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CHAPTER 1 MAGNETIC PRINCIPLES 1.1 Introduction: Thousands of years ago it was noticed that certain rocks were attracted to iron by some mysterious means. There were deposits of such rock in the area known as Magnesia, in what is now Turkey, and from the name they came to be called magnets. They were also called lodestones, which means "journey stone". If a needle was rubbed on a lodestone and then floated on a piece of wood in water or hung on a string, it would point in a North-South direction. The end which pointed North was called a north-seeking pole, or just a north pole. Since opposite poles attract, it can be seen that the earth's geographic north pole is a magnetic south pole! If one is unsure where the north pole of a magnet is, the old experiment can still be used, by hanging the magnet on a string and watching how it turns. Avoid nearby automobiles and steel belt buckles. The suspension must have very little torsional stiffness, because the magnet can't exert much torque (a piece of tape is too stiff). Magnetism was investigated by scientific methods long before electricity was discovered, and "unit poles" were used to describe them. Later, electrical units were introduced, as the interrelationships between them became understood. The metric system came into being, with still different units, and went through several revisions before arriving at its present form (called SI). Today there is a wild jumble of units in common use, which makes it difficult for newcomers to the field. In this seminar, the units presented will be those normally used in engineering in the US today. Moreover, industrial measuring devices indicate in those units and most printed engineering data is given in them. They are somewhat mixed between English, "old" metric and new metric. This is unscientific, but practical. Because of the very great extent of material to be covered in a very short time, there will be little opportunity to show the many elegant mathematical proofs with which the field abounds. They are important, but had to be set aside in order to show as much of the material which is directly useful for design as possible. The interested investigator should then be able to find and study these mathematical developments in the references. In the early studies of magnetism, it was felt that something was flowing in and out of the magnet poles and it came to be called



flux. The same thing was thought about electricity and in that case it was true. Magnetic flux, however, does not exist, in the physical sense of the motion of matter. It certainly isn't concentrated into "lines", of course, even though we draw lines representing flux flow. The fact that there is a unit of flux called a "line" doesn't help get the concept across. Iron filings on a surface above a magnet tend to gather into paths somewhat randomly, aligned in the direction of flux flow. Nonetheless, flux is not divided into lines. Even though flux does not exist, it is useful to pretend that it does. There are a number of different "models" or means of description by which magnetics may be considered. They are all somewhat artificial, but are helpful in understanding and predicting magnetic behavior. The older "unit pole" model is one example. It was proposed hundreds of years ago and physicists have been looking for a single magnetic pole (as distinguished from a pole pair) ever since, without much success. This seminar will generally follow the "flux" model. Later on the "potential field" model will be discussed briefly. None of these can be said to be more "correct" than the others; they are just different ways to consider the same thing, and in any given situation, one approach may be easier to understand than another. Each leads to the same conclusion, with different degrees of difficulty. 1.2 Magnetic circuits and the design equations:



A simple electric circuit is shown in Figure 1.1 with a battery, conducting wire and two resistors and . The current in the circuit is determined by the well-known Ohm's law:



In a magnetic circuit, flux is defined as the integral of the magnetic induction or flux-density B times a differential of area normal (at right angles) to the direction of B. The unit of B in US engineering practice is the Gauss (G). The equivalent SI unit, the Tesla, is equal to 10,000 Gauss and is also sometimes used. The induction B is the quantity measured by Gauss meters, and is the magnetic property useful in calculating forces on electric wires, steel pole pieces etc. It is a vector, with a direction as well as strength. If the Gauss meter probe is normal to the flux direction, it will indicate the strength of B; at any other angle it will show a lower value. If turned over, it will show the same value (hopefully!) with sign reversed.



In the electric circuit of Figure 1.1, the same current flowed through both and . In the magnetic circuit of Figure 1.2, idealized with no leakage flux (that is, all the flux goes through the gaps), the flux crossing gap (1) is , the B's being magnetic induction (assumed constant at every point in the gap) and the A's being the cross-sectional area. The same flux must cross the second gap.



where the integral is taken over a closed surface in space.



In Figure 1.3, part of the flux crossing surface (1) doesn't get to the gap (2), but instead "leaks" by another path (3). Assuming that B is uniform across each of the cross-sectional areas,



If



where



is in a fixed proportion to



, this may be written as:



is a leakage constant, equal to or greater than 1.



In the electric circuit, the sum of the voltages around the circuit must equal zero, i.e.:



A magnet has another basic property at each point called the coercivity or field strength H, measured in Oersted (Oe) in US engineering units. The magnetomotive force acting over a length is defined as the integral of H (i.e., the component of H which is parallel to the path increment dl) times the path length dl, over the entire length l:



Just as the sum of voltages around the electric circuit equals zero, the sum of increments of magnetomotive force around any closed loop in a magnetic circuit, including electric contributions, must equal zero. For the time being, we will assume that there are no electric currents present, therefore:



(the integral being taken around any closed path, not crossed by electric current) In the magnetic circuit of Figure 1.2, the mmf across the magnet (H times the magnet thickness l) must equal (with sign reversed) the sum of the two mmf's (H.l) across the gaps, if we assume that the pole pieces are perfectly permeable, and therefore present no resistance at all to flux flow. This is a reasonably good first-order assumption, because iron or steel pole pieces at flux-densities well below saturation, conduct flux thousands of times better than free space (or air, which is very nearly the same). Breaking up the closed loop into sections,



Again assuming that the H's are constant along each length increment,



In Figure 1.4, there is only one gap but now the pole material is assumed to be less than perfectly conductive; it has a magnetomotive "drop" across it:



If the pole material can be considered to have a constant permeability independent of flux-density, then the pole mmf drop will be proportional to the mmf across the gap and the relationship may be written as:



The constant is the reluctance coefficient and is equal to or greater than 1. The part of it which is greater than 1 represents the pole losses. In actual magnetic circuits, is unlikely to be much greater than 1; a typical value might be 1.05.



The magnetomotive force over a length is comparable to electromotive force, or voltage, across an element of an electric circuit. Just as resistance R in an electric circuit is defined as the ratio of current to voltage, a property of magnetic circuits exists, called reluctance, the ratio of mmf to flux. It is written with a script R to distinguish it from electrical resistance:



Compared with Ohm's law, magnetic reluctance is similar to electric resistance, mmf is similar to EMF (voltage) and flux is similar to electric current i. The definitions of the units of B (Gauss) and H (Oersted) have been arranged so that the permeability of free space is 1 Gauss per Oersted.



This does NOT mean that B and H are the same thing. In air, they are fundamentally different. Carrying the electric analogy a little further, it is as if the definition of resistance were changed so that the resistance of pure water across some volume (say, opposite faces of a 1 inch cube) were one ohm (it isn't, of course). Inside a magnet or in pole material, the ratio of B to H is not a constant but varies with B in a manner which depends on the material, its temperature and its previous magnetic history. The B-H curves for magnetic materials are supplied by the manufacturers. All materials have some magnetic effect but for most materials the effect is extremely small, their relative permeability (compared to free space) being 1 to within a few parts per million. The basic magnetic equations which have been discussed so far may be assembled into two equivalent sets:



Theoretical equations:



The other set of equations are widely used in engineering and may be referred to as the Magnetic design equations:



Another useful relationship may be derived from the above:



The magnetic design equations, perhaps with the addition of Equation (1.24) above and the B-H curves for magnet and pole materials, are all that is necessary for first-order design of most static magnetic circuits. An example may help to make the process clearer. 1.3 Sample calculation of magnetic flux-density in a gap: From Equation (1.24) and Figure 1.5:



Therefore, from the magnet B-H curve,



In the gap, B = H numerically; the above calculations are in reasonably good agreement (about 1%), especially since the magnet tolerances on B and H may be as wide as +/-7%. The value of may now be checked. An "average" flux path in the mild steel pole pieces is approximated as shown in Figure 1.6 below:



The maximum flux-density in the steel will be:



We may estimate that about 1/3 of the path will be at this density (0.95 in) and the rest (1.91 in) at 2,000 Gauss. From the steel BH curve, H at 12,000 G is about 5 Oe and at 2,000 G it is about 1.2 Oe. The mmf drop in each pole is then: mmf/pole pc = (0.95 in X 5 Oe) + (1.91 in X 1.2 Oe) = 7.0 Oein The ratio of drop in the poles to that in the gap is then:



The constant poles) to



represents the ratio of total mmf (gap plus



the drop in the gap, so our computed value is: This difference is too small to materially affect the result. If further accuracy were required, of course, additional iterations could be made to improve the agreement.



