Unit 10


Electromagnetism:

Electricity and magnetism are so closely interrelated that they can be considered as one physical phenomenon, the electromagnetic field. The term field is used because the electrical and magnetic forces exhibited act on bodies placed in their space of influence without physical contact.

It can be observed that a conductor carrying an electric current I exhibits a magnetic field around it. The magnetic field is represented by invisible lines of force called the magnetic flux () is increased if the current is increased.
). These current-induced magnetic flux lines are in the form of concentric circles, as shown below, and they possess direction as can be confirmed by the deflection of a compass needle placed in their vicinity. The flux (



Maxwell's right-hand rule (RHR): If the conductor is held with the right hand such that the thumb points in the direction of the current flow I, the fingers circling the conductor point in the direction of the magnetic flux lines.

If the current-carrying conductor is bent in the shape of a loop, as shown below, the induced magnetic flux lines will pass through the inside of the loop in the same direction, into the plane of the loop.




Thus the field is strengthened by concentrating it in a smaller area. Further concentration of the magnetic field is achieved if the conductor is formed into a coil (solenoid) of n turns or loops.
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Also, if a magnet is placed in the centre of the coil the magnetic field is concentrated even further.
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This produces an electromagnet with north and south poles. The direction of the flux lines are still in accordance with the RHR. Every loop produces magnetic flux lines from right to left, in the same direction, inside the coil, which continue from left to right (N to S pole) outside the coil. The strength of the magnetic field produced can be controlled in strength by varying the current magnitude.

When two parallel conductors carry current in the same direction the magnetic lines of force between them cancel out in the middle and the lines of force on the outside will encircle both conductors, as indicated below. This results in a force of attraction between the two conductors.

If however the parallel conductors carry current in the opposite direction the magnetic lines of force in the middle of the field are in the same direction and crowd each other, as indicated below. The two conductors tend to repel each other.







Electromagnetic Induction:

It has been shown that electric current flow in a wire produces a magnetic field. The reverse of this electromagnetic induction process is also true, as Faraday and Henry demonstrated.

When a conductor is moved through a magnetic field it is said to cut the flux lines. When this action is performed a voltage can be measured across the ends of the conductor. This voltage is said to be induced in the conductor as a consequence of its motion through a magnetic field. If the ends of the conductor are joined by a wire to form a loop, the induced voltage causes a current to flow around the loop, called an induced current. Note that the wire portion of the loop remains outside the magnetic field as shown in the Fig below. This phenomenon is called electromagnetic induction.

Faraday's Law: The magnitude of the voltage induced in a conductor moving through a magnetic field is directly proportional to the rate at which the flux lines are cut.

If this conductor is shaped into n turns or loops to form a coil then each turn cuts flux lines, adding to the total voltage induced in the coil and Faraday's law becomes
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where the EMF is the electromotive force (voltage) induced and n is the number of turns of the coil.

This means that when the magnetic lines of force (or flux) linking a conductor are changed by moving either the conductor or the magnetic field itself in such a way that the conductor cuts across the magnetic lines of force, voltage will be induced across the terminals of the conductor, as indicated below.




If the conductor is moved perpendicular to the magnetic lines of force, as indicated, the voltmeter shows that a voltage is induced in the conductor. When the movement is upward as indicated, the direction of induced current and the polarity of the induced voltage are also as indicated. If the motion is downward, the polarity of the voltage and the direction of the current are reversed. In both cases the magnetic flux linkages are broken. If however the conductor is moved from left to right (or vice versa), its motion is parallel to the flux lines, no cutting occurs and the current and voltage are both zero. The voltage polarity and the current direction can be determined from Lenz's Law.

Lenz's Law: The direction of the current induced by moving a conductor through a magnetic field is such that it produces opposition to the motion that produced it.

This means that in order to move the conductor upwards in the circuit shown above force must be used to overcome the opposing downward force produced by the induced current. If the conductor is then moved downwards, the current reverses direction to provide upward force opposing the downward motion or force.

