
  

We are in the presence of a balanced three 
-
phase current system. 
  

Each circuit  
absorbs the same power. 
  

 
 
 
P = V j cos  
φ
  

 
 
Total power 
 
= 3 V j cos φ 
  

If the currents j1, j2, j3 and the phase shifts φ1, φ2, φ3 are different from each  

other, we are in an unbalanced system. 
  

 
P1 = V J1 cos φ1 
  

 
P2 = V J2 cos  
φ
2
  

 
P3 = V J3 cos φ3 
  

Total power  
  

 
= P1 + P2 + P3 
  

  

 
 
 
 
 
 
 
            
Fig. 20 
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3.17.4 Three phase star and delta connections advantages and uses 
  

The windings can be connected in 2 ways. 
  

 
 
 
STAR 
 
(Y)  
 
 
 
 
DELTA (D) 
  

  

  

  

  

  

 
 
 
 
 
 
Fig. 21 
  

  

Star coupling: 
 
We will study it in a balanced system. 
  

  

  

  

  

  

 
  

 
      
 
 
 
 
Fig. 21  
Diagram of a star supply  
  

  

  

  

  

  

  

 
 
 
 
 
       
Fig. 22 
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The current flowing in each phase coil is the same as that of the line. 
  

We are in a balanced system, the currents are equal, their  
vector sum is equal to  

zero. 
  

In this system, the impedance Z is traversed by the line current: I = j  
  

  

Relationship between the compound voltage U and the simple voltage V. 
 
  

To establish the relationship between the compound voltage U and the simple  

voltag 
e V, divide U by V. 
  

By drawing the bisector of the angle N we divide the triangle ANB, formed by the  

simple voltages V1, V2 and the compound voltage U1, into 2 equal right  

triangles.  
  

In the ANH triangle we can say that:  
  

 
AH = AN cos ÂÂ = 30°  
and  
cos 30° =  
√
3 / 2 
  

 
AH = AN  
x
 
(
√3 / 2) 
  

 
AB = 2  
x
 
AH
  

 
AB = 2  
x
 
AN ( 
√3 / 2) 
  

AB = U1 
 
 
 
 
  

AN = V1 
  

AB = AN x √3 
 
  

U1 = V1  
x
 
√3
  

U =  
√3 
V
 
 
 
 
 
 
 
 
 
Fig 23 
  

  

Power in a balanced system.  
  

 
P = 3  
 
V 
 
I 
 
cos  
φ
  

x
x
x 

 
P = 3  
 
(U/
√
3)
 
 
I 
 
cos  
φ
  

x
x
x 

 
P =  
√
3 
 
√
3
 
 
(U/
√
3)
 
 
I 
 
cos  
φ
  

x
x
x
x 

 
P =  
√
3
 
 
U 
 
I 
 
cos  
φ
  

x
x
x 
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The Delta coupling: 
 
We will study it in a balanced system.  
  

  

  

  

  

  

  

 
 
 
 
Fig. 24 :  
Diagram of a delta power supply 
  

  

  

F
ig. 25 
  

  

Each receiver is supplied with a compound voltage U, and since this is also the  

voltage V  
supplied by a winding, we have: U = V 
  

The receptors chosen are purely resistive receptors.  
  

The absorbed intensities are therefore in phase with their respective voltage. 
  

The intensities in the branches (J1, J2 and J3) are offset between them by 1/3 of  

period (120 °) and represented by the vectors OA, OB and OC  
  

The intensities in the lines (I1, I2 and I3) are represented by the vectors AB, BC  

and CA. 
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NA = 0A cos 30° 
  

cos  
30° =  
√
3 / 2 
  

 
NA = 0A  
 
(
√
3 / 2) 
  

x 

 
AB = 2  
 
NA = 2  
 
(
√
3 / 2)  
 
0A
  

x
x
x 

AB = I 
  

0A = J 
  

 
I =  
√
3
 
 
J
  

x 

 
 
 
 
 
 
  

 
 
Fig. 26 
  

Power in a balanced system. 
  

 
P = 3 x U x J x cos  
φ
  

 
P = 3 x U x (I/ 
√
3)
 
x cos  
φ
  

 
P =  
√
3 x  
√
3 x
 
U x (I/ 
√
3)
 
x cos  
φ
  

 
P =  
√
3
 
x U x I x cos  
φ
  

  

3.17.5 Permanent magnet generators 
  

The permanent magnet alternator is widely used in aeronautics for the  

generation of alternating current.  
  

It is a three 
-
phase alternator, the inductor of which is made up of a permanent  

magnet rotating a 
t the drive speed.  
  

The three 
-
phase voltages induced in the stator serve, after having been  

rectified, to supply the stator of the excitation alternator. 
  

The armature of the excitation alternator, rotating at the drive speed, is  

connected via a rotating re 
ctifier bridge to the inductor of the main alternator. 
  

This alternator, whose rotor creates a magnetic field rotating at the drive speed,  

will induce voltages in the stator which will constitute the available three 
-
phase  

network.  
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Fig. 27 
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Preface 
  

C
hapter 3.18  
-
 
“Motors” gives an overview of the constitution, principles and control  

characteristics of the various main motors.  
  

  

Learning outcomes 
  

-
 
The students should be able to: 
  

-
 
give the constitution of an asynchronous induction motor 
  

-
 
explain its opera 
tion and its characteristics 
  

-
 
explain the possible couplings 
  

-
 
explain its starts and speed control 
  

-
 
describe a single 
-
phase asynchronous motor 
  

-
 
Explain a universal motor 
  

-
 
explain how a stepper motor works 
  

-
 
explain a three 
-
phase synchronous motor  
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3.18  
Motors 
  

3.18.1  
Three 
-
phase asynchronous induction motor 
 
  

  

Constitution of the three 
-
phase asynchronous motor 
 
  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
Fig. 1 
  

 
  
1 Wound stator  
 
 
 
 
27 Hood fixing screw 
  

 
 
 
2 Housing  
 
 
 
 
 
30 Bearing on coupling side 
  

 
 
 
3 Rotor  
 
 
 
 
 
33 Inner cap on coupling side 
  

 
 
 
5 Coupling side flange  
 
 
 
38 Coupling side bearing circlips 
  

 
 
 
6 Rear cover  
 
 
 
 
39 Joint on coupling side 
  

 
 
 
7 Fan  
 
 
 
 
 
50 Rear bearing 
  

 
13 Ventilation cover  
 
 
 
5
4 Rear seal 
  

 
14 Mounting rod  
 
 
 
 
59 Preload washer 
  

 
21 Key  
 
 
 
 
 
70 Terminal box body 
  

 
26 Nameplate  
 
 
 
 
74 Terminal box cover  
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The carcass. 
  

Fixed part in cast iron or sheet steel. It contains the stator ring and supports two  

flanges carrying ball or roller 
 
bearings or bronze bearings to support the rotor  

shaft. 
  

  

The stator. 
  

It consists of a ring formed by stacked sheets, with low magnetic losses, thus  

forming the magnetic circuit. 
  

More or less closed notches are made on the inner surface of the ring.  
  

Three 
 
identical windings are housed in these notches, it should be noted that  

these are offset by 120 ° relative to each other. 
  

It takes at least 6 notches to accommodate the windings for a pair of poles, you  

cannot 
 
build motors with many pairs of poles if thei 
r diameter is large. 
  

  

The rotor. 
  

It is the moving part formed by a cylinder, made up of a stack of sheets, keyed  

onto the shaft. 
  

This cylinder is pierced with slightly open notches on its outer surface.  
  

Copper or brass rods passing through the notches and 
 
are brazed to two copper  

rings placed respectively at each end of the cylinder. It is this set of stem and  

crowns that we give the name of squirrel cage. 
  

Currently copper is being replaced by die 
-
cast aluminum alloys and expansions  

are being cast at the s 
ame time which form fans.  
  

The terminal box.  
  

Each winding of the stator having an input and an output, there will therefore be  

six terminals on the terminal plate of a three 
-
phase asynchronous motor called  

"squirrel cage" or "short 
-
circuited" 
  

The offset o 
f the order of the terminals is made so as to facilitate the operations  

of connecting the windings in "Star" or "Delta"  
  

By convention, the six terminals are called by U, V, W representing the inputs of  

the three windings and by X, Y, Z representing the ou 
tputs. 
  

The starting current peak is around 3 to 5 times the nominal charging current.  
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Principle of operation. 
 
  

The operating principle of asynchronous motors is based on the production of a  

rotating field. 
  

Consider a permanent magnet NS and a copper disc  
mounted on an XY axis and  

capable of rotating around it. 
  

When the magnet, driven by any device, rotates, the magnetic field it produces  

also rotates and scans the disc. 
  

This is then traversed by induced currents due to the rotation of the magnetic  

field of 
 
the magnet. 
  

The interaction of these currents and the rotating field gives sufficient engine  

torque to overcome the resistance torque due to friction and cause the disc to  

rotate.  
  

The direction of rotation, indicated by Lenz's law, tends to oppose the va 
riation  

of the magnetic field which gave rise to the currents. 
  

The disc is therefore driven in the direction of the rotating field at a speed  

slightly lower than this (this offset is called "sliding") 
  

If the disc rotated at the same speed as the rotating f 
ield (called "synchronism  

speed"), there would be no more induced currents, and the torque would be  

zero. 
  

It is because the speed of the disc (or rotor) is lower than that of the rotating  

field that this type of motor is called "asynchronous" 
  

On three 
-
phas 
e asynchronous motors, the rotating field is produced by 3 fixed  

windings, geometrically offset by 120 ° and traversed by alternating currents  

having the same electrical offset. 
  

The 3 alternating magnetic fields that they produce are made up to form a  

rota 
ting field of constant amplitude.  
  

  

  

  

Fig. 2 
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The metal bars constituting the squirrel cage are cut by the rotating field  

produced by the stator, which gives rise to intense induced currents. 
  

The interaction of these currents and the rotating field gives a motor torque  

which causes the cage to rotate.  
  

  

Variation of the magnetic field created by the stator in a three 
-
phase  

asynchronous motor 
 
  

The current I which flows through the stator  
windings is a three 
-
phase  

alternating current. 
  

We know that the stator windings are placed so that their inputs and outputs are  

offset by 120 ° relative to each other. 
  

We will assume that the current will be positive when it enters through the  

winding inpu 
t and negative when it enters through the output. 
  

A
fter half a period, the resulting magnetic field has operated a half turn. 
  

After a period it will have completed a full turn, after n periods it will have  

completed n turns. 
  

This field is therefore a rotat 
ing field and it rotates at the same speed as the  

frequency of the network. This speed is called "synchronism speed"  
  

 
 
 
 
 
 
Fig. 3 
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Simulation of t 
he rotating field  
  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 4 
  

The resulting magnetic field is constant in magnitude and is equa 
l to 1.5 times  

the maximum magnetic field of a phase. 
  

This constant holds true at other times in the sinusoid. 
  

The resulting magnetic field rotates at a uniform speed of one revolution per  

period. For currents of 50 Hz, the speed is 50 revolutions per seco 
nd or 3000  

revolutions per minute.  
  

 
Rotating field speed  
 
n = f 60 / p 
 
 
In revolutions / minute  
  

p = the number of pairs of poles (in this case a pair) 
  

f = network frequency  
  

The magnetic field rotates in the sequence of phases. 
  

The permutation of two sup 
ply phases reverses the direction of rotation of the  

rotating field.  
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Induced currents in the rotor. 
 
  

Place the rotor inside the stator supplied with three 
-
phase current, the rotating  

field influences the rods of the rotor and creates an  
electromotive force obeying  

Lenz's law. 
  

  

As the conductors are short 
-
circuited, they are the seat of an induced current. 
  

The current which is born in the rotor reacts with the rotating field and gives  

birth to a force whose direction is found by the rule o 
f the right hand. 
  

These forces on the conductors create a torque, and the motor starts and turns  

in the direction of the rotating field.  
  

The rotor will try to catch up with the speed of the rotating field, but it will not  

succeed, because at that time it  
would be in synchronism with the rotating field,  

and the conductors would no longer cut off the flow. 
  

If there is no more flux, there will be no more induced current and therefore  

more torque. 
  

The rotor will rotate at a speed slightly lower than the synchr 
onism, hence the  

name of asynchronous motor. 
  

This difference in speed is called slip (g)  
  

 
g = (n  
–
 
n’) / n 
 
En % 
  

  

The current 
  

  

 
 
 
 
 
 
Fig. 5 
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The starting current (Id) is high (5 to 8 times the nominal current (In) of the  

motor. 
  

Online voltage drops can become significant. The engine cannot start with its  

maximum load.  
  

  

The torque 
  

 
 
 
 
 
 
Fig. 6 
  

The torque is low at start 
-
up. The engine cannot start with its maximum load. 
  

The torque is good when the engine is started. It increases 
 
to a maximum  

corresponding to a slip of about 20%, then decreases to cancel out when g is  

close to zero. 
  

In operation, its speed is constant.  
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Definitions. 
 
  

Nominal torque 
 
This is the torque that the motor can develop continuously,  

without excess temperature. This is therefore the torque supplied at full load. 
  

Starting torque 
 
This torque is proportional to the magnetic flux of the stator and  

to the current in the rotor, its 
elf proportional to the slip which is maximum at  

starting. 
  

For a running motor, the starting torque is approximately twice the nominal  

torque. 
  

Maximum torque 
 
It corresponds to a slip of about 20%. 
  

The maximum torque is 2.2 to 3.7 times the nominal torque f 
or current motors. 
  

Nominal current 
 
This is the current absorbed by the motor operating at full load.  
  

Starting current 
 
This is the current absorbed by the motor at the precise  

moment of starting at zero speed. 
  

In direct start, the current represents a peak 
 
of 5 to 6 times the nominal  

current. 
  

  

Efficiency of an asynchronous motor 
 
  

The performance of a machine meets the general formula 
  

η = (Useful power / Absorbed power) x100 
  

The useful power of a motor is indicated on the rating plate. 
  

Useful power is the po 
wer absorbed minus losses: 
  

-
 
Mechanical losses, by friction in the bearings and ventilation. 
  

-
 
Magnetic losses, known as “in iron”: by eddy current, by hysteresis. 
  

-
 
Losses by Joule effect 
 
say "in copper": by heating of the conductors.  
  

  

Starting of asynchronous motors  
  

When an asynchronous motor is energized, it causes a strong current draw  

which can cause significant voltage drops in an electrical installation.  
  

Direct start 
 
is the simplest start mode. The engine starts on these "natural"  

characteristics 
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At start 
-
up, the motor is made up as a transformer whose secondary (rotor) is  

almost short 
-
circuited, hence the current peak at start 
-
up.  
  

This type of starting is reserved f 
or low power motors in front of that of the  

network, not requiring a progressive speed up. The torque is energetic, the  

current draw is important (5 to 8 times the nominal current) 
  

Direct start is suitable in cases where: 
  

-
 
The engine power is low 
  

-
 
The machin 
e to be driven does not require progressive rotation and can  

accept rapid rotation. 
  

-
 
The starting torque must be high. 
  

This start 
-
up is not suitable if: 
  

-
 
The driven machine cannot accept brutal mechanical jolts. 
  

-
 
The comfort and safety of users are questioned 
. 
  

  

Coupling of windings  
  

Each winding has a constant impedance Z which can withstand a given voltage. 
  

For the dual 
-
voltage motor, the lowest voltage is that which can be supported by  

each winding. 
  

  

Star coupling 
, symbol Y. 
  

Example: A 220/380 V motor will be connected in star on a 380 V three 
-
phase  

network between phases, each winding supporting 220 V  
  

  

  

  

  

  

 
 
 
 
 
 
Fig. 7 
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Delta coupling, symbol D.  
  

  

  

  

  

  

 
 
 
 
 
 
Fig. 8 
  

  

Example: A 380/660 V motor will be connected in a delta on a 380 V three 
- 

phase network between phases.  
  

  

Star delta starting 
 
is only usable if the two ends of each winding are  

accessible. In addition, the motor must be compatible with a final  
delta 
 
couplin 
g. 
  

During star coupling, each winding is supplied at a lower voltage, therefore, the  

current and the torque will be lower.  
  

When the current or torque characteristics are admissible, we go on to a delta  

coupling. 
  

Since the transition from star to delta coupling is not instantaneous, the current  

is cut for approximately 30 to 50 ms. This power failure causes demagnetization  

of the magnetic circuit.  
  

When the delta contactor closes, a short but significant current su 
rge reappears  

(magnetization of the motor)  
  

Electronic starters 
 
allow soft starting of the motors. They consist of a three 
- 

phase phase angle dimmer.  
  

Principle of operation: 
  

-
 
The supply network voltage is gradually applied to the stator of the motor. 
  

-
 
The va 
riation of the stator voltage is obtained by the continuous variation  

of the angle a of delay at the ignition of the thyristors of the dimmer 
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-
 
The start 
-
up setpoint adjusts the slope of the signal in the form of a  

“ramp”. This instruction is calibrated in s 
econds 
  

-
 
At the end of starting, the stator of the motor is under nominal voltage,  

the thyristors are then in full conduction. 
  

-
 
The opposite phenomenon occurs during a controlled progressive stop.  

The deceleration setpoint makes it possible to change the angl 
e of the  

thyristors from 0 to 180°, therefore Umot. from Une to 0. 
  

-
 
For a given load, the adjustment of the slope makes it possible to vary the  

starting time, therefore the time for gradual speeding up of the motor +  

load association.  
  

  

Three 
-
phase asynchro 
nous cage motor connected in single 
-
phase 
 
  

It is possible to operate a low 
-
power three 
-
phase motor on a single 
-
phase  

network. 
  

The missing phase is replaced by one of the two phases which is out of phase  

with a capacitor.  
  

 
 
 
 
 
 
Fig. 9 
  

The starting  
torque of the single 
-
phase motor is about half that of the three 
- 

phase. 
  

The value of the capacity depends on the horsepower of the  
motor 
, the mains  

voltage and the frequency.  
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Types of motors depending on speed 
  

The vast majority of applications require a  
single fixed speed: in this case,  

motors of 1500 rpm or even 3000 rpm (50 Hz supply) must be preferred, which  

are of a more common construction. 
  

However, in the fixed speed field, two types of applications can be encountered  

outside the range of standard s 
peeds between 750 and 3000 rpm 
  

  

High speed motors 
, above 3000 rpm, obtained by fixed frequency power  

supplies other than 50 Hz, for example 100, 200 or 400 Hz. 
  

Motors of this type should be the subject of specific offers, taking into account  

the following  
important problems: 
  

-
 
waveform of the high frequency power supply (rate and rank of  

harmonics) 
  

-
 
increase in magnetic losses as a function of frequency and harmonics 
  

-
 
mechanical resistance of the rotors 
  

-
 
bearing performance, lubrication, service life,  
heating, reduced currents 
  

-
 
ventilation, noise level, vibrations 
  

-
 
starting current, motor torque, load inertia 
  

It should also be noted that the application at high speed is limited to machines  

that are smaller the higher the speed.  
  

Motors at low speed, less  
than 750 rpm, obtained either by fixed frequency  

power supplies less than 50 Hz, or by polarities greater than 8 poles supplied  

with 50 Hz. 
  

Motors of this type also require a specific offer taking into account the problems  

generally fixed to the applicatio 
n:
  

-
 
resisting torque, driven inertia 
  

-
 
ventilation 
  

The most frequently used low speeds at fixed frequencies (50 Hz) are 600 rpm  

(10
-
pole motor), 500 rpm (12 
-
pole motor) and 375 rpm (16 
-
pole motor).  
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F
ixed 
 
M
ulti 
-
S
eed
 
M
otor 
 
  

Applications require operation at 2 or 3 fixed speeds. They can be obtained by  

multispeed motors by pole switching. Although the number of solutions is very  

large, we will essentially retain:  
  

One  
winding motor 
.
  

Motors with a single winding (Dahlander coup 
ling, 1 to 2 speed ratio) or PAM  

(any speed ratio): 
  

The internal coupling of the windings naturally induces specific applications 
  

These motors are generally designed for direct starting on the network and are  

single voltage.  
  

Separate winding motor. 
  

Motors 
 
with two separate windings. Depending on the connection of the windings  

to the terminal board, the starting mode on the network may be different: 
  

2 x 3 terminals: direct start on the network 
  

2 x 6 terminals: starting Y D possible 
  

  

In the first case, these 
 
motors will be mono voltage; in the second, they can be  

either dual voltage or mono voltage at start 
-
up Y D  
  

  

3.18.2  
Variable frequency converters  
  

The objective of frequency converters of the “frequency converter” type is to  

supply three 
-
phase  
asynchronous motors so as to obtain operating  

characteristics radically different from their normal use (motors supplied directly  

by the mains voltage), at amplitude and constant frequencies. 
  

It consists in supplying the motor with a voltage wave of  
variable amplitude and  

frequency, while keeping the voltage / frequency ratio substantially constant 
.
  

  

The generation of this voltage wave is carried out by an electronic power device. 
 
  

Advantage of a variable speed  
drive 
:
  

-
 
The starting current is limited i 
n the motor (in general: approximately 1.5  

times the nominal current) 
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-
 
The starting torque is around 1.5 times the nominal torque Cn and  

controlled during the whole acceleration. 
  

-
 
The start 
-
up is progressive smoothly and controlled (linear speed ramp for  

exa
mple). 
  

-
 
Variation possible from zero to a value greater than the synchronization  

speed Ns.  
  

  

  

  

  

  

Fig. 10:  
torque  
–
 
speed diagram 
 
of a direct powered motor 
  

  

  

  

  

  

  

Fig. 11:  
torque  
–
 
speed diagram of a motor 
 
powered by a frequency 
 
converter. 

  

  

The  
converter includes: 
  

A mono or three 
-
phase diode rectifier bridge associated with a capacitor forming  

a DC voltage source (DC bus). 
 
  

An inverter bridge generally with IGBT (Insulated Gate Bipolar Transistor),  

supplied by direct voltage and  
generating an alternating voltage wave at variable  

amplitude and frequency by the technique of "Pulse Width Modulation" or PWM. 
  

A control unit providing conduction orders to IGBTs according to the instructions  

provided by the operator ( 
running order, direc 
tion 
, speed reference 
 
...) 
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Fig. 12 
  

The principle of PWM (Pulse Width Modulation) used in the inverter bridge  

consists in applying to the motor windings a series of voltage pulses, of  

amplitude equal to the direct voltage supplied by the rectifier 
.
  

  

The pulses are modulated in width so as to create an AC voltage of variable  

amplitude. 
 
  

  

  

  

Fig. 13 
  

 
 
 
  

 
 
     
  

  

Fig. 14 
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3
 
The single 
-
phase asynchronous motor  
  

Constitution.  
  

Stator: 
 
a single 
-
phase winding with n pairs of poles. 
  

  

Rotor: 
 
squirrel cage short circuit like the three 
-
phase motor. 
  

The inductor acts as the primary of a transformer, it induces currents in the  

rotor which is short 
-
circuited. 
  

The primary and secondary currents  
of a transformer are in phase opposition. 
  

These currents create opposite magnetic fields. 
  

We have the N 
-
S field of induction in the armature, and the field of N 
-
S rotor  

outside the armature, closing by the S and N poles inside the armature.  
  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
     
Fig. 15 
  

  

Operation. 
  

Each of the two rotating fields develops a torque whose speed as a function of  

speed (or slip) is the same as for a three 
-
phase motor. 
  

But these two couples are in opposite directions and take the same arithmetic  

value for two  
opposite values of the speed. 
  

The resulting torque is the algebraic sum of the two couples, it is zero if the  

speed is zero (i.e. at start 
-
up). 
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So this engine has no starting torque. 
  

A mechanical impulse on the rotor causes uneven sliding, one of the torqu 
es  

decreases while the other increases, the resulting torque causes the engine to  

start in the direction in which it was started.  
  

Types of startup. 
  

Auxiliary phase start. 
  

An auxiliary winding is placed on the stator so that the alternating field it  

produc 
es is perpendicular to the field of the main winding. 
  

This results in a resulting rotating field sufficient to start the engine when empty. 
  

So the starting torque is no longer zero.  
  

Once the engine is started, a centrifugal switch cuts the power to the a 
uxiliary  

winding. 
  

The starting torque is very low, it should be increased to increase the offset  

between the two fields produced by the windings.  
  

  

 
 
 
 
 
 
     
Fig. 16 
  

  

Starting with auxiliary phase and resistance. 
  

A resistor placed in series in the auxiliar 
y phase increases the impedance and  

increases the offset between the main current and the current of the auxiliary  

winding.  
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Fig. 17 
  

Starting with auxiliary phase and inductance. 
  

Same principle as above, but the inductance in series in the auxiliary phase  

increases the offset between the currents and thereby increases the starting  

torque.  
  

  

  

  

  

  

  

  

 
 
 
 
 
 
     
Fig. 18 
  

  

Starting by auxiliary phase and capacity. 
  

It is the most used devic 
e, it consists of placing a capacitor in one of the phases,  

most often in the auxiliary phase. 
  

The presence of the capacitor causing a phase shift opposite to that of an  

inductor, the operation during start 
-
up period is like that of a two 
-
phase motor  
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with  
rotating field. 
  

The starting torque is very good, its value depends on the starting capacitor  

whose value varies between 150 and 300 μF for motors up to 1 kw 
  

If the speed of rotation, due to an overload of the shaft, drops below a certain  

speed, the centri 
fugal switch returns to service, which allows the motor to regain  

its starting torque.  
  

  

  

  

  

  

 
                 
Fig. 19 
 
 
 
 
 
     
Fig. 20 
  

The capacitor shifts the current ahead of the voltage in the auxiliary phase. 
  

The angle φ represents the phase differenc 
e in line current lags the voltage  

across the motor, but only at the time of startup. 
  

In addition to its role of phase shifter, the capacitor improves the power factor of  

the motor, because it can be noted that this angle is fairly closed, hence a cosine  

φ
 
approaching the value 1 (ideal condition for the operation of the motor) 
  

To reverse the direction of rotation, simply swap the connections of one of the  

two windings.  
  

  

  

  

  

  

  

Fig.21 
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Connection diagrams for single 
-
phase asynchronous motors 
 
  

With permanent capacitor.  
  

 
 
 
 
 
 
Fig. 22 
  

With centrifugal coupler  
-
 
With permanent condenser  
  

  

 
 
 
 
 
 
  
Fig. 23 
  

  

  

3.18. 
4
 
The universal motor  
  

The rotor or armature 
  

It consists of a stack of silicon sheets, isolated from each other by a  
babelized 
  

varnish. 
  

The closed circuit winding is housed in the grooves of the rotor and welded by  

each end of these sections to the copper strips of the collector. 
  

The stator or induct 
or
  

It is composed of a carcass made of aluminum sheet or zamak, a carcass  

provided with two polar openings made of stacked sheets. 
  

The two coils are mounted on the axis of the poles.  
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Fig. 24 
  

Connection. 
  

The inductor and the armature are connecte 
d in series via the brushes and the  

collector. 
  

It is a series continuous motor.  
  

 
 
 
 
 
 
Fig. 25 
  

Characteristics: 
  

-
 
The start is direct. 
  

-
 
The speed is independent of the frequency, it can reach 20,000 rpm 
  

-
 
Due to the switching and sparks at the collector, the po 
wer is limited. 
  

-
 
They have a good starting torque. 
  

-
 
The reversal of direction of motion is done by reversing the direction of  

the current in the armature relative to that of the inductor.  
  

Uses: 
  

These motors are suitable for driving small machines:  
vacuum cleaner, coffee  

grinder, portable drill, grinder ... 
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Operating: 
  

To simplify the idea, imagine a motor with three turns, two fixed for the  

inductors and one which can rotate for the armature. 
  

Either the DC power is supplied to the motor in the  
figure below, the direction of  

the current can be represented by crosses and dots. 
  

By the corkscrew rule we find the direction of the magnetic field and the  

direction of rotation of the armature.  
  

If the direction of the supply current is reversed, the fie 
ld H and the current I  

change direction, and the direction of rotation does not change. 
  

If the motor is supplied with alternating current, the direction of rotation is also  

maintained. 
  

Hence the name of universal motor.  
  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 26 
  

  

Speed adjust 
ment of universal motors. 
  