1.4 The B-H curves of permanent magnet materials:



In the last example, a B-H curve for the permanent magnet material was needed, representing the relationship within the magnet, at every point, between the coercivity H and the fluxdensity B. The coercivity is a measure of the magnet's ability to "push" the flux through the resistance (i.e., reluctance) outside the magnet, in the magnetic circuit. Coercivity may also be caused by passing electric current through a coil of wire, as will be discussed later in detail. If an unmagnetized sample of magnetic material is placed in a test fixture in which H can be controlled (by means of current through a coil) and B measured, the state of the material will start out at the origin, as shown in Figure 1.7. As H is increased, B will also gradually increase. following path (o) to (a). As H becomes larger, B increases steeply, then less so and finally levels out to a slope of 1 Gauss/Oersted, which is the same that would result if the material were not present. The magnet is then said to be saturated. If H is now decreased, the curve moves down along another line, with a higher B than before, at points below saturation. When H is reduced to zero in the magnet, B remains at a high value (b), labeled (the subscript "r" is for remanence). The magnet has been permanently magnetized. If H is now increased in the negative direction, the curve moves from the first into the second quadrant of the graph, with positive B supplied by the magnet against a negative external coercivity H. This is the normal operating state of the magnet, supplying flux into a reluctance load. In many of the newer magnet materials, the slope of B to H is constant over some range, at a rate of only slightly more than 1 Gauss per Oersted. This slope is the magnet recoil permeability. After H is sufficiently negative, the curve begins to drop off (point c) and then falls precipitously (d). The region of the downward bend is called the knee of the curve. At the knee and beyond, the magnet is partially magnetized in the reverse direction. The curve crosses the horizontal axis at a point labeled (the "c" is for coercive). Further small increases in H in the negative direction cause large negative changes in B, until the slope again levels off to 1 Gauss/Oersted. The magnet is then saturated in the reverse direction. Relaxing H toward zero traces a curve which is an inverted and reversed copy of the upper curve. The line crosses the vertical axis at . It then moves into the fourth quadrant from the third, along a line with the slope of the recoil permeability (parallel to the line in the second quadrant), then bending upward in a second knee as the magnet remagnetizes in the forward direction again. The curve rises almost vertically to slope over into the upper line in the saturation region again, completing the curve. If H is now cycled back and forth between values large enough to saturate the magnet in both directions, the B-H point in the material will retrace the curve over and over. The curve so described, not including the inside part of the line before initial



saturation, is called the major loop. If instead of increasing H negatively to saturation, it had remained on the straight part of the curve, as shown in Figure 1.7, and if H were then returned toward zero again, the point of B versus H would remain on the major loop. This is the usual behavior of a magnet in operation. On the other hand, if H had been increased negatively somewhat more, moving the B-H point around the knee of the curve, then when H returns toward zero the line does not follow the major loop, but instead moves inward, along a line with the same slope as the major loop, that is, at the recoil permeability slope. The B-H point is now inside the main curve, on what is called a minor loop. There are an infinite number of possible but only one major loop at a given temperature. If the temperature changes, however, the loop may move outward and change shape, depending on the material. In Figure 1.8, a set of B-H curves are shown versus temperature for a fairly strong ceramic magnet (barium/strontium ferrite) of the type sometimes called M8. The shapes of the magnet and air-gap in a magnetic circuit, with some contribution also from the pole material and shape, determine the B/H load line, as was seen in the example. If the B/H line were at (a) as shown and the magnet cooled from 20°C (68°F) to perhaps -20°C (-4°F), perhaps in shipping, or in cold-weather use, the field in the gap would get stronger (B would increase). On returning to room temperature, the magnet would again be at its original state. If the B/H line had been at (b), however, the knee of the curve would have moved through it, moving the operating point from (i) to (j), Now when the magnet warmed up again, the operating point would move inward, to (k), on a minor loop. It is thus possible for magnets to partially demagnetize themselves due to temperature effects. Use of the magnetic field while cold, such as by turning on a motor, pulling a magnet from an attached piece of steel, and so on would make the demagnetization worse. 1.5 Excursions of the operating point: The place where the B/H slope line crosses the B-H curve is called the operating point. It represents the particular state of B and H in the magnet at a specific point, whereas the curve itself represents all possible states. If the magnet is completely magnetized everywhere and is in a uniform magnetic field, and if the magnet is at the same temperature everywhere, then the operating point represents every point in the magnet but this is not always the case.



In considering the effects of temperature, the B/H line remained fixed and the B-H curve moved. For most operating conditions, however, the opposite happens; the B-H curve remains fixed and the B/H load line moves. In order to produce almost any useful result from a magnetic device, something must react against the magnetic field, moving the B/H line and the operating point along the curve. Attracting a metal part, or turning a rotor, has the effect of changing the gap dimensions; the B/H line changes slope but continues to pass through the origin. It thus rotates about the origin. On the other hand, if a current-carrying wire is introduced into the gap, a magnetomotive force is caused and an offset to H is created: the B/H line remains at the same slope but shifts sideways. These variations of the B/H line are both shown in Figure 1.8. The effect of either type of change is to move the operating point on the B-H curve between two limiting positions. The magnetic circuit designer must ensure that the operating point stays above the knee of the curve for all design conditions of temperature and operating states, at all points within the magnet. If this is impossible then it is probably best to deliberately "knock down" the magnet, somewhat, by applying an opposing coercive force (current in a coil) or other means, moving its state to a minor loop. The magnet will be less powerful but at least it will not change unexpectedly in service.



A few magnet materials, e.g. Alnico 8, do not have a straightline region of the B-H curve, as shown in Figure 1.9. If consistent behavior is required in service, they need to be stabilized by moving them to a minor loop, where a straight-



line segment of the curve exists. If this is not done, any excursion at all downward on the curve by the operating point will result in decreased field in the gap. The ferrite material sometimes called M7 and certain forms of samarium-cobalt have curve knees which are actually below the horizontal axis. These materials cannot be accidentally demagnetized by normal temperatures, or by being taken out of pole structures into open space. 1.6 Energy product and maximum energy product: If the units of B and H are multiplied together, the result is found to be equivalent to energy. It can be shown that the magnetic energy stored in a volume, whether it contains free space, a permanent magnet, or pole material, is equal to:



One consequence of this relationship is that it can be immediately seen that almost all the energy in a magnetic circuit (outside of the magnet itself) is stored in the airgaps and surrounding space, not in the pole pieces. The induction B is the same in the gap as in the pole parts facing it but because of the high permeability of the poles, H is thousands of times less there. Curves of constant B x H may be drawn on the B-H curve. These lines are hyperbolas, symmetric about the 45 degree diagonal. The factor (1/2) is dropped for simplicity, since for purposes of comparison, a constant multiplier will not change the result. Some of the hyperbolas do not reach the B-H curve and others intersect it twice. One hyperbola just touches the B-H curve at a single point. The value of (B x H) represented by that curve is called the maximum energy product (MEP) of the magnet material. It is a measure of the greatest energy per unit volume which the magnet material can deliver to the gap, regardless of magnetic circuit shape; so it is a useful comparison parameter. Two different magnet materials of the same volume with differently shaped B-H curves could cause the same field strength in a particular gap shape, if they had the same energy product (ignoring the effects of leakage and pole reluctance). The magnets would in general have different shapes. The point of maximum energy product on the B-H curve is often taken as the starting point in design, since it represents an approximation to the most efficient use of the magnet



material. Excursions about the operating point and temperature effects must also be considered however, along with the location of the magnet knee, to avoid demagnetization. It is often the case that a greater amount of flux is required than can be obtained at the maximum energy product, even if the magnet could be operated safely there; so a higher point on the curve is chosen. When the magnet is immediately beside the gap there is no pole to concentrate the flux. If in addition the magnet is curved and if the outer surface is operating near the MEP, the regions further in must be at a higher fluxdensity. This will keep the total flux constant. 1.7 Intrinsic and normal B-H curves:



The set of curves described so far are the so-called normal curves. These are the curves to be used for magnetics design. Another set, called the intrinsic curves, are usually published along with them and are used for scientific purposes (Figure 1.10). The intrinsic curves are plots of the same data shown in the normal curves, plus an additional factor of ( ). The intrinsic curve represents the entire coercive force of the magnet, including that necessary to pass the flux through the magnet itself. The intrinsic curve passes through ; as does the normal curve. Elsewhere in the second quadrant, the intrinsic curve is above the normal curve. 1.8 Magnetic forces on permeable materials:



In Figure 1.11, one pole is free to move into the gap. Let us assume that the field in the gap is uniform and there is no leakage flux elsewhere. From Equation (1.18):



Then Equation (1.25) may be rewritten as:



A virtual change of energy in the gap incremental change of gap width dl.



is caused by an



Since work, or energy, equals force times distance,



That is, the force on a pole of permeable material is equal to the integral of a constant times B squared (times a directional vector) times area, over its surface. For a highly permeable material not in saturation, the direction of force will be very nearly normal to the surface. In US engineering units, the relationship is:



The above is referred to as a Maxwell force. Soft steel or iron saturates at about 20,500 Gauss. Substituting for B in Equation (1.29) we get:



The force is proportional to the square of the flux-density and can, therefore, be quickly estimated for a particular value of flux-density from the value of F above.