The directions associated with Lenz's law may be remembered from a modification of Maxwell's right hand rule (RHR). If the flux lines fall onto the open palm of the right hand and the thumb, which is kept perpendicular to the fingers, points in the direction of the motion, or force required to produce motion, then the extended fingers point in the direction of the induced current flow. Applying this to the circuit in the Fig above, we see that for upward motion (or applied force), the current flows into the page.

Faraday's and Lenz's laws were stated here for moving conductors in static magnetic fields, but they apply equally to static conductors in moving magnetic fields.

This demonstrates the electric generator principle which is used in hydrostations, where the force generated from waterfalls or steam turbines is harnessed to rotate conductors in a magnetic field. The motor principle uses the reverse principle. Current flows in a conductor placed in a magnetic field. The magnetic field induced by the current flow interacts with the original magnetic field, resulting in a mechanical force causing the conductor to move (i.e. creating a force). The relative directions are described this time by Maxwell’s left hand rule (LHR).

Self Inductance:

An inductor is a two terminal element made of conducting wire wound in the form of a coil, as shown below. The coil can have any number of turns n and can be wound on a core of effective length l and cross sectional area A. This core can be made of air, nonmagnetic material, or any magnetic material such as iron, steel or ferrite.
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When the current i in a coil is increased or decreased (i.e. when the current is changing) it produces a change in the magnetic flux surrounding the coil. The coil winding itself is therefore cut by the changing flux and a voltage induced in it (Faraday's law). Using the modification of Maxwell’s RHR it can be shown that this EMF causes a current to flow in a direction opposite to the original current (Lenz's law).

Thus the coil opposes the change in current flowing in itself. This phenomenon of electromagnetic induction in the coil itself is called the self-inductance L or simply inductance.

Definition of inductance: The inductance L is the property of the electric circuit element that exhibits opposition to the change in current flowing in it.

Thus current in an inductor cannot change instantaneously (like voltage on a capacitor).

Ohm's Law for an Inductor: The voltage induced in a coil, from Faraday's Law, is
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Experiments demonstrate that the flux () is proportional to the rate of change of current (i). Hence it can be shown that the induced voltage v is proportional to the rate of change of current. The constant of proportionality is the inductance L, hence:
) is increased if the current is increased. It can be shown that the rate of change of flux (
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This is known as Ohm's Law for an inductor and is similar to Ohm's Law for a capacitor. The units of L are called the henry, H. Hence
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The circuit symbol for an inductor is a coil.

Ohm's Law for an inductor shows that the induced voltage for an inductor is proportional not to the current but to the rate of change of current w.r.t. time, 
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. Thus for dc circuits, where the current does not change, 
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 and the induced voltage is zero, i.e. an inductor is a short circuit under steady-state dc conditions (while a capacitor is an open-circuit under the same conditions).

The value of the inductance L depends only on the physical properties and dimensions of the coil. It can be shown for an inductor having a nonmagnetic core that:
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where n is the number of turn in the coil, A is the cross sectional area of the core upon which the coil is wound, l is the effective length of the core and o is a constant known as the permeability of free space. Permeability is the property of a material that measures its ability to permit the establishment of magnetic lines of force. For air:
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In practice, inductors can have an inductance as low as a fraction of a H (for RF applications) or as high as 100 H (for high voltage power applications).

Like ideal capacitors, ideal inductors do not dissipate power. They are energy storing elements, the energy being stored in the magnetic field.

The instantaneous power p supplied to an inductor and the energy w are defined as
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Therefore, the energy w stored in an inductor is 
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Inductors in series: (Boctor, Ch. 10, P. 363)





By KVL the voltages across each inductor is
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If the current in the circuit is changing at the rate 
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If the three inductors are replaced by a single equivalent inductor Leq then the voltage induced in this inductor is
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Thus inductors in series add.

Inductors in parallel: (Boctor, Ch. 10, P. 364)




By KCL the current in each inductor is
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Since the inductors are in parallel, the voltage across each of them is the same.
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But from KCL
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For two inductors in parallel:
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Thus inductors in series or in parallel are treated in exactly the same manner as resistors in series or parallel, respectively.
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