The speed of a universal motor like that of a DC motor depends on: 
  

-
 
Supply voltage 
  

-
 
Flow  
  

 
 
 
n = (U  
-
 
R I) /  
ɸ
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Adjustment of the progressive speed by acting on the voltage U.  
  

 
 
 
 
 
 
Fig. 27 
  

  

Speed adjustment, two speeds, acting on 
 
the flow.  
  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 28 
  

Total resistance is greater at low speed than at high speed. 
  

High speed R = 0.45 W (with the ohmmeter) but fewer turns 
  

 
ɸ
 
decreases and therefore n increases 
  

Low speed R = 4.45 W (with the ohmmeter) but more turns 
  

 
ɸ
 
increases and therefore n decreases  
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Reversal of the direction of rotation. 



 




The direction of the current is reversed in the armature (most frequently) or in
 




the inductor.  



 





 




 


 


 


Fig. 29 



 





 




3.18. 


5


 


The stepper motor  



 




The characteristics of the stepping mot 


or itself allow open 


-


loop speed and
 




positioning control, in fact, no additional information on the position of the rotor
 




is necessary. 



 




More than any other motor of this type, the stepper motor is closely linked to
 




electronics. Motor operation always occurs 


 


using a control logic, which gives the
 




motor a rotary movement proportional to the pulses received (1 pulse = 1 step):
 




the motor advances with each pulse received by an angle very specific.  



 




Types of stepper motor 



 




Variable reluctance motor. 



 




These motors a 


re made up of a soft iron rod plus a number of coils. When a coil
 




is fed, it becomes an electromagnet, and the iron rod naturally seeks to orient
 




itself according to the magnetic field.  



 




We feed phase 1, then phase 2, then phase 3 



 




If you want to change the 


 


direction of the motor, you just have to change the
 




order in which the coils are fed. 



 




In practice, the ferrite bar has several teeth. 



 




As soon as we feed phase 2, there is a rotation of 15 ° (60 °  


-


 


45 °) then phase
 




3 etc. ... 
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So the motor turns 15 ° as s 
oon as we supply a phase. 
  

It takes 24 pulses to complete one revolution. 
  

It’s a 24 step motor.  
  

  

  

  

  

  

  

  

  

  

  

  

  

 
 
 
 
 
 
Fig. 30 
  

Permanent magnet motor. 
  

Motors which are excited by means of a coil are called two 
-
phase motors while  

motors with four phases are  
equipped with two coils. 
  

The rotor is most often made of barium ferrite and has a sintered magnetic ring  

on which the rotor poles are directly magnetized. 
  

The rotor is thus a coercive magnet.  
  

  

  

 
 
Fig.31 
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3.18. 
6
 
The three 
-
phase synchronous motor  
  

With  
a three 
-
phase alternator driven by a DC motor and coupled to the three 
- 

phase network, if the motor supply is removed, the group continues to rotate at  

the speed of synchronism. 
  

The alternator now works as a motor, and since its speed remains equal to the  

s
ynchronous speed, it is a synchronous motor. 
  

When the alternator no longer works as a generator, its stator which remains  

connected to the network absorbs current and the three phases produce a  

rotating field which drives the rotor (always supplied with di 
rect current) at  

synchronous speed.  
  

The construction of a synchronous motor is identical to that of the alternator. 
  

The speed is equal to the speed at which the motor should run in generator to  

provide the frequency of the network which now supplies it.  
  

 
 
 
n = (f x 60) / p 
  

Back  
electromotive force: The rotor (inductor) produced by turning the same  

emf. whatever the operating mode (generator or engine) of the machine, we will  

have:  
  

 
 
 
E’ = 4.44 f N  
ɸ
max
  

Motor 
 
torque. 
  

The field of the stator and that of  
the rotor (electromagnet) rotate at the same  

speed, so they are fixed relative to each other. 
  

The forces developed between them are due to the mutual attraction of the  

stator and rotor poles.  
  

The couple can be written: C = M B sin θ 
  

 
M the magnetic moment 
 
of the rotor 
  

 
B the induction produced by the stator 
  

 
θ is the angle between M and B  
  

We see that the torque 
  

is zero for θ = 0 (sin 0 ° = 0) 
 
and
  

is maximum for θ = π / 2 (sin 90 ° = 1)  
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Fig. 32 
  

The angle θ called "angular offset" will vary with the torque requested from the  

motor 
 
  

-
 
With no 
-
load: the torque is low, θ is almost zero. 
  

-
 
Under load: when the torque requested from the motor increases the  

angular offset θ also increases! As long as the re 
sistive torque remains  

below the maximum value Cm = M B sinθ that the motor can supply, the  

latter accepts the load and responds to it by increasing θ  
  

If the resistive torque becomes greater than MB, θ increases to π / 2 then  

beyond, the engine torque dec 
reases then becomes negative, the engine refuses  

the load and, θ continuing to increase, the engine stalls, it stopped.  
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http://www.vft47.fr/medias/files/m1s5s26nt2 
-
t
-
moteur 
-
universel.pdf 
 
  

  

List of Videos 

  

https://www.youtube.com/watch?v 
=xGW3RHVGBmA 
  

https://www.youtube.com/watch?v=AQqyGNOP_3o 
  

https://www.youtube.com/watch?v=jNWlWzFzHi4 
  

https://www.youtube.com/watch?v=0PDRJKz 
-
mqE
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3.7.6 Construction of Potentiometer and Rheostat
Slider Rheostat

Tubular slider rheostats are also available which can be found in physics labs and
laboratories in schools and colleges. These linear or slide types use resistive wire
wound around an insulating tubular former or cylinder. The sliding contact (pin
2) mounted above, is manually adjusted left or right to increase or decrease the
rheostats effective resistance.

—_

Fig. 7

Rotary Potentiometer

Rotary potentiometer (the most common type) vary their resistive value as a
result of an angular movement. Rotating a knob or dial attached to the shaft
causes the internal wiper to sweep around a curved resistive element. The most
common use of a rotary potentiometer is the volume-control pot.

Fig. 8
Slider Potentiometer

Slider potentiometers are designed to change the value of their contact
resistance by means of a linear motion and as such there is a linear relationship
between the position of the slider contact and the output resistance.
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b) Charging

3.17 AC GENERATOR

When the alternator is charged, the engine tends to slow down, the cruise

control comes into action (if it is a diesel engine, it injects more diesel), the

energy consumed increases as the active power requested from the alternator

increases.

The active power of an alternator comes from the engine that drives it.

) Reactive setting

If we progressively changes from a resistant load to an inductive load consuming

the same active power, the engine does not consume more fuel but the voltage

of the alternator decreases when the phase shift increases.

If you want to keep the voltage constant, you have to increase Ev, so the

excitation, as the phase shift ¢ increases.

The reactive power of an alternator is regulated by its excitation.

3.17.3 Single phase, two phase and three phase alternators

Single phase

—

Wagnet or rotating
electro magmet

Oscilloscope

Fxed cosl

Fig. 13

oscstioncope

Fig. 14

10
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Rheostats

They are two connection variable resistors configured to provide any resistive
value within their ohmic range to control the flow of current through them.

When a variable resistor is used as a two-terminal rheostat, only the portion of
the total resistive element that is in between the end terminal and the movable
contact will be dissipating power. Also, unlike the potentiometer configured as a
voltage divider, all the current flowing through the rheostats resistive element
also passes through the wiper circuit.

Fig. 10

Linear or Logarithmic Potentiometers

The most popular type of variable resistor and potentiometer is the linear type,
or linear taper, whose resistive value at pin 2 varies linearly when adjusted
producing a characteristics curve that represents a straight line. That is the
resistive track has the same change of resistance per angle of rotation along the
whole length of the track.

So if the wiper is rotated 20% of its total travel, then its resistance is 20% of
maximum, or minimum. This is mainly because their resistive track element is
made from carbon composites, ceramic-metal alloys or conductive plastics type
materials which have a linear characteristic across their whole length.

But the resistance element of a potentiometer may not always produce a straight
line characteristic or have a linear change in resistance across its whole range of
travel as the wiper is adjusted, but instead can produce what is called a
logarithmic change in resistance.

The all potentiometers and rheostats are available in a choice of different
resistive tracks or patterns, known as laws, being either linear, logarithmic, or
anti-logarithmic. These terms are more commonly abbreviated to /in, log, and
anti-log, respectively.
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3.7.7 Wheatstone Bridge
The Wheatstone bridge is a manipulation used to measure unknown resistances.

This bridge consists of four resistors (two known R1, R2, Rv variable and a Rx to
be determined) and a galvanometer.

In the particular case of equilibrium, it will make it possible to determine the
value of the resistance Rx to be measured.

The industrial use of the Wheatstone bridge principle is found in many control
systems.

iy

The bridge is in equilibrium when the needle of the voltmeter is at central zero,
ie there is no difference of potential between points B and D.

As a result, we can say that:

- The voltage U (at the terminals of R1) is the same as the voltage Uap
(at the terminals of R3)

- The Usc voltage (across R2) is the same as the Uoc voltage (across Rx)

If Uag = Usp Uas = R1. 11 Usp = R3. 13
We can write : R1.I1=R3.13 (a)
R2.I11 =RxI3  (b)
In (a) seek value of I3 : I3=RLI1L/R3 (c)
In (b) replace I3 with its value in (c) : R2.11 = Rx. (R1.I1) /R3
Let's simplify by I1 : R2 = Rx . (R1/ R3)
The value of Rx is given by the following equation: Rx = R2.R3 / R1

3.7.8 Positive - Negative Temperature Coefficient conductance
Thermistors are actually resistors whose value varies with temperature.
PTC and NTC are part of thermistors like PT100.
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Some values of « (alpha)

Copper 0,004
Aluminum 0,004
Silver 0,0037

Tungsten 0,0065

3.7.2 Resistivity or Specific resistance

This is the resistance of a wire 1 m long and 1 mm?2 section, at a specific
temperature. It depends on the material of the driver.

This constant is designated by the Greek letter rhé (p), its value will be different
depending on the material.

It is expressed in ohm mm2 / meter (Rmm2 / m)

Some values of the resistivity in @mm2 /mat 20 ° C

Copper 0,017 Tin 0,115
Silver 0,016 Lead 0,22
Aluminum 0,028 Mercury 0,958
Iron 0,1 Tungsten 0,055

Law_of Pouillet

R=p.L/S

R expresses in Q
p expresses in Qmmz2/m
L expresses in m

S Square expresses in mm?
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3.7.3 Color code

When the resistances are of low power, they are very small, it is not possible to
identify them directly then one uses a code of color!

4 Bands ( III : 47KQ,10%

|\ |

560K, 0.1 %

st an
qun Dlgn ann
em
025%
Muln-
plier Tolerance

Fig. 1

The Resistor Color Code system is all well and good but we need to
understand how to apply it in order to get the correct value of the resistor. The
“left-hand” or the most significant colored band is the band which is nearest to a
connecting lead with the color coded bands being read from left-to-right as
follows:

Digit, Digit, Multiplier = Color, Color x 10 €9oF in Ohm’s (Q)
For example, a resistor has the following colored markings;

Vellow Violet Red = 4 7 2 = 4 7 x 102 = 47009 or 4k7 Ohm.

The fourth and fifth bands are used to determine the percentage tolerance of the
resistor. The color code used to denote the tolerance rating of a resistor is given
as:

Brown = 1%, Red = 2%, Gold = 5%, =10 %
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https://www.electricaleasy.com/2017/06/difference-between-potentiometer-
and-rheostat.html

http://electriciantraining.tpub.com/14176/css/Specific-Resistance-Or-Resistivity-
17.htm

https://www.allaboutcircuits.com/textbook/reference/chpt-2/resistor-color-
codes/

https://www.electronics-tutorials.ws/blog/wheatstone-bridge.html

http://www.mouser.com/catalog/supplier/library/AVXNTC PTCThermistors.pdf
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Preface

Chapter 3.7 - "Resistance / Resistor" gives an overview on the constitution and
factors affecting fixed or variable resistance. Potentiometers, PTC and NTC, VDR,
Wheatstone Bridge are also presented.

Learning outcomes

The students should be able to:

- explain the factors that influence the value of a resistance
- explain the Law of Pouillet

- use the color code table

- explain the operation and connection of a potentiometer
- explain the usefulness of the Wheatstone bridge

- define a PTC, NTC, VDR

3.7 Resistance/Resistor

3.7.1 Resistance and affecting factors

The electrical resistance of a conductor is the difficulty that this conductor offers
to the passage of electric current.

If the length increases, the intensity of the current decreases: the resistance R
increases. It is therefore proportional to the length.

The larger the section, the more the intensity of the current increases: the
resistance R is inversely proportional to the section.

For the same length and the same section, the intensity of the current depends
on the nature of the body.

Influence of temperature on electrical resistances : The resistance of an element
varies with the temperature

w. : The law of variation is expressed by the formula

Re=Ro(1+0.At)
At represents the temperature variation (final temperature - initial temperature)
Re : end temperature resistance t ° C.
Ro : initial temperature resistance
« : temperature coefficient

o represents the increase or decrease of a resistance of one ohm for a
temperature rise of 1° C.

a varies according to the nature of the conductive body.
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3.7.4 Resistors in series and parallel

The coupling of the resistors in series, in parallel and mixed coupling is seen in
detail in chapter 3.6

3.7.5 Potentiometers and Variable resistors, Rheostats

The potentiometer, commonly referred to as a “pot”, is a three-terminal
mechanically operated rotary analogue device.

Wiper Resistive
Track
Construction
12 3 lugs
1 3
f2 symbol
Fig. 2

The rheostats are variable resistors for adjusting the intensity of the current in
its circuit. Rheostat symbol: Rh

The slider rheostat allows a gradual adjustment of the intensity of the current in
the circuit while the padded rheostat allows only a setting by jumps.

NS

Cursor rheostat Rheostat with studs
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Potentiometer

When used as a potentiometer, connections are made to both ends as well as the
wiper, as shown. The position of the wiper then provides an appropriate output
signal (pin 2) which will vary between the voltage level applied to one end of the
resistive track (pin 1) and that at the other (pin 3).

The potentiometer is a three-wire resistive device that acts as a voltage divider
producing a continuously variable voltage output signal which is proportional to
the physical position of the wiper along the track.

Fig. 3 Fig. 4

Variable Resistor or Rheostat

When used as a variable resistor, connections are made to only one end of the
resistive track (either pin 1 or pin 3) and the wiper (pin 2) as shown. The
position of the wiper is used to vary or change the amount of effective resistance
connected between itself, the movable contact, and the stationary fixed end.

Sometimes it is appropriate to make an electrical connection between the
unused end of the resistive track and the wiper to prevent open-circuit
conditions.

Then a variable resistor is a two-wire resistive device that provides an infinite
number of resistance values controlling the current offered to the connected
circuit in proportion to the physical position of the wiper along the track. Note
that a variable resistor used to control very high circuit currents found in lamp or
motor loads are called Rheostats.
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0 varistor, @ = 25
- = - SiCvarislor,a =5

Current (4]
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&

0
Votags [V]

Fig. 17

Example of use

- In the electronic circuits essentially to limit or stabilize the voltage
- Device protection against power surges

14
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Carbon Film

A thin, pure carbon film is deposited on an insulating cylindrical core. A spiral
cut is made in the film to increase the resistive path. This increases the
resistance value and is also a way to control the resistance value more precise.
Values from 1Q up to 10 M Q are available.

Cabon Helcal o reach e
deseed resisance valve

Endcapswinleads  Coramic Carer Caitng

Feislor G = Largorpch maans shorrrsistance
path, this lowe essiance valoe

Fig. 14

Metal Film

Metal film resistors are axial resistors with a thin metal film as resistive element.
The thin film is deposited on usually a ceramic body.

Hellal cuttoreachthe
desied resistance vaue
/

Color coing

/\

Endcaps
withleads

Protecive coaing  Thinmetalfim  Ceramic Carer

Fig. 15

Wirewound (WW)

A wire wound resistor is an electrical passive component that limits current. The
resistive element exists out of an insulated metallic wire that is winded around a

core of non-conductive material.

—ClIHIHIIE

/

4

Comeclor wih Nehrome wirearound ~ Ceranic
lead wire ceramiccore sealng
Fig. 16
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3.7.10 Voltage dependent resistors
VDR (Voltage Dependent Resistor)

The VDR is a resistor whose ohmic value changes inversely proportional to the
voltage.

V]

A voltage dependent resistor has a nonlinear varying resistance, dependent on
the voltage applied. The impedance is high under nominal load conditions, but
will sharply decrease to a low value when a voltage threshold, the breakdown
voltage, is exceeded.

When the circuit is exposed to a high voltage transient, the varistor starts to
conduct and clamps the transient voltage to a safe level. The energy of the
incoming surge is partially conducted and partially absorbed, protecting the
circuit.

The most common type is the MOV, or metal oxide varistor. They are constructed
of a sintered matrix of zinc oxide (ZnO) grains. The grain boundaries provide P-N
junction semiconductor characteristics, similar to a diode junction. The matrix of
randomly oriented grains can be compared to a large network of diodes in series
and parallel. When a low voltage is applied, only very little current flows, caused
by the reverse leakage through the junctions. However when a high voltage is
applied, which exceeds the breakdown-voltage, the junctions experience an
avalanche breakdown and a large current can flow. This behavior results in the
non linear current-voltage characteristics.

13
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Measuring cables and information transmissions must be shielded if possible and
their shielding is connected to earth at a maximum of points.

GETEmp @D, [P

i

[

L L2L3PE

Fig. 6

3.10.6 Various types of magnetic material

All materials are divided into tree categories dependent upon the effect that a
magnetic field has upon them.

Ferromagnetic materials
These exhibit very pronounced magnetic effects, tending to concentrate lines of

flux into the material.

The permeability of these materials is much greater than 1 : iron, nickel,
cobalt, ...

Paramagnetic materials
These types have no appreciable effects and are generally considered non

magnetic.

They have a permeability of slightly greater than 1 : platinum, manganese,
chromium. and aluminium and copper.

Diamagnetic materials

These materials demonstrate the minimum magnetic effects, rather like
paramagnetic, but they tend to be slightly anti magnetic and have a permeability
of less than 1 : bismuth.
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When making a permanent magnet, it is not so much the residual induction that
matters but the coercive field which must be significant, characterized on the
curve by At/m, so that the magnet does not demagnetize under the action of
external magnetic fields.

Fig. 7.

Carbon expands the hysteresis cycle, the coercive field increases but the
remanent magnetization decreases.

Permanent magnets with a strong coercive field are produced using steels
alloyed with chromium, cobalt, tungsten,

Hysteresis is the delay in the magnetization and demagnetization of a metal
subjected to variations in magnetic flux.

Ferromagnetic materials are iron, nickel, cobalt and some of their alloys.

3.10.7 Electromagnets constitution and principles of operation
An electromagnet is an assembly formed by a coil and a ferromagnetic bar.

We put an iron rod in a solenoid, a steel rod in another identical solenoid and we
circulate an electric current, we approach the two of a pile of iron filings.

It can be seen that the iron filings are attracted to the ends of the two bars.
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This is a curve called "saturation bend".

Magnetic induction does not grow as quickly anymore.
Part BC:

It's a line that goes horizontal.

A very large increase in magnetizing At / m is required to increase induction very
slightly.

The metal saturates.

3.10.5 Magnetic shielding

All devices are subject to various electromagnetic disturbances, and all electrical
devices generate them. These disturbances are generated in many ways.
Basically, their generating facts are mainly sudden variations of electrical
quantities (Voltage or Current).

The sources of electromagnetic emissions can be of origin:

v Natural: atmospheric, galactic, solar, thermal noise, etc.
v Artificial: among these sources, some are:
o Intentional (radio transmitters, mobile phone, induction oven, ...).
o Unintentional: ignition systems of internal combustion engines, protection
electronics, power equipment, ...

The main causes of disruption are:

Magnetic and electric fields:
Any conductor crossed by an electric current radiates a magnetic field H.

If an electric conductor forming a loop S is crossed by a magnetic field H, any
variation of H will induce an emf. in the loop causing the circulation of a
disturbance current in the circuit if this loop is closed.

Harmonic:

Being a source of disturbance, which can be permanent as in: inverters, power
cut, starting the motor.

Voltage fluctuations:

This is a variation which remains within the limit of (+/-) 10%, they are caused
by all machines with high current.

Voltage dips and short interruption:
It is a decrease in voltage between 10% and 100% for a period of 10ms to 1mn.

They are caused by energizing large receivers, capacitors, and the associated
shutdown or automatic resetting of a protection device.

Signals transmitted over the network:
It is essentially the transmission of carrier currents used by:
1- energy distributors to convey tariff orders.
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2- the remote-control components.
3- internal communication systems of the interphone type on the network.

These disturbances can spread, by conduction along wires and cables, or by
radiation in the form of electromagnetic waves.

All of the above factors cause unwanted phenomena like:
interference of radio waves.

interference from radio emissions in control systems.
- distort the imaging results

Fig. 5

A variation in current in a cable generates an electromagnetic field which, at a
short distance, can be considered as purely magnetic and then induces a
disturbing voltage in wires forming a loop.

The cable shield is an extension of the conductive shell provided around the
sensitive equipment.

It is connected to this at the shortest, and if possible, over its entire
circumference for protection against disturbances of high frequencies.

Precaution to avoid disturbances
Cables should be grouped by category.

The routing of the various categories will be physically separate: in particular the
power cables will be gathered on one side, the low-level cables (telephony,
control, etc.) on the other.

A minimum distance must be observed between the two categories.

Between these two categories, any common conductive element will be carefully
avoided.

For the transmission of information, twisting the lines further reduces the
susceptibility to interference.

The use of twisted pairs is therefore to be preferred before that of the single
pair.
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3.7.9 Fixed resistors, stability, tolerance and limitations, construction

Fixed resistors have a constant resistance value, a defined ohmic resistance and

are not adjustable.

Fixed resistors are the most commonly used resistors and in general one of the

most used electronic components.
Fixed resistors are available in axial.

In an ideal world a perfect resistor would have a constant ohmic resistance
under all circumstances. This resistance would be independent of for example

frequency, voltage or temperature.

In practice no resistor is perfect and all resistors have a certain stray capacitance

and inductance, resulting in an impedance value different from the nominal
resistance value. The resistor materials have a certain temperature coefficient,

resulting in a temperature dependency of the resistor value.

© v

Tolerance 2-10% (5%) 0.1-5% (1%) 0.1-5% (1%)
Power rating. 0.125-2W (4W) 0.1-5W (4W) 1-200W (10W)

Temp. coefficient  250-450ppm/K (450)  10-250ppm/K (50)  20-400 ppmyK (50)

Fig. 12

Carbon Composition (CCR)

The resistive element is made from a mixture of fine carbon particles and a non-
conductive ceramic material. The substance is pressed in a cylindrical shape and

baked. The resistance value depends on the dimensions of the body and the

ratio between carbon and ceramic material.

Fig. 13

11
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PTC Positive temperature coefficient

Positive coefficient (PTC): resistance increases with increasing temperature, i.e.
it conducts less well; the sensor is then referred to as a PTC thermistor.

PTC is a resistor whose resistance increases with increasing temperature.

#

T

- Current limitation according to the ambient temperature

Examples of use:

- Prevent the value of the current from passing a certain limit, the temperature
of the PTC being determined by the current that the cross
NTC Negative temperature coefficient

Negative coefficient (NTC): resistance increases with decreasing temperature,
i.e. it conducts better; the sensor is then referred to as an NTC thermistor

NTC is a resistor whose ohmic value decreases when its temperature increases

N

Examples of use :

- In compensation, the NTC serves to compensate for the drift of the other
resistances

- In measurement, the value of the NTC depends on the temperature of the
environment

NTC and PTC characteristic (example)
B

Teal
Fig. 11
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3.10 Magnetism

In a magnet, it is impossible to isolate one pole from the other. By dividing a
magnet in half, you get two smaller magnets.

o )

3.10.3 Action of a magnet suspended in the Earth’s magnetic field
A compass is a magnet free to move and sensitive to the earth's magnetic field.

Operating condition: a magnetized needle suspended by its center of gravity on
a wire without twist and placed far from any other magnet, any other circuit
traversed by a current or any significant mass of iron, is oriented in the direction
of the northern hemisphere.

This therefore confirms the existence of a magnetic field on the surface of the
earth.

3.10.4 Magnetisation and demagnetisation

A magnetized ferromagnetic material is characterized by a high number of
magnetic domains which are oriented in the same direction or have joined
together to form larger magnetic domains.

The magnetic flux of the individual domains is added to a larger total flux, which
appears as residual magnetism or a stray magnetic field outside the
ferromagnetic material.

Demagnetized material can be magnetized at any time by:

- A sufficiently high magnetic field
- A transformation in the crystal structure (for example, formation, bending)
- When strong electric currents pass through the material

Ferromagnetism cannot be physically eliminated.

A demagnetized state is a state where the aligned domains have been
subdivided into smaller domains with different directions of magnetization.

From this state, no substantial magnetization results.

— fy“’i‘ oi‘ ti‘ -'i‘.'
e B
— N RV
e






EPUB/xhtml/pdf8bc8t/page5/page.png
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Fig. 3

The magnetic properties of a ferromagnetic material are described by
characteristic points of the magnetic hysteresis curve: see chapter 3.10.9

Mild steel magnetization curve
We use a metal that has never been magnetized.

Using a mild steel ring, knowing the average length of the ring, the number N of
turns of the magnet coil and the cross section of the ring, we measure the
intensity of the current I in the circuit.

We can get the At/m, thatistosay NI/ |

We noted the indications of the flowmeter ¢ in Webers.

With the cross section S of the ring, we have the magnetic induction = ¢ / S
Let us vary I and determine for each corresponding value N / | and B.

Which gives us:

Part 0A:
It's a straight line.

There is proportionality between the magnetic induction and the amperes turns
per meter magnetizing.

The induction increases strongly for a small increase in the magnetizing field.
Part AB:
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Fig. 1

The lines drawn by the grains of filings are called: magnetic induction lines.

The set of magnetic lines located in the plane of the glass plate is called:
magnetic spectrum.

The region of space in which the magnetic action (of the induction lines) of the
magnet takes place is called: the magnetic field of the magnet.

By convention, the direction of the induction lines goes:
From S to N inside the bar,
From N to S outside the bar.

Induction lines never cross.

The induction lines are not only in the horizontal plane, but all around the
magnet. We can imagine them by rotating the magnetic spectrum by the N-S
axis of the magnet.

3.10.2 Properties of a magnet
It exists:

« Non-magnetic bodies: they do not allow themselves to be attracted by the
magnet: wood, paper, lead, copper, aluminum, plastics, ...

« Magnetic bodies: they are attracted to the magnet: cobalt, nickel, iron and
its alloys.

A piece of iron under the influence of a magnet behaves like a magnet.
The attraction of a magnet is exerted by influence.
The ends of a magnet are called poles.

The end of the magnet that points to the Earth's North Pole is called the North
Pole.

Law of the poles
The poles of the same name repel each other.

Poles of opposite names attract each other.
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The magnetic induction flux ¢ crossing a surface S perpendicular to the induction
lines of a uniform field is

9=BoxS
If the material is not magnetic. ¢ =B xS

The magnetic induction flux ¢ is expressed in Webers Wb.
The section in m2.
Magnetic induction in Tesla T.

There is another unit of magnetic flux: the Maxwell
1 Weber = 100.000,000 Maxwell

There is another magnetic induction unit: the Gauss.
1 Tesla = 10.000 Gauss

Magnetic induction therefore translates as the magnetic flux density.

If the surface S is not perpendicular to the induction lines, the angle a made by
the normal to the surface considered with the induction lines is taken into
account.

¢ =BoScosa

Magnetic permeability

B Induction in steel

Bo  Induction that would exist in the air for the same N/I
It is easy to calculate: for different values of NI / |, we determine B thanks to the

magnetization curve and Bo is obtained by the formula
Bo=1,25N1/10°1

For mild steel

Fig. 15
The relative permeability of a metal is not constant, it varies according to the
value of the magnetic field.

14
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It is great for small magnetic fields but decreases when the magnetic field
increases.

The relative permeability pr of a metal indicates how often, at the same At/ m,
the magnetic induction is greater in this metal than in air.