The resultant force on the part may actually be less than that calculated above because of the opposing force on the other side of the part. This is true in the case where flux travels through the part without changing its direction or density.



The relationship in Equation (1.29) is not limited to steel. Other permeable materials can be used and lower values of force would result, corresponding to their saturation fluxdensity. See Reference 36 for further analysis of this subject. For a small thin plate of highly permeable material such as steel, in a large uniform magnetic field oriented perpendicular to the field (since B must be the same on both sides) the forces cancel and the net force on the plate is zero. In a fringing magnetic field, however (field strength decreasing in the direction of plate thickness) the field will be different on opposite sides of a plate of finite width and a net force will result. In some real magnetic circuits, the permeable pole part is large enough compared to the field source that the field is significantly warped by it, perhaps to the point that the field on the side away from the source has such a low field that it may be ignored. Magnetic fields are used in attracting magnetically permeable objects which are small enough that their fields have a negligible effect on the overall field. An example of this is the separation of nails from wood chips. The attraction force exerted on the small part is not a function of the absolute field strength. It is actually a function of the rate of change of field strength over the length of the part. If a permeable object such as a carbon steel cube were placed in an air-gap where a uniform magnetic field exists, the cube would not be pulled in any direction since it does not experience any force. If the cube were to be moved near the edge of the gap, the non-uniform field would pull it further in from the edge. In a uniform field, the flux crossing the opposing sides of a part, in line with the direction of flux, remains the same. The integral of is the same for both faces of the part but in opposing directions. The forces at both sides, therefore, cancel each other. A net force is possible only if the field varies over the length of the part in such a way that the flux at one face is different from that at the face opposite to it. Since flux lines are continuous, they must leave the part through some other face. The force exerted on an electrical conductor in a uniform field will be discussed in Section 4.1. If the permeable part is not symmetrical about its own axis, rotational force can be exerted on it.



CHAPTER 2 MAGNETIC MATERIALS 2.1 Magnetically hard (permanent magnet) materials: Before the 1930's, the only available magnet material other than lodestone was hardened steel. Since steel with a high carbon content hardened by heat-treatment would retain its magnetism, whereas soft or mild steel with a low carbon content would not, magnetic materials came to be called "hard" or "soft" depending on whether they would retain a permanent magnetic field or not. The names "hard" and "soft" as a description of magnetic properties have remained, even though some modern magnetically soft materials are very hard mechanically, and some relatively soft materials are magnetically hard. Hardened steel has a very high (high flux) but very little coercivity ( ), as shown in Figure 1.9. Reluctance to flux flow (in the surrounding space) is less for a long, thin rod which is axially magnetized than for a shorter, thicker part. In order to avoid self-demagnetization owing to shape, i.e. a B/H slope line behind the knee of the curve, magnets had to be long and thin, like the traditional compass needle. In the early 1930's, various magnetic materials were found which had lower , but far greater coercivity and maximum energy product than steel. The most successful of these were the alnico magnets. The name "alnico" is derived from the constituent metals aluminum, nickel and cobalt. Whereas a steel magnet might need to have an aspect ratio (length to width) of 50:1 to avoid losing its field in air, an alnico magnet might be safe at somewhere between 3:1 and 10:1, depending on the type used and its intended service. By comparison, newer materials such as ferrites, samarium-cobalt, and neodymium-iron have such high resistance to demagnetization from shape effects in air that sometimes persons experienced in only these materials have never encountered the effect and do not realize that the hazard exists. It is nonetheless possible to partially demagnetize some of these materials by shape effect, e.g. by using large, thin magnets magnetized through the thickness, or by radially magnetizing a long, thin-walled tube with few poles. The B/H slopes resulting in magnets as a function of several shapes and length:width ratio are shown in Figure 2.1 (Ref. 41). If the slope results in the operating point being behind the knee of the curve for the particular material intended, then that magnet may work well in a magnetic circuit (with the magnet magnetized in place, or transferred into the



circuit with the aid of "keeper" flux shunts); however, if the magnet is taken out for even an instant and then replaced, the field in the gap will be less than before.



Alnico is a hard, brittle material, which has to be ground to shape if close tolerances on dimensions are required. Ceramic (ferrite) magnets are extremely hard, so much so that they are cut only very slowly by tungsten-carbide or silicon-carbide. They must be ground or cut to shape with diamond tools. Samarium-cobalt magnets are also difficult to cut and can be made only in limited sizes and shapes (in solid form). Neodymium-iron when cut, produces a powder which is easily ignited by the heat caused by the tool, which makes the process hazardous. Ferrite, samarium-cobalt and neodymium-iron are also available in powder form, which is either pressed to shape with a binder, or molded with a carrier plastic. Bonded magnets made by either process are less powerful than the solid forms of the same material but can be made into a much wider range of shapes at lower cost. The final part may be relatively rigid, bonded with materials like nylon 6-6, or relatively flexible, bonded with rubber. Some of the bonded materials are isotropic (having the same magnetic properties in all directions) and are machineable. Some bonded products and most solid magnet materials have a preferred direction of magnetization (but with either N-S or S-N alignment allowed). Resistance to magnetization in other directions may be extremely high. For example, the coercive force required to completely magnetize a particular ferrite in the preferred direction is about 10,000 G. The same material was not affected at all when exposed to a field of 20,000 G in a transverse direction and it reportedly requires 100,000 G to magnetize it in that direction. The properties of permanent magnet materials are given in Table 2.1. These are typical values only, since the actual properties vary between manufacturers.



Notes on the above table: 1. All materials have a preferred direction of magnetization unless noted as isotropic. 2. Thermal expansion for some materials is non-isotropic. If two figures are given, "P" data is for direction parallel to preferred direction of magnetization and "T" data is for directions transverse to the preferred direction of magnetization. 3. Data are from various sources, of unknown accuracy and are given as examples only. Design data should be obtained from



the manufacturer. Except for temperatures, data are at 20°C (68°F). If magnetic materials are heated above a characteristic temperature called the Curie temperature, they suddenly lose all magnetism. If they are then cooled to room temperature, they are found to be completely demagnetized but otherwise unaffected. It may not be possible to use this method to demagnetize bonded magnets because the required temperature is high enough to destroy the bonding material but it is an excellent way to demagnetize solid magnet materials without coating or adhesives. For some materials it may be advisable to heat the parts in an inert atmosphere to prevent corrosion. Ferrite magnets sometimes continue to lose small amounts of powder from their surfaces. They are brittle and easily chipped. Samarium-cobalt may occasionally spall off tiny bits of material. In order to avoid possible contamination and to help protect against surface and edge damage, magnets are sometimes coated. The surfacing materials used are often epoxies of polyurethane and the coatings may be as thin as a few ten-thousandths of an inch (0.0002) up to perhaps five thousandths of an inch (0.005). Ferrites may also develop cracks in manufacturing which do not affect their magnetic performance but reduce their strength and resistance to spalling. The cracks may be filled with epoxy. Some magnet materials are subject to corrosion and oxidation which a coating may prevent. A number of other magnetic materials are known, besides the ones discussed. Some of them have been in volume production in the past but are rarely used today, because other materials are less expensive or have better properties. Among them are cunife (copper-nickel-iron), which can be machined and coldworked; cunico (copper-nickel-cobalt); silmanal (silvernickel-aluminum), a material with great resistance to demagnetization; and vicalloy (iron-cobalt-vanadium), which is machineable. References 1-9 are recommended for further reading on permanent magnets and their properties. 2.2 Magnetically soft materials: Magnetically soft materials have a very narrow B-H curve and have very little remanence, which means that after an applied magnetic field is removed, very little flux remains in the circuit. The behavior of these materials is variable and significant over such a wide range that their B-H curves are usually plotted with semi-log scales, as shown in Figure 2.2 (H plotted on the horizontal scale, logarithmically). Since



the materials are reluctance rather than coercive force sources, B and H are both plotted as positive (in the first quadrant). There being very little or no difference between the rising and falling curves, the plot is a single line. Plots are normally made of B versus H; occasionally plots of permeability versus B or H are also made. Maximum permeability does not usually occur at the beginning of the curve (very low H) but somewhere in the middle. For very low-carbon steel, maximum permeability may occur at approximately 7000 G and may be 3000 or so; initial permeability (at 20 Gauss) is about 200. Permeability in this case means total B divided by total H. Differential permeability, on the other hand, is the ratio of change of B to change of H, which is the slope of the B-H curve. Differential permeability is of interest when small variations (perhaps caused electrically) are imposed over a steady magnetic field. There is a big difference between choosing a pole material to carry a maximum amount of flux (high saturation flux-density) and in choosing one for high permeability. To specify high permeability, the maximum coercivity must also be known. For very low coercivity (to perhaps 0.005 Oersted or so) a material like Supermalloy may be best, with a permeability at this level as high as 200,000. This alloy saturates at less than 8,000 G however. For high flux-density, Vanadium Permandur is superior. Its initial permeability is only about 1,100 but it saturates at 23,000 G (compared to 20,500 G for low-carbon steel).



