MAGNETISM


1.0 BASIC THEORY

1.1 Electrons & Charge

We will start with some very basic facts. Everything we see around us is made up of various kinds of atoms. Those atoms, in turn, are made up of smaller things called neutrons, protons, and electrons. We can think of atoms as having the neutrons and protons in the center, or nucleus, with the electrons surrounding the nucleus in some sort of moving pattern as shown in figure 1.
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Figure 1

Both electrons and protons have a property known as charge. Charge, like mass, is a fundamental property of matter. It is charge that gives rise to the effects that we call electromagnetic (i.e., electric and magnetic). Such effects make possible radio, TV, computers, and all the other marvelous technology we see everyday. Since protons are very heavy (compared to electrons) they are not usually free to move around. But electrons often can, so we are interested in the electrons. Hence the term electronics.

Charge comes in two kinds: positive and negative. Electrons have negative charge while protons have positive charge. Don't try to read anything into the terms 'positive" and 'negative'. They are arbitrary, and could just as well be called 'chocolate' and 'vanilla'. Like charges repel each other while unlike charges attract each other. That's why atoms are made up of protons and electrons: the positive protons attract the negative electrons. Also, charge comes in fixed amounts, and each electron has exactly the same amount of charge. So three electrons together would have three times the charge of one electron. A proton has the same amount of charge as an electron but of the opposite kind (i.e., protons are positive). 

                                                                           Q1 ( Q2

                                                             force = k ----------        equation 1

                                                                                 d2
The force between two charged objects is given by Equation 1. The symbol for charge is Q, so Q 1 and Q2 stand for the amounts of charge on each object .and the d stands for the distance between the two objects. The k is simply a constant multiplier to make the force value come out in the correct units of measure.

The equation is called an 'inverse square' .law because of the d2 term in the denominator. It can be a force of repulsion or attraction depending on whether the charges are of the same kind or of opposite kind. You should know that this force is one of the fundamental forces of the universe and is extremely strong. It is what produces lightening bolts and the blast of an atomic bomb.

The units of measure for charge are Coulombs. The amount of charge on one electron is so small that It takes about 6.25 ( 1018 (6,250,000,000,000,000,000) of them to make one Coulomb.

1.2 Electricity and Magnetism
People have known about electricity and magnetism for many centuries. The word "electric" comes from a Greek word meaning a piece of amber. The ancient Greeks knew that if you rubbed amber against fur, the amber would attract bits of lint and other small things. Today we refer to that as static electricity.

Likewise, the word "magnet" comes from the town of Magnesia in ancient Greece. Magnesia was a place where lodestones could be found. A lodestone is a rock rich in iron that has become magnetized naturally, perhaps by lightening. A thin iron needle touched by a lodestone and hung from a fine thread was used as a compass.

1.3 The Magnetic Field

The term "field" refers to physical property that can be thought of as existing in 3-dimensional space. The property would have a value, and perhaps a direction as well. We could describe the air temperature as a field. Temperature varies from place to place and at different altitudes, but doesn't have a particular "direction". On the other hand, gravity has both a value and a direction. The higher up you go, the weaker the pull of gravity. As for direction, gravity pulls you down.
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Figure 2

When something like a plastic hair comb is charged with static electricity, we can think of the electric field as extending out in every direction from the comb. With magnets, however, the field comes out one end and back into the other end as shown in figure 2. It's a fact of nature that magnetic fields always form closed paths. The earth itself has a magnetic field that loops from the south pole to the north pole.

1.4 Electro-Magnetism

In 1821, a Danish physicist by the name of Oersted was connecting wires to batteries and causing an electric current in the wires. One wire just happened to pass near a compass. When current flowed through that wire, he saw the needle of the compass move away from north. When the current stopped, the needle went back to north. So, by accident, Oersted discovered the connection between electricity and magnetism. After that, the French physicist Ampere studied in detail how electric currents cause magnetic fields.

The English physicist Michael Faraday studied electro-magnetic phenomena in great detail. He thought of a way to "map out" magnetic fields using a compass. If you place a compass at any point in space near a magnet, its needle will line up with a "line of magnetic flux" and show the direction of that flux. In two dimensions, you can place a sheet of paper over a magnet and sprinkle powdered iron onto the paper. You will see the iron form lines on the paper that follow the magnetic flux lines.
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Figure 3

You can imagine magnetic flux to be an "invisible fluid" flowing out one end of a magnet and back into the other end. But remember that such a picture is just a way of seeing the field. There is no magnetic "stuff" flowing through space. Figure 3 shows a coil of wire (a solenoid). When current flows through the wire, it creates the same magnetic field you would get from a bar of magnetized iron. 