The hysteresis cycle

magnetization
Increasing

magnetization
Gecreasing

magnetization

Increasing

in reverse magnetization
Gecreasing

Fig. 16

0-S1 represents the curve of first magnetization.

By decreasing the current, we note that for I = 0, there remains a remanent
magnetization whose value of the induction is represented by 0 R1.

By reversing the direction of the current, for NI / | represented by 0-C1, the
magnetization is canceled (B = 0).

0-C1 represents the At / m that must be produced to cancel the magnetization in
the metal. They are called coercive At / m.

There is a delay in demagnetization, so in the opposite direction of
magnetization of the metal.

By increasing the intensity of the current, we notice that the magnetic induction
changes direction (the metal is magnetized in opposite direction) then that it
increases and tends towards saturation S2.

Then we gradually reduce the current to 0, we see that there remains a remnant
magnetization of opposite direction whose value of the induction is represented
by 0-R2 (of value equal to 0-R1 but of opposite direction).

To cancel this remanent magnetization, reverse the direction of the current,
adjust the intensity so that the NI / | represented by 0 C2 create a magnetizing
field called the coercive field.

15





EPUB/xhtml/pdf8bc8t/page12/page.png
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3.10.9 Magnetomotive force, field strength, magnetic flux density,
permeability, hysteresis loop, retentivity, coercive force reluctance,
saturation point, eddy currents

Magnetic induction

A magnetic needle placed on a pivot, away from any magnet, will orient in the
direction of the Earth's magnetic field.

If we approach a permanent magnet (or a powered solenoid) at a certain
distance, the magnetized needle undergoes a deviation due to the influence of
the terrestrial magnetic field but especially due to the magnetic field of the
magnet.

If we approach the magnet even closer, the needle deflects even more because
the influence of the magnet becomes more important.

Fig. 13

At a point in a magnetic field there is a magnetic induction:
- it characterizes the magnetic state of this point,
- it is represented by the letter B,
- the unit is the Tesla T.

The magnetic induction B can be represented by a vector which defines the
magnetic field at a point.

It has (like a mechanical force):
« An origin (the point considered)
«  Adirection (that of the magnetic needle placed at the point considered)
« A way (from pole S to pole N of the needle)
« An intensity (magnitude of the force exerted on the magnetic needle)

The induction vectors from two different magnetic fields are composed as forces.
Earth's magnetic induction is around 0.00005 T.

The magnetic induction in the air gap of an electric machine is 1 to 1.5 Tesla.

12
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3.10 Magnetism

Coil without ferromagnetic core

The ferromagnetic materials are iron, nickel, cobalt and some of their alloys.
Inside the coil, the intensity of the induction vector is:

BO = (1.25 N 1) / (10°T)
BO = intensity of magnetic induction expressed in Tesla.

Magnetic permeability in vacuum but admitted in air, also called magnetic
constant of vacuum:

1.25/10%= 4 1077 = p0 = 1/ 800.000

In a vacuum, 800.000 amperes turns / meter are required for an induction of 1
Tesla.

N = total number of turns of the coil.
I = intensity of electric current in amperes.
I = length of the coil in meters.

NI = Amperes - turns (At)
NI/ 1= Amps - turns / meter (At / m) = Spiers per meter (sp / m)

Magnetic induction flux

The magnetic induction flux across a surface S perpendicular to the flux, is made
up of all the induction lines crossing the surface in question.

Inside the coil:
$0=BOxS
$0 =1.25NIS/ 1081

40 = magnetic induction flux (in Webers Wb)
Index 0 because it's in the air.
S = section of the coil in m2.

Fig. 14

Outside the coil:

13
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Fig. 6 : illustration 3.1 Manuel utilisation du VLT FC 300 Danfoss
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Preface

Chapter 3.10 - “Magnetism” gives an overview of the theory of magnetism
presenting the different materials, their actions, their magnetizations, their
properties, their uses, their dangers and the possible protections.

Learning outcomes

The students should be able to:

- give the magnetic properties of natural materials

- explain the principle of an electromagnet

- explain the effects of a magnetic field

- explain a hysteresis curve

- explain the reason for a shield for the electric cables
- explain the eddy currents

3.10 Magnetism

3.10.1 Theory of magnetism
Magnetism is the part of physics in which magnets are studied.
There are two kinds of magnet:

Natural magnets. It is magnetite (iron ore FesOs) which has the property of
attracting iron filings.

Artificial magnets. It's a piece of steel that has been magnetized electrically.
Species of magnets: the straight bar, horseshoe, the magnetic needle ...

Magnetic field

If you put a magnet under a glass plate sprinkled with iron filings, the grains of
iron filings will react like tiny magnetic needles, orienting themselves under the
influence of the magnet.

The grains are so numerous that they line up appearing to come out of one pole,
move away from the bar and finally enter through the other pole.
These lines never cross.





EPUB/xhtml/pdf8bc8t/page16/page.png
3.10 Magnetism

By continuing to increase the intensity of the current, i.e. the magnetizing At / m
and therefore the magnetic field, the induction increases again at and reaches
point S1.

The loop thus formed by the magnetization constitutes the hysteresis cycle.

Eddy currents

We call eddy currents, induced currents which arise in metallic masses (iron,
copper, steel, aluminum, ...) subjected to flux variations.

They can be produced from:
- variable magnetic flux and fixed magnetic circuit (transformers, ...)
- fixed magnetic flux and moving magnetic circuit (rotor of motors, dynamos, ...)

They develop perpendicular to the magnetic induction flux.

To reduce eddy currents, the mass of steel in the magnetic circuits of the
machines is made up of sheets laminated in the direction of flow, thin (0.35 mm
to 0.50 mm) and isolated from one another by thin paper, varnish, ...

We choose silicon steel with excellent permeability favoring magnetic flux and
with high resistivity strongly reducing eddy currents.

These currents brake the moving parts and transform energy into heat by the
Joule effect.

Eddy currents are not always prejudicial, they are used in induction furnaces,
induction cookers, induction brakes, tachometers of motor cars...

3.10.10 Precautions for care and storage of magnets

For the storage of large magnets, as well as for their use and cleaning, they
must be protected mainly against three types of factors, which promote
demonetization and even destruction.

Mechanical protection.

They should not be hit, that is why they should be left to "close the magnetic
circuits”, connected to pieces of iron, inside a box with padded interior surfaces.
Even if the blows are not strong enough to break them, they are very effective in
reducing the magnetization of the magnet.

This phenomenon is more pronounced when the magnets are at a higher
temperature (for example in industries where certain magnets are washed with
steam jets).

Chemical protection.

The magnets must not come into contact with a corrosive or humid atmosphere.
It is therefore convenient to place them in hermetically sealed boxes, with
particles of a desiccant (such as silica gel).

Permanent rare earth magnets such as samarium and neodymium magnets are
only easily oxidized on contact with oxygen in the air.

16
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Therefore, in general, its surface is metallized with nickel.

Thermal protectiol

Magnets should be stored and used at the lowest possible temperature, as this
accelerates their demagnetization.

Consequently, for a given application, a magnet must be chosen whose material
has a critical temperature Tc of approximately 3 times the operating
temperature.

For example, the magnets that are magnetically the best are the worst in terms
of temperature. In fact, Nd2Fe14B has Tc = 310 degrees Celsius and therefore it
is not recommended to put it at temperatures well above 100 degrees Celsius.

Large magnets should not be stored near equipment fitted with cathode ray
tubes (CRT) or magnetic storage media.

Magnets that are not of the same alloy may need to be buffered from each other
due to the effects of demagnetization.

Keep magnets at least 20 cm away from medical implants such as pacemakers
or insulin pumps, as magnetic fields can impair their function and affect the
health of those who use them.

One of the most common accidents when handling magnets is that a limb is
caught between two magnets. This is especially serious when these magnets are
large, when they are small can be a pinch, but being large, the force of
attraction is greater, making it more difficult to separate them.

This can cause fractures as well as possible necrosis due to a lack of circulation
in the limb.

it is important to use tools made of non-magnetic materials, such as stainless
steel.

The nickel allergy in magnets is common in many people and is triggered when
the person comes into prolonged contact with objects containing nickel.

Some magnets contain nickel, which can trigger allergies.

It is recommended to avoid prolonged contact with these types of magnets, even
if no allergy has been diagnosed.

List of Pictures

Fig. 1,2,4,7,8,9,10, 11, 12, 13, 14, 15, 16 come from the book :
Electricité industrielle Base : Jean COLLET - Jean-Pol LEMPEREUR : Technifutur
Fig. 3 : https://cestriom.com/fr/technologie-2/demagnetisation-notions-de-
base/

it du Cahier Technique Schneider Electric n® 149: La CEM: la
électromagnétique
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Fig. 8 Fig. 9
If we cut the power: the iron filings detach from the iron core.

Iron does not retain magnetization.

If you replace the iron with steel, there is a remnant magnetization.

3.10.8 Hand rules to determine magnetic field around current carrying
conductor

Take a cardboard sheet traversed by a wire which is perpendicular to it and let
pass a current in the conductor.

Using iron filings and a few magnetic needles, we determine the magnetic
spectrum and the direction of the magnetic induction lines.

Then we reverse the direction of the current

Fig.10
The electric current creates a magnetic field around the conductor.
The magnetic field forms a cylinder whose axis is the conductor.

In a plane perpendicular to the conductor, the induction lines form concentric
circles.

The direction of the induction lines depends on the direction of the electric
current in the conductor.

Knowing the direction of the electric current, we can determine the direction of
the induction lines.

Magnetic field caused by a current flowing in a solenoid:

A solenoid is a long coil in relation to its diameter.
Let’s determine the magnetic spectrum and the direction of the induction lines.

Fig. 11
10
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A solenoid traversed by a current is assimilated to a right magnet: it has an N
pole and an S pole

It creates a magnetic field consisting of induction lines reminiscent of the bar
magnet.

The coil producing the magnetic field is called the magnetizing coil.

Knowing the direction of rotation of the electric current in the coil, we can
determine the magnetic poles.

Rule of the palm of the right hand

Place the palm of your right hand facing the coil (without touching it) so that the

current:
- Enter by the wrist,
- And comes out with your fingertips.

The thumb apart from the hand indicates the direction of the N of the coil.

11
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3.2 Static electricity and conduction

3.2.1 Electrification
When an insulating material is rubbed by another insulating material, electrons
are torn off by friction with the superficial atoms.

The equilibrium of the proton electron charges is then broken in the concerned
atoms which are then positively charged.

On the other side, the object that ripped the electrons took them to its surface
and is in turn negatively charged.

In theory, the positive charge of one of the objects is identical to the negative
charge of the other.

In practice, air is not a perfect insulator, especially when it is wet, and electrons
escape from the negatively charged object while stray electrons are attracted to
the positive charges of the other object.

This phenomenon of electrification occurs in nature, during thunderstorms where
large masses of moving air electrify to the point of accumulating large electrical

charges capable of causing flashes of considerable power.

If we touch an insulated conductive material not electrically charged with
another charged material, a portion of the charges moves from the charged body
to the neutral body.

It is electrification by contact.

Electrification can also occur without contact, simply bringing the two bodies
together ; we then speak of electrification by influence.
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3.2.1.1 Electrification by influence
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When approaching an electrically neutral material A with another material B
electrified, it occurs on the body A electrification such that charges of opposite
signs accumulate opposite the body B.

As the material A does not receive or yield any load, charges of opposite signs
are distributed on the surface of the material A with a predilection for the curved
or pointed surfaces of the ends.

3.2.1.1 Attraction and repulsion

Two neutral materials do not attract or repel each other

Two materials of opposite loads attract each other
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Preface

Chapter 3.2 - “Static electricity and conduction” gives an overview on static
electricity, the attitude of bodies according to their charge and explains the
magnetic permeability and conduction in the different states of matter.

Learning outcomes

The students should be able to explain:

- the phenomenon of electrification

- the attraction and repulsion of two materials

- the magnetic permeability

- the conduction in the different states of matter
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molecular agitation (and therefore of the temperature) and the spacing between
the molecules (thus of the pressure).

3.2.4 Electrical conduction in crystalline oxides
Crystalline oxides, when stoichiometric, are electrical insulators:

- they can be described as quasi-ionic crystals (near salts), the charges are
linked to the atoms and are not mobile.

Electrical insulators are also frequently ceramics or glasses (note, however, that
ceramics and glasses are not all oxides, and that the glasses are solid but
amorphous).

However, differences in stoichiometry give rise to point defects that allow
electrical conduction.

Tonic and electronic conductivity
The electric current can result from the movement of two types of charges:

- the ions (anions and cations): the migration of the ions causes the
displacement of the associated charge

- electronic charges: free electrons and electron holes

Ion displacement can be done in two way:

- either the ions slip between the "fixed"
"interstitial" motion

ons of the network, we speak of

- either there is a gap in the network (a missing ion), an ion of the network
can then "jump" into the empty position; we speak of "lacunary”
movement

The charge carried is not the charge of the ion itself, but the difference between
the charge of the ion and the charge that one would have if the network was
perfect at this place, what is called the "effective charge".

Phenomenological laws of conduction

If the oxide is subjected to an electrical voltage, the non-zero relative charges
are set in motion. In doing so, it creates a concentration gradient, which
diffusion tends to level.

If we have a stationary regime, we can describe this movement globally -
statistically - by Nernst-Einstein's law :

D F

vi is the average speed of species i considered

D; is the diffusion coefficient of this species i in the crystal
Fiis the electrostatic force to which species i is subjected
k is Boltzmann's constant

T is the absolute temperature
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Two positive or negative charge materials repel each other

JL JL

Experience

At the electrode E are connected two strips F cut in a gold sheet, good
conductors and very light.

All is enclosed in a Bt bottle that protects the gold sgeets.

——E

— Bt

When an electrified stick B is approached, the charges c are distributed along the
gold sheets and they repel each other.

3.2.2 Magnetic permeability

The magnetic permeability is at induction what the electrical conductivity is at
the conduction.

It depends on the material: iron is well known to be magnetic.

Used as a core for a coil, it greatly increases induction by concentrating the force
lines.

The comparison with conductivity has its limits: unlike a conductor, a magnetic
material saturates itself from a certain flux, or also depends on the magnetic
excitation.

We will return to these principles with magnetism.

Electrical conductivity is the ability of a material to let electrical charges move
freely, in other words to allow the passage of electrical current.
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Electrical conductivity is the opposite of resistivity.

It corresponds to the conductance of a portion of material 1m long and 1m
section.

The best conductors are metals (such as copper or aluminum) for which charge
carriers are "free electrons” and electrolyte solutions (having ons in solution).

For the latter, the value of the conductivity depends on the nature of the ions
present in the solution and their concentrations.

The conductivity of a solution can be measured using a conductivity meter.

Some materials, such as semiconductors, have a conductivity that depends on
other physical conditions, such as temperature or light exposure ...

These properties are increasingly used to make sensors.

3.2.3 Conduction of electricity in solids, liquids, gases and vacuum

The term electrical conduction refers to all phenomena that have the effect of
transmitting electricity.

The ability of a substance to conduct electricity is measured by conductivity,
more generally we prefer to talk about its ability to withstand the passage of
current: its resistivity

The passage of the electric current in the matter under its three states is due to
the displacement of charged particles, subjected to an electric field.

The carriers can be electrons, as in the solid or liquid metals, and positive or
negative ions, as in electrolytes or gases.

Conduction in solids

The conductivity in a solid is due to moving electrons, the conductivity will
depend on the nature of the solid and the temperature.

Copper and aluminum are chosen to carry electric current because of their low
resistivity at ordinary temperatures.

Conduction in liquids

The conductivity in a liquid is generally due to moving ions: the dissolution of a
body, called an electrolyte in a body called a solvent (such as water) is
accompanied by a dissociation of the molecules giving rise to electrically charged
ions. , cations (positive charge) and anions (negative charge).

Conduction in gases and vacuum

Under normal conditions the gases are composed of neutral atoms and
molecules, so they are not conductors of electricity.

However, when subjected to an external electric field, they can conduct the
current. This very weak conduction causes the ionization of the gases and is
carried out thanks to the electrons of the peripheral layers, it will depend on the
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Realization of a three-phase voltage

An electromagnet rotates at angular speed w inside a fixed carcass carrying 3
identical coils whose axes are offset between them by 120°.
We will get 3 emf. offset by 120 ° between them.

Fig. 9 Fig. 10
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- are sinusoidal

- have the same maximum value and the same period therefore the same
Effective value

- are offset, one relative to the other by 1/3 of the period, therefore phase
Shifted by 120 °

A three-phase alternator has a power about 50% higher than that of a single-
phase alternator of the same value and the same price.

The same energy is transported with 3 wires whereas it would take 6 identical
single-phase or 2 triple section.

Description of the network

L1

]“12 Ium

L2
I Uz l
L3

Fig. 11

The difference in potential existing between a phase conductor and the
conductor called neutral is called simple voltage. It is symbolized by the letter V.
The difference in potential existing between 2 phases is called compound
voltage. It is symbolized by the letter U.

Relationship between the compound voltage U and the single voltage V

U=Vvv3
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Preface

Chapter 3.15 - “"AC Theory” gives an overview of the forms and characteristics of

sinusoidal signals
Learning outcomes

The students should be able to:

- explain Instantaneous value, peak to peak, rms value, frequency of a
signal

- explain the simple and compound voltages in three phase

3.13 AC Theory

3.13.1 Sinusoidal waveform: phase, period, frequency, cycle
An alternating voltage or an alternating current is a quantity which changes

direction periodically and constantly of value.

v
1 peak to peak

Attemance.
negative

Fig. 1

A period is the duration in time between two instants when the current takes the
same value and the same direction.

This time is represented by T

Frequency is the number of periods per second where f =1 /T
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Induced currents in the rotor.

Place the rotor inside the stator supplied with three-phase current, the rotating
field influences the rods of the rotor and creates an electromotive force obeying

Lenz's law.

As the conductors are short-circuited, they are the seat of an induced current.
The current which is born in the rotor reacts with the rotating field and gives
birth to a force whose direction is found by the rule of the right hand.

These forces on the conductors create a torque, and the motor starts and turns

in the direction of the rotating field.

The rotor will try to catch up with the speed of the rotating field, but it will not
succeed, because at that time it would be in synchronism with the rotating field,
and the conductors would no longer cut off the flow.

If there is no more flux, there will be no more induced current and therefore
more torque.

The rotor will rotate at a speed slightly lower than the synchronism, hence the
name of asynchronous motor.

This difference in speed is called slip (g)

g=(n-n)/n En%

ns = 1500 tmin

Noload

n Ymin

nr=1450tmin | g

max
jmax 90

o ns

Fig. 5

tis)
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The starting current (Id) is high (5 to 8 times the nominal current (In) of the
motor.

Online voltage drops can become significant. The engine cannot start with its
maximum load.

The torque
M motor
iy Maximum torque Cm (Mn)
-
2
! __ Stable
Starting torque Cd (Md) | o
A | : area
15 K
1
05
° ; t L5 speed
0.25 05 0.75 f
! I o g
g=100% nr
Fig. 6

The torque is low at start-up. The engine cannot start with its maximum load.
The torque is good when the engine is started. It increases to a maximum

corresponding to a slip of about 20%, then decreases to cancel out when g is
close to zero.

In operation, its speed is constant.
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During the first quarter turn, we see the birth of a emf. from zero to a positive

maximum.

Fig. 5

During the second quarter turn, the emf. goes from the maximum positive value
to the zero value.

Fig. 6

The third quarter turn sees the polarity of the fem. reverse and its value go from

Zzero to a negative maximum.
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In the fourth quarter turn the value of the fem. goes from negative maximum to
zero.
The coil has returned to its initial position and can thus start a second cycle.

With an alternator

The principle is based on the fact that an electrical conductor becomes (by
induction) the seat of a fem. when it cuts the induction lines of a magnetic field.
This phenomenon occurs indifferently when the magnetic field is fixed and the
conductor moves or, conversely, when the conductor remains fixed and the
magnetic field moves.

On alternators, the conductor remains fixed (stator winding) and the magnetic
field moves (rotational movement, hence the name rotor) To obtain a powerful
induction effect, we do not just expose a single turn to the action of the

magnetic field, but we multiply the number.

The set of turns constitutes the stator winding. The poles of the magnetic field
change place by turning, the tension, which arises in the stator winding, varies

in strength and direction, hence the name of alternating tension.

For a regular rotor speed, the voltage curve between two maximum values is
sinusoidal. The higher the magnetic field, the stronger the magnetic field (i.e.
the more concentrated the induction lines), and the faster the speed at which

the induction lines are cut. high.

On alternators the magnetic field is produced by electromagnets.
The electromagnetic field is only effective when the inductor winding (excitation
winding) is traversed by a current.
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Instantaneous value: It is the value and the direction of the current at a
determined instant (ex: i1 and i2)

Maximum value, amplitude or peak value: This is the highest instantaneous
value in any direction. The amplitudes in both directions are equal to themselves
but in opposite directions.

Peak to peak value: This is the absolute value which goes from maximum
positive to maximum negative.

Effective value / root mean square: The effective value of an alternating current
is the value of an imaginary direct current which develops in a pure resistance

the same amount of heat or energy during the same time.
I=1Imax/V2

Frequency of the sinusoidal current: The frequency represents the number of

cycles per second therefore the number of periods per second.

The unit for frequency is Hertz, symbol Hz.

The sinusoid

Sine waveform for a given rotation angle (wt)

R
angie ot rotaion

Fig. 2





EPUB/xhtml/pdf2o9j2/page4/page.png
3.13 AC THEORY

3.13.2 Triangular/Square waves
The most widely used waveform is the sinusoid.

Other waveforms are the square or the triangle.

U/

Fig. 3

3.13.3 Single / 3 phases principles
Production of an alternating voltage

Principle of operation of a dynamo.

A winding rotates at constant speed between the poles of a magnet. Due to the
variation in the number of induction lines cutting the winding, an electromotive
force (emf.) is induced.

Two slip rings allow to bring this emf. to external connections.

The following diagrams show the different phases of the emf, it is sinusoidal.

Let us consider the displacement of the straight line ab of the turn.

Fig. 4
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Simulation of the rotating field

Fig. 4

The resulting magnetic field is constant in magnitude and is equal to 1.5 times
the maximum magnetic field of a phase.

This constant holds true at other times in the sinusoid.

The resulting magnetic field rotates at a uniform speed of one revolution per
period. For currents of 50 Hz, the speed is 50 revolutions per second or 3000
revolutions per minute.

Rotating field speed n=f60/p In revolutions / minute

p = the number of pairs of poles (in this case a pair)
f = network frequency

The magnetic field rotates in the sequence of phases.
The permutation of two supply phases reverses the direction of rotation of the
rotating field.
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Principle of operation.

The operating principle of asynchronous motors is based on the production of a
rotating field.

Consider a permanent magnet NS and a copper disc mounted on an XY axis and
capable of rotating around it.

When the magnet, driven by any device, rotates, the magnetic field it produces
also rotates and scans the disc.

This is then traversed by induced currents due to the rotation of the magnetic
field of the magnet.

The interaction of these currents and the rotating field gives sufficient engine
torque to overcome the resistance torque due to friction and cause the disc to

rotate.

The direction of rotation, indicated by Lenz's law, tends to oppose the variation
of the magnetic field which gave rise to the currents.

The disc is therefore driven in the direction of the rotating field at a speed
slightly lower than this (this offset is called "sliding")

If the disc rotated at the same speed as the rotating field (called "synchronism
speed"), there would be no more induced currents, and the torque would be
zero.

It is because the speed of the disc (or rotor) is lower than that of the rotating
field that this type of motor is called "asynchronous"

On three-phase asynchronous motors, the rotating field is produced by 3 fixed
windings, geometrically offset by 120 ° and traversed by alternating currents
having the same electrical offset.

The 3 alternating magnetic fields that they produce are made up to form a
rotating field of constant amplitude.

Induced currents

Fig. 2 L\

Platter \
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The metal bars constituting the squirrel cage are cut by the rotating field
produced by the stator, which gives rise to intense induced currents.

The interaction of these currents and the rotating field gives a motor torque
which causes the cage to rotate.

Variation of the magnetic field created by the stator in a three-phase
asynchronous motor

The current I which flows through the stator windings is a three-phase
alternating current.

We know that the stator windings are placed so that their inputs and outputs are
offset by 120 ° relative to each other.

We will assume that the current will be positive when it enters through the
winding input and negative when it enters through the output.

After half a period, the resulting magnetic field has operated a half turn.

After a period it will have completed a full turn, after n periods it will have
completed n turns.

This field is therefore a rotating field and it rotates at the same speed as the

frequency of the network. This speed is called "synchronism speed"

L1
L2
Ls

Fig. 3
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3.18.6 The three-phase synchronous motor

With a three-phase alternator driven by a DC motor and coupled to the three-
phase network, if the motor supply is removed, the group continues to rotate at
the speed of synchronism.

The alternator now works as a motor, and since its speed remains equal to the
synchronous speed, it is a synchronous motor.

When the alternator no longer works as a generator, its stator which remains
connected to the network absorbs current and the three phases produce a
rotating field which drives the rotor (always supplied with direct current) at
synchronous speed.

The construction of a synchronous motor is identical to that of the alternator.
The speed is equal to the speed at which the motor should run in generator to
provide the frequency of the network which now supplies it.

n=(fx60)/p

Back electromotive force: The rotor (inductor) produced by turning the same
emf. whatever the operating mode (generator or engine) of the machine, we will

have:
E' = 4.44 f N ¢max

Motor torque.
The field of the stator and that of the rotor (electromagnet) rotate at the same
speed, so they are fixed relative to each other.

The forces developed between them are due to the mutual attraction of the

stator and rotor poles.

The couple can be written: C = M B sin &
M the magnetic moment of the rotor
B the induction produced by the stator
8 is the angle between M and B

We see that the torque
is zero for 8 = 0 (sin 0 ° = 0) and

is maximum for 8 =n /2 (sin90° = 1)

28
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Fig. 32

The angle 8 called "angular offset" will vary with the torque requested from the
motor

- With no-load: the torque is low, 6 is almost zero.

- Under load: when the torque requested from the motor increases the
angular offset 8 also increases! As long as the resistive torque remains
below the maximum value Cm = M B sin@ that the motor can supply, the

latter accepts the load and responds to it by increasing 8

If the resistive torque becomes greater than MB, 8 increases to n / 2 then
beyond, the engine torque decreases then becomes negative, the engine refuses

the load and, 6 continuing to increase, the engine stalls, it stopped.

29
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So the motor turns 15 © as soon as we supply a phase.
It takes 24 pulses to complete one revolution.
It's a 24 step motor.

Fig. 30

Permanent magnet motor.

Motors which are excited by means of a coil are called two-phase motors while
motors with four phases are equipped with two coils.

The rotor is most often made of barium ferrite and has a sintered magnetic ring
on which the rotor poles are directly magnetized.

The rotor is thus a coercive magnet.

A

Fig.31 ‘ 5

27
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https://www.watelectrical.com/universal-motor-working-and-its-types,

howtomechatronics.com/how-it-works/electrical-engineering/stepper-

https://www.elprocus.com/stepper-motor-types-advantages-applications,
htty
https://www.electrical4u.com/synchronous-motor-working-principle,

https://www.electricalexams.co/why-three-phase-synchronous-motor-is-not-
tarti

‘'www.britannica.com/technology/electric-motor/Synchronous-motors

31





EPUB/xhtml/pdf0sfql/page4/page.png
3.18 Motors

The carcass.

Fixed part in cast iron or sheet steel. It contains the stator ring and supports two
flanges carrying ball or roller bearings or bronze bearings to support the rotor
shaft.

The stator.
It consists of a ring formed by stacked sheets, with low magnetic losses, thus
forming the magnetic circuit.

More or less closed notches are made on the inner surface of the ring.

Three identical windings are housed in these notches, it should be noted that
these are offset by 120 ° relative to each other.
It takes at least 6 notches to accommodate the windings for a pair of poles, you

cannot build motors with many pairs of poles if their diameter is large.

The rotor.

It is the moving part formed by a cylinder, made up of a stack of sheets, keyed
onto the shaft.

This cylinder is pierced with slightly open notches on its outer surface.

Copper or brass rods passing through the notches and are brazed to two copper
rings placed respectively at each end of the cylinder. It is this set of stem and
crowns that we give the name of squirrel cage.