Figure 2.2: B-H Curves Notes on above Figure: 1. The curves shown are intrinsic. The flux-densities shown represent the increase in field strength caused by the material, not the total field. To get the normal curve (used for design), add the value of B found from the curve to the value of (H times 1 Gauss/oersted). For example, for VanadiumPermandur at 1000 Oe, the curve shows 22,600 G. The fluxdensity in an immediately adjacent gap would be 23,600 G. 2. The data shown is plotted from information from various sources, and is of unknown accuracy. It is given for illustrative purposes only. Design data should be obtained from manufacturer. 3. The materials are shown in their highest state of permeability. Some materials require special heat-treatment to reach their best magnetic properties, and may be adversely affected if subsequent machining and forming is done. The 3% silicon-iron sheet is anisotropic, and best magnetic properties are obtained in only one direction.



In order to help suppress electrical eddy currents which slow down magnetic field strength changes and waste energy, high electrical resistance is desirable. Adding silicon to iron (up to 5%) increases the electrical resistance but reduces the flux saturation density. It also makes the material brittle and hard to form or machine. Silicon-iron is widely used in transformers, electronic chokes and electrical motors (Refs. 42 & 44). Many of the magnetic alloys require heat-treatment (annealing) to obtain the best magnetic properties. The effect is reduced or lost by machining or forming however, so it must be repeated after these operations. Some materials require heattreatment in a hydrogen atmosphere to obtain the best properties, a somewhat dangerous process. If this is not possible, treatment may be done in other gas mixtures, producing results which are not optimal but are greatly improved over the untreated state (Reference 11). Besides iron, the metals nickel and cobalt are ferromagnetic and highly permeable. Pure nickel saturates at 6080 Gauss which makes it useful on occasion for calibration purposes. Nickel plating can be either magnetic or non-magnetic, depending on the application process. Magnetic nickel is often used to protect pole steel from corrosion, with minimum added reluctance. The 300 Series stainless steels (302, 303, 304, 316 and others) which contain significant amounts of nickel (8% to 22%), as well as chrome (14% to 24%) are usually austinitic in structure and are not considered to be magnetic. A magnet is sometimes used in machine shops to test stainless steel versus other steels. The 300 Series stainless materials may become magnetically permeable as the result of cold-working as, for example, may happen to cold-forged bolts. Certain special types (329, 355) may be either austinitic or martensitic(and therefore magnetically impermeable, or permeable) depending on heat treatment. The 400 Series stainless steels contain chrome but little or no nickel. They are martensitic, hardenable by heat-treatment and magnetically permeable. Because they can be hardened, 400 Series stainless steels are often used for tools, instruments and bearing surfaces. The B-H curves of magnetic materials change with temperature to varying degrees, with flux density and permeability reducing with increased temperature. Certain iron alloys containing a high percentage of nickel (around 30%) have permeabilities that are very strongly affected by temperature.



For example, one material changes its permeability by about a factor of 2 between -40°F and 200°F, at 46 Oe coercive force. The variation of permeability is also a function of coercivity; this same alloy increases its permeability at an even greater rate over the same range, at a low coercivity (0.2 Oe). It is possible to use these alloys to compensate for variations in the strength of permanent magnets with temperature. The magnet is designed to produce more flux than is required in the gap and the extra flux is shunted around the gap with a section of the compensator material. If the temperature increases, the magnet output will decrease but less flux will be passed by the shunt. With proper design, the resulting flux in the gap can be made to be very nearly constant over a wide range of temperature. Although the B-H curves of pole materials are usually drawn as a single line, there is in fact a small difference between the rising and falling curves. The area traced out in B-H space represents energy lost per cycle, which is called hysteresis loss. Although the loss per cycle is very small, the power dissipated as heat over time, in devices subjected to constant cycling (such as motors and transformers) can be significant. Eddy current losses in these materials are also important and the two added together are termed core loss. The amount of core loss, in units of watts per pound, is supplied by the manufacturers of these materials, as a function of frequency (f), lamination thickness (t) and maximum flux-density (B). An empirical formula for the core loss in pole materials is:



The first term represents the hysteresis loss and the coefficient x is called the Steinmetz coefficient (after Charles Proteus Steinmetz, who discovered the relationship). It varies from about 1.5 to 2.5, depending on the material; 1.6 is often used. The second term represents eddy current loss. The constants and depend on the material. If the power loss is known for several different conditions, the constants can be found and then the power losses at other frequencies, material thicknesses and flux-densities can be calculated.



CHAPTER 3 FLUX, RELUCTANCE AND PERMEANCE 3.1 Intuitive concepts of flux: Flux lines may be thought of as being something like thick rubber bands; they pull along their lengths and push outward sideways. Flux lines leave smooth surfaces of highly permeable material (below saturation) at right angles to the surface and enter the same way. If flux left at a different angle, there would have to be a component of H in the pole material parallel to the surface, as large as the component in air. The component of flux in that direction would then have to be very large because of the high permeability of the material. At sharp corners, flux leaves or enters on a line bisecting the angle. Flux-density leaving a sharp corner tends to be greater than at nearly smooth surfaces. Flux going around a corner tends to "crowd in" toward the inside of the curve (the rubber-band analogy). Where flux lines are close together, magnetic forces are high and where they are far apart, forces are lower. Flux lines cannot cross each other and must close on themselves into loops. Flux lines in opposite directions at the same point (from two different sources) cancel and flux lines in the same direction add. Flux lines at an angle to each other add vectorially. 3.2 Reluctance and permeance The basic equation of magnetic circuits stated earlier, Equation (1.15), is:



The reluctance R has not yet been discussed in detail. Its calculation is in general one of the most difficult areas of



magnetics. Many magnetics designers avoid the work, relying instead on intuition and experience but these may be misleading. In spite of its complexity, a careful consideration of reluctance and its methods of calculation are essential to successful magnetics design. Using the magnetics design equations for the circuit of Figure 1.4, with uniform flux-density in the gap and assuming perfect pole material (with infinite permeability) and no leakage of flux, i.e., =kl=1, then:



In the gap, from Equation (1.18)



The reluctance of a uniform gap, without leakage, is therefore:



This result may be compared to the calculation of the electrical resistance of a wire or bar of uniform crosssection,



where is the wire material conductivity, l the length and A is the wire cross-sectional area. It is often necessary to add reluctances in parallel, since flux in a magnetic circuit may flow in various leakage paths, as well as the useful one. It can be shown, by considering two parallel flux-paths, with flux driven by the same mmf, that the equivalent reluctance for two reluctances in parallel is:



More conveniently, let the permeance P be defined as the reciprocal of reluctance,



Then the formula for combined parallel reluctances, Equation (3.7) becomes:



The combination of reluctances in series, with a common fluxpath, results in:



3.3 General formulation of reluctance:



For more complicated reluctance volumes, where the flux lines may not be parallel and where the flux-density varies within the volume, a more general relationship is needed. In Figure 3.1 the volume may be considered as being broken up into fluxtubes. A flux-tube is an imaginary closed wall in space, which is everywhere parallel to the direction of flux at its surface, so that no flux crosses the wall. The cross-section of the flux-tube is chosen small enough that variations in B across the tube may be neglected. The reluctance of the volume is then:



where A is the cross-sectional area perpendicular to the fluxpath length l, of which dl is an increment. The reluctances of all the tubes are then summed in parallel. As an example, the reluctance of an annular gap will be calculated. Such gaps occur in linear actuators, permanentmagnet brushless DC motors and some types of speakers, for example. Since the flux is radial and is the same at any radius,



The area is:



3.4 Roters' method: In many practical cases it is very difficult to accomplish the required integrations by analytical means. An approximate and very useful method exists, which seems to have been first used by Herbert C. Roters, in his book Electromagnetic Devices (Reference 12). Although very old, this book is still perhaps the best book ever written on certain aspects of electromagnetic design. The simple but ingenious approach he advocated is usually called Roters' method. Equation (3.5) can be rewritten as follows:



It is not difficult to find a good approximation for the fluxpath l by eye. The average cross-sectional area, on the other hand, is very difficult to estimate for complicated threedimensional shapes. Rotors observed, however, that if the average length were multiplied by the average area, the result should be the real volume of the space in question. The volume of such a space can be found from geometry. It is then possible to transform Equation (3.16) to:



The new relationship for R' is then Roters' approximation. In practice it is usually within 5% of the actual value and it is rarely as bad as 20% in error. The form given above is not quite the way Roters stated it but is equivalent. He found A from V and l, then used it in Equation (3.16).