1.5 Induction: Faraday's Law

Faraday discovered a precise relationship between magnetism and electricity that we call Faraday's Law. It states that if a magnet moves past a coil of wire (or if the coil moves past the magnet) an electro-motive force (emf or voltage) will be induced into the coil. The value of the emf is proportional to the number of turns of wire in the coil and how fast the magnetic flux and the coil are moving past each other. 

Faraday's Law is expressed in equation 2 where N is the number of turns in the coil and  ((/(t is how fast the flux is moving past the coil (or the coil is "cutting through" the flux) .

emf = - N ( (((/ (t)     equation 2
The minus sign in front of N in equation 2 is due to a physical fact known as Lenz's Law. Lenz's Law says that if the induced emf causes a current in the coil, the magnetic field due to that current will oppose the field that the coil is moving through. As Newton pointed out, for every action there is an opposing reaction. (By the way, using L for an inductor is in honor of Lenz.)

1.6 Ferro-Magnetism:  Magnetic Domains

As you probably know from experience, if you take a piece of unmagnetized iron and put it between the poles of a strong magnet, the piece of iron will itself become a magnet. The iron will retain its magnetism even after removing it from the magnet. This can be explained by magnetic domains inside the iron.

If we could look at the inside of a piece of iron at an atomic scale,  we would see microscopic areas that act as little magnets with north and south poles (figure 4). We call those areas magnetic domains. But there would be millions of these domains, and each would be pointing in a random direction. The result is they would cancel each other out, and the piece of iron would have a net zero magnetic field.
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Figure 4

To explain magnetic domains, we have to recall how atoms are constructed. As shown in figure 1, the electrons in an atom are moving around the nucleus. But moving electrons make a current and, as Oersted discovered, current produces a magnetic field. In most elements (like aluminum) the atom has many electrons moving around the nucleus in many directions. The result is a net current of zero. But in iron the electrons move in such a way that there is a net current. If all the atoms in a certain region are "pointing" in the same direction, that region will have a magnetic field. Most steels are magnetically like iron, but stainless steel is usually not magnetic. Magnetic iron alloys are said to be ferromagnetic.
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Figure 5

As we said above, the magnetic domains in a piece of iron are randomly distributed with a net effect of zero. But if somehow we could get the domains to "line-up" with each other, the piece of iron would become a magnet (figure 5).

1.7 Making and Unmaking a Magnet

We can get the magnetic domains in a piece of iron to "line up" in two ways. First, as stated above, a piece of iron placed in a magnetic field (as from a "horse-shoe" magnet) will retain some magnetism after it is removed from the field. The second way is to put the piece of iron in the center of a solenoid coil and pass DC current through the coil. When the iron is removed from the coil, it will be magnetized. Steel alloys can be magnetically hard or soft. Magnetically hard means the steel will hold a strong magnetic field. Magnetically soft means it will not.

We can remove the magnetism from a piece of iron in several ways. One way is to heat it up to a temperature known as the Curie point. That temperature (770 OC for iron) will "re-scramble" the magnetic domains. Another way is to hammer the iron into a new shape. A third way, often called de-gaussing, is to put the iron into a solenoid and put AC current through the coil. Gradually decrease the AC current, and when it gets to zero, the iron is demagnetized. 

1.8 Magnetic Shielding: Flux & Permeability

Magnetic fields can interfere with the operation of some kinds of instruments. To protect such instruments, a magnetic shield can be used. Simply put, a magnetic shield is an enclosure made from a suitable magnetic steel. The sensitive parts of an instrument would be placed inside the enclosure. The enclosure will "short-circuit" the magnetic field by "trapping" the field in the steel. The stronger the magnetic field, the thicker the shielding required.

1.9 Flux & Permeability

As you know, Ohm' Law (V = R ( I) lets us find resistance by knowing the voltage and current:

R = V / I

But you also know that the value of, for example, a piece of wire depends on three things: what the wire is made of, the length of the wire, and the diameter of the wire. In fact, the equation is:

R  =  ( ( (l/A)   equation 3

where l is the length of the wire, A is the cross sectional area of the wire, and ( is the resistivity of the metal the wire is made of. Note that ( is a constant for the given material (e.g. copper). If we did what's called normalization, we could rewrite Ohm's Law as:

( = ( ( J   equation 4

where   ( = V/l   and   J = I/A.
We can think of a magnetic field as some kind of "magnetic stuff" flowing through space as current flows through a wire. We call that "stuff" magnetic flux and give it the symbol (. As we said above, it's current that causes a magnetic field, and current has the symbol I.