Currently copper is being replaced by die-cast aluminum alloys and expansions
are being cast at the same time which form fans.

The terminal box.

Each winding of the stator having an input and an output, there will therefore be
six terminals on the terminal plate of a three-phase asynchronous motor called
"squirrel cage" or "short-circuited"

The offset of the order of the terminals is made so as to facilitate the operations
of connecting the windings in "Star" or "Delta"

By convention, the six terminals are called by U, V, W representing the inputs of
the three windings and by X, Y, Z representing the outputs.

The starting current peak is around 3 to 5 times the nominal charging current.





EPUB/xhtml/pdf0sfql/page3/page.png
3.18 Motors

3.18 Motors

3.18.1 Three-phase asynchronous induction motor

Constitution of the three-phase asynchronous motor

Fig. 1
1 Wound stator 27 Hood fixing screw
2 Housing 30 Bearing on coupling side
3 Rotor 33 Inner cap on coupling side
5 Coupling side flange 38 Coupling side bearing circlips
6 Rear cover 39 Joint on coupling side
7 Fan 50 Rear bearing

13 Ventilation cover 54 Rear seal

14 Mounting rod 59 Preload washer

21 Key 70 Terminal box body

26 Nameplate 74 Terminal box cover
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Adjustment of the progressive speed by acting on the voltage U.

LS +— —> Hs.

220V
Fig. 27

Speed adjustment, two speeds, acting on the flow.

Fig. 28

Total resistance is greater at low speed than at high speed.

High speed R = 0.45 W (with the ohmmeter) but fewer turns
¢ decreases and therefore n increases

Low speed R = 4.45 W (with the ohmmeter) but more turns
¢ increases and therefore n decreases

25
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Reversal of the direction of rotation.
The direction of the current is reversed in the armature (most frequently) or in

the inductor.

Fig. 29

3.18.5 The stepper motor

The characteristics of the stepping motor itself allow open-loop speed and
positioning control, in fact, no additional information on the position of the rotor
is necessary.

More than any other motor of this type, the stepper motor is closely linked to
electronics. Motor operation always occurs using a control logic, which gives the
motor a rotary movement proportional to the pulses received (1 pulse = 1 step):

the motor advances with each pulse received by an angle very specific.

Types of stepper motor

Variable reluctance motor.

These motors are made up of a soft iron rod plus a number of coils. When a coil
is fed, it becomes an electromagnet, and the iron rod naturally seeks to orient

itself according to the magnetic field.

We feed phase 1, then phase 2, then phase 3

If you want to change the direction of the motor, you just have to change the
order in which the coils are fed.

In practice, the ferrite bar has several teeth.

As soon as we feed phase 2, there is a rotation of 15 ® (60 © - 45 °) then phase
Jetc. ...

26
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stator

Fig. 24

Connection.
The inductor and the armature are connected in series via the brushes and the
collector.

It is a series continuous motor.

Amature with brushes and collector

Inductor Inductor

Fig. 25
Characteristics:

- The start is direct.

- The speed is independent of the frequency, it can reach 20,000 rpm

- Due to the switching and sparks at the collector, the power is limited.

- They have a good starting torque.

- The reversal of direction of motion is done by reversing the direction of
the current in the armature relative to that of the inductor.

Uses:
These motors are suitable for driving small machines: vacuum cleaner, coffee
grinder, portable drill, grinder ...

23
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Operating.

To simplify the idea, imagine a motor with three turns, two fixed for the
inductors and one which can rotate for the armature.

Either the DC power is supplied to the motor in the figure below, the direction of
the current can be represented by crosses and dots.

By the corkscrew rule we find the direction of the magnetic field and the
direction of rotation of the armature.

If the direction of the supply current is reversed, the field H and the current I
change direction, and the direction of rotation does not change.

If the motor is supplied with alternating current, the direction of rotation is also
maintained.

Hence the name of universal motor.

+

Right hand

Speed adjustment of universal motors.

The speed of a universal motor like that of a DC motor depends on:

- Supply voltage
- Flow

n=(U-RI/¢

24
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3.18.3 The single-phase asynchronous motor
Constitution.

Stator: a single-phase winding with n pairs of poles.

Rotor: squirrel cage short circuit like the three-phase motor.

The inductor acts as the primary of a transformer, it induces currents in the
rotor which is short-circuited.

The primary and secondary currents of a transformer are in phase opposition.
These currents create opposite magnetic fields.

We have the N-S field of induction in the armature, and the field of N-S rotor
outside the armature, closing by the S and N poles inside the armature.

Operation.
Each of the two rotating fields develops a torque whose speed as a function of
speed (or slip) is the same as for a three-phase motor.

But these two couples are in opposite directions and take the same arithmetic
value for two opposite values of the speed.

The resulting torque is the algebraic sum of the two couples, it is zero if the
speed is zero (i.e. at start-up).

18
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So this engine has no starting torque.
A mechanical impulse on the rotor causes uneven sliding, one of the torques
decreases while the other increases, the resulting torque causes the engine to
start in the direction in which it was started.

Types of startup.

Auxiliary phase start.

An auxiliary winding is placed on the stator so that the alternating field it
produces is perpendicular to the field of the main winding.

This results in a resulting rotating field sufficient to start the engine when empty.

So the starting torque is no longer zero.

Once the engine is started, a centrifugal switch cuts the power to the auxiliary
winding.
The starting torque is very low, it should be increased to increase the offset

between the two fields produced by the windings.

T e
)

Hresulting stator ©
resulting stator © 55—

Fig. 16

Starting with auxiliary phase and resistance.
A resistor placed in series in the auxiliary phase increases the impedance and

increases the offset between the main current and the current of the auxiliary
winding.

19
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with rotating field.
The starting torque is very good, its value depends on the starting capacitor
whose value varies between 150 and 300 pF for motors up to 1 kw

If the speed of rotation, due to an overload of the shaft, drops below a certain
speed, the centrifugal switch returns to service, which allows the motor to regain
its starting torque.

Fig. 19 Fig. 20

The capacitor shifts the current ahead of the voltage in the auxiliary phase.

The angle @ represents the phase difference in line current lags the voltage
across the motor, but only at the time of startup.

In addition to its role of phase shifter, the capacitor improves the power factor of
the motor, because it can be noted that this angle is fairly closed, hence a cosine
@ approaching the value 1 (ideal condition for the operation of the motor)

To reverse the direction of rotation, simply swap the connections of one of the

two windings.

21
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Connection diagrams for single-phase asynchronous motors

With permanent capacitor.

Fig. 22

With centrifugal coupler - With permanent condenser

Fig. 23

3.18.4 The universal motor

The rotor or armature

It consists of a stack of silicon sheets, isolated from each other by a babelized
varnish.

The closed circuit winding is housed in the grooves of the rotor and welded by
each end of these sections to the copper strips of the collector.

The stator or inductor

It is composed of a carcass made of aluminum sheet or zamak, a carcass
provided with two polar openings made of stacked sheets.

The two coils are mounted on the axis of the poles.

22
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Preface

Chapter 3.18 - “Motors” gives an overview of the constitution, principles and control

characteristics of the various main motors.

Learning outcomes

- The students should be able to:

- give the constitution of an asynchronous induction motor
- explain its operation and its characteristics

- explain the possible couplings

- explain its starts and speed control

- describe a single-phase asynchronous motor

- Explain a universal motor

- explain how a stepper motor works

- explain a three-phase synchronous motor
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o

Fig. 17

Starting with auxiliary phase and inductance.
Same principle as above, but the inductance in series in the auxiliary phase

increases the offset between the currents and thereby increases the starting

torque.

Fig. 18

Starting by auxiliary phase and capacity.

It is the most used device, it consists of placing a capacitor in one of the phases,
most often in the auxiliary phase.

The presence of the capacitor causing a phase shift opposite to that of an
inductor, the operation during start-up period is like that of a two-phase motor

20
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Delta coupling, symbol D.

u2

V1 V2

Fig. 8

Example: A 380/660 V motor will be connected in a delta on a 380 V three-
phase network between phases.

Star delta starting is only usable if the two ends of each winding are
accessible. In addition, the motor must be compatible with a final delta coupling.

During star coupling, each winding is supplied at a lower voltage, therefore, the

current and the torque will be lower.

When the current or torque characteristics are admissible, we go on to a delta
coupling.

Since the transition from star to delta coupling is not instantaneous, the current
is cut for approximately 30 to 50 ms. This power failure causes demagnetization

of the magnetic circuit.

When the delta contactor closes, a short but significant current surge reappears

(magnetization of the motor)

Electronic starters allow soft starting of the motors. They consist of a three-
phase phase angle dimmer.

Principle of operation:

- The supply network voltage is gradually applied to the stator of the motor.
- The variation of the stator voltage is obtained by the continuous variation

of the angle a of delay at the ignition of the thyristors of the dimmer

12
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At start-up, the motor is made up as a transformer whose secondary (rotor) is
almost short-circuited, hence the current peak at start-up.

This type of starting is reserved for low power motors in front of that of the
network, not requiring a progressive speed up. The torque is energetic, the
current draw is important (5 to 8 times the nominal current)

Direct start is suitable in cases where:

- The engine power is low

- The machine to be driven does not require progressive rotation and can
accept rapid rotation.

- The starting torque must be high.

This start-up is not suitable if:

- The driven machine cannot accept brutal mechanical jolts.

- The comfort and safety of users are questioned.

Coupling of windings

Each winding has a constant impedance Z which can withstand a given voltage.
For the dual-voltage motor, the lowest voltage is that which can be supported by
each winding.

Star coupling, symbol Y.
Example: A 220/380 V motor will be connected in star on a 380 V three-phase
network between phases, each winding supporting 220 V

U1

Fig. 7

11
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Types of motors depending on speed

The vast majority of applications require a single fixed speed: in this case,
motors of 1500 rpm or even 3000 rpm (50 Hz supply) must be preferred, which
are of a more common construction.

However, in the fixed speed field, two types of applications can be encountered
outside the range of standard speeds between 750 and 3000 rpm

High speed motors, above 3000 rpm, obtained by fixed frequency power
supplies other than 50 Hz, for example 100, 200 or 400 Hz.

Motors of this type should be the subject of specific offers, taking into account

the following important problems:

- waveform of the high frequency power supply (rate and rank of
harmonics)

- increase in magnetic losses as a function of frequency and harmonics

- mechanical resistance of the rotors

- bearing performance, lubrication, service life, heating, reduced currents

- ventilation, noise level, vibrations

- starting current, motor torque, load inertia

It should also be noted that the application at high speed is limited to machines
that are smaller the higher the speed.

Motors at low speed, less than 750 rpm, obtained either by fixed frequency
power supplies less than 50 Hz, or by polarities greater than 8 poles supplied
with 50 Hz.

Motors of this type also require a specific offer taking into account the problems
generally fixed to the application:

- resisting torque, driven inertia
- ventilation

The most frequently used low speeds at fixed frequencies (50 Hz) are 600 rpm
(10-pole motor), 500 rpm (12-pole motor) and 375 rpm (16-pole motor).

14
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- The start-up setpoint adjusts the slope of the signal in the form of a
“ramp”. This instruction is calibrated in seconds

- At the end of starting, the stator of the motor is under nominal voltage,
the thyristors are then in full conduction.

- The opposite phenomenon occurs during a controlled progressive stop.

The deceleration setpoint makes it possible to change the angle of the

thyristors from 0 to 180°, therefore Umot. from Une to 0.

For a given load, the adjustment of the slope makes it possible to vary the

starting time, therefore the time for gradual speeding up of the motor +

load association.

Thi rnchron e in single

It is possible to operate a low-power three-phase motor on a single-phase
network.

The missing phase is replaced by one of the two phases which is out of phase
with a capacitor.

U2 L1 L2 L3:90°outof phase on L2

s J',, .
ut 1
Wi

c
1
u2=v2
Fig. 9
The starting torque of the single-phase motor is about half that of the three-
phase.

The value of the capacity depends on the horsepower of the motor, the mains
voltage and the frequency.

13
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- The starting torque is around 1.5 times the nominal torque Cn and
controlled during the whole acceleration.

- The start-up is progressive smoothly and controlled (linear speed ramp for
example).

- Variation possible from zero to a value greater than the synchronization
speed Ns.

0 1 (ovleom)

Fig. 10: torque - speed diagram of a direct powered motor

0 1 (oo/eos)

Fig. 11: torque - speed diagram of a motor powered by a frequency converter.

The converter includes:
A mono or three-phase diode rectifier bridge associated with a capacitor forming
a DC voltage source (DC bus).

An inverter bridge generally with IGBT (Insulated Gate Bipolar Transistor),
supplied by direct voltage and generating an alternating voltage wave at variable
amplitude and frequency by the technique of "Pulse Width Modulation" or PWM.

A control unit providing conduction orders to IGBTs according to the instructions
provided by the operator (running order, direction, speed reference ...)

16
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Fixed Multi-Seed Motor

Applications require operation at 2 or 3 fixed speeds. They can be obtained by
multispeed motors by pole switching. Although the number of solutions is very
large, we will essentially retain:

One winding motor.

Motors with a single winding (Dahlander coupling, 1 to 2 speed ratio) or PAM
(any speed ratio):

The internal coupling of the windings naturally induces specific applications
These motors are generally designed for direct starting on the network and are

single voltage.

Separate winding motor.

Motors with two separate windings. Depending on the connection of the windings
to the terminal board, the starting mode on the network may be different:

2 x 3 terminals: direct start on the network

2 x 6 terminals: starting Y D possible

In the first case, these motors will be mono voltage; in the second, they can be

either dual voltage or mono voltage at start-up Y D

3.18.2 Variable frequency converters

The objective of frequency converters of the “frequency converter” type is to
supply three-phase asynchronous motors so as to obtain operating
characteristics radically different from their normal use (motors supplied directly

by the mains voltage), at amplitude and constant frequencies.

1t consists in supplying the motor with a voltage wave of variable amplitude and

frequency, while keeping the voltage / frequency ratio substantially constant.

The generation of this voltage wave is carried out by an electronic power device.
Advantage of a variable speed drive:

- The starting current is limited in the motor (in general: approximately 1.5
times the nominal current)

15





EPUB/xhtml/pdf0sfql/page17/page.png
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Fig. 12

The principle of PWM (Pulse Width Modulation) used in the inverter bridge
consists in applying to the motor windings a series of voltage pulses, of
amplitude equal to the direct voltage supplied by the rectifier.

The pulses are modulated in width so as to create an AC voltage of variable
amplitude.

Voltage
Current

Vmotor Imotor

Fig. 14
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3.18 Motors

Definitions.

Nominal torque This is the torque that the motor can develop continuously,
without excess temperature. This is therefore the torque supplied at full load.

Starting torque This torque is proportional to the magnetic flux of the stator and

to the current in the rotor, itself proportional to the slip which is maximum at
starting.

For a running motor, the starting torque is approximately twice the nominal
torque.

Maximum torque It corresponds to a slip of about 20%.

The maximum torque is 2.2 to 3.7 times the nominal torque for current motors.

Nominal current This is the current absorbed by the motor operating at full load.

Starting current This is the current absorbed by the motor at the precise
moment of starting at zero speed.

In direct start, the current represents a peak of 5 to 6 times the nominal
current.

Efficiency of an asynchronous motor

The performance of a machine meets the general formula

n = (Useful power / Absorbed power) x100

The useful power of a motor is indicated on the rating plate.
Useful power is the power absorbed minus losses:

- Mechanical losses, by friction in the bearings and ventilation.
- Magnetic losses, known as “in iron”: by eddy current, by hysteresis.
- Losses by Joule effect say "in copper": by heating of the conductors.

Starting of asynchronous motors

When an asynchronous motor is energized, it causes a strong current draw
which can cause significant voltage drops in an electrical installation.

Direct start is the simplest start mode. The engine starts on these "natural”
characteristics

10
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3.15 TRANSFORMERS

10 is the current absorbed by the primary winding, when the secondary winding
is open (no-load transformer), it is called "the magnetizing current” because it is
used to create the magnetic flux.

The transformer operates at constant flux as long as the voltage U is constant.

The perfect transformer under load.

If the transformer secondary is closed on a receiver with impedance Z and
cosine ¢2, a current 12 will flow there with a phase shift ¢2 relative to E2. It is an
induced current, so it obeys Lenz’s law.

Gl

N

Fig. 4

This means that at any moment the direction of the current 12 will be such that
it will oppose the cause that creates it. The current 12 (variable since it is
alternating current) traverses the secondary winding and creates a flux $2 which
will oppose the variation of the inductive flux ¢1.

Therefore, the resulting flux ¢r in the magnetic circuit will : ¢r = ¢1 - $2

However, we know that if the voltage remains constant the flux remains

constant whether the transformer is empty or under load.
¢r = ¢0 = constant if U stays constant.

The transformer is self-regulating: if the current 12 increases, the flow ¢2 also
increases.

The resulting flux ¢r is constant, so the flux ¢1 must increase.

For the flow ¢1 to increase, the current I1 must also increase.

Any variation in current at the transformer secondary is transmitted to the
primary.
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3.15.3 Transformer looses and methods for overcoming them

Operation of the real transformer under load.

Losses in the transformer.
Losses in the iron.
The magnetic circuit heats up under the effect:

- hysteresis losses

- losses by eddy currents.
To reduce losses:

- we leaf through the magnetic circuit.
the maximum upper induction is limited to a value such as hysteresis
losses and eddy currents remain acceptable.

- low-loss sheets are used to build the magnetic circuit: silicon or
oriented crystal.

Winding resistance

In the primary: I1 will create a voltage drop R1 I1, to be deducted from the
supply voltage U.

— > —

e Ei=Ui- Rili
U=Ei+Ril
P =RiI1?

P represents the loss of power due to the Joule effect.

In secondary: 2 will create a voltage drop Rz I2, to be deducted from the emf.
E2 produced.
So the voltage available at the secondary will be called U2 will be:

— > —
E2=Uz2- R2I2

The loss of power by joule effect will be Rz 122
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Magnetic leaks

In primary: certain induction lines generated by primary close in on themselves
without passing through secondary.
We consider that the primary contains a reactance of self: w L1

In secondary: we observe the same phenomenon as in primary.
Also, for secondary, we consider that there is a reactance of self: w L2

The transformer can be compared to the assembly below.

Receiver. Generator.
— > —> — —- > —> —
Ui=Ei+ Rili+wlil U=E - ReI2 - o l212

3.15.4 Power transfer, efficiency, polarity markings
Overcurrent when switching on a transformer

In normal operation the flux is maximum when U is zero.

Fig. 7 Fig. 6
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At the time of engagement, Ui=0
I = max

¢1 = max

Fig. 8
It is I1 which creates the flow ¢1, which itself creates the emf. E'1
To create this emf. between two passages of U1 by zero, the flux varies by 2 x

the max flux.
To have 2¢ max. more than twice the nominal current is required.

See the induction curve

= f(NL
B=f( . )
It can be up to 10 times larger. @
NI
‘
Fig. 9
If the transformer is charging, this charging current is added in addition.
It is the resistive fall which limits the intensity and brings it back to its normal

value after a few periods.
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Preface

Chapter 3.15 - “Transformers” gives an overview of the constitution, the operating
principles under load and empty, losses, mono and three-phase connections of

transformers.

Learning outcomes

The students should be able to:
- explain the principle of a transformer
- explain the different losses of a transformer

- explain the connections of a three-phase transformer
3.15 Transformers

3.15.1 Transformer constitution principles and operation

The transformer is a static machine for raising or lowering the voltage or

intensity of an alternating current.
The single-phase transformer
Constitution.

A magnetic circuit channels the flow.

It consists of thin silicon sheets, sometimes with oriented grains to avoid losses
by hysteresis and Foucauld current.

These sheets are isolated by their oxidation (for small transformers) or by
special varnishes in large transformers.

They are hooped with rods and nuts.
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The windings.

The numbers of turns of the two windings, N1 and N2 are different.
The winding which has the most is on the side of the highest tension, it is in
finer wire than the other winding of smaller tension.

Primary Secondan
winding winding v
v N2
[
Fig. 1 Fig. 2
Principle.

Let us consider a closed ferromagnetic core on which two coils have been placed.
If one of these windings, called "primary" is supplied by means of a sinusoidal
potential difference, a current I1 flows there which creates a magnetic flux also
sinusoidal in the core.

This variable flux induces in each of the windings a emf. alternative proportional
to the number of turns.

In the primary winding, it is a back emf. which opposes the supply voltage.

Primary behaves like a receiver Ut = E's + (r1 . Ir)
In the other winding, the "secondary" is a real emf.
Secondary behaves like a generator Uz = E2 - (12 . 12)

By modifying the number of turns of the two windings, we obtain sinusoidal
voltages of different values.
The device is therefore, first of all, a voltage transformer.

If we charge the secondary, we can apply the principle of energy conservation.
It follows that the intensities in the windings must vary in the opposite direction
to the voltages.

The device is therefore also a current transformer.
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3.15.2 Transformer action under load and no-load conditions
No-load operation of a perfect transformer.

The perfect transformer is a fictitious product whose characteristics would be:
zero winding resistance (self pure), reluctance of the zero magnetic circuit and a
perfect magnetic circuit (all the induction lines generated by the primary go
through the secondary)

5

— = =
== = e 2=0
vt = =k N2 ( secondary open )
—— — no-load
Fig. 3
The primary winding is a strong self circuit.
A1 =KI1=L111 Ad1 = N1 Ap (for N turns)
o1 Ni1BS NipHS NipNIS N2psS
It It It Inl |

- Lis proportional to the square of the number of turns.
- In primary, the resistance is very low compared to L.

I with no-load
U Ut

zi VRiZ+ (wl)?

If R1 is weak, Ri? is even weaker: we can neglect it.
Ui = E4 Io=E/(ol) ©=2nfisa constant

N2 p'S
I

N, S and | are constant, L depends on p
Io is inversely proportional to p and therefore To is small if i is large.

A good transformer has a small Io, this is proof of a good magnetic circuit .





EPUB/xhtml/pdfqwzca/page12/page.png
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A2
U2 = B2 = N2
At

Which gives the transformation ratio

g1
1
U At E'1 Ut
U2 A1 U2 U2
N2
at

In a pure self, the current is out of phase with
90 ° back from the tension.

At the transformer primary (considered

a pure self, R1 is negligible compared to L)

Io is therefore 90 © out of phase on U1.

Io = magnetizing current, it produces a phase flux,
which influences the secondary of N2 turns,

where is born a amf. E2.

The perfect transformer under load.
Currents

— — —
N1lo= Nil1+ N2I2

divide by N1
- —
- — N2 - — N2
Io=li+ — I L=l - — Iz
N1 N1

Nt
N2
-
Ul

o
Ui=E
=
Fig. 15
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10 is very small, let's neglect it

—_—

- N2

i=-— 1
N1

The phase shifts U1 and U2 are in opposition

11 and I2 are in opposition
therefore @1 = @2 (see the graph)

Fig. 16
The absorbed and supplied powers are
approximately equal.
Pabs. = U1 I1 cos @1 = E'1 I1 cos @1
Psup. = E2 I2 cos @2 = U2 I2 cos @2
U1 N1 I2 N1
Uz N2 I N2

So, P absorbed = P supplied

3.15.7 Auto transformers
It has only one winding.

COs @1 = COS P2

Terminal A is common to primary and secondary, an intermediate socket B

corresponds to the smaller of the two voltages.

Uit =E+E2

U2 = E2

U E+E2 N+ N2
U2 E2 N2

Simple and inexpensive device.
It can be dangerous: if N2 is cut, U2 = U1
There is no insulation between the circuits.

13
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3.3.2 Nature of the current-

The battery and its electromotive force:

Between the two terminals of a battery, there is continuously a difference in
density of free electrons : The negative terminal has a stronger electron
concentration than normal while the positive terminal is electron deficient.

If an electrical circuit is connected to the battery, the free electrons of the circuit
are attracted to the positive terminal, pushed back by the negative terminal of
the battery. They circulate from the minus terminal to the plus terminal on the
outside of the generator.

The difference of potential (or electrical voltage) that exists between the
terminals of the battery is still called electromotive force because it is able to set
in motion the free electrons of the circuit.

The real sense of displacement of the electrons is from the negative terminal to
the positive terminal.
[

Comentonal
curent fow Eiecton fow

Magnetic and chemical effects are reversed when the generator terminals are
switched. Scholars who did not know the reality of the electron were therefore
led to arbitrarily choose a sense of the current. They have chosen the one that
goes from the positive terminal to the negative terminal, that is to say the
inverse of the direction of movement of the electrons.

So by convention, we say that the direction of displacement of the electrons
goes from the positive to the negative.

The electric current can propagate in a conductive material such as copper,
silver ... or in an ionized gas, or in a vacuum.

A current is said to be continuous when it does not change direction and
alternative when it is reversed.

3.3.3 Electrical intensity (I symbol)

The intensity of an electric current can be compared to the flow of water flowing
through a garden hose.

The unit of intensity of the electric current is the ampere (symbol A).
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3.3 ELECTRICAL TERMINOLOGY

It is the intensity of the constant current which deposits 1,118 mg of silver in
one second in the electrolysis of a solution of silver nitrate, which corresponds to
a coulomb / second.

Direct current is obtained from generators such as: dynamo, batteries,
accumulators, solar cells ...

Alternating current is obtained from an alternator and outlets connected to a
distribution network.

Alternating Current

To obtain an electric current, two conditions are necessary:
make a closed electrical circuit
turn on this circuit

3.3.4 The amount of electricity
An electric current is determined by the displacement of electrons.

The quantity of electricity Q (in coulomb) is the product of intensity I of current
(in ampere) by time t (in second)

Q=I-t

The coulomb (symbol C) is the amount of electricity needed to deposit 1,118 mg
of silver in the electrolysis of a silver nitrate solution.

3.3.5 Electrical voltage and d.p. (U symbol)

A hydraulic analogy of voltage or potential difference (d.p.) is the pressure
difference between two points of a hydraulic circuit

The unit of voltage is volt (symbol V), it is the potential difference between two
points of a circuit where a quantity of energy of 1 joule is lost between these two
points when a quantity of electricity of 1 coulomb circulated there.

Electrical voltage is a physical quantity whose usual symbol is the letter U.

Usually, to switch on an electrical appliance, it is connected to a socket or a
switch is closed.





EPUB/xhtml/pdfrnxbu/page5/page.png
3.3 ELECTRICAL TERMINOLOGY

3.3.6 Notion of resistance and Electric resistance

When a pipe carries water, it suffices to crush the pipe a little so that the flow d
decreases and the pressure increases upstream A of the throttling point and
decreases downstream B thereof.

Resistance
~

The higher the resistance to the throttle point, the greater the pressure
difference between points A and B. As the resistance increases, the flow rate
decreases. If the pipe is completely crushed, the water does not pass, the flow is
zero and the resistance is infinite.

We can also imagine that if there are two choke points one after the other (in
series) on the pipe, the overall resistance will be greater and the flow rate even
lower.

Voltage
Voagecanbe repesened by the presce
in a water tank forcing water out the pipe.

\AAAA)

Resistor Current
The smalldameter of the The water flowing through
e resists vate low, the pipe represents the
simiar o the way a resis- eectical curtent, he more
ot restrict th cutent of pressure there i, the more
AU, | -~ nentyouge

In an electrical circuit, the resistance to electric current can be a component
called resistance or any other element opposing the passage of electric current.
A small cable will let less current flow than a big cable.

Some metals are less good conductors for electricity than others.
For example, the resistivity of iron is greater than that of copper or silver.
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The electric resistance unit is the ohm : Q
Common resistance values range from a few milli ohms to tens of megohms.

The symbol of resistance as an electrical unit is R.
3.3.7 Conductance

This is the opposite of the electrical resistance.
Symbolized by the letter G, it is expressed in siemens (symbol S).

G= R=

1 1

R G

A resistance of 1000 Q corresponds to a conductance of 1 millisiemens.
Ohm's law

We will see in chapter 3.6 the relationship between these different units with
Ohm's law.
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Fig. 10
1: Switching on when U is maximum: I = 0 and ¢ = 0

This is what happens in operation:
No current draw.

2: Activation when U = 0; I = max and ¢ = max
In operation I and ¢ are maximum

Significant current draw.