Roters then found by experience that even when the volume walls were only approximately parallel to the flux, the approximation still gave excellent results. For example, in Figure 3.2 the corner region (marked 3) cannot be an actual flux-tube since the sharp corners would require an infinite flux-density there. The shape is easy to define geometrically, however and the overall result is found to be a good approximation to the actual reluctance of the gap. 3.5 Numerical calculations of magnetic fields: The high relative permeability of the ferromagnetic material allows the iron/air interface to be approximated by an equipotential surface. This is true even when the iron is almost saturated. This forms the basis of a number of different approaches to the calculation of the magnetic field in the air regions. The fields are in fact, current sources not potential sources. Following are some of the methods used in plotting electromagnetic fields, both past and present: 1. Curvilinear squares - freehand plotting (Reference 10). 2. Conducting (Teledeltos) paper. 3. Conformal mapping (Schwarz-Christoffel transformations) 4. Numerical methods - finite difference or finite element The above methods range from the least to the most accurate and from the one that is done freehand to the one that requires a digital computer. With the advent of personal computers and the commercial availability of software, it is appropriate to concentrate on the numerical methods of calculation. The following is some background and typical results from these methods. 3.5.1 Finite difference method: An analytic iterative technique which may be used either by hand or computer is the method of finite differences. It can be set up on a small personal computer and solved, with very little effort, by persons unskilled in programming. The vector equivalent of Equation (1.4) is:



These two equations can be combined into the famous vector equation known as Laplace's equation:



This equation describes not only static magnetic fields but also steady flow of incompressible fluids, heat transfer, electrostatics and other areas of importance in engineering. The method to be described will work for problems in any of those fields. In Cartesian coordinates, Laplace's equation is:



The variable Q is a potential function (a scalar, not a vector), such that its gradient is equal to the vector :



where i, j and k are unit vectors in the x, y and z directions respectively. This description looks formidable enough but it turns out to have a simple and easily understood interpretation on a grid in space with equal spacings and right-angled corners.



In Figure 3.3, the problem is reduced to two dimensions and the grid is as described. Suppose the potential at each of four points Q(1), Q(2), Q(3) and Q(4) were known, the four points surrounding a point of unknown potential Q(0). We would like to solve for Q(0). The finite-difference equivalent to the partial derivative of Q between Q(1) and Q(0) is:



Then the second partial derivative, at a point halfway between (a) and (b), at (0) is:



In the same manner, we find for the second partial derivative in the vertical (y) direction:



The result states that, for Laplace's equation to hold, the center potential of a close group of five points equally spaced, as shown, is just equal to the average of the potentials of the four surrounding points. If a volume is laid out on a piece of paper and the potential at each edge point is assigned, then by repeatedly adding up the four potentials surrounding a point, dividing by four and replacing the value at the center point with the result, on either a diamond or a square pattern as may be convenient, the result will converge to a set of numbers describing the field determined by the edge potentials. After convergence, lines of equal potential may be drawn. Lines of flux may then be sketched in, everywhere perpendicular to the potential lines. The scheme may be implemented on a personal computer by using a spreadsheet. Spreadsheets were written for business applications, of course, not for this sort of thing but most of them, if not all, have the capability to "resolve circular references" by iteration. If one enters a potential at the walls and everywhere else, the formula equivalent to adding up the values in the four surrounding spaces and dividing by four, then the program will just solve each location over and over until it is satisfied with the degree of convergence. When one does this sort of thing by hand, one may use more intelligence and less repetition by using different sizes of squares around the point, different directions of calculation etc. to speed up the result.



It is possible to find the gap reluctance from the potential map. To do this by hand, find the flux crossing any convenient line, by calculating it at each point and integrating (adding up the flux times length):



The original potential difference between poles was known (any convenient value will do; e.g. assigning 100.00 to one pole and 0.00 to the other). The reluctance is then:



To find the reluctance by the spreadsheet program, another method may be more useful. It can be shown (Reference 37) that the reluctance of a volume can be calculated from the following equation:



In the spreadsheet program, a cell is designated to take this sum, calculated from each square in the problem space (after the main iteration is run). From it, the reluctance is found by Equation (3.34) above. Figures 3.4 and 3.5 show typical design problems.



3.5.2 Finite element method:



The feature that makes these methods possible is the ability to calculate a large number of linear algebraic equations that replace the partial differential equations governing a physical system. Most of these equations are second order but linear partial differential equations of the following general form:



The first and third terms are recognizable when compared to the equivalent terms in Equation (3.23). There are, naturally, other types of equation including some that are non-linear, for which several analytical techniques have been developed, (Reference 6). In these solutions, the fields are discretized into small areas where the nodes of these areas are sufficiently close to each other to minimize the error. These areas can be square, triangular or polygonal. However, triangular areas have been found to give the greatest flexibility when solving complex problems. The result of this discretization is a mesh or lattice and a typical example is shown in Figure 3.6.



The governing equations for this method of analysis are also Equations (3.20) and (3.21). The first, Gauss' law, says that the net gain in flux per unit area (Div B) is always zero. The



second, Ampere's law, says that the closed-line integral of H per unit area (curl H) equals the current density of that area. The solution to the above equations determines the vector potentials and consequently the flux between 2 points. Other parameters which can be determined from these calculations are: i. The inductance L from the following:



where



is the magnetic energy supplied to the circuit.



ii. The force F from the following:



Programs are now available for use on personal computers to calculate magnetic fields by finite-element methods. Codes using this method of analysis are very long and complicated but the resulting programs are becoming steadily less expensive and easier to use. A model of the problem is built in the computer, i.e. dimensions, material properties, electric currents etc. A triangular mesh is then generated between the points, defining the spaces over which the fields will be approximated. The model-making and mesh-generating methods have been made much easier to use recently. The outer boundary may include "infinite" elements which imitate the effects of an infinitely large empty space around the problem region. Some programs allow entry of non-linear B-H curves, or are able to calculate eddy-current effects. Studies comparing the finite element and finite difference methods (Reference 13) have shown that the results from these two methods are identical, especially for first order triangular algorithms.



CHAPTER 4 ELECTROMAGNETICS 4.1 Force and emf generation:



If electric current flows in a long straight wire, an odd magnetic field is set up in a circle around the wire (no poles), as shown in Figure 4.1a. The strength of the field is:



(Biot-Savart law) where: i = current in the wire, amperes H = coercive force at a point (amps/meter) r = radius from the wire to the point, meters If the wire is wrapped into a long cylinder, the field inside the coil (for an infinitely long coil) is



The magnetomotive force produced over a length of this coil is:



where n = total number of turns in the coil In convenient engineering terms, 1 Oersted-inch = 2.0213 amp-turns (4.4) If an electron is injected into a magnetic field, with its path at right angles to the field, a force is exerted on the electron, at right angles to its direction of travel and to the field, proportional to the strength of the field, the charge on the electron and its velocity. If instead of a single electron, a steady current is passed through a wire, which is in a magnetic field, a force is created on the wire:



In US engineering units, for a wire perpendicular to the magnetic field, with the resultant force perpendicular to both the field and the wire (i.e., sideways on the wire),



It seems at first as if there were two different magnetic forces at work, one in line with the magnetic flux and proportional to the square of the field, and the other at right angles to the field and proportional to it. The two are, in fact, a single force, in spite of their apparent differences. A steady magnetic field does not affect the voltage or current in a wire at rest, in or near it. If the magnetic field changes with time however, a circular electric potential (EMF, or voltage) is caused around the path of the flux. If a wire surrounds the path, voltage will be caused in it, and if the wire forms a closed loop, electric currents will be induced in it. This induced voltage and current (called eddy currents, in some circumstances) can be very useful or very troublesome, depending on circumstances. The current is in a direction so as to cause a magnetic field, which opposes the change, in the original field which caused it. If it is able to flow, the result is to slow down or reduce the rate of current change (either increase or decrease). The voltage caused by changing flux linking a coil of number of turns n is:



As before, a wire moving at right angles to a magnetic field shows the same effect in a somewhat disguised form (Figure 4.2). The wire "cuts" flux lines at a rate related to its speed, length and field strength, and a back EMF is caused in it. For a wire perpendicular to the surrounding magnetic field, moving at right angles to it and to its length (i.e., sideways), the induced voltage is:



If a wire is free to move and is initially at rest in a magnetic field, and a fixed voltage is imposed across it, the wire will initially accelerate at a rate determined by its mass, its resistance and the force from Equation (4.6). As its speed increases however, a back EMF will be induced in it. The back EMF opposes the applied voltage and with less net voltage across the resistance, less current flows. The rate of acceleration decreases. Eventually if the magnet is long enough, the wire will approach the speed at which the back EMF caused by its motion just equals the applied voltage. At this speed, called the terminal speed, no further acceleration is possible, as shown in Figure 4.3. If the speed is disturbed by outside forces, causing either an increase or decrease, the electromagnetic system will act to oppose the change. Referring to Figure 4.4, if electric current is caused in a



wire which links a magnetic circuit, the magnetic field will change with the mmf (amp-turns) caused by the current. The magnetic field contains stored energy, which had to come from the electric circuit. The energy is removed by slowing down the current due to back EMF.



The constant L is called the inductance. Inductance is a magnetic effect, related to the permeance (or 1/reluctance) by:



The permeance of the gap (which is where almost all of the energy is stored, if the circuit is not saturated) is from Equations (3.8) and (3.11):



For this reason, it is often convenient to use units of are consistent with electrical units. In this form:



which



As an example, the inductance of an electromagnetic circuit with 28 turns, having a gap 0.25" wide X 4" X 4" on a side, ignoring leakage, is:



The calculation is only approximate because we have ignored leakage flux. If the turns are wound close to the gap, the approximation will be fairly good, since the gap width is relatively small compared to its cross-sectional dimensions. holds regardless of the nature of the The relationship magnetic circuit but, of course, P is dependent on the permeability of the pole material. In the example, it was assumed that the permeability of the steel in the surrounding structure was high enough that it could be neglected (which is equivalent to infinite permeability). If the magnetic



structure is driven into saturation however, (either entirely, or only in certain locations of dense flux), the permeability and thus the inductance will change, and no longer will be well represented by a single constant. 4.2 Transformer operation: The emphasis of these notes is primarily on motors and actuators but it nonetheless seems appropriate to add a brief description of electrical inductors and transformers. Those components are used to affect electric circuits, rather than to produce useful force and motion but the principles involved are often encountered in actuator and motor design. In the past, the analysis of some types of motor was done by regarding them as rotating transformers. In an electric circuit, such as that shown in Figure 5.1, capacitors act something like the electrical analog of mechanical springs. They store up electric charge and release it later. An inductor, on the other hand, acts like the electric equivalent of a mass. It resists the change of current through it, independent of the amount of current, as a mass resists acceleration from rest, or deceleration once it is moving. The voltage across an inductor of fixed inductance L is:



This energy equation assumes, however, that L (and, therefore, P or R) is a constant. If a core material is used, the material will saturate above some coil current value, bringing about a dramatic reduction in P and L. At much lower current, core materials begin to become non-linear, and L is no longer a constant. Since inductance often must operate at relatively high frequencies, eddy current behavior becomes very important. Coil materials should therefore, have high electrical resistance as well as low hysteresis. To meet these requirements, high saturation density often has to be sacrificed.



An inductor limits current flow for an ac signal by storing up energy during part of the cycle and retrieving it later in the cycle. The voltage E and current I are out of phase by some angle. When the phase angle equals 90°, power flows into the inductor during one part of the cycle and an equal amount flows back to the source during the next part, resulting in (almost) no dissipated power. This is how a transformer with an open secondary avoids waste power even though it has low internal resistance and is connected across the power line. A simple transformer is shown in Figure 4.4b. The shape shown is easy to understand but is not a likely one for actual use, because it would have high flux-leakage. An alternating electrical current flows in the primary circuit of turns . An alternating magnetomotive force mmf = is then set up and flux flows through the magnetic loop in response. Since is varying sinusoidally, mmf is varying in the same way and therefore, is an approximately sinusoidal function of time. Since links each turn on the primary as well as the secondary winding, a back emf or voltage is caused, which is the same for each turn in both coils. In order for the system to be at equilibrium:



i.e., the output voltage is proportional to the input voltage and to the turns ratio. If we ignore the small losses in the transformer core and windings, the power into the primary circuit must be equal to the power out of the secondary circuit:



It can be seen therefore, that the output current is proportional to the input current times the reciprocal of the turns ratio:



In practice, the actual turns ratio is increased somewhat from the desired ratio of voltage out/voltage in. This is done to account for the voltage "droop" caused by the resistance drop iR across the secondary winding at rated current. The first step in the design of a transformer is the design of a magnetic circuit which is capable of blocking the primary voltage with a current flow small enough that the power lost is acceptable. An appropriate number of turns and wire size is chosen for the primary coil. The number of turns of the secondary is then determined to provide the required output voltage. of course, the "window" in the magnetic circuit must be large enough to permit both windings. The waveform of voltage input to the primary winding is usually sinusoidal. The time intergral of the voltage, in volt-seconds, reaches a maximum as the voltage decreases to zero.



i.e., the flux which must pass through the magnetic circuit is equal to this time integral: 1 weber = 1 volt-sec = 10,000 Gauss-meter = 15.5 M Gauss-in (approximately) In order to avoid flux-leakage in a single-phase power transformer, the primary and secondary coils are wound on top of each other. The design of 3-phase transformers and the various methods of connecting them is beyond the scope of these notes (see Reference 14). Pulse transformers are electromagnetic sensors which give an output voltage proportional to electric current passing through them. Since they rely on d /dt for this voltage, they cannot operate with dc current, and the fidelity of the output



voltage depends on the rate of change or frequency of the linking current. The primary is just a single turn and the current to be sensed passes straight through the magnetic circuit only once. An integral of mmf around this current-carrying wire is the same for any complete path. This mmf causes a voltage in each turn of the toroidal winding about the core. Therefore, the current in the secondary is less than that in the primary by this ratio. For example, if the current to be sensed is 100 A and there are 200 turns on the toroid, the current in the sensor winding will be 500 mA. A resistor, usually of small value, is connected across the two sensor-coil leads. The voltage measured across this resistor is the output. It is proportional to the current in the main circuit but is isolated electrically from it and scaled as required by the number of turns and the sensor resistor value. 4.3 Instruments for magnetics: If an electron moves in a magnetic field, a force is exerted on it at right angles to the direction of motion. In 1879, Dr. Edwin Hall discovered that if an electric current were passed through a flat strip of conductive material (he used gold) in a magnetic field, the electrons would be forced to one side, creating a voltage difference between the two sides (Figure 4.5).



For the same current, electrons must travel faster in a poor conductor than in a good one and the force (and thus the voltage) is proportional to speed. Modern Hall sensors use silicon, not for its switching and control capabilities but just as a high-resistance material. A typical Hall sensor of the linear variety may have a resistance of 1000 ohms or so across the reference current leads and perhaps a little less across the sense leads. If 10 V is connected across the reference leads, causing a current of 10 mA, the sense leads may indicate 50 mV when the sensor is placed in a 100 G field. With Hall sensors which have no internal processing, the direction of reference current may be reversed, reversing the polarity of the output. The active site is very small, perhaps 0.040 inch on a side, so the field is measured nearly at a point. Only the component of B which is normal to the surface is measured, so care must be taken to align the sensor properly to the field. Proper alignment causes the maximum reading at that point. The values given here are only to convey an approximate idea of what may be expected; actual components vary widely from these numbers. Another type of Hall sensor has electronic processing built in and might contain, for example, a constant-current source, a switch with hysteresis and an output driver with relatively high current capability (Reference 15). The voltage cannot be reversed across this type of device, of course.