Just like current flows through resistance R, we can say that flux flows through magnetic reluctance (. We can write something like Ohm's Law for magnetics:

( = I/(   equation 5

Ohm's Law works because current stays in the wires and doesn't flow through empty space. However, magnetic fields do travel through space, so something like Ohm's Law won't be useful. Instead, it will be much more useful to use a normalized version of equation 5:

B = ( ( H   equation 6
where B is the flux density (flux/area), H is the magnetizing force (current/length), and ( (pronounced "moo" or "mew") is the magnetic permeability. Note that ( depends on type of alloy being used. The higher the value of (, the higher the value of flux that can flow for a given magnetizing force. Magnetic shielding material is sometimes called mu-metal ((-metal).
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Figure 6

A graph called a B-H curve is often used to describe the magnetic properties of an iron alloy. Figure 6 shows a typical B-H curve. It is important to note that, above a certain value of B, increasing H has little or no effect. The metal is said to be saturated at that point. It is important to note that the B-H curve for iron alloy is non-linear; the value of ( is not constant.

2.0 APPLICATIONS

One of the earliest applications of electricity was electric motors. Before electric motors, machines were typically powered by steam. That meant that there was no such thing as a portable powered hand-tool. With electric motors, machines of all sorts could be made smaller and portable. The old trolley cars used electric motors, as did some of the first automobiles. Of course, to use electricity, you first have to generate it. So motors and generators went together.

2.1 Magnetic Fields & Mechanical Force

If a charged body moves across a magnetic field, there will be a mechanical force exerted on that body as given by:

F = q v ( B   equation 11

where F is the force, q is the charge, v is the velocity, and B is the strength of the magnetic field (we will say more about B later). The force is perpendicular to both the direction of motion and the direction of the magnetic field. Refer to figure 7.
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Figure 7

Since current is the movement of charged particles (electrons) through a wire, equation 11 is the basis for all electro-mechanical devices, including electric motors.

2.2 Electric Generators: AC & DC

As we discussed earlier, moving a coil of wire through a magnetic field will cause an emf (voltage) to be induced in the coil. Figure 8 shows a simple generator. A force of power such as a diesel engine, a steam turbine or a waterfall is used to spin a coil mounted on an armature (the rotor) held inside a magnetic field (the stator). The ends of the coil are attached to slip rings. Metal or carbon brushes touch the slip rings as they turn and bring the voltage out of the generator. Such an arrangement will produce AC voltage as first one side of the coil and then the other rotates through the fixed magnetic field.

To generate DC voltage, several coils are mounted on the armature and each coil is connected to a pair of contacts. All the contacts are mounted on the rotor to form a drum-shaped assembly called the commutator. A pair of carbon brushes are mounted on either side of the commutator to connect to one coil at a time. The coils are arranged so that one brush is always touching the positive end of a coil while the other brush is touching the negative end of the same coil. Thus a DC voltage is brought out from the brushes. See figures 9A and 9B.
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Figure 8
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Figure 9A
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Figure 8B

2.3 DC Motors
A DC motor is basically a DC generator "run backwards". If a DC voltage is applied to the brushes of the machine in figure 8B, it will cause a current to flow in the coil that is at an angle to the stator field. That current will produce a magnetic field that will try to align itself with the stator field, thus putting a torque on the rotor. The rotor will turn, and the brushes will connect to the next coil and the process repeats. In this type of DC motor (a shunt motor), the speed of rotation is directly proportional to the applied voltage. The current drawn by the motor is directly proportional to the torque load on the rotor.

RPM = kS ( VA   equation 7

IA = kT ( (   equation 8

where RPM is the speed in revolutions per minute, kS is the speed constant, VA is the voltage applied to the motor, IA is the current drawn by the motor, kT is the torque constant, and ( (gamma) is the torque load on the motor. You can find the horse-power of a motor by knowing VA and IA:

HP = ( ( kHP ( VA ( IA   equation 9

where ( (eta) is the efficiency (in the range of 0.9) and kHP (0.00134) converts Watts to horse-power. There are 746 Watts in 1 HP. Another useful formula is:

Inch-Pounds Torque = (HP ( 63025) / RPM   equation 10

2.4 Galvanometers
Before the days of digital displays, electrical instruments used meters with pointers moved by magnetic force. Figure 10 shows a galvanometer. Note that it looks something like a DC motor. A coil is wrapped around an aluminum armature which is held between the poles of a magnet. A thin pointer is attached to the armature, and a delicate coil spring holds the pointer in a fixed position.
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Figure 10

Any voltage applied to the armature coil will cause current in the coil and a resulting magnetic field. The field of the coil is perpendicular to the field of the magnet. A torque will be produced as the coil field tries to align itself with the magnet field, and the armature will rotate and deflect the pointer. The polarity of the coil field depends on the direction of the current, so the needle will deflect either right or left as the applied voltage is either positive or negative.