The primary of the transformers must therefore be protected by slow fuses.

Parallelization of two single-phase transformers.

a

is a temporary connection for reading V = 0

Parallelization conditions:

1 - Same transformation ratio.

2 - Secondary voltage in phase (reading of the voltmeter)

3 - For correct operation, the transformers must have the same short-circuit

voltage.

o;; ; ; ; Fig. 11





EPUB/xhtml/pdfrnxbu/page1/page.png
3.3 ELECTRICAL TERMINOLOGY

TABLE OF CONTENTS

Preface
Learning outcomes ...

3.3 Electrical terminology
3.3.1 The electrical circui

NN NN

3.3.2 Nature of the current-.

3.3.3 Electrical intensity (I symbol)

3.3.4 The amount of electricity

A wow

3.3.5 Electrical voltage and d.p. (U symbol) ...

3.3.6 Notion of resistance and Electric resistance

3.3.7 Conductance

List of Pictures....
List of Videos.
List of Links

NNN oo






EPUB/xhtml/pdfrnxbu/page2/page.png
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Preface

Chapter 3.3 - “Electrical terminology” gives an overview of terms and conventions
used in electricity.

Learning outcomes

- The students should be able to:

- explain the constitution of an electrical circuit

- explain the nature and the direction of the current
- calculate an amount of electricity

- explain the concept of resistance

3.3 Electrical terminology

3.3.1 The electrical circuit

An electrical circuit consists of a generator that is the source (battery,
accumulator, ...) and one or more receivers (lamp, iron, heater, washing
machine ...).

The terminals of these elements are interconnected by conductors (copper
wires ...) to form an uninterrupted closed circuit.

In this closed circuit, there is then appearance of an electric current.

switch lamp

battery

Closed circuit Schematization of this circuit





EPUB/xhtml/pdfjy4aq/page8/page.png
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The turns are grouped by section.
The sections are grouped by coils before being placed in the notches.

ST
SEEESTITCORY,
£

Fig. 14

Layout of a section on the rotor:
The two halves are located in almost diametrically opposite notches.
The section output wires are welded to two neighboring collector blades.

2: The collector:
Placed at the end of the armature and wedged on the same tree, it is formed of
copper strips insulated from each other by mica.

At the back of the blade is a fin in which the entry of one section and the exit of
the other are welded.

3: The brushes:

They are fixed to the inductor by means of brush holders. They are made of
carbon and rub on the collector thanks to springs.

Since the collector rotates, the contact with the brushes is slippery and the
admissible current density is low (10 A / cm?)
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Very often there is a brush line instead of a brush. The brushes are placed on
the axis of the main poles.

Flux distribution:

The flux leaves the N pole, flourishes in the air gap, crosses the induced and
enters the S pole. It returns to the N pole via the two half-yokes.

The perpendicular to the axis of the poles is called the neutral line.

neutral ine:

3.12.3 Operation of, and factors affecting output and direction of current
flow in DC generators

The lar D! nerator
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determined by the rule of the 3 fingers of the right hand.
There is production of a driving torque which produces the rotation of the
armature.

The motor transforms electrical energy into mechanical energy.

Way o

Field

Current |

Field

Fig. 3

The machine is reversible, that is to say that when there is an inductive
magnetic field:

If the rotor is driven, it provides electric current = generator
If electric current is supplied to the rotor, it turns = motor
Electric motor illustration

Direction of the current Magnetic field Laplace force
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a3

Fig. 4 Fig. 5

Fig. 6

Reverse direction by reversing current direction

Fig. 7 Fig. 8

Electric generator illustration
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Fig. 9 Fig. 10

Fig. 11

3.12.2 Constitution and purpose of components in DC generator

Stator = inductor

EP

NP

collectors

polar

Fig. 12
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The inductor.

Its constitution is as follows:
a) A cast steel cylinder head (C)

It is the frame of the machine; it supports all the fixed parts and the bearings
in which the armature rotates.

It closes the magnetic circuit of the machine.
b) Two main poles (P)
They are often made of 1.5 mm thick sheets cut and then assembled.

Sometimes the polar core (NP) is made of solid mild steel, and the polar
expander (EP) is laminated to reduce the eddy current losses due to the
flickering of the force lines.

c) The inductors (B)

They are placed around the poles. Their amp turns produce flux.
These coils are in series and wound so that one of the polar expansions is a
North face and the other South.

d) Auxiliary switching poles.
Compensates for induced reaction due to current flow.

The induced.

It rotates in a fixed magnetic field, so it will be the site of hysteresis and eddy
current losses, so the armature will be laminated.

These sheets which constitute it are isolated from each other by a thin film of
varnish and assembled.

To reduce hysteresis losses these sheets are made of silicon steel.

On the periphery of the armature, notches (E) have been cut in which the
conductors of the armature are housed.

Between two notches, there is a tooth (D)

The outside diameter of the armature is slightly smaller than the inside diameter
of the inductor, a few millimeters which constitute the two air gaps.

Electric part of the induced.
1: The coil

Each wire taken in isolation is called a conductor.
Two conductors form a turn.
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Constant torque and variable voltage operation; it is in constant flux.

The operating zone is said to be constant torque when the motor can deliver the
nominal torque at any speed without abnormal heating.

The majority of applications work under this regime.

C=kol constant constant
torque. power

Fig.52

The DC motor operates in four quadrants.

In quadrants 1 and 3 where the power is positive, it is motor, it provides motor
torque.

In quadrants 2 and 4 where the power is negative, it is a generator, it provides
braking torque.

o ar

@

resstng orave anwna orave
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Fig. 53

As: n=(U-RI)/¢k

At constant flux, neglecting the ohmic voltage drop, we can say that the speed
(n) is like the voltage (U)

At constant flux, we can say that the current I in the armature is like the couple
C.

27
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They mow the lines of induction of a magnetic field produced by the inductor
winding.

They are the seat of an induced electromotive force whose direction of current is
determined by the rule of the 3 fingers of the left hand.

Way &
&
[od

7 Field

Current

way

Fig. 2

Conductors are placed on the periphery of a rotor and are traversed by a current
from the source.

They are placed perpendicular to the field produced by the inductor winding fixed
on the stator.

Electromagnetic forces are born at the right of drivers whose direction is
determined by the rule of the 3 fingers of the right hand.

There is production of a driving torque which produces the rotation of the
armature.

The generator therefore transforms mechanical energy into electrical energy.

In motor mode, conductors are placed on the periphery of a rotor and are
traversed by a current from the source.

They are placed perpendicular to the field produced by the inductor winding fixed
on the stator.

Electromagnetic forces are born at the right of drivers whose direction is
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The two primary and secondary couplings Y and D and the three possible
secondary couplings y, d, z, thus give six combinations, the first letter
corresponding to the primary.

Yy -Yd-Yz-Dy-Dd - Dz

The upper case represents the HV, the lower case the LV.
Example

Secondary in star Secondary in triangle
a ]
A le ke YR Ol O
- . . . . . .
B B [ v
1= sy
Fig. 14

3.15.6 Primary and secondary current, voltage, turns ratio,
efficency, Calculation of line and phase voltages and currents

No-load operation of a perfect transformer.

For primary: E'1 : back-emf

Ad1
Ui :E'l:LNl
At

power,

For the secondary: the flux passing through the secondary winding is ¢1 : E2 emf

11
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3.15.5 Calculation of power in a three phase system

To change the voltage of a three-phase system, you can easily use three single-
phase transformers.

Each primary is connected to a phase and they can be coupled in star or in
triangle they function as receivers.

The three secondaries constitute three generators which can also be connected
in star or in triangle.

It is more advantageous to use a single three-phase transformer: it saves, both
on space and on the weight of iron used.

Constitution

The most frequent model consists of three cores or laminated columns, placed in
the same plane and joined by crosspieces or cylinder heads also laminated

On each core are threaded a low voltage winding (LV) and a high voltage
winding (HV)

Primary couplings

star ) Trangle (0)

Fig. 12
Secondary couplings

1w

star () THangle (0) 20220 @)

(L

Fig. 13

10
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Preface

Chapter 3.16 - “Filters” gives an overview of the function of different filters in

signals to eliminate disturbances.

Learning outcomes

The students should be able to explain the functions of the different filters and

give their own action on the disturbances of a signal.

3.16 Filters

3.16.1 Operation, application and uses of the following filters

An electronic filter is a circuit that performs a voluntary operation of shaping an
electrical quantity (current or voltage).

The filter transforms the history of this input quantity (that is to say its
successive values over a period of time At) into an output quantity.

They are considered as quadrupoles of which the electrical quantities of input
and output would be a signal.

Fig. 1

An electronic filter is supposed to separate a useful part from an undesirable
part, like an air filter separates the gas from the dust.

In a supply filter, reject the residual ripples from the rectifier and keep only the
direct current.

The electronic filter is specified to designate a linear signal processing device.
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We can define and study a filter by its impulse response or by its frequency
response; these two approaches are equivalent.

Considered from the standpoint of frequency response, a filter amplifies or
attenuates parts of a signal differently. For example, in a radio receiver, you can
find tone controls to increase or decrease the low-pitched sounds (low
frequencies) or high-pitched sounds (high frequencies) of the audio signal.

Considered from the point of view of its impulse response, a filter spreads a
short pulse over a larger time interval by reducing their amplitude, we then
speak of an integrator filter, or else increases the dimension of the variations
without affecting the stable signal level, this is known as a diverter filter.

Low pass filters (integrators)

A low-pass filter amplifies the frequencies below a determined frequency, called
cutoff frequency, it attenuates the others (high frequencies).

The cut-off frequency of an electronic circuit is the useful operating frequency
limit of an electronic circuit.

Fig. 2: Diagram of a low-pass filter

Low pass filters are used to remove parts of the signal outside of the useful
bandwidth that could cause distortion.

For the audio signal, the low pass attenuates the treble and amplifies the bass.

The low and high cutoff frequencies define the bandwidth.
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High pass filters (diverter)

A high pass filter further amplifies the frequencies above a specific frequency.
For the audio signal, it is a bass attenuator and a treble amplifier.

Fig. 3 : Diagram of a high pass filter

gain gain
4 cutoff frequency cutoff frequency
100% : 100% f--
0,7% |7 70,7% |
.
frequency frequency

Fig. 4 : Cutoff frequency of a low pass and high pass filter

Band pass filters

A band pass filter is a filter that only passes a band or frequency range between
a low cutoff frequency and a high cutoff frequency of the filter.

A band pass circuit can be used to eliminate noise from the signal, if it is known
that the signal has frequencies within a specified frequency range.

It is also a bandpass circuit which allows, in radio communication, to select the
radio frequency listened to.

—{ o
Ve [ Vs

Fig. 5 : Diagram of an RLC bandpass filter Fig. 6
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Notch / band stop filter

It is composed of a high-pass filter and a low-pass filter whose cut-off
frequencies are often close but different, the cut-off frequency of the low-pass
filter is systematically lower than the cut-off frequency of the pass-filter high.

c

po [
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3.6.6 Kirchhoff

For the study of complex circuits (or portion of circuit), the notions seen
previously are not generally enough. We must apply Kirchhoff's laws.

3.6.6.1 Law of nodes
A node is the junction of several conductors (at least 3) at the same point.
Complex set of drivers, receivers and generators:

€3
> RS
13
Sl
4 12
A
B > R1
i
«—]t RS |+ «
15 15
e Bl

According to the definition of the nodes, one notes in this circuit that there are 3
nodes: with points A, B and C.

e

[ Rt |
, [Ra 2
— s 12
by “
&
Findings :
Node A n+1R2+13=15
Node B I5=11+14

Node C 14=12+13

From these equations it can be concluded that the sum of the intensities of the
currents leading to a node is equal to the sum of the intensities which move
away from it.

12
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Preface

Chapter 3.11 - “Inductance / Inductor” gives an overview of the influence of
magnetic fields on conductors and the transmission of electrical or magnetic energy
via a magnet or current.

Learning outcomes

The students should be able to:

- explain Laplace's law

- calculate an electromagnetic force
- explain the principle of induction

- explain a emf

- give an example of self induction
- explain the Lenz’s law

3.11 Inductance/ Inductor

3.11.1 Laplace’s law, Faraday’s law

Laplace's law

Take a mobile conductor suspended by flexible conductors, placed perpendicular
to the induction lines of the magnetic field of a horseshoe magnet.

Let's circulate a current in the conductor, we see that it moves towards the
opening of the magnet.

v

Let's change the direction of the induction lines, the driver deviates in the
opposite direction.

Fig. 1 Fig. 2
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From the equations above, we draw;
nN+12+13-15=0
I5-11-14=0
14-12-13=0

The algebraic sum of the currents currents passing through a node is always
zero.

Provided - to precede the sign + currents that go to the node.
- to precede the sign - currents that move away from the node.

3.6.6.2 Mesh Law
A mesh is a set of conductors forming a closed circuit without shunting.

Reminder: The passage of a current I in a resistor R shows at its terminals a ddp
U = RI with the with the polarities + at the input and - at the output following
the conventional direction of the current. The emf of the generator is equal to
the sum of the voltage drops occurring in the circuit.

Here are the different meshes that we can spot in our diagram:

Mesh ARSBR1A Mesh AR1BR4R2A

13
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And reverse the direction of the current, we see that the conductor deviates
again towards the opening of the magnet.

Fig. 3 Fig. 4

Place the conductor parallel to the induction lines, the conductor does not
deviate.

Fig. 5

When an electric current pass perpendicular to a magnetic field, there is a force
called electromagnetic force which displaces the current making it cut the lines
of induction.

The force that arises on the conductor depends on the magnetic induction, the
intensity of the current and the length of the conductor placed in the magnetic
field.

F=BII

F = electromagnetic force in Newton (N)

B = induction of the magnetic field in Tesla (T)

I = current intensity in the conductor in amperes (A)

| = length of the conductor placed in the magnetic field, in meters.

The rule of the 3 fingers of the right hand

The rule of the 3 fingers of the right hand makes it possible to determine the
direction of the electromagnetic force.
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Mesh CR2AR3C Mesh BR4CR3ARSB
)
4{9
- e,
A

5 L

L L} 1
Mesh ARSBR4CR2A Mesh BR4CR3AR1B

-
B
n < I
/ "
[V N S

e fr L3 L

A mesh may comprise receivers and generators, ...
We browse any mesh to choose.
Beforehand, the flow direction of the currents is arbitrarily chosen.

If one of the intensities found is preceded by the sign - it means that the actual
direction of circulation of the current is the opposite of that chosen.

In any mesh, the algebraic sum of the electromotive forces (emf) is equal to the
algebraic sum of the voltage drops provided :

- to consider the fem. as positive if, by traversing the mesh, they raise the
potential (if we go from - to +) and vice versa.

- to consider the voltage drops as positive if one traverses the resistance in the
direction of circulation of the current and vice versa.

What gives us for the equations:

mesh AR5 B R1 A +El+E2=R5I5+R11I1

mesh A R1 B R4 R2 A 0=-R1I1 +R414 +R212

mesh CR2 AR3 C +E3=+R212-R31I3

mesh BR4 CR3 AR5 B -E3+El1+E2=+R414 +R3I3+R5I5

Establish as many equations as there are unknown

14
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The thumb, index and middle fingers of this hand are placed like the 3 sides of a
cube which end at the same vertex:

The thumb is placed in the direction of the magnetic field induction lines
The middle finger is placed in the direction of the current

The index indicates the direction of the conductor, i.e. the direction of the
electromagnetic force

Inch =
FIELD

Index =
PATH

—

Major =
CURRENT

Fig. 6

3.11.2 Induction principles

Electromagnetic induction produced by a magnet
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Example:

Determine:

- The intensity of the current in each of the resistors.

- The direction of circulation of each of the currents.
E1=3V n=1Q

E2=2V R”=1Q
E3=1V B=1Q
A
| E2
z| 2
[E1
[r &
Choose arbitrarily the flow direction of currents.
Apply the law of the knots.
Node B 0=11+12+13(1)
A
_e2
3 7
12
L
Et ©
Tn &
RS
B

Apply the law of meshes.

R1=9Q
R2=9Q

15
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Ev,
oll

RI

Fig. 12

Efficiency of an alternator

Efficiency (n) = Useful power / Absorbed power
= (Power absorbed - losses) / Power absorbed
Useful power = V3 U I cos@
Losses:
- Constant losses: These are the losses in the iron and the mechanical
losses, they are almost independent of the load I. They can be measured
by a no-load test with the excitation giving Ev = U
- Joule losses in the inductor: the excitation consumes p = u i where u is
the excitation voltage.
- Joule losses in the armature: they are defined with the resistance R
measured between two phase terminals of the alternator.

Operation of an isolated alternator

An alternator is isolated if it supplies an independent installation without being
coupled to a network.

a) Speed up

It is carried out by the drive motor, which always has a speed regulator because
the alternator must operate at constant speed since this determines the

frequency.
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3.11.6 Lenz’s law and polarity determining rules

Direction of induced currents
The meaning of induced currents is given by Lenz's law.

By introducing the S pole of a magnet in the coil, the coil will experience an
increase in flows.

Knowing that the needle of a measuring device deviates to the right if it is
crossed by a current which enters by the + terminal and leaves by the -
terminal, we can determine the direction of flow of the induced current and the
magnetic poles of the coil.

An S pole appears on the side of the S pole penetration of the magnet.
Induction lines are in opposite directions, that is, in opposition.
Induction field induction line (magnet)

An induced field induction line (coil)

o= I o o

t lines
induction

Fig. 16

The induced magnetic flux is in the opposite direction to the inductive magnetic
flux.

The induced magnetic flux therefore tends to oppose the increase in the
inductive magnetic flux.

By removing the magnet from the coil, the coil experiences a decrease in flux.

An'S pole appears on the side out of the magnet.

Fig. 17

The induced magnetic flux is in the same direction as the inductive magnetic
flux.

The induced magnetic flux tends to oppose the decrease in flux.

10
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Influence of the poles

By introducing the N pole of the magnet in another coil, the coil will undergo an
increase in flux

An N pole appears on the side of the coil penetration.
Induction lines are in opposite directions.

owpy, ARG

Fig. 18
The induced magnetic flux is in the opposite direction to the inductive flux.

The induced magnetic flux tends to oppose the increase in the inductive
magnetic flux.

By removing the magnet from the coil, the coil will experience a decrease in flux.
An S pole appears on the side of the magnet outlet.
Induction lines are the same way.

Yy om=s "‘{Hkl‘} : o

Fig. 19

The induced magnetic flux is in the same direction as the inductive magnetic
flux.

The induced magnetic flux tends to oppose the decrease in flux.
LENZ LAW

The direction of the induced current is such that the flux which it creates
opposes the variation (increase or decrease) of the inductive flux which causes
it.

3.11.7 Saturation point
See magnetization curve chapter 3.10.4

11
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For this reason, this voltage at the terminals of the accumulator is called back
electromotive force (b.e.m.f.) E".

It is the difference U - E' which pushes the current in the circuit.
I=(U-E)/(R+r)

Once charged, the accumulator is a current generator and the voltage that exists
at its terminals is an electromotive force (e.m.f.) E.

1:IfR1=15Qand R2 = 3 Q what s :
the intensity of the current,

the voltage that appears across R1,

the voltage that appears across R2,

the charging voltage of the accumulator so that the intensity of the current is 5
A?

R1
R2

r=0sQ

2 : IfR1 = 12 Q, what is the resistance R2 to be connected in parallel across R1
so that the total current intensity is 1 A.

R1 ’»
R2
E=10v == E=av
10T =020

10
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3.11.8 Principle uses of inductors

Example of practical application of the rule: the mobile frame device
The current flowing in the frame and the induction lines produced by the
permanent magnet are arranged perpendicular to each other. There is therefore
the birth of electromagnetic forces, the meaning of which can be determined
using the 3-finger rule with the right hand.

The two forces produced on the branches of the frame are equal and opposite,
they produce a driving torque which makes the frame rotate.

Spiral springs which serve as current input and output as well as resistive torque
bring the frame into a stopped position on a graduated scale.

~ _ Indicator needle attached to the frame axis

Movable frame
(fiat coil)

Line
Induction
Entrance of

Fig. 20

12
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3 : What resistance must be incorporated in the charging circuit of the
accumulator so that the intensity of the current is 5 A?

E=15V

4 : Determine the value of the resistor R to be placed in the circuit during the
charging of 20 accumulator elements placed in series, of unitary unit E '= 1.9 V
and of internal resistance r' = 0.05 Q so that the current is 5 A. The open-circuit
voltage of the generator is E = 100 V and the internal resistance r = 3 Q.

[m)

n=20

11
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For these materials, there is a number of free electrons that will be easily set in
motion. These are good conductors, they have less than four electrons on the
last electronic layer.

For example, the copper atom has 29 electrons that gravitate to different orbits
around the nucleus, a single electron is located on the last electron layer

An element is insulating when its last layer is naturally saturated.

Insulators have their peripheral electrons firmly held, they have more than four

electrons at the last electronic layer.

When an insulating element is subject to an electric field, it will not give up
electrons: the current will not pass (very great resistance to the passage of the

current).
An element is conductive when it yields or attracts electrons easily.

When a conductive element is subject to an electric field, it will yield or easily
capture the electrons: the current is established very easily (little resistance to

the passage of the current).
Semiconductors have four electrons at the last layer.

An ion is an atom that has won or lost one or more electrons.

3.1.3 The molecule
The molecule is a set of several atoms that seek stability by creating bonds

between them.

Example:
The water molecule is composed of one oxygen atom and two hydrogen atoms,
Hz0. Hydrogen atoms.

Oxygen atom. An atom has 1 electron.

He has 8 electrons.
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Alternator operation
No-load characteristic.

Installation: The inductor is supplied with direct current by an adjustable
auxiliary source for different values of the excitation current (i)

An alternating voltmeter measures the emf. across the alternator.
Measurements: They are done at constant speed and excitation. This will be the
case for all measurements relating to the alternator since speed determines
frequency.

Curves: It is analogous to that of a DC generator. The emf. which exists for i = 0
is due to the remanent flux.

In three-phase we can raise either the emf. simple (v) (in case of star coupling) or U
between phase.

—
T excitation u

|
——]

Fig. 8 Fig. 9 No-load characteristic U=f(i) with n=constant

I excitation

Load characteristic.

Mounting: The load is made up of resistors, inductors and adjustable capacitors
to vary the current I and the cos ¢
Measurements: Measurements at constant speed and excitation.

Curves: Curves of U = f (I) at constant cos .

- For cos @ = 1, the voltage decreases when the current delivered
increases.
- For cos @ = 0.8, with rear phase shift (partially inductive load) the voltage

decreases even faster.
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The hydrogen chloride molecule is composed of a hydrogen atom and a chlorine
atom, H Cl.

Atom of chlorine.

Hydrogen atom.
It has 17 electrons.
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Fig. 1 to 3 come from the book :
Electrical fundamental - Part 66 - A - Module 03 : Technifutur

List of Videos

Atomic structure : Protons, Electrons & Neutrons ENGLISH
https://www.youtube.com/watch?v=EMDrb2LgL7E
Quelle taille fait un atome ? ENGLISH
https://www.youtube.com/watch?v=_INF3_30IUE
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Voyage au coeur de la matiére - C'est pas sorcier FRENCH
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- By putting capacitors in parallel with the load and removing the inductors,
we can get a phase shift before, the voltage then begins to increase with
the current I.

LI

Fig. 10 Fig. 11 Characteristic under load

Ev = no-load voltage

Causes of voltage variations:

The winding of the alternator armature has a resistance R but this is very low
and the voltage drop RI is most often negligible.

Voltage variations are mainly due to synchronous reactance (w L I)

The alternating current output flows through the stator winding and produces an
emf. induced which opposing the cause which gives rise to it (law of Lenz), is in
fact a back electromotive force (back amf.)

The value of thisis E '= w LT

This back emf. decreases the emf. that would be produced by the inductor alone.
Ev is the emf. that we would have with no-load with the same current of
excitation.

Electromotive force of a generator: E = U + RI

Because of the synchronous reactance:

- > > — — > > —
Ev-E'=U+RI Ev=U+RI+wlLI

The voltage drop w L I is due to a pure inductance is 90 © ahead of the current I.
It is of the same order of magnitude as U, and very often higher.
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1 : Determine the equivalent resistance of :

two resistors of 10 Q and 2.5 Q

two equal resistors of each 8 Q

three resistors of 5, 12 and 20 Q

four resistors of 6, 12, 18 and 36 Q
2 : What is the equivalent resistance of 4 resistors R1 =2 Q,R2 =6 Q,
R3=4QandR4 =8Q?

Determine the intensity of the current in each of the resistors if the whole is
powered under the voltage of 24 V.

3 : Between 2 points A and B, 3 resistors are connected in parallel R1 = 4 Q,
R2 = 8 Q and R3 = 12Q supplied at 60 V.

Determine the different current intensities and the equivalent resistance.

4 : Between 2 points A and B, we connect 3 parallel resistors of R1 = 30 Q,
R2=45Qand R3 =90 Q.

We see that the current flowing in R1is 3 A.

Realize the circuit diagram and determine the equivalent resistance of all 3
resistors; the intensities circulating in the other 2 resistances.

3.6.4 Mixed coupling of resistors

The mixed coupling of the resistors comprises both resistors coupled in series
and in parallel.

In order to find the equivalent resistance of such an arrangement, the circuits
are simplified more and more so that they are returned to equivalent diagrams.

Exemple
Find the equivalent resistance if R1 =1 Q,R2=5Q,R3=4QandR4 =3.6Q
The voltage = 60 V

Find the equivalent resistance between R1 and R2

Reqg BCD = R1 + R2 = 1 QO+ 5 Q0 = 6 QO
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A resistor, an inductor and a capacitor (RLC circuit)

D\
&)

Fig. 18

Current I is subdivided into 3 currents IL, Ic and Ir.

IL = U/ (wL) behind = / 2 over U
U o C ahead of = / 2 over U
Ir = U/ Rin phase with U

Ic

I2 = (In)? + (Ic - IL)2

I=v I+ (Ic-1)2)
I=V[(U2/R)+((UwC) - (U/wL))?]
I=UV[(1/R)+ ((@C)~(1/wL)?]
u=21

with Z =1/ V[(1/R?) + (0 C) = (1/ 0 1))*]

Fig.19

12
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The equivalent diagram becomes

{RessctH

=

Find the equivalent resistance between Req BCD and R3

ReBD = (Reg BCDXR3)/ (ReqBCD +R3) = (6x4)/(6+4) = 2,4Q

The equivalent diagram becomes

Zm RéqeD.

Search the last equivalent resistance
Reg=R4 +RegBD =3,6+24=6 Q

The equivalent diagram becomes

Search currents and voltages:

To find currents or voltages in the circuit, we proceed in the opposite direction of
the search for the equivalent resistance. We start from the final equivalent
schema and we gradually go back to the given schema. The properties of the
circuits in series and in parallel are applied as and when.

Search of total current I

I=Usw/Req=60/6=10A





EPUB/xhtml/pdfxwe6y/page13/page.png
3.14 RESISTIVE, CAPACITIVE AND INDUCTIVE CIRCUITS

Serie parallel
A resistor, an inductor and a capacitor (RLC circuit)
RL L
® 7Y Y N
i |
I
I
Fig. 20

The current is subdivided into 2 parts IL and Ic.
Ic = ® C U ahead of n / 2 over U
IL = U/ V ((RL) 2+ (@ L) 2) behind by a certain angle oL on the voltage U

13
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Search for Uss and Usp voltages

U =R4xI=36x10=36V
Uep = RegBD X I =2,4x10 =24V
U=Us+ U =36+24=60V

Search for currents I1 and 13

I1 =Uso/RegBCD =24 /6 =4A
13 oo /R3=24/4=6A
I=11+13=4+6=10A

Search for tensions Usc and Uco

Usc=R1xI1=1x4=4V
Up =R2xI1=5x4=20V
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3.11.5 Factors affecting mutual inductance

The induced emf appearing at the terminals of a coil subjected to flux variations
is equal to: E = (A¢ / At) N

The flux variation A¢ is produced by the winding itself.
At is the time variation, i.e. the duration of the flux variation.