Hall type Gauss meters are relatively easy to use but the making of accurate measurements is complicated by several factors. The earth's magnetic field varies in strength and direction from place to place; it averages about 0.4 Gauss. In a room containing electric lights and other electricallypowered equipment and walls carrying electric wires, the field may be higher. The presence of tools, desk parts, lamps and filing cabinets of steel may warp and concentrate the stray field enough to cause reading errors of tens of Gauss. Hall sensors have a slight offset, indicating a reading with no magnetic field present, and the offset may vary with time and temperature. The offset is caused by slight inaccuracies in manufacturing. Gauss meters are usually provided with a shielding tube and an offset adjustment to allow for zero correction. They may also have a means to adjust the reference current (the current through the Hall sensor which is deflected by the field to cause the output), if it should drift. Another problem is the scale adjustment. It is a common experience among workers in magnetics to place a Hall probe at a marked location, with one side of the probe flat against the surface. The flux is known to be normal to the surface. A reading is made. As a check, the probe is turned over, in the same location, and the second reading is found to be somewhat different. The operator is then unsure as to which to use, or whether to take an average. A means is needed to check the output at a known high reading, near that which the operator is trying to make. Some magnet companies sell standard magnets for this purpose. However, the operator finds that he gets different readings at different places in the supposedly uniform reference gap. Some of these devices are variable with temperature. If one compares several of the standard magnets from different vendors, they may not agree. It is possible to generate a magnetic field, the strength of which is known from basic, traceable standards up to perhaps 100 Gauss. One way to do this is with a Helmholtz coil, which is really two coils with axes aligned, separated by the distance of one coil radius. For higher fields however, the coils overheat and the attainable field is too low to give a good check on measurements made at thousands of Gauss. While a Hall-effect Gauss meter reads field strength nearly at a point, a flux meter indicates total flux over an area. A search coil is used, with one or more turns. The coil may be handmade on the spot to conform to the magnet or region being measured. A flux meter reads the time integral of voltage induced across the coil when it is introduced into a field, or withdrawn from it. If the coil is turned over in place, the



reading is doubled. Some flux meters are difficult to read because they drift with time and are sensitive to stray fields in the area. It is possible to make an impromptu flux meter by using a coil and a storage oscilloscope and integrating the area under the curve (voltage vs. time) by hand. There is a form of plastic sheet on the market which is very useful for checking the uniformity of magnetization and pole shape. Microscopic flakes of nickel, which is highly permeable, are encapsulated in oil inside plastic spheres too tiny to be visible. They are then bonded to a dark-colored sheet and given an overcoat layer of a transparent colored plastic. When exposed to a magnetic field with flux normal to the sheet (going out or in), the flakes stand on end, revealing the dark color below. When the flux density is low, or when the flux is parallel to the paper surface, the flakes lie flat, reflecting the color of the sheet above them. When this sheet is placed on a magnet which is charged, poles and transitions are clearly visible through the sheet (although the sheet is nearly opaque to light). The material does not indicate strength of field, but rather direction, and it is useful to keep in mind that the light-colored areas do not necessarily represent low field intensity but could be horizontal fields instead.



CHAPTER 5 MAGNETIZING OF PERMANENT MAGNETS 5.1 Magnetizing Requirements: Magnets are normally shipped unmagnetized from the manufacturer and are magnetized either in place, after assembly or, if necessary, just before assembly. There are a number of reasons why this is preferred over shipping them already magnetized. Large masses of charged magnets may be dangerous, capable of pinching or crushing limbs accidentally caught between them. They may affect navigation instruments, wipe out data on magnetic tape or disks or destroy delicate machinery (such as watches). They may pick up magnetically permeable dirt, which is then difficult to clean off (several turns of masking tape, wound face-out on the hand, helps to clean off this sort of dirt). The magnets may even crush themselves, or pull tools out of a worker's hands several feet away, in extreme cases. It may be very difficult to assemble a device with already magnetized parts, because the forces caused make alignment and clamping (to set adhesives) difficult. There are restrictions on the shipment of charged magnets. To magnetize or charge a permanent magnet, it is necessary to achieve a magnetic field high enough to completely saturate the magnet everywhere, in the pattern required for the pole locations in the magnet. The time required is extremely brief. Once the required coercive force is reached in the magnet, domain reversal occurs in less than a hundredth of a microsecond (100 nanosec), which is negligibly short for magnetization purposes. Although some non-electric methods of magnetization exist, especially for the older low-coercivity materials, almost all magnetization today is done by generating a very short pulse of a very high electric current, perhaps a few milliseconds long, with currents of a few hundred to over 100,000 amps. The electrical pulse is then used to cause a brief but very strong magnetic field. The electric pulse is usually caused by storing up electric current in a bank of capacitors at high voltage and then suddenly discharging the capacitors through an electronic switch. These electronic assemblies, called magnetizers or chargers, are general-purpose devices and are relatively expensive. They usually permit adjusting the discharge voltage over some range, continuously or by steps, to accommodate different requirements. The pulse is then



applied to a magnetizing fixture. The fixture might be as simple as a coil of wire, or a "c" framed structure for straight-through magnetizing, or it might be a complicated arrangement of wire or copper bar, laminated iron poles and support structure. The fixture is often designed for use with a specific magnet and it must also be designed for use with the intended pulse generator. The magnetizer/fixture combination must meet the following requirements: 1. Sufficient coercivity (and therefore enough electric current) must be supplied to completely magnetize the part. This condition places a lower limit on the value of current times turns. 2. Most of the energy stored in the capacitors is converted into heat within a few milliseconds in the coil. The time is too brief for significant amounts of heat to escape to the surroundings. The coil must have enough mass that the resulting temperature rise is kept low enough to avoid overheating which could destroy the insulation. In some cases the coil (or part of it) could even be vaporized. 3. Rejection of heat from the fixture as a whole must be high enough to allow cycling at an economical rate (if the fixture is intended for production use). 4. Eddy currents in the fixture or magnet itself must not be high enough to prevent complete and even magnetization of the part, or overheat the fixture. 5. The fixture must be strong enough mechanically to take the high forces generated by the magnetic pulse without damage. It must be constructed with enough accuracy to locate the magnet poles to within the required tolerances. It must restrain the magnet and support it well enough that the part will not be broken by the magnetic forces, and yet must not fit so tightly that thermal expansion might jam or break the part. Fast and easy loading and unloading of the part must be provided for. 5.2 Current versus time in an ideal magnetizer:



The linear idealized description of a charger/magnetizer combination is of only limited use in predicting the behavior of actual magnetizers but is a good starting point. In Figure 5.1, an idealized electromagnetic circuit is shown consisting of a capacitor of fixed value C, an inductance of fixed inductance L and a fixed resistance R. The voltages across each circuit element are:



The sum of these voltages around the circuit loop must equal zero,



This is the well-known second-order homogeneous linear differential equation with constant coefficients. Solutions are of the form , where b may be real, imaginary or complex. The solutions may be presented in various ways. Perhaps the most useful approach is to define two new constants, derived from the circuit values:



If < 1, the system is said to be underdamped. In an underdamped state, the current oscillates, surging back and forth between the capacitor and inductance, as shown in Figure 5.1. Because of energy dissipation as heat by the resistor, the peak current amplitude decreases with each swing. This behavior would be highly undesirable in a magnetizer, since even a relatively small reversal of current could remagnetize some of the material in the reverse direction. If 5% were



remagnetized backward, it would have the effect of canceling the magnetization of a similar volume, for a loss of 10% overall. Older magnetizer designs have mercury-filled tubes called ignitrons for switches. These tubes may conduct in the reverse direction for a short time before extinguishing. Manufacturers' data indicates that peak reverse current under some conditions could rise to as much as 40% of the forward current before the tube shuts off. Blocking diodes are sometimes but not always included in these designs. If no blocking diode exists in a particular ignitron charger, then the fixture should be designed with enough resistance that the combination is overdamped, to avoid ringing. If the current is suddenly cut off by a blocking diode, the large inductance of the fixture will cause the voltage across it to rise without limit, until current is able to flow by some means to dissipate the stored energy. This may be by arcing through the insulation at many thousands of volts, if no other path is available. A diode is connected in parallel with the fixture, called a freewheeling diode, as shown in Figure 5.1. It blocks current from the first pulse but then allows current to circulate around and back through the fixture, when the drive circuit is cut off. The stored energy is then dissipated in the fixture resistance. It is sometimes suggested that an underdamped magnetizer fixture does not have to dissipate all the energy in the capacitors and thus will operate cooler than an overdamped circuit, for the same capacitor voltage. This is not true, as the energy is dissipated in the fixture resistance anyway. The underdamped circuit may however, have a higher peak current for the same charging voltage. Solving Equation (5.10) for the underdamped case,



Peak current is found by setting di/dt = 0 and solving for the time for peak current, then substituting this time back into the solution:



If = 1, the circuit is said to be critically damped and has just enough resistance to prevent overshooting. For this condition:



Peak current is again found by solving for the time at which di/dt=0, and then substituting it into the formula for current. Current versus (voltage/resistance) E/R is plotted as a function of damping coefficient in Figure 5.2.