As the needle deflects, the spring applies a torque to restore the needle to its original position. The spring torque is proportional to the pointer deflection, so when the two torques balance the needle will come to rest at some specific location. So every position on the face of the meter corresponds to a specific value of current in the coil. 

2.5 More About B & H: Hysteresis

If an AC current is used to create the magnetizing force (in Amp-Turns), then the resulting magnetic flux will alternate in polarity. That is, the north and south poles will "swap places" along with the AC. If such an AC flux is concentrated in a piece of iron alloy, the result is an effect called hysteresis. 

Figure 11 shows a hysteresis curve. Note that the plot of B (flux per unit area) versus H (magnetizing force per unit length) forms a closed loop. The area of that loop is proportional to energy being lost. The lost energy heats up the metal. Figure 11 actually shows two hysteresis loops. The lighter shaded outer loop has more area and so represents a bigger energy loss. The darker shaded inner loop has less area and so represents less loss. As frequency increases, the power (energy per second) increases, and the hotter the metal gets.
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Figure 11

You may be thinking that the alloy represented by the inner loop is "better" since it has less loss. In some applications, such as AC voltage transformers, it would be better. But if you were making a permanent magnet, then you would put a piece or iron alloy inside a coil, increase the current until the iron saturates, and then decrease the current back to zero. In that case, you would want the metal to retain a lot of magnetism; that is, you would want a high level of residual flux density (Br). It's obvious that the alloy represented by the outer loop then would be "better". Iron alloy with a high value of Br is said to be magnetically hard. Iron alloy with a low value of Br is said to be magnetically soft.

2.6 Transformers

A common application of electro-magnetism is a transformer. In section 1.5 above we discussed the idea of induction. Simply put, induction says that an changing magnetic field will cause (induce) a voltage in any near-by coils. We also saw that putting current through a coil will generate a magnetic field. A transformer combines those two concepts.

Figure 12 shows how a transformer is built. You start with an iron-alloy core. Two coils are wound around the iron: the primary coil and the secondary coil. We can think of the primary as being the input to the transformer and the secondary as being the output.

[image: image13.png]Primary Fiagretis o Secondary
. L | ]
Vs Loan

=

Tron Core

N

Magretc fied s cortained inthe
iron core and nduces a volage
& cunrent inihe primary winding inthe secandery col

procuces a magneic fied inthe




Figure 12

When an AC voltage is applied to the primary, an AC current flows through it. The current in the primary coil (the magnetizing current) causes an AC magnetic flux which is concentrated by the iron alloy core. The AC flux induces a voltage into the coil of the secondary winding. Note that there is no direct path (DC path) from the primary coil to the secondary coil. Energy is coupled from the primary to the secondary though the magnetic field. The secondary is said to be electrically isolated from the primary.

Transformers are used for safety by isolating one side from the other. But the most important feature of  a transformer is that the secondary voltage can be made greater than or less than the primary voltage simply by adjusting the number of turns of wire in the coils. That follows from equation 2 above. The factor we need to know is the turns ratio which is defined as the number of turns of wire in the secondary coil divided by the number of turns in the primary coil. That is:

TR = NS / NP    equation 11

If the secondary voltage is higher than the primary voltage, we call it a step-up transformer. If the secondary voltage is lower than the primary voltage, we call it a step-down transformer. For example, if the primary voltage is 120 Volts and the turns ratio is 0.1, then the secondary voltage will be 12 Volts (step-down). 

Assuming negligible loss in the transformer (usually a good assumption) the power going into the primary equals the power coming out the secondary. Since electrical power is P = V ( I., if we step the voltage down, the secondary current will be higher than the primary current. For example, suppose a transformer steps voltage down from 120 Volts to 12 Volts. If the secondary delivers 1 Amp to the load, there will be 0.1 Amp of "load current" in the primary. Power companies step voltage up to 100,000 Volts or more for transmission lines, and then step it back down to 120 Volts for us to use. Figure 13 shows a photo of a transformer.
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Figure 13

3.0 Wrap-Up

We have looked at the basic theory of magnetism. As a final note on theory, figure 14 shows the interconnections between the various aspects of magnetism. Note how it all starts with moving charge.
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Figure 14
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