If the coil is coreless

2= —ger
So we have
1.25N.ALS E 1.25N2.AL.S
£ Lo 2
=101y 106 1.At

L=1,25N2S/10°1
number of turns of the coil.
traight section of the coil in m2.
I = length of the coil in m.
L = self-induction coefficient or self-inductance of the coil depends only on the
constitution of the coil and is expressed in henry: H.

We also see E=L.(AI/At)

L = self-inductance in Henry.
Al ariation of the current intensity in A.
At = time of the variation of the current in S

If the coil has a ferromagnetic core, the self-induction coefficient is ur times
greater; however, as we have seen pr, the relative permeability coefficient of the
metal is not constant but depends on the magnetic state of the coil.

From the formula E = L. (AI / At) it can be seen that the self-induction emf is
greater the greater and faster the variation in current.

This phenomenon leads to:

- dangerous over voltages for the operator, for the isolation between the
turns and the mass of the machines.

- sparks at switch knives, brushes on electric machines (motors and
dynamos).

- over voltages due to the ballast (important self) to allow the lighting of
the fluorescent tubes.
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Preface

Chapter 3.6 - "DC Circuits" gives an overview on Ohm's law and Kirchhoff's law,
the coupling of resistors and the simplification of circuits to find the equivalent
resistance.

Learning outcomes

The students should be able to:
- state Ohm's law with its units

- calculate the equivalent resistance of resistors coupled in series, in parallel or
of a mixed circuit

- find the different currents in a circuit

- calculate circuits with generator elements and accumulators taking into account
the internal resistances of the elements

- to solve a complex circuit with the law of the nodes and the mesh law.

3.6. DC Circuits

3.6.1 Ohms law

In a circuit, if the resistance is constant, the intensity of the current I is directly
proportional to the voltage U.

If the voltage stay constant, the intensity of the current I is inversely
proportional to the resistance R.

U

U=R.I or I=E

The voltage or potential difference existing at the terminals of a circuit is equal
to the product of the resistance of the circuit by the intensity of the current
flowing in the circuit.

U expresses in volts V
R expresses in ohms Q
I expresses in amperes A

Volt is the voltage at the terminals of a generator that circulates a current of 1 A
in a resistance of 1 Q.

The ampere is the intensity of the current flowing in a resistance circuit 1 Q if
the generator produces a potential difference of 1 V.
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The ohm is the resistance of the electric circuit which allows to circulate a
current of 1 A under a potential difference of 1 V to the generator.

Exercices:
1. An incandescent lamp powered at 240 V has a hot resistance of 1200 Q.
Determine the intensity of the current flowing through it.

2. Determine the voltage at the terminals of a generator that provides a
current of 25 A in a group of lamps with a resistance of 4 Q.

3. In what resistance does a 12-volt storage battery deliver a current of 2.5
A?

4. Determine the intensity of the current flowing in a resistance of 34 KQ
supplied under the voltage of 170 V.

3.6.2 Resistance coupling in series

B—"FT BT 1+®

® Yo @ ‘\Cf,;/

Fig. 1

The intensity of the current is the same everywhere in the circuit. We can place
a single ammeter anywhere in the circuit.

The voltage at the terminals of the generator is equal to the sum of the partial
voltages, that is to say at the terminals of the resistors.

It is the passage of the current in the circuit which reveals a potential difference
across the resistors.

U=Ul+U2+U3
Ul =R1xI U2 =R2xI U3 =R3xI
we can write that : U=R1L.I +R2.T+ R3.1
A single resistor is able to replace the others by producing the same current in
the circuit. This resistance alone represents in value the sum of the three other
resistances. It is called the equivalent resistance.

Req = R1 + R2 + R3
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Parallel

cuits

A resistor and an inductor (RL Circuit,

Fig. 14
The voltage is the same everywhere
The total current is subdivided into 2 currents IL and Ir
Ir is in phase with the voltage U
Itis n / 2 behind the voltage U

The vector sum of the vectors Ir and II, we obtain a vector I which represents

the total current of the circuit.

10
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ces:

1. Four resistors R1 = 6 Q, R2 = 25Q, R3 = 3Q and R4 = 5.1 Q are placed
in series. What is equivalent resistance?

2. What is the intensity of the current flowing in a circuit with 4 resistors in
series of 3 Q, 6 Q, 2 Q and 4 Q supplied under the voltage of 120 V?

3. Acircuit powered at 15 V consists of 3 resistors connected in series R1 =
3.6 Q, R2 = 5 Q and R3 = 3.4 Q. What is the voltage appearing across
R2?

4. An electrical circuit consists of 3 resistors R1 =4 Q, R2=5QandR3 =6
Q connected in series. A voltmeter connected to the terminals of R2
indicates 10 V. What is the supply voltage applied to the entire assembly?

3.6.3 Resistance coupling in parallel

©

's—(®) =)

©

L@ L (®) R

-+ ®
7@ L (B) R

Fig. 2

It can be seen that there is only one voltage in the circuit: U1 = U2 = U3 = U
The voltage across each resistor is the same voltage as that of the generator.

There are several partial currents whose sum corresponds to the value of the
total current measured by the ammeter placed after the power supply!

We can write n+12+13

As in the case of series mounting, the equivalent resistance is the resistance that
would have a value such that under the same voltage it would absorb the same
current.

The Ohms law makes it possible to write U=R1.I1 =R2.1I2 =R3.1I3
I=I1+12+13
1 = U/R1 12 = U/R2 13 = U/R3 I=U/Req
U/Req = U/RL + U/R2 + U/R3
1/Req = 1/R1 + 1/R2 + 1/R3

Note: The equivalent resistance is always smaller than the smallest of the
derived resistors.
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According to Pythagoras we can write that:
12 = (In)2 + (IL)2 Ir=Uu/R
IL=U/wL
2= (U2/R2) + (U2/ (wL)2) = U2 ((1/R2) + (1/ w2L?))
I=U vV ((1/R2)+(1/w2l2))

u=2z1 withZ =1/ v ((1/ R2) + (1 / w2L2))

A resistor and a capacitor (RC circuit)

/A
\A/

Ir=U/R inphase with U
Ic=wCU inadvance of nCJ/ 2 overU

12 = (I)? + (Ic)?
12 = (U2 / R2) + (w 2 C2 U2)

I=UV((1/R2)+ (w2C2)

U=2Z1  withZ=1/V((1/R2)+ (w2C2)

Fig. 17

11
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Fig. 7 - Fig. 8

A current occurs in the closed circuit of the coil when there is relative
displacement of the magnet or the coil.

The current is canceled if the movement disappears.
The current is called induced current.

The coil is called the induced coil.

The magnet is called an inductor magnet.

The phenomenon of production of induced currents is called electromagnetic
induction.

Electromagnetic induction produced by an electromagnet

==

s
Jul

il oy L

Fig. 9

The production of induced currents is more important than with the magnet.
The 1st coil is called induced coil.

The current which originates there: induced current.

The 2nd coil is called the induction coil.

The current which feeds it: inductive current.
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mesh AE2 R2 B E1 R1 A
-E2+El=+r212+R212-r1I1-R111

3-2=12+902-11-9.11
1=10.12 - 10.11 (2)

RT

mesh A E3 B E1 R1 A
SE3+El=+r3I3-R1I1-r1 11 *

1+3=13-9011-11
2=13-10.I1 (3)

From (1) we hace: 13=-11-12(4)
(4)in (3): 2=-11-12-1011

2=-12- 1111 (5)
Multiply (2) by 11 11=110.12-110.11
Multiply (5) by -10 -20=+10.12+110.11
Add the two equations -9=120.12

12 = -9/120 = -0,075 A

(12) in (2) 1=10.(-0,075)-10.11

1=-0,75-10.11
1+40,75=-10.11
1,75=-10.11=-0,175A
In (4) B=-11-12
13=-(-0,175)-(-0,075)
13=0,175+ 0,075 = 0.25 A
Verification with Mesh A E3 B R2 A
E2-E3 =r3.13-R2.12-r2.12
2-1=13-9.12-12

1=13-10.12
1=10,25- 10 (- 0,075)
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If the circuit of the induced coil is open, the galvanometer obviously no longer
deviates. There will be no induced currents, but using a voltmeter you can
observe the presence of a voltage for a short time.

This voltage is called the induced electromotive force (emf.)

When an open circuit coil is subjected to variations in magnetic flux, an induced
electromotive force arises.

It is it which circulates the current in the circuit as long as the circuit is closed.

3.11.3 Effects of the following on the magnitude of an induced voltage

Influence of magnetic flux

100 tums. magnets ums magn
— © mognet 2 magnet 100t 3 magnets

JSS S o HHW r”jﬂ

Introduction of
magnetin 15

Introduction of
Introduction of magnet in 15

magnetin 15 T

b

2 graduations 4 graduations. 6 graduations.

Fig. 10

The induced electromotive force is directly proportional to the magnitude of the
flux variation.

Influence of the duration of the flow variation

100 tums 1 magnet 1 magnet 1 magnet 100 tums. 1 magnet

““1 o e ‘JJJJW J-JJJW

Introduction of the
magnet In 2/10's

Introduction o the
magnet In 1/2 5

Introduction of

magnet in 15
3

X +

2 graduations 4 oraduations 10 graduations
Fig. 11

The induced electromotive force is inversely proportional to the duration of the

flux variation.

Influence of the number of coils of the induced coil

WJ“W e [ i i

Fig. 12
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1=0.25+0.75
1=1

From the data of Figure 2 and information found we obtain:

11 and 12 being negative, the flow direction of the current is the opposite of that
arbitrarily chosen.

Exercices:

1: calculate 11, 12, et I3.

E1 =135V

400
R2=R3=3Q

2: calculate E

17
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The induced electromotive force is proportional to the number of turns of the
induced coil.
The emf that arises across an induced coil is:

E= (A/AYN

E : emf. induced in Volts.

A¢ : variation of the flow in webers.

At : time variation in seconds (flow variation duration)
N : number of turns of the induced coil.

3.11.4 Mutual induction, Self-induction, Back emf

Fig. 13
The L1 lamp lights up when the switch is closed.
The L2 lamp lights up after a certain delay after closing the switch.

When the circuit is closed, the flow of current causes a magnetic flux to appear
in the coil.

This coil will therefore undergo its own increase which flows give rise to an
induced emf.

This emf opposes the current generator and slows growth (called electromotive
force against back-emf). The coil is therefore both inductor and induced.

It is said that there is a phenomenon of self-induction.

A self-induction phenomenon occurs because the current increases in the coil
circuit.

When the switch opens,

The L1 lamp goes out as soon as the switch is operated.
The L2 lamp goes out with a certain delay.

There is a spark across the switch

The current tends to disappear in the circuit, it decreases.

The turns of the coil undergo a decrease in magnetic flux and are the seat of
induced emf which tends to oppose the decrease in the current in the circuit.

This emf of self-induction causes a spark across the blades of the switch.
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3: calculate I1, 12 et I3

El=E2=50V E1

4: calculate 11..16 N N

e "o B L
El=12V
E2=18V
E3=25V & 2
R1.., R6 =10 Q & " .

T e

s
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A self-induction phenomenon occurs because the current decreases in the coil
circuit.

diis -

Fig. 14

Any variation of the current in an inductive circuit (coil) generates in this circuit
an emf of self-induction that opposes the change in current.

Self-induction is the property of a coil to oppose variations in the current flowing
through it.

Self-induction
A coil traversed by a current creates a flux ¢

However, this coil bathes in its own magnetic field and is therefore subject to its
action.

This is the flux generated by the coil: ¢$1

If the current varies, the flow varies. This variable flux induces an emf.
responding to Lenz's law.

for N turns of the coil A¢1 = N Ap

Or: N, y, S, |are constant
$1=KI The constant K = L o1=L1I

L represents the inductance of the coil expressed in Henry (H)
(the sign (-) indicates that it is a back-emf)
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Preface

Chapter 3.9 - "Capacitance / Capacitor" gives an overview on constitution, function,
charge and discharge, color code, parallel or serial coupling and testing of
capacitors.

Learrning outcomes

The students should be able to:

- explain the charge and discharge cycle of a capacitor
- give the factors affecting capacity

- use the color code table

- calculate capacities in series or in parallel

- explain the capacitor test

3.9 Capacitance/Capacitor

3.9.1 Capacitor function, constitution
The capacitor is used mainly for stabilize a power supply or to correct a phase
shift.

This unloads when voltage drops and loads when voltage spikes

In general, a capacitor is formed by the assembly of two metal conductors of large
areas, separated by a thin insulating layer of constant thickness.

The conductors are called "armature"”, the insulation is called dielectric. It may be

gaseous (air), liquid (oil) or solid (paper, mica, ceramic ...)

dielectric

- N

N

armatures

Fig. 1
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3.9.5 Calculations of capacitance

In parallel

The frames A1, A2 and A3 are united and form a single conductor, they are at
the same potential.

It is the same for the frames B1, B2 and B3.

The potential difference is the same for the 3 capacitors.

c1
Al B1
c2
A2 B2
c3
A3 B3
v
Fig. 25

After establishing the current, each capacitor carries a charge:
Q1 =CLv Q2 =c2v Q3=C3.v
The total charge is: Q=Ql+Q2+Q3=CLV+C2V+C3V
Q = C.V (C s the equivalent capacity)
C.V=V.(Cl+C2+C3)
C=Cl+C2+C3

The capacity equivalent to a capacitor battery is the capacitance which,
subjected to the same voltage U, accumulates the same charge.
In parallel, the capacities add up.

In serial
The reinforcements B1 and A2 joined together form a single insulated conductor
and the frames B2 and A3.

15
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When Al carries a charge + Q, Bl takes influence by a charge -Q.
By influence, also A2 will take a load + Q and B2 the load -Q; A3 will take a charge
+Q.

Capacitors C1, C2 and C3 will take the same charge Q.

c1 c2 c3
e 9 e
Al |-[s1 2|3 |= MREES
ek EErvaHlE HEEm
NERERRELEE R
e E) L
N e / v /
- v >
Fig. 26
Total tension V = V1 + V2 + V3 (serial assembly)

Q1 = Q2 = Q3 = Q = equivalent load
V=VI+V2+V3 = Q=CV = U=Q/C
Q/C=(Q/C1)+(Q/C2)+(Q/C3)

whence  1/C =1/C1 + 1/C2 + 1/C3

In series, the inverse of the equivalent capacity is equal to the sum of the inverse
of the partial capacities.

Notes:

» The laws of the grouping of the capacitors are reversed compared to those
of the resistors.

« To obtain a large equivalent capacity, use the parallel connection.

» Serial mounting will be used when a single capacitor can not support the
total voltage.

16
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3.9.6 Testing of capacitors
Here are the different steps to follow to test a capacitor.

Step 1: Unplug the capacitor
To test a capacitor, it is initially necessary to disconnect it from the electrical
circuit.

Using a resistor, or a screwdriver, then empty the capacitor of any residual
charges.

Step 2: Set the multimeter
Set your multimeter to the conventional ohmmeter option, depending on the

capacitance of your capacitor, adjust the ohmmeter calibration to match your
capacitor best.

Step 3: read the result

In the case of an analog multimeter:

- If the value changes to 10,000 and goes back to 0 it means that the capacitor
is functional.

- If the value read goes up to 10000 but does not go down to 0, it is because it
has leaks.

- If the read value remains at 0 it means that it is not powered and therefore out
of service

In the case of a needle model: observe the movement of the needle of the
ohmmeter, and interpret the result of your test by following these indications:

- the needle of the device goes up then down completely: your capacitor works
properly;

- the needle of the device does not go down: your capacitor does not work;

- the needle of the device does not go down completely: your capacitor leaks;

- the needle of the device does not go up: your capacitor is not powered.

17
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List of Pictures

Fig. 1 to 21 and 25 to 26 come from the book :

Electricité industrielle Base : Jean COLLET - Jean-Pol LEMPEREUR : Technifutur
Fig. 22 : Technifutur

Fig. 23 : Technifutur

Fig. 24 : Technifutur

List of Videos

How Capacitors Work
https://www.youtube.com/watch?v=5hFCOugTGLs

Capacitors Explained - The basics how capacitors work working principle
https://www.youtube.com/watch?v=X4EUwTwZ110

What are Capacitors? - Electronics Basics 11
https://www.youtube.com/watch?v=4Hg7SLhetXM

Capacitors and capacitance | Circuits | Physics | Khan Academy
https://www.youtube.com/watch?v=u-jigaMIT10

How a Capacitor Works - Capacitor Physics and Applications
https://www.youtube.com/watch?v=L6cgSxpGmDo

List of Links

https://www.electronics-tutorials.ws/capacitor/cap 1.html and next page
https://www.electroschematics.com,
https://www.electroschematics.com/colour-coded-capacitor,
https://learn.sparkfun.com/tutorials/capacitors/all
https://www.rapidtables.com/electric/capacitor.htm|
https://www.rohm.com/electronics-basics/capacitors/capacitor-basics
https://electronicsclub.info/capacitors.htm
http://eon.sdsu.edu/~johnston/EE204 PDF_Slides/Chapters%208-10/CH09.pdf

http://web.mit.edu/8.02t/www/802TEAL3D/visualizations/coursenotes/modules;
guide05.pdf

http://www.nhu.edu.tw/~chun/BE-Ch10-Capacitors%20&%20Capacitance.pdf
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3.9.3 Capacitor types

Chemical and polarized capacitors

Chemical capacitors are characterized by the insulator which is an electrolyte.
These capacitors generally have a value of between 0.1 uF and 100,000 pF.
Polarized means that there is a sense to connect the capacitor; if the connection
is poorly mademay explode due to the chemical reaction occurring inside.

Fig 12 Fig 13

Tantalum capacitors

The anode of this capacitor is tantalum powder.

Same function and polarized as chemical capacitors.

These capacitors offer a large capacity in relation to the volume.

11
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P

Fig. 14

Non-chemical capacitors
There are 4 families of non-chemical capacitors: the insulation that was paper was
replaced by 4 different kinds of plastics.

Family MKT

The insulation is made with polyester.

Fig. 15 Fig. 16

12
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MKS family MKC family
The insulation is made with polystyrene. The insulation is made of
polycarbonate.
m
Fig. 17 Fig. 18

Ceramic capacitors
They consist of a ceramic disc, on which a tab is connected on each side.
Their values are of the order of 1 to 10,000 pF.

Fig. 20

Tubular Ceramics: These capacitors resemble resistors, they are recognized by
the color of the body which is either pink or pale green.

13
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. -

Fig. 21
3.9.4 Capacitor color coding

Value in Picofarads
1t Digit

A 15t Digit — 2nd Digi
B —2nd Digit - in pF _ﬁ’.‘ﬁ,\?,ﬁ"m Zeros
) — Mulitplier — Tolerance
T — Tolerance  Green:5 %
v I Voltage * White: 10 %
47nF,
10 % i
Maximum Volts
250V * Red = 250V
 Yellow = 400V
Fig. 22 Fig. 23

Fig. 24
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Dielectric strength

When an electric field is very intense, it can cause the release of electrons normally
bound: the dielectric becomes conductive, it is slammed. The capacitor is out of
order. The field modulus needed to crack a dielectric is called dielectric strength.

For example, the dielectric strength of dry air, under normal conditions, is of the
order of 3 x 10°V / m.

dry air 1,006 3x10°

porcelain 6 8 x 10°
wax paper 2,5 20 x 10°
crystal 5to 9 50 x 10°
alumina 7 60 x 10°
mica 6to8 100 x 10°
ceramic 2x10°to 8x 10° 400 x 10°

Fig. 11

When the electric field exceeds this value, a conductive spark joins the two frames
and the discharges.

Time constant of a circuit

We have seen how the charge and discharge decrease with time. It is obvious that
the capacitor will be more slowly discharged if the current is discharged in a great
resistance. The discharge will also be longer if the capacity of the capacitor is
larger.

It can be shown that the discharge time, and also the charge time, is proportional
to the product of the resistance by the capacitance of the circuit.

This product is called the time constant of the circuit: T= R x C
* R=ohms
* C = Farads

= T = secondes
Stored energy
2
W=1/2xCxV or  W=1/2xQxV

W = joules Q = coulombs V = volts

10
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Influence of the C capacity

The capacitor C characterizes the capacitor, it measures its ability to store a
quantity of current for a given voltage. This is the capacity of the capacitor, the
unit is the Farad (F).

It can be said that the amount of electricity stored by the capacitor depends on
the charge voltage and capacitance of the capacitor (as in a gas cylinder, the
amount stored depends on the pressure of the gas and the volume of the cylinder).

Q=c.u

Q in Coulombs C in Farads U in volts

Farad is the capacitance of a capacitor which has between its armatures a potential

difference of 1 Volt when its charge is 1 Coulomb.

It is a huge unit, so we use multiple sub:

-6 -9 -12
1pF=10 F 1nF=10 F 1pF =10 F

The capacitance C (in Farad) of a capacitor is:

O Proportional to the surface of these frames (m?2);

O Conversely proportional to the thickness of the insulation (m);
O Depends on the nature of the insulation.

C=¢o.&.5/d
€0 = permittivity of the vacuum

Influence of insulation
Each insulator multiplies the capacitance of a capacitor whose insulation would be
the vacuum, by a factor called relative permittivity or dielectric constant &:.

& = 1 for the air

-12
€= permittivity of the vacuum = 8,859.10  F/m
& > 1 for other insulators





EPUB/xhtml/pdfucmkk/page1/page.png
3.1 THEORY OF ELECTRONS

TABLE OF CONTENTS

Preface...
Learning outcomes ...
3.1. Theory of electrons
3.1.1 The atom...

NN NN

3.1.2 Conductors and insulators ...

3.1.3 The molecule...

List of Pictures.
List of Videos.
List of Links...

[T R RN N}






EPUB/xhtml/pdfucmkk/page2/page.png
3.1 THEORY OF ELECTRONS

Preface

Chapter 3.1 - “Theory of electrons” gives an overview of the physical constitution of
atoms, molecules and conductive and insulating elements.

Learning outcomes

The students should be able to:
- explain an atom, with protons, neutrons and electrons.
- give the characteristics of a conductor and an insulator.

3.1. Theory of electrons

3.1.1 The atom

Matter is made up of "grains" of minute matters, so small that one could not cut

them in half, hence their name atomos, which means indivisible.

The atom can be compared to our solar system, it allows to approach the

structure of the atom.

Constitution of an atom:

The whole matter of the universe, alive or inert, made of particles called atoms

The atom consists of two parts : a nucleus and electrons moving rapidly around
this nucleus.

The nucleus is made up of positive electric charge protons. °

And neutrons with zero electrical charge. .
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The electronic procession consists of electrons with negative electric charge that
revolve around the nucleus. o

e
-]

%o

©

The electric charges of an electron and a proton are opposite.

The mass of a proton or neutron is 1,7.10°27 Kg.

The mass of the proton is about 2000 times larger than that of the electron.

The mass of the atom is essentially concentrated in the nucleus.

The nucleus alone accounts for 99.97 % of the mass of an atom.

An atom is electrically neutral when it has as many electrons as protons.

An atom has a size of the order of 10710 m, a tenth of a millionth of a millimeter.
The nucleus is a hundred thousand times smaller than the atom itself.

If we compare the atom to a ping-pong ball, the electron would be on a
circumference with a radius of 1000m.

It is the movement of the electrons which is the basis of the circulation of the

electric current.

3.1.2 Conductors and insulators

Some materials, especially metals, have their peripheral electrons weakly
maintained, and at ordinary temperature, the energy possessed by these

electrons is sufficient to release them from the influence of the nucleus.
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__— insulating paper

aluminum sheet

Impregnated with
ammonium salt
solution

Fig. 4
Fixed capacitors of low capacity

With mica, we obtain capacities of a few picofarads to about ten nanofarads; but
mica is rare and expensive, and is replaced more and more by dielectrics based

on glass, ceramised glass and ceramics.

A capacitor may be in the form of a metallized disk on either side or in the form
of a small dielectric tube metallized inside and outside.

These capacitors are mainly used in electronics assemblies.

Charging a capacitor
Consider a circuit consisting of a capacitor, a center zero milliammeter, a DC
generator, and a three-position switch.

(+Q) (-Q)

A

PP P

&)
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Set the switch to position 1, the milliammeter needle deflects to the right and then
returns to zero and the voltage across the capacitor is equal to the generator
voltage.

Then set the switch to the zero position, the voltage persists across the capacitor.

The milliammeter has recorded a current whose electrical charges have flowed
although the circuit is interrupted by the dielectric of the capacitor.
When the circuit is open, the persistence of the voltage indicates that a quantity

of current has been stored by the capacitor.

The electrons in excess at the (-) pole of the generator flow partially towards the
armature B while the generator pumps an equal quantity of electrons of the

armature A.

A current has crossed the circuit.
The milliammeter was traversed by a quantity of current.
A load (-Q) appeared on the armature B.

Aload (+ Q) appeared on the armature A.

The capacitor is charged and its load is equal to Q.

Discharge of the capacitor
By switching the switch to position 2, the milliammeter needle deviates to the left
by the same value as the load and the voltage across the capacitor drops back to

zero.

+Q) Q)

Fig. 6

By returning the switch to the zero position, the voltage across the capacitor has
disappeared.
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The milliammeter recorded an equivalent current, but in the opposite direction to
the capacitor load.

The generator being off, the electrical charges which have circulated can come
only from the armatures of the capacitor.

The voltage across the capacitor is zero, there are no more electrical charges in
the armatures.

The armatures A and B are joined by conductors and the electrons in excess on

the armature B flow towards the armature A until complete neutralization.

The capacitor is discharged.

Note: In direct current, the capacitor acts as a power reservoir which is filled by
connecting it to the terminals of a generator (switch in position 1) and which is
emptied by short-circuiting it after having disconnected from the generator (switch
in position 2)

Charging and discharging diagrams of a capacitor

3 2_

| <

fo— o |

[

Fig. 7
le | e
R R
I I

" switch position switch position

E for charging ~ for discharge

Fig. 8 Fig. 9
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] THIJ—H‘—

L= L_T

[ | -

Fig. 10

3.9.2 Factors affecting capacitance

Influence of the charge voltage V

If we increase the charging voltage V, we see that the current increases, so the

amount of current stored increases.

If the charging voltage V is decreased, it is found that the current decreases so
that the amount of current stored is lower.

The quantity of current (Q = I t) stored by the capacitor is proportional to the
charging voltage.
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For example, a paper capacitor consists of two long aluminum foils separated by
a strip of paraffin paper, the whole is wound to reduce the bulk.

Fig. 2
general polarized variable
symbol capacitor capacitor
Fig. 3
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Some examples of achievements
Paper capacitors

They are made of two long sheets of aluminum separated by one or two strips of

paraffin paper. The set is wrapped and enclosed in a case.

Currently, capacitors of this type are built by directly metallizing the
reinforcements on the paper or better on a thin sheet of plastic material (mylar
...) which replaces the paper.

These capacitors are used in electronics or in industrial installations, they are
sometimes immersed in oil. Their capacity reaches a few tens of microfarads and
their service voltage a few thousand volts.

Electrolytic capacitors (polarized)

They allow to obtain large capacities in low volumes, their operating voltage is

only a few volts to a few tens of volts. They are used a lot in electronics.

The positive plate is an aluminum strip covered on one side by a very thin alumina

layer (a few microns)

This layer of alumina is the dielectric, it is formed on the armature by electrolysis

of a solution of a gelled ammonium salt as in a dry cell.

This solution is the second armature. An aluminum strip applied to the gel serves

as a power outlet.

The two frames are clamped between two sheets of paper, the set is wrapped and

housed in a box.

Some capacitors of this type use tantalum instead of aluminum and manganese
dioxide instead of ammonium salt.
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Fig. 23

If N is the number (even number) of conductors, the armature is equivalent to
the parallel grouping of 2 series of N / 2 generators.

The emf.

eing the emf. average of a conductor, the emf. total = (N / 2) e
Current:

If the machine delivers a current I, each conductor is crossed only by a current
equaltol/2

Resistance:

If r’ is the resistance of all the conductors, active or not, placed end to end; the
resistance of a channel is r '/ 2 and the equivalent resistance to two parallel
channelsisR '=r'/ 4

4) Electromotive force:

=A¢ /At

N = the number of conductors of the armature.
the speed of rotation in revolutions per second.
¢ = the flux under a pole.

In 1/ n seconds, any conductor performs a complete revolution during which he
cuts two times the flux ¢ (once under the North Pole and once under the South
Pole) So we have :

Np=26 At=1/n
e=20/(1/n)=2n¢
multiplying by N / 2 conductors in series (1 pair of channels)
We obtain the emf. of the machine
E=Nn¢

3.12.4 Series wound, shunt and compound generators, Starter Generator
constitution and operation

DYNAMO WITH INDEPENDENT EXCITATION

13
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The excitation winding is supplied by an auxiliary source (other dynamo, rectifier,
etc.)

Empty study:
The dynamo is driven by a motor (electric, diesel, turbine)

The inductor is powered by an auxiliary source of direct and variable voltage.

An ammeter indicates the value of the excitation current.
A voltmeter measures the voltage across the dynamo.

ey L)@
o IO 4(1. [ |

Fig. 24
No-load characteristic E = f (i) at constant speed (n):

Voltage across the dynamo as a function of the excitation current (i) at constant
speed.

The emf. and the flux being proportional, the no-load characteristic is none other
than the magnetization curve of the magnetic circuit of the machine.

Let us trace the curve with increasing then decreasing excitation, we obtain two
distinct curves.

This duplication is due to the hysteresis of the magnetic circuit of the machine.

mEs

Fig. 25
Characteristic under load U = f (I) at i and n constants:

Voltage across the dynamo as a function of the current supplied at constant
excitation and speed.

14
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The load rheostat consists of identical resistors which are put in parallel.
- We note that:
- When the current increases, the voltage decreases

- The total voltage drop is due not only to the resistance of the armature
but also to a phenomenon called armature reaction.

0 = 1A Fig. 26 Fig. 27

Phenomenon of the armature reaction.

When the dynamo does not deliver (therefore empty) the magnetic field goes
from the North Pole to the South Pole in a straight line.

When the armature delivers a current I, all the conductors it carries are crossed
by a current I / 2 and create a magnetic field on its periphery.

The general orientation of the lines of force due to the armature reaction is
perpendicular to that of the lines of force of the inductor.

This magnetic field of the armature is added to the field of induction and gives a
resulting magnetic field whose lines of force are inclined.

It looks like these lines of force are driven by the rotation of the armature.

There i saturation of the output polar horns and demagnetization of the input
polar horns. Fig. 28

Fig.28 Fig.29 Fig. 30
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Consequence:

Poor distribution of voltages to the collector which will cause sparks because the
brushes short-circuit two collector blades which have non-zero voltages.

Remedy:

We will compensate this magnetic field of the armature by compensation poles
housed in the notches of the polar expansions.

To have correct compensation at any load, the compensation winding is
traversed by the current I delivered by the machine.

There will be no more distortion of the flux.
The distribution to the collector becomes correct again.
The flux and the emf. are the same empty when loaded.

It is the voltage produced by the dynamo that powers the inductors.
Constitution.
A shunt dynamo is identical to a dynamo with independent excitation.

The inductor is placed in parallel with the armature. It must therefore be
calculated to operate under the same voltage U.

It has a large number of fine wire turns.
The armature provides the current i in addition to the current I, ie:

U=I+i(i=a3%del)
; .
‘ )

16
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Fig. 5

The advantages of a lead-acid battery are an almost constant electromotive
force, a very low internal resistance and a good efficiency.

The disadvantages are a high mass, the brittleness of the plates, does not
support short circuits, dangerous electrolyte and careful maintenance of adding
distilled water.

There are now accumulators whose electrolyte, always made of the water /
sulfuric acid mixture, is fixed in a silica gel. This allows operation that is
absolutely maintenance-free and safe for the user and the battery environment.
Safety valves replace the traditional filler caps, and ensure degassing during
charging. With the gelled electrolyte, the gas production is practically zero, since
most of the oxygen forming during the charge is formed by formation of water in
the element.

Cadmium / nickel accumulators

This type of battery has an electrolyte either acidic but basic, which is usually a
solution of soda or potash.

This solution is no longer part of the reaction, and serves only ionic conduction.
The electrodes consist of nickel hydrate and iron plates or of nickel and cadmium
hydrate.

This type of battery is virtually maintenance-free, and has a higher capacity and
mass energy than lead accumulators, can withstand long overloads and can be
stored for many years without being damaged.

The voltage per element is lower than that of lead-acid batteries, and is 1.2 V,
but the internal resistance is greater, of the order of 0.1 Q per element.

The arrangement of positive and negative plates, and separators, is the same as
that of lead-acid batteries.
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1) Principle.
- Induced electromotive force.

If we consider a single conductor placed on the rotating armature, this conductor
cuts the lines of force, so it is the seat of an emf. induced whose meaning is
given by the rule of the three fingers of the left hand.

Fig. 18

In position 1 the emf. has the direction indicated (from front to back) and in
position 3 it has the opposite direction.

In positions 2 and 4 the emf. is canceled since the induction is zero on the
neutral line.

The driver is therefore the seat of an emf. alternative.

If we consider a turn formed by two diametrically opposite conductors, we notice
that the two alternative emf. are of the same direction inside the turn; the emf.
total, sum of the two, will also be alternative.

Fig. 19

Note:

The connecting wire at the back does not cross a line of force is therefore the
seat of no emf. induced.

Likewise, for the front connecting wires. They are called "inactive drivers"

10
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_ positve cup

insulation

positive plates negative plates
separators — — contact springs
o= === negative cup

Fig. 6

3.5.4 Internal resistance and its effect

When a current is delivered to a battery, the voltage at its terminals decreases
as the current increases. A battery has indeed an internal resistance that causes
a voltage drop inside it when it is charging.

The battery can be represented by a voltage source E in series with a resistor r.

E is the no-load voltage (no current flow), it varies with time, that of a battery
decreases when the latter discharges.

|
E—
£ +
r
I= — _ R
R+r
Flg.7Q S

The internal resistance increases as the battery ages and when it discharges.
The internal resistance has the effect of heating the battery when it delivers or
absorbs a current.

The current absorbed by a battery must be limited when it operates as a
receiver.
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The emf. reversing when the conductors pass under the neutral line.

Since we wish to have direct current, it will be necessary at this precise moment
to reverse the connections between the coil and the external terminals. This is
the role of the collector.

- The collector.

Let's join the ends of the coil to a collector (conductive ring cut in half) secured
to the armature and place two fixed brushes on the axis of the poles.

The induction of the poles goes from left to right N - S.

Fig. 20

In position 1:

The collector blade I is negative as well as the left brush, the blade II is positive
as well as the right brush.

In position 2:

The blades have changed polarity, and also of the brush, it follows that they
keep the same polarity and that between the two terminals the voltage is
continuous.

Reversing the sense of emf. induced when the conductors pass below the neutral
line.

Fig. 21

11
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3.5.5 Cells connected in series
Operation without load:

T 1batey (V) = 2bateries (V)
1.5V 3v
= E 2 x 15V = 2E
L =
= svetenes (V) nbateries (V)
= =
45V nx15v
3 x 15V = 3E nx 15V =nE
Fig. 8

The total electromotive force is equal to the sum of the different electromotive
forces.

Operation in charge:

Here, the internal resistances of the different electromotive forces must be taken
into account.

—®—, B L
E—r T
-
L E n component | R|
Er R e R =rm
L«
E =15V E =45V
Fig 9

Internal resistances add up as well as voltages.
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- Nature of the current and the armature voltage.

If we divide an armature winding into a certain number of sections (8 for
example) distributed symmetrically on the circumference and that each connects
to a collector plate (ring cut in 8), we form a cylindrical assembly of 8 blades
isolated between them on which rub two fixed brushes diametrically opposite.

These brushes collect almost the direct current, that is to say constant in size

and sign.
The direct current will be less pulsed the higher the number of blades and
sections.

Fig. 22

2) Winding.

We make two kinds of windings:

Nested winding (parallel)

The sections overlap, they overlap one another.

Corrugated windings (series)

The sections are connected one after the other without going back.

3) Equivalent diagram of the armature, induced.

Each conductor is a generator and can be represented by the symbol of a
battery.

Between the two brushes, the two winding paths are in parallel, each of them
being equivalent to eight generators in series.

12
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cathode, the copper electrode is the anode. The chemical reaction and the
material constitution of the electrodes, allows to create + ions and - ions.

The purpose of the electrolyte is to prevent (at most) the passage of atoms and
electrons. Only + ions will be attracted by - ions, creating a positive "ionic"
current inside the cell, when a load is connected to its terminals.

Saline and alkaline dry batteries

All materials used in the internal construction of a cell are chosen for their good
electrochemical reactivity.

In saline dry batteries, the electrode which constitutes the container, is made of
zinc. Inside we find the electrolyte which consists of water and acid salts. This
electrolyte is mixed with a material in gel form, and therefore is not liquid. The
batteries are then called "dry".

In this solution plunges the positive electrode which is not in copper, but in micro
porous coal, with around the depolarizer, enclosed in a small canvas bag.

This piece of coal ends with a nickel-plated brass capsule, constituting the + pole
of the battery.

The pole - consists of a metal disk in contact with the outer bottom of the zinc
container.

“Alkaline dry cells" use the same zinc / carbon pair, but in a strong base alkaline
electrolyte (potassium hydroxide).

Their construction is different from saline batteries. Zinc no longer serves as a
container, but is placed in the center of the pile as a powder.

Mercury or silver batteries

The use of active masses with a high energy density (mercury or silver) gives
these batteries much higher energy than ordinary batteries.

They consist of a pure zinc cathode amalgamated, secured to the nickel-plated
steel cover, and an anode itself secured to a steel container. This cathode is
composed of graphite and mercuric oxide or silver oxide for silver batteries.

The electrolyte is the same as that of alkaline batteries, namely potassium
hydroxide. The two electrodes are separated by a membrane called separator,
but passing the current.
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Ohm'slaw V=RxI

The thermal energy that is released is provided by the amount of electricity
passing through the receiver.

Each coulomb passing through the receiver provide a certain amount of energy.
We can say: Q coulombs yield energy W joules

This loss of energy of each coulomb measures the ddp between the input and the
output of the receiver.

V (volts) = W (joules) / Q (coulombs)
Q=Ixt

V=W/(Ixt)orVxI=W/t
P=W/t

Thus P=VxI

The energy released during each second (power) is therefore the product of the
voltage (ddp) by the intensity of the current.

3.8.3 Power formula

P=VxI
- V=RxI

P=RxIxI P=RxI?
- I=V/R

P=(VxV)/R P=VZ/R
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Fig. 3

When the battery is in operation, hydrogen is formed on the cathode
(polarization phenomenon), immediately neutralized by the oxygen contained in
the mercury oxide (or silver) to form water in minute amounts of course. Water
and mercury (or silver) being conductive, nothing therefore opposes the passage
of the current.

3.5.3 Accumulators

An accumulator stores energy during its charge, through the passage of a direct
current that produces the chemical transformation of two materials. In use, this
stored energy is restored in the form of electric current, by reverse process of
the two materials.

The chemical transformation, located at the level of the electrodes, breaks down
into two partial reactions of oxidation-reduction, of which one engenders the
liberation and the other the capture of electrons. This exchange of electrons is in
a closed circuit consisting of the external equipment (which may be the load
member or use), the two electrodes and the electrolyte. The latter constitutes an
ionized medium in which the passage of the current is due to the displacement
of the ions between the electrodes.

Lead accumulators

These accumulators are the most common. They are mainly used for starting
and supplying automotive electricity, but also as a source of energy for the
electric traction of vehicles or special machines. Their capacity, expressed in Ah
can be very important and reach values of the order of 200 Ah.

In a tank containing a mixture of water and sulfuric acid, two lead electrodes are
immersed. By subjecting these electrodes to a continuous electric current, thus
polarized, the water is decomposed as follows:

- The hydrogen will stick on the electrode subjected to the negative polarity (-)
of the supply. This electrode is then the cathode.

- The oxygen on the other electrode, positive (+) side of the feed, and reacts
with the lead to form lead oxide. This electrode is the anode, and the process we
have just seen is the pure and simple charge of the accumulator.
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I=current R =resistance

Fig. 7

The formulas listed above are valid for a circuit supplied with single phase AC or
DC with a purely resistive receiver.

The capacitive and inductive receivers will be detailed later as well as the circuits
supplied with three-phase.
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lead oxide
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The two electrodes now being of different natures (lead and lead oxide), an
electromotive force appears between them. If one connects to these two
electrodes any device, consumer of electricity, a current is established, and the
accumulator is discharged little by little. During this discharge, the two
electrodes gradually resume their initial appearance, until complete discharge.

An accumulator therefore consists of the following organs:
A box, usually made of acid resistant plastic;

An electrolyte. On the majority of lead accumulators, this electrolyte consists
of a mixture of water and sulfuric acid. This liquid electrolyte has the advantage
of being inexpensive, but has some disadvantages:

- Batteries can only be positioned horizontally

- There is gas production by decomposition of water during charging,
overload, discharge and shutdown. For this reason, it is necessary to
periodically add distilled water.

- The gas, in contact with the air is transformed into liquid loaded with
sulfuric acid, and there is corrosion of the surrounding metal elements.

Electrodes. These are often made of antimony leaded wire mesh. Antimony has
the effect of increasing the hardness of the lead and improving the adhesion of
the active ingredients on the grids. These active ingredients are lead oxide for
positive plates, and spongy lead for negative plates. Some battery
manufacturers use special alloys for the plates, eliminating the use of antimony.

Separators. These are made of microporous plastic material or fiber, to allow
the passage of the electrolyte. They are placed between the positive and
negative plates.
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Remedies:
- decrease U (soft start by voltage regulator)
- increase r (starting resistance to drop the voltage)

The torque U=E+rl
Multiply by I UI=ET+rI2

U T = power absorbed by the motor
r 12 = losses by Joule effect of the armature
E’I = mechanical power of the armature

El=wC P=wC)
nN¢I=2n(n/60)C
C=nN¢I60/ 2nn

Torque adjustment: Action on flow ¢
C=k ¢1 K=N60/2 n

The rotation speed

U=E+rl
U=nNo+rl
n=(U-r)/N ¢
Speed setting
- Action on voltage U (voltage variator); It's the most frequent case.

- Action on the flow ¢: but watch out for the torque.

3.12.6 Series wound, shunt and compound motors
Independent excitation motor.

A1 A2 B1 B2 C1 c2
F1 F2
o— O
Fig. 42
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Fairly stable speed and increasing torque with load.

n c
[
Fig. 43 Fig. 44
n = f (I) at ¢ constant C = f (I) at ¢ constant
Speed n Torque (C)
n=(U-rn/¢ C=kol

If ¢ constant C = k I
Series excitation motor.

B1 B2C1 C2D1 D2
-_—

Fig. 45

Very high speed at low load (motor runaway)
Very large couple at high load

[N

Fig. 46 Fig. 47
n=f() c=f(1)
Speed n Torque ( C)
n=U-ri/¢ C=k¢l
When empty I is small and ¢ is small ¢ is proportional to I
nis high (runaway) C=kKI.I=kI2
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Compound mot

81 B2C1 C2D1 D2

Fig. 48

No load and low load, I being low there are few ampere-series and the motor
properties are shunt or independent.
In load, the properties are close to the series type.

n

o= Cc

o+

I
|

Fig. 49 Fig. 50

n=f(I) C=f(D)
Shunt motor.

Fig. 51

The characteristics of the shunt motor are quite similar to those of the
independently excited motor.

These motors are less flexible than motors with independent excitation.
Operation.

When the motor supplied at its maximum voltage reaches its nominal speed, its
speed can be further increased by reducing the inductive flux.

N=(U-RI)/k¢

This operation is called de-energizing operation.

25
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Preface

Chapter 3.12 - “"DC Motor / Generator theory” gives an overview of the
constitution, role of each element, and the operation, with the different connection
methods, of a generator or a DC motor.

Learning outcomes
The students should be able to:
- explain the different engine components and their role
- explain the different coupling series, shunt, compound
- explain the factors affecting the direction of rotation, speed, torque

- explain the four operating quadrants

3.12 DC Motor/Generator theory

3.12.1 Basic motor and generator theory
The machine consists of two main parts:
- One, fixed, called inductor (stator) is an electromagnet.

- The other, mobile, called armature (rotor) is the rotating armature of the
electromagnet.

Rotor

Stator

Fig. 1

In generator mode, conductors are placed on the periphery of a rotor which is
driven by a "mechanical" motor.

They are placed perpendicular to the field produced by the inductor winding fixed
on the stator.
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00

Fig. 37

When the current increases, the voltage begins to increase to B: the magnetic
circuit is not saturated, the increase in excitation produces an increase in the
emf. greater than the voltage drop.

After B the voltage drop wins out because the circuit becomes saturated.

C being the operating point under load.

If Re increases the line switches to the left.

In OD the operating point is poorly defined, there is instability.
To the left of the right 0D, the machine does not boot.

DYNAMO AT EXCITATION COMPOUND
Constitution.
It is a shunt type dynamo, the inductors of which also have a few turns in series

with the armature, therefore supplied by the current I supplied.
The series amps are added to the shunt amps.

Al A2 B B2 DI D2
- °

[}

£l E2
Fig. 38

We have seen that to compensate for the voltage drop of a shunt dynamo, it was
necessary, as the delivered current increases, increase the excitation current "i",
that is to say increase the number ampere towers.

The series winding of a dynamo compound being powered by current I, the
production of additional tower amps will be done automatically without external
intervention.

20
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The voltage is self-regulating.

Assembly.

We can make a “short shunt” (1) or a “long shunt” (2)
The differences are negligible.

The machine starts like a shunt dynamo.

Characteristic under load.

If the series winding produces a flow which opposes the shunt flow, it will be said
that the dynamo is discordant. (curve 3)

By crossing the connections, we will make it concordant (curve 1)

If the series winding is too large, the compensation for the voltage drop will be
too great.

We have a hyper compound dynamo.

um

o ] o

> e

3.12.5 Operation of, and factors affecting output power, torque, speed and
direction of rotation of DC motors

The dynamo is driven by a motor and gives rise to a voltage U.

electromotive force.

internal resistance.

current delivered by the dynamo.
E=nN¢

n = speed of rotation in t / second
number of conductors

¢ = the flux under a pole.

21
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Fig. 40

The rule of the left hand gives us the direction of the current which is born in the
dynamo.

The motor is supplied with direct current and gives rise to a rotational
movement.

The right hand rule gives us the direction of rotation of the motor.

U = voltage across the motor
E '= force against electromotive, it arises following the rotation of the rotor in a
magnetic field.
E'=nN¢
It is it which will give the mechanical energy of the rotor.
r I = the internal voltage drop.

N
Fig. 41
The starting current U=E'+rl
I=U/r

At startupn =0, so E'= 0
ris very small (a few ohms) I will be very large.
22
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Booting.
1 - Suppose the machine is running at its nominal speed.

- The remnant flow produces an emf. of a few volts, this emf. generates a
weak excitation current and this current creates a small flux; so we can
have:

- Or this flow is in the same direction as the remnant flow, E increases, so i
increases and the machine starts, the emf. takes a value close to the
nominal voltage.

- Or this flow is in the opposite direction from the residual flow and the total
flow becomes zero, the machine does not start. In this case, either change
the direction of rotation or swap the connections to the inductor.

2 - No-load operating point.
The machine is initiated, what exactly is its voltage?

Between the terminals of the armature, the voltage is U = E - Ri since the
armature delivers only a current i in the inductor; this being weak, the voltage
drop Ri can be neglected in front of E, and we have substantially U = + E

The voltage between the terminals of the armature is given by the no-load
characteristic E = f (i) at n = constant.

Tem
27
) Ly
w 1 Norlad characterisc
/B
L 2 Line of inductors
2

> 1A

Fig. 32
As the armature and the inductor are in parallel, their voltages are therefore
equalu=Uandri=E
Point A intersection of the line of the inductors and the no-load characteristic is
called: no-load operating point.
3 - Moving the operating point.
Influence of the inductor circuit.

If we increase "r" by action on the excitation rheostat, the slope of the right of
the inductors increases and A moves to the left.

17
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If " becomes too large (straight line in thin line) point A is poorly defined and
the operation becomes unstable, the value of the resistance is said to be
defusing.

Beyond, (dotted right) the machine does not start anymore.

Tew

oisplacement of &
7 =
g

> 1(A)

Fig. 33

No-load characteristic.

It's the same as a dynamo with independent excitation.

Characteristic under load. Tum

Fig. 34 Fig. 35

We notice that the tension decreases much faster than in independent excitation.

If, when the voltage has dropped sharply, the load resistance continues to
decrease, hoping to increase the current, we see that it decreases as well as the
voltage.

The machine refuses to charge, sometimes we can pick up a few points (dotted
curve), but the operation is unstable.

18
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In the Independent excitation dynamo, because of the RI ohmic drop and the
induced reaction, the voltage decreases as the flow increases but the excitation
current remains constant.

In the dynamo shunt, on the contrary, the previous voltage drops cause a
reduction in the excitation current, therefore in the f.é.m.

We can even short-circuit a shunt generator since then i = 0 and the f.é.m.
remaining is due to the only residual flux.

We have substantially: Icc = EO / R

DYNAMO EXCITATION SERIES
Constitution.

The only difference with the previous machines concerns the inductor winding
which is placed in series with the armature, so it will be crossed by the current I
supplied to the external circuit.

As a result, it has few coils of large wire, its resistance R’ is low.

B B2 D102

Fig. 36

The armature and the inductor being in series, the sum of the voltage drops
which they produce is subtracted from the f.é.m.togive U=E- (R+ )1

The inductor is only supplied if the machine delivers in an external circuit.
It cannot prime empty.

No-load characteristic.

She always traces herself to independent excitement.
Characteristic under load.

This is the curve U = f (I), it is drawn at constant speed.

19
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https://www.electrical4u.com/working-principle-of-photovoltaic-cell-or-solar-
cell/

https://www.electrical4u.com/what-is-photovoltaic-effect,
http://www.engineeringscience.rs/images/pdf/K Ranabhat.pdf

https://www.nanomotion.com/piezo-ceramic-motor-technology/piezoelectric-
effect/

https://www.explainthatstuff.com/piezoelectricity.html
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u

Fig. 8
In the triangle of tensions following Pythagoras

U2 = (Ur) 2 + (UL) 2 Ur=RI
U=wlLl
U2 = (RI)2 + (0OLT) 2
U2 = I2 (R? + (0 OL)?)
U=1V(R2+(0.L)?)
We name V(R + (wL)?) “circuit impedance”.
It represents all the effects that oppose the flow of current in an alternating
circuit.
The impedance is greater than the value of the pure resistance of the circuit.
Z = V(R? + (wl)?) u=z1
Z is the impedance of the circuit.

Example of an impedance triangle for an RL circuit

When we divide the sides of the triangle of voltages by the intensity of the
current, we get a similar triangle whose value of the sides becomes:

u=2zI1
Ur=RI z ot
U=wlLl

Fig. 9
The angle between R and Z or between U and I in the triangle of voltages similar

to the triangle of impedances is called @ (phi)
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3.4.2 Pressure: Piezoelectric

Principle: By applying a mechanical stress to certain crystals, quartz for
example, its faces are covered with electric charges of opposite directions.
The potential difference thus created is all the higher as the stress is important.

Output

Electrodes

Circuit Globe

3.4.3 Heat: Thermocouple

Principle: Two different metals such as iron and constantan are united at a point
called "hot welding", the two ends are connected to a millivoltmeter. When
heating the junction point there is a deviation of the needle proportional to the
rise in temperature.

Primary energy: heat
Voltage: 1 mV to 200 mV c.c.

W,
mv

2

Millivolts
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Not being in phase: The voltages which are induced in the two coils are no
longer in phase. They no longer reach their maximum values and their zero
values at the same time. There is a fixed offset between the two voltages, it is
said that there is phase shift.

Fig. 2

Relationship between current and voltage, if the receiver is resistive.

It is the property of a conductor to transform electrical energy into thermal
energy: W=RI2t
The energy transformation results in:
- to reduce, for a given voltage U, the current I = U / R
produce a potential difference across the resistor.
For a resistance, in alternating current, the law of ohm applies in the same way
as in direct current

I=U/R

Using an oscilloscope, you can trace the image of voltage and current on the

screen.

Ul temsien

Fig. 3





EPUB/xhtml/pdfhey4e/page4/page.png
3.4 GENERATION OF ELECTRICITY

3.4.4 Friction

Principle: Friction can cause electrification. The body that has excess electrons is
negatively charged. The body that has lost electrons is positively charged. Flying
planes accumulate static electricity by friction.

3.4.5 Chemical: Battery

Principle: Two plates of different materials placed in a suitable electrolyte release
electrical energy by a transformation of their chemical structure.

Primary energy: chemical
Voltage: 1Vto 2 Vec.c.

°
Positive terminal
Current collector Gasket
(Carbon)
Positive electrode: Metal jacket
(Manganese dioxide) Insulation tube
Separator
Negative electrode
(Zinc)
5

Negative terminal
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Relationship between voltage and current in an inductive receiver.

To simplify we consider that the circuit is purely inductive.

- Lthe self-coefficient expressed in Henry

- U the rms value of the voltage

- I the rms value of the current
For an inductor with alternating current, the current varies proportionally to the
voltage and inversely proportional manner with respect to the coefficient of self
and frequency.
The influence of the frequency will be expressed by the pulsation w —»Ow O= 2
nof

I1=U/ wL U=owlLI

L w is called: "the reactance of self" of the circuit and is expressed in ohm.

The reactance of self is proportional to the frequency.

tension

courant

/
u
/1![2
1
Fig. 4
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3.4.6 Magnetism and Displacement: AC Generator

Principle: a voltage is induced between the terminals of a conductor when
moving in a magnetic field.

Primary energy: mechanical
Voltage: 6 V to 25 kV c.a.

© Sinusoidal

Voitage output

A vottage proportional to
the rate of change of the
The mechanical energy input to
a generator tums the coll in the
magnetic field.

of Faraday’s law.
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There is an offset between the voltage curve and the current curve.

It is the phase shift difference between current and voltage.

The value of the phase shift is 1 / 2 (90 ©) behind the current I compared to the
voltage U.

Relationship between voltage and current, if the receiver is only capacitive.

A capacitor is formed by two conductive plates separated by an insulator called a
dielectric.
If we put a capacitor in series with a lamp in a circuit:

- In direct current the lamp does not light up, the circuit is interrupted by
the dielectric of the capacitor.
- In alternating current the lamp lights normally, everything happens as if

the capacitor did not exist.

To simplify we consider that the circuit is purely capacitive.

C the capacity in pF

U the effective value of the voltage,

I the rms value of the current.
For a capacitor supplied with alternating current: the current varies
proportionally with respect to the voltage, the frequency and the capacity.
The influence of the frequency will be expressed by the pulsation ®

I=VUwC

=U/(1/wC)

1/ w Cis called “capacity reactance” and is expressed in ohm
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Fig. 5

1

There is an offset between the voltage curve and that of the current.

It is the phase difference between current and voltage.

The value of the phase shift is n / 2 (90 °) in advance of the current I with
respect to the voltage U.

A resistor and an inductor (RL Circuit)

Fig. 6
We cannot, as in direct current, add up the partial voltages arithmetically.
The voltages Ur and UL are out of phase with each other.

We know that in a pure resistance the voltage and the current are in phase and
that in a pure inductor the voltage is 90 © ahead of the current.

Fig. 7
We are dealing with a series circuit, so the common element is the current.
The vector sum of the vectors UL and Ur gives the value of the total voltage U.
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1 : Determine :

the equivalent resistance of the whole
the total intensity of the current

the intensities derived

R1=40Q
R2=30Q
R3=40Q
R4 =18Q

U=120V

2 : Determine :

the equivalent resistance of the whole
the total intensity of the current

the intensities derived

Ri=20 .
R2 = 60 Q o Eg =

R3 = 40 Q -

R4 = 150 .

RS = 10 @

R6 =12Q
U=45Vv

3 : According to the diagram, determine :
the applied voltage U

the voltage across R1

the different intensities

4 : Which resistor R3 must be
connected so that the voltage between the points BC is 20 V?
Usc= 20V Ao _
H 400 @
a
U=100Vv c
500 0 [§ Hks =7
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For a parallel circuit R L, we draw the triangle of currents:
We multiply the currents by the common element, the voltage.
We thus obtain powers (P, Pr and PL)

0
u
c

Triangle of powers

In a series arrangement, when the sides of the triangle of voltages are multiplied
by the current, we obtain the triangle of powers.

In a parallel arrangement, the sides of the current triangle will be multiplied by
the voltage to obtain the power triangle.

Fig. 24
Power factor

The angle ¢ represents, in the triangle of voltages and the triangle of currents,

the phase difference existing between the current and the supply voltage of the
circuit.

In the power triangle the angle ¢ represents the phase shift between the active
power P and the apparent power S.

cos @ = active power / apparent power
cosp=P/S

The cos ¢ is called: power factor.

15
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5 : From the data of the problem, determine :
the applied voltage U

the value of R2 resistance

the value of resistance R3

the value of resistance RS

1 10 mA

20 mA

10V

2]
R3
RS

4mA

3.6.5 Significance of the internal resistance of a supply

We have seen in Chapter 3.5 the existence and the importance of the presence
of the internal resistance of a battery.

When charging an accumulator, the element is a receiver.

The voltage remaining at the terminals of the element is in opposition to the
voltage of the source. It tends to circulate a current of direction opposite to that
of the generator.

In fact, only one current flows in the circuit. Its meaning is imposed by the
polarities of the generator.

generator
¥ H
[ u
R
| sccumustor

Fig. 3
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Power factor improvement

The current which is necessary to develop a determined active power is a
function of cos @.

At the greater is the cos @, at the smallest will be the current I'in the line.
Receivers, like motors, transformers, windings have an inductive characteristic
or, in other words, the current is phase shifted back on the voltage.

For a given active power, the current taken from the network will be minimum if
the power factor is maximum (close to 1)

The improvement of the power factor is obtained by placing a capacitor bank in
parallel on the user.

Finding the cos ¢ of a device or installation
P=Ulcos ¢
cosp =P/UI

= active power / apparent power

= Power measured with the wattmeter / Power calculated by U x I

16
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Preface

Chapter 3.4 - "Generation of electricity" gives an overview about the different
possibilities of producing electricity.

Learning outcomes

The students should be able to mention the six possibilities of producing electricity
with an example for each.

3.4 Generation of electricity

Electric current generators are systems capable of moving the free electrons in
directed and ordered motion by imparting to them an energy that they will be
able to release by passing through electric current receivers.

We can present here the production of electricity with the following methods:

3.4.1 Light: Photovoltaic cell

Principle: When a silicon p-n junction (similar to the junction of a diode) receives
radiant energy, charge transfer occurs and a voltage appears between terminals
Aand B.

Primary energy: radiant energy
Voltage: 0.3V t0 0.9V c.c.

Light Energy

NickelPlating

Antreflcting
Coating
Load

+9 Hole
- @ Electron
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Preface

Chapter 3.14 - “Resistive, Capacitive and Inductive circuits” gives an overview of the
behavior of electrical current and voltage signals when coupled with resistive,
inductive or capacitive loads.

Learning outcomes

The students should be able to:
- retrace the characteristics for each element R, L, C
- combine the elements in series or in parallel
- define the active, reactive and apparent powers

- explain the power factor

3.14 Resistive, Capacitive and Inductive circuits

3.14.1 Phase relationship of voltage and current in L, C and R circuits,
parallel, series and series parallel Impedance, phase angle and
current calculations

The concept of phase

Being in phase: The coils 1 and 2 coincide and rotate at the same speed, the
emf. induced in the two coils reach at the same time their maximum values and
their zero values.

EXEREE

1
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3.14.2 Power dissipation in L, C and R circuits True power, apparent power
and reactive power calculations Power factor

The power, taken by a resistive load, can be determined, both in direct current

and in alternating current, by the formula:
P=RI2

In alternating current, we take the value RMS.

Apply this principle to a coil (R L series circuit) and we get:

1=U/z P=(U/Z)IR

=UI(R/2)

Now we know by the triangle of impedances, that: R / Z = cos ¢
Draw the triangle of tensions

UxI=p
UrxI=Pr
ULxT=PL

Ur = U cos

UL = Ussin @

Fig. 22

Different powers
P=Ulcos @

We call this power: active power, it is expressed in watts (W)
S=UI

We call this power: apparent power, it is expressed in voltamperes (VA)
Q=Ulsing

We call this power: reactive power, it is expressed in reactive voltamperes
(VAr)

14
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Efficiency
The thermal energy that emerges in the motor windings is not interesting for the
user, it is lost energy.

The industrial efficiency of a machine is the ratio between the useful energy and
the energy absorbed.

Absorbed electrical

Thermal energy
losses

Mechanical energy
available

Fig. 5

- Output (available) = Absorbed + losses
- 1 (efficiency) = Output / Absorbed

3.8.2 Dissipation of power by a resistor
A receiver (resistance) is a device that converts electrical energy into thermal

energy.

The voltage appearing at the terminals of this receiver is due to the passage of

the current.

Fig. 6
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A force is characterized by:
- An application point
- A direction and sense (those moving it tries to impose)
- A greater or lesser intensity (measured in Newtons N)

Vector representation of a force

It is represented by an arrow AB
- The origin is at point A
- The direction and sense are those of force
- And whose length, on a conventional scale, is the intensity of the force.

"8

Fig. 1
The same vector representation can be applied to other variables:
- the speed of a point
- acceleration
- an electric field
- a tension

- current
Resolution of forces

All vector quantities add up geometrically.
> >
N T

Two forces  and  are applied to the same point A.
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= Photo source
t emissive * -

NN

‘www explainthatstuff.com

Fig. 16 Fig. 17

Light knocks electrons from a cathode to an anode, making a current flow
through an external circuit.
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Fig. 2

> > >
F is a resultant force that can replace all the forces N and T

Conversely, it may be convenient to replace a real force _by two fictitious
forces ( }\7 and _-F ) of which she is the geometrical sum. F

Work

When there is displacement of the point of application of a force, there is work.

Work = Force x Long way
W=FxL

(W) Joules - (F) Newtons - (L) meters

1 Joule is the work produced by a force of 1 N whose point of application moves

1 m in the direction of the force.

Example =

Let's raise a charge of

- 50 N at a height of 1 m
- 50 N at a height of 2 m
- 50N at a height of 3 m

The effort will be double to wear the load of 50 N to 2 m compared at the
elevation of 1 m and triple for the height of 3 m

Fig. 3
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What is a Silver Oxide Battery
https://www.youtube.com/watch?v=lalL BBKm|
Batteries in Series vs Parallel
https://www.youtube.com/watch?v=>5IBDdcF6eAk
What is a Thermocouple? Diagram & Working Principle
https://www.youtube.com/watch?v=ZwXtPW0gdDO
What is Thermoelectric Effect or Seebeck Effect?

https://www.youtube.com/watch?v=yK2DwMTja1Q

How do Solar cells work?

https://www.youtube.com/watch?v=L_gq6LRgKpTw
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https://learn.sparkfun.com/tutorials/what-is-a-battery/all

https://www.cedengineering.com/userfiles/Introduction%20to%20Batteries.pdf

https://www.oakton.edu/user/1/agero/elt101/presentations/Chapter12.pdf

https://learn.sparkfun.com/tutorials/measuring-internal-resistance-of-

batter\es[lnternal resistance
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Let's raise a charge of :

- 50N ata height of 1 m 9}
- 100 N at a height of 1 m -
- 150 N at a height of 1 m

Fig. 4

The effort will be double for the load 100 N and triple for charging 150 N in relation
to the elevation the same height (1 m) from the charge of 50 N

Energie kinetic and potential
The potential energy is a reserve energy, a system at rest. Example, water
retained by a dam.

The kinetic energy is the energy produced by a moving system. For example,
falling water can drive a turbine.

Every body is able to produce a work when it has energy.

Mechanical energy can be transformed into electrical energy (alternator,
magnetos, piezoelectric igniter ...) or thermal energy (the friction of moving parts,
ball bearings ...).

Similarly, electrical energy can be transformed into mechanical energy (electric
motor), thermal (electric heating), chemical (charging electric batteries) or light
(lighting).

The energy is found in various forms that can transform from one form into

another.

The electrical energy absorbed by an engine is converted into used mechanical

energy AND lost thermal energy.

During an energy transformation, the total quantity of energy remains the same,

there is conservation of energy.

Power

The watt is a power unit that corresponds to a work of 1 joule for 1 second.
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Preface

Chapter 3.5 - "DC sources of electricity" gives an overview on the different models
of batteries and accumulators as well as how to connect them together.
Thermocouples and photo cells are also explained.

Learning outcomes

The students should be able to:
- explain the operation of a battery or accumulator

- explain the internal resistance of an element

- explain and calculate the couplings of the elements in series or in parallel
- explain the principle of a thermocouple

- explain why there are different thermocouples

3.5 DC sources of electricity

There are currently different types of batteries: dry batteries "saline or alkaline",
"mercury batteries" less and less used for ecological reasons and "rechargeable
batteries".

3.5.1 Definition
Batteries are primary electrochemical elements.

These are sources of electricity that convert chemical energy into electrical
energy. The chemical transformation deteriorates gradually one of the two
electrodes so that the battery is no longer usable.

Accumulators are secondary elements.

The chemical transformation that occurs during the discharge is reversible. A
battery can be recharged by circulating a current in the opposite direction, which
gives the electrodes and the electrolysis their initial chemical composition.

3.5.2 Batteries

Operation

Consider a container filled with water mixed with sulfuric acid.

In this solution called "electrolyte” is immersed two electrodes, one made of a
copper plate, which will be the + and the other a zinc plate for the pole -.

It appears between these two electrodes an electromotive force of about 1.08 V.
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Example:

To lift 60 kg of bricks to a height of 10 m, a worker develops a force of 600 N and
the rise time lasts 2 minutes with a mechanical crank winch.

The hand-made work is : W = F x L = 600 N x 10 m = 6000 J in 120 sec
Worker Power : Work in 1 second : 6000 j / 120 sec = 50j/s = 50 W

If the winch is powered by an electric motor, the 60 kg of bricks are mounted at
the same height in 40 seconds.

The work done by the motor is: W = F x L = 600 N x 10 m = 6000 J in 40 sec
Engine power: Work in 1 second : 6000 j / 40 sec = 150j/s = 150 W

The work produced in both cases is the same but we see that it is executed in 40
seconds by the engine while manually it took 120 seconds, the engine has done
the work 3 times faster than the man.

It is said that the engine is 3 times more powerful.
Power is work done for one second.
P=W /t
Watts - joules - seconds
The kilowatt-hour (kWh) is the unit of consumption of electrical energy.
W=Pxt
Watthour - watt - hour

- 1Wh=3600J
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Simpified diagram of a battery

+ -

Fig. 1

Now connect a load to the battery terminals.
A current is established and flows from + to - outside the cell.

There is then a release of hydrogen on the copper plate, the appearance of zinc
sulfate in the bottom of the container, along with a decrease in the weight of the
zinc plate.

After a certain period of operation, the electromotive force is rapidly attenuated
to reach a zero potential.

This is explained by the fact that the hydrogen bubbles that have formed on the
copper plate isolate the latter from the electrolyte. The battery is then
"polarized"”, and no longer produces electricity. To restore normal operation,
simply wipe the copper blade.

To prevent the formation of bubbles, an electrolyte-hungry body is mixed with
the electrolyte, this body is called a "depolarizer".

Fig. 2

Any "chemical" process of electricity production necessarily consists of a reaction
located at the "atomic" scale of the material. The zinc electrode is called the
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3.8.4 Calculations involving power, work and energy

1. Atractor pulls a truck developing a force of 1200 N. Calculate the work
done over a distance of 1 km.

2. 2 : To lift a bucket of water at a height of 0.5 m, perform a work of 40 J.
Calculate the force exerted.

3. Calculate the power of an engine that delivers a job of 16,200,000 J in 45
minutes.

4. A motor of a winch develops a power of 2 kW. How long will it take to lift
22000 N load to a height of 10 m?

5. Acrane lifts a load of 3600 N at 6 m height in 15 s. What is the power of
the machine?

6. A hand-operated crane lifts a load of 5000 N at a height of 4 m in 3
minutes while a crane with electric control ensures work in 8 seconds.
Determine the corresponding power in each case.

7. A dynamo supplies a current of 36 A at a voltage of 220 V. What is the
corresponding power output?

8. The dashboard of a car is equipped with a cigarette lighter which, powered
by the 12 V battery, is crossed by a current of 5 A. Determine its power
and its resistance.

9. What is the power of an incandescent lamp that is powered by a current of
0.272 A at 220 V? His resistance? The amount of current carried in 50

minutes?
10. An electrical installation absorbs a current of 15 A for 8 hours at a
voltage of 220 V. Determine the electrical energy consumed.
11. What is the average power of an electrical installation knowing that
the meter has recorded 12 kWh after 1 hour and 30 minutes of operation?
12. An accumulator battery delivered a current of 5 A below the 12 vV
power supply for 8 hours.
We ask :

a) the quantity of electricity transported
b) receiver resistance

c) the power supplied to the receiver

d) energy consumed (in Joules and Wh)

13. An electric motor of 8 kW of useful power has an efficiency of 60%.

He works 6 hours a day. What are

a) the work provided

b) the electrical power consumed

c) the electrical energy recorded by the meter.

10
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3.5.6 Cells connected in parallel

Operation without load:

= ) L i v

E=15V E =15V E =15V

Fig 10
We keep the same electromotive force.
For elements that do not have the same fem, coupling is not possible.
Operation in charge:

Taking into account the internal resistances of the batteries, the internal
resistances of each of the elements are in parallel so the equivalent internal
resistance is lower.

3.5.7 Thermocouples

The operating principle of thermocouples is essentially based on the SEEBECK
effect.

When a temperature difference along a thread occurs, there is a charge transfer.
The importance of the charge transfer depends on the electrical characteristics of
the chosen material.

When two wires of different materials are soldered to one side and a
temperature difference occurs, a voltage is formed at both free ends.

This voltage depends on the temperature difference along the two wires.

To measure the temperature at the junction point, the temperature must be
known at the free end.

A thermocouple is composed of two electrical conductors of different materials
interconnected at one end (measuring junction).

Thermocouples are used to measure temperatures up to 1600 ° C.

When the two metals of different types are brought into contact at the same
temperature, an electrical voltage appears at the other end of these two metals.

10
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) Fe
< @)

™~ CuNi

Fig. 11

This voltage (EMF = electromotive force) is produced because of the different
electron density of the two (different) metal conductors used, in combination
with the temperature difference between the measuring point and the cold
junction (or connecting the reading device).

There are different types of thermocouples:
: chromel / constantan : -270°C & 870°C O -9,835 mV a 66,473 mV
: fer / constantan : -210°C & 800°C [J -8,096 mV a 45,498 mV
: cuivre / constantan : -270°C & 370°C [ -6,258 mV a 19,027 mV/

: platine-rhodium (13%) / platine : -50°C & 1500°C O -0,26 mV & 17,445 mV
: platine-rhodium (10%) / platine : -50°C & 1500°C O -0,26 mV & 15,576 mV/
: platine-rhodium (30%) / platine-rhodium (60%) : 0°C & 1700°C 0 0 mV &

E
J
T
K : chromel / alumel : -270°C a 1250°C O -5,354 mV a 50,633 mV
R
S
B

12,426 mvV

Example of thermocouples characteristic curve:

FEM

Fig. 12
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Preface

Chapter 3.8 - "Power" gives an overview on the power, the work, the energy.

Learning outcomes

The students should be able to:

- define a Force, a Work, a kinetic and potential Energy, a Power
- give the different formulas of power

- to solve the calculations involving power, work and energy

3.8 Power
3.8.1 Mass, acceleration, power, work, energy
Mass m is a property of matter. It is expressed in Kg.

It reports the amount of material contained in this body regardless of where it is
located.

The weight, also called gravitational mass, expressed the gravitational force that
body exerts on another. The weight varies depending on the location in which the
body is placed. On the moon, a body present a weight six times less than on Earth.
The weight unit is the Newton (N).

Mass and weight are linked by the following relation:

weight =mass x g
2
N kg N/kg or m/s
g represents the acceleration of gravity at a given location.
For the earth, g = 9.81

Acceleration indicates the increase of the speed or frequency of evolution of any
process.

Force

A force is a mechanical action on a body in order to deform it, to move it, to
accelerate its movement or to change its direction.

1 N is the force required to print to an object of 1kg an acceleration of 1 m / s2.

2
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3.5.8 Operation of photo-cells

"Photo" means light, so photoelectricity simply means electricity produced by a
light beam.

When light hits the semiconductor material, it generates a DC electrical signal
(small voltage and current). Technically, when light hits the semiconductor, it
"encourages" electrons to migrate (jump) from one side to the other.

Photoelectricity is about light energy being converted into electrical energy and it
happens in three different ways (though, on the face of it, quite similar).

Photo
conductive

Fig. 13

‘weew explainthatstutt.com

Light increases the flow of electrons and reduces the resistance

Photo
voltaic e ol
\ ‘ii\ A -
B

5= ""

‘www.explainthatstuff.com
Fig. 14
Fig. 15

Light makes electrons move between layers, producing a voltage and a current
in an external circuit.
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Pythagoras' theorem gives: Z2 = R2 + ( oL )2
R = Z cos ¢ then cosp=R/Z

A resistor and a capacitor (RC circuit)

Fig. 10

As seen previously, we cannot arithmetically add the tensions Ur and Uc. The
voltages are out of phase with each other.

In a pure resistance the current is in phase with the voltage while in a perfect
capacitor, the current is phase shifted by n / 2 ahead of the voltage.

ur, !

Ue

Fig. 11
The sum of the vectors Ur and Uc gives the value of the total voltage U.
In the triangle of tensions, we can write:

U2 = (Un)2 + (Uc)? U=RI
Uc=T/wC

U2=(RI?*+(1/(wC))?2
U=TIV(Rz+(1/(wC))?)
The impedance of the circuit is V(R2 + (1 /(w C))? = Z

u=2zI1
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A resistor, an inductor and a capacitor (RLC circuit)

Fig. 12

Ur = R1in phase with current I
UL = w L I ahead of n/ 2 over current I
Uc =1/ w Cbehind n/ 2 on current I

Vector diagram

U2 = (Un)2 + (UL - UC)2
U2 = (R’ + [(w L 1) = (I/(w C)]?
U=IV[RZ+ ((@LD) - (I/(0C)?]
u=2zI1

with Z = V[R2 + ((w LT) — (I /(@ C))?]

Fig. 13
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Frequency

- If we replace the magnet with a four-pole electromagnet:
- the flow takes the same value every half turn one period corresponds to
this half-turn

So for n t/ s if there are 2 periods, the frequency f =2 n
We say, if the electromagnet 4 pole that has two pole pairs!
p = number of pairs of poles, there are p times n periods in one second!

f=pn

Fig. 5

Electromotive force (emf)

When the axis of a pole coincides with that of a turn, the flux is maximum.
If: ¢m its value.
The value of Umax =  ¢m = 2 n f gm

The rms value = Um / V2 = (2 n f ¢m) / V2 = 4,44 f ¢m
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3.17.2 Operation and constitution of revolving armature and revolving field
type AC generators

Rotor:

For the salient pole alternator, it is an electromagnet whose poles are alternately
North and South.

The windings are fed continuously by means of brushes rubbing on two rings.
Since the rotating part is crossed by a constant flow, it is not necessary to leaf
through it.

The windings are placed around the polar cores.

For the rotor is "smooth", it is a solid cylinder in which we have machined
notches.

It most often has two poles and more rarely four.

Its rotation speed is therefore 3000 or 1500 rpm.

Stator:

Subject to a rotating flux, it is the seat of hysteresis and eddy current, so it is
always laminated.

Use:

Energy production for networks in power plants.

Stator

Polar wheel

bolar development

Fig. 6 Fig. 7 Smooth pole rotor - 2 poles
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The set of turns constitutes the stator winding. The poles of the magnetic field
change place by turning, the tension, which arises in the stator winding, varies in
strength and direction, hence the name of alternating tension.

For a regular rotor speed, the voltage curve between two maximum values is
sinusoidal.

The emf induction is stronger the stronger the magnetic field (i.e. the lines of
induction are more concentrated) and the speed, at which the lines of induction
are cut, is more high.

On alternators the magnetic field is produced by electromagnets.

The electromagnetic field is only effective when the inductor winding (excitation

winding) is traversed by a current.

=2 =0
s N

iha | B ada vy || vy
N s

Fig. 1

Magnetic flux in the stator winding, the induction lines run from the North Pole

to the South Pole.

The polarity of the emf. induced varies when the direction of the magnetic field

is reversed.

g & E g §

By [T

. o Fig. 2: Characteristic curve
« of the alternating voltage

induced during a rotation of

/ the rotor
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A magnet or an electromagnet, supplied with direct current, driven in rotation,
produces a rotating magnetic field.

Each turn of a coil subjected to the action of this rotating field is the seat of an
electromotive force.

(Emf) induced alternative E=-(Ad/AY) (Lenz)
If the magnet rotates at the speed of nint /s

The frequency f =

The pulsation @ = 2 n n rad / s = angular speed w of the magnet.
The period is T = 1 / n = milliseconds
f=pn

p: number of pairs of poles

n: revolutions per second (t / s)

Fixed conductors seat of Rotating inductor
the emf. altemative \ e

T

Fig. 3

Fig. 4

The machine thus constituted is called an alternator or synchronous generator.
The rotating magnet or electromagnet is the rotor or the inductor.

The fixed turn is the stator or the armature.
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The Delta coupling: We will study it in a balanced system.

L1

Fig. 24 : Diagram of a delta power supply

L1 line wire line current 11

Single current or 1
current in the
branch

L

u "

line wire L2 j2
-— =z

ine wire % L

Fig. 25

Each receiver is supplied with a compound voltage U, and since this is also the
voltage V supplied by a winding, we have: U = V

The receptors chosen are purely resistive receptors.

The absorbed intensities are therefore in phase with their respective voltage.
The intensities in the branches (J1, J2 and J3) are offset between them by 1/3 of
period (120 °) and represented by the vectors OA, OB and OC

The intensities in the lines (11, 12 and I3) are represented by the vectors AB, BC
and CA.

16





EPUB/xhtml/pdff137e/page17/page.png
3.17 AC GENERATOR

NA = 0A cos 30°
cos 30° = V3/2
NA = 0Ax (V3/2)

AB =2xNA=2x(V3/2)x0A

AB =1
0A=) «
X
I=V3x) L .
N
2
A
o
Fig. 26

Power in a balanced system.

P=3xUxJxcosp

o

=3xUx(I/V3) x cos ¢

o

=V3xV3xUx(1/V3)xcos ¢

P=v3xUxIxcos@

3.17.5 Permanent magnet generators

The permanent magnet alternator is widely used in aeronautics for the
generation of alternating current.

It is a three-phase alternator, the inductor of which is made up of a permanent
magnet rotating at the drive speed.

The three-phase voltages induced in the stator serve, after having been
rectified, to supply the stator of the excitation alternator.

The armature of the excitation alternator, rotating at the drive speed, is
connected via a rotating rectifier bridge to the inductor of the main alternator.

This alternator, whose rotor creates a magnetic field rotating at the drive speed,
will induce voltages in the stator which will constitute the available three-phase
network.

17
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Preface

Chapter 3.17 - “AC generators” gives an overview of the operating principle of
alternators, with their constitution, their no-load and load operation, their possible
couplings and the characteristics of their signals.

Learning outcomes

The students should be able to:
- give the elements constituting an alternator
- explain the operating principle of an alternator as well as its product signal
characteristics
- explain the operation when no-load and under load
- explain the performance and losses
- explain the principle of a three-phase alternator with its advantages
- explain the star and triangle couplings

3.17 AC generators

3.17.1 Rotation of loop in a magnetic field and waveform produced
Principle of an alternator

The principle is based on the fact that an electrical conductor becomes (by
induction) the seat of an emf. when it cuts the induction lines of a magnetic field.

This phenomenon occurs indifferently when the magnetic field is fixed and the
conductor moves or, conversely, when the conductor remains fixed and the
magnetic field moves.

On alternators, the conductor remains fixed (stator winding) and the magnetic
field moves (rotational movement, hence the name of rotor) To obtain a powerful
induction effect, we do not just expose a single turns on the action of the magnetic

field, but we multiply the number.
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https://www.brown.edu/Departments/Engineering/Courses/ENGN1931F/AC Elec
trical Generators ASOPE.pdf
https://www.usna.edu/ECE/ee301/Lecture%20Notes/EE301%20Fall%202016%2
0OLesson%2030%20AC%20Generators%201.pdf
https://d6s74n067skb0.cloudfront.net/course-material/EE603-AC-Theory-
Circuits-Generators-Motors.pdf
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Wind turbine convrter

Hzm et Medium\voliage
reaker wtepoesr

S

weoTod0rpm

g trbioe
Control

Fig. 27
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https://new.abb.com/motors-generators/generators/generators-for-wind-
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Three-phase circuits

Each generator can be connected to a circuit by 3 separate lines, which supplies

3 identical receivers.
Z1=22=23
Cos @1 = Cos ¢2 = Cos 3
These 3 circuits are supplied with the same voltage (V) called single voltage,
and, absorb the same current (j) called single current, which have the same
phase shift on the voltage.

z

Fig. 18 Fig. 19
We are in the presence of a balanced three-phase current system.
Each circuit absorbs the same power.

P=Vjcos @

Total power = 3 V j cos ¢

If the currents j1, j2, j3 and the phase shifts @1, ¢2, @3 are different from each

other, we are in an unbalanced system.
P1 =V 1 cos 1
P2 =V ]2 cos p2
P3 =V 13 cos 3

Total power
=P1+P2+P3

13
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3.17.4 Three phase star and delta connections advantages and uses

The windings can be connected in 2 ways.

STAR (Y) DELTA (D)
L1 "
Neutral point N oN
L2 L2
L3 T
Fig. 21

Star coupling: We will study it in a balanced system.

L

L3

N

Fig. 21 Diagram of a star supply

line wire. 1 fine current
A
Vi singe U| U [compound -
tension tension I
N neutral wire

line wire

3

Fig. 22
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Two phases

oscilloscope

Rotation

Fixed coil Fixed coil

Magnet or rotating
electro magnet

Fig. 15
Three phases

oscilloscope

Fixed c

Fixed coil

A

Fig. 16
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Principle of the three-phase alternator

It is based on the phenomenon of induction.

Three coils offset 120 ° from each other make up the alternator stator. The rotor
is an electromagnet.

Each coil forms a separate single-phase generator. The three coils are the same,
so the emf. will be the same in maximum value.

These emf. will be the same period, but they will be 120 ° out of phase with
each other.

vi vs v
Fig. 17

Advantage of the three-phase alternator.

Tron: 1 carcass for the three-phase 3 carcasses for the single-phase

Copper: 1 three-phase inductor 3 single-phase inductors

Mechanics: 2 stages in three-phase 6 stages for the single-phase

Less iron loss (eddy current, hysteresis), less loss in copper (Joule effect) and
less mechanical loss (friction).

Another advantage is that three-phase alternators distribute energy by saving
line wires.

They also make it possible to obtain rotating magnetic fields on which are based
a large number of alternating current motors of great robustness and simplicity
of construction.
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The current flowing in each phase coil is the same as that of the line.
We are in a balanced system, the currents are equal, their vector sum is equal to
zero.

In this system, the impedance Z is traversed by the line current: T

Relationship between the compound voltage U and the simple voltage V.

To establish the relationship between the compound voltage U and the simple
voltage V, divide U by V.

By drawing the bisector of the angle N we divide the triangle ANB, formed by the
simple voltages V1, V2 and the compound voltage U1, into 2 equal right

triangles.
In the ANH triangle we can say that:
AH = AN cos AA = 30° and cos 30° = V3 /2

AH = AN x (V3/2)

AB =2 x AH B
AB =2 xAN (V3/2) o
AB = U1 H
A

AN = V1
AB = AN x V3

N vi
UL =V1xv3
U=v3v Fig 23

Power in a balanced system.
P=3xVxIxcoso
P =3x(U/V3)xIxcos @
P =V3xV3x(U/V3) xIxcos

P=v3xUxIxcoso
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