Another possibility is that of R = 0. The situation cannot exist, of course, in a real magnetizer but is useful as a limiting case for low resistance. If the circuit resistance is zero, the solution is:



5.3 Real Magnetizers: Unfortunately, many real magnetizers do not behave in a manner which would be required for the linear analysis results to have much validity. Older magnet materials could be saturated at coercivities low enough that the permeability of the pole material could be neglected (taken as infinity). The newer, more powerful materials take far higher fields to magnetize at coercivities well above the saturation of any pole material. For a material (mild steel) which requires 25,000 Oe to fully magnetize, the pole steel will hard saturate at 20,500 G. The remaining 4,500 G (to obtain 25,000 Oe in the gap) requires much more mmf (current times turns) to achieve than the 20,500 G obtained up to saturation.



The copper windings heat up during the firing pulse. The resistance of copper is a function of temperature and can rise as much as 30% during the pulse. The temperature dependence of the resistance of copper is:



The total resistance imposed on the circuit is the sum of the fixture and source resistances. For some fixtures, the fixture resistance is high enough that the source resistance has little effect. Manufacturers of chargers (magnetizers) rarely if ever publish information about source resistance. If the fixture is designed with very low resistance however, the source resistance becomes dominant. The largest component of the source resistance is usually the ESR (equivalent series resistance) of the capacitor bank. Unfortunately for calculation purposes, this resistance is a function of the rate of change of current. Figure 5.3 shows a typical curve of ESR versus frequency for the type of capacitor usually found in magnetizers (a large aluminum-foil electrolytic). These components have wide manufacturing tolerances in capacitance (e.g. +75%, -10%) and change capacitance with time, use and temperature.



The charger itself will have some inductance and the amount might be deliberately increased to limit rate of current buildup in the electronic switch (which could cause it to fail, if excessive). The material to be magnetized affects the circuit. It absorbs some energy from the system as it is magnetized. Magnetization does not occur everywhere at once, because some of the magnetic domains are harder to coerce than others. The process follows a curve like that shown in Figure 5.4, which is for a ferrite. The magnetizing curve for Samarium-cobalt 2-17 has an extra bump in the middle, as shown in that figure. As the field builds up, some energy is absorbed by the magnet, slowing down the rate of current increase. From then on, the field is increased by the new contribution from the partially magnetized part. The increased field will change the saturation level of the pole material and thus the current rate-of-change.



As the current changes at a rapid rate, circular voltage fields are induced in the pole material, in the magnet itself and in the surrounding structures, if they are electrically conductive. Eddy currents are set up, which affect the current-time history. To the source, the load seems to momentarily have more resistance and less inductance.



The cumulative effect of these differences from ideal behavior may be considerable. Figure 5.5 shows an actual time-current plot of a charger/fixture combination with a magnet in place, initially uncharged (the solid line).



The peak current calculated by the idealized formulas, using values for fixture resistance and inductance (measured at very low signal level) and the known capacitance of the charger, gave a result of 9073 amps. The actual measured peak was 5150 amps. A computer program which included eddy current effects, polematerial nonlinearity, magnetizing effects in the magnet as it was charged and source ESR fared much better (dashed line), predicting 5416 amps (5% too high). The offset between peak times for the measured versus the calculated curves may be due to the fact that the current had to rise to a considerable value before the digital oscilloscope used in the measurement could detect it and trigger. The sudden change in slope seen in both the computer-predicted and measured curves is the result of the steel pole material coming out of saturation. The worst nonlinearity of the various factors complicating magnetizer design is the problem of pole saturation. If hand methods must be used, or for an approximation early in a



design, the magnetizer behavior may be considered as the sum of two parts: as a magnetizer with poles of infinite permeability, up to the point of saturation and as a device with air-core coils (i.e. pole material with a relative permeability of 1) for current above that required for saturation (Reference 16). 5.4 Optimization: It is sometimes very difficult to magnetize a particular part with a given charger. In the design of a difficult fixture, such as might be the case to magnetize a small ring of highenergy material with a large number of poles, the available volume for both winding and pole material has an upper boundary. Within some limits, most of the variables under the control of the designer reduce to only three, the charging voltage, the wire cross-sectional area and the wire length. The charger capacitance is probably fixed and eddy currents are suppressed as much as possible. Number of turns becomes a function of the wire length. These three variables, voltage E, area A and length l, may be represented as three dimensions in space, as shown in Figure 5.6. The limits imposed on the design may then be shown as limiting surfaces in EAl space. The resulting volume cut out by the surfaces (provided, of course, that there is a remaining volume) represents all possible designs which meet the required conditions.



In Figure 5.6, the upper voltage and minimum voltage at which the charger is able to operate are marked. Another possible upper voltage limit would be the insulation limit, if it were lower than the maximum voltage the charger could put out. There is some minimum wire length l which represents one strand of wire threading the minimum path required for magnetization. There is a maximum possible wire area, for one turn (often a fraction of a complete turn) around each pole. These limits cut out a rectangle, extending to infinity along l. Another limit is the maximum allowable winding volume, V = Al. A curve of Al = (a constant) is a hyperbola in the A-l plane, and a vertical, curved sheet in EAl space (Figure 5.7a).



The energy stored in the capacitors when they are charged is:



To prevent this energy from overheating the wire, a lower limit is imposed on wire volume,



This limit surface is shown in Figure 5.7b. The purpose of the fixture/magnetizer is, of course, to magnetize the part, which requires some minimum magnetomotive force,



In a simple resistive electric circuit, the current is determined by Ohm's law,



In a circuit containing capacitance and inductance, the current cannot reach this value but can still be related to the resistance by:



where is a function of the damping ratio . The resistance R of a wire is a function of the area and length,



The current i can then be represented as



Since the number of turns is related to length (approximately) linearly and mmf = ni,



This surface is a rectangular parabola in the AE plane



One possible resulting shape for the volume cut out by these limits is shown in Figure 5.8 representing all allowed solutions. Not all included points are actually realizable however. Unless special wire is made, the allowable wire areas are limited to standard AWG sizes (and perhaps half-sizes if available). Wire length is not a continuous function since only integral multiples are possible. Some chargers are continuously variable, while others are adjustable only in steps. A few are not adjustable at all. Given the limit volume, it is then possible to define an optimum solution, depending on what is meant by optimum in a particular situation. If minimum instantaneous heating is intended, then the curve of least temperature of the shape shown in Figure 5.7b which just touches the limit volume, is chosen. On the other hand, if the sharpest possible transitions are needed, then the extreme intersection of a curve of the type shown in Figure 5.9 with the volume is required. Maximum overall cycle rate occurs at minimum voltage, within the volume.



5.5 Other Considerations in Magnetizer Design: Wire of AWG (American Wire Gage) #14, which is 0.066" in diameter (single build insulation) and larger sizes are difficult to form because of stiffness. If wire of more area is required, it may be better to use several smaller strands in parallel. When the highest possible density is required, commercially available wire of square cross-section may be used. Even machined and formed copper bar (subsequently annealed) may be used. Eddy currents in magnetizing fixtures may seriously limit performance if not controlled. One method is to use laminations, thin sheets of steel with a coat of electrical lacquer (one side only to reduce buildup) for insulation. The lacquer layer may be very thin, because the driving voltages are low. The required lamination thickness may be estimated by calculating the "skin effect". An electromagnetic wave impinging on the surface of a semiinfinite conducting material penetrates into the material with intensity decreasing with depth, repelled by eddy currents. The equivalent depth to which the field would penetrate, if all the currents were confined in a uniform layer to that depth, is called the skin depth . If a lamination exposed to the frequency used in the calculation is two or less skin depths in thickness, then eddy currents on one side of the sheet would meet and destructively interfere with currents on the other side to some extent; this design limit is found to be generally acceptable in practice. The depth of the skin is:



The permeability depends on the flux-density in the pole material at some representative time. For fixtures to be driven into saturation and mild steel, = 200 has given satisfactory results (corresponding to about B = 17 kG). Some fixture designers advocate using no metallic pole material at all for fixtures exposed to very high flux levels, because of eddy currents. For fields up to 30,000 Oe however, steel laminations still seem to be useful. 5.6 Forces on conductors and coils: If a current-carrying wire is in a hole or deep slot in a magnetically permeable material such as steel and the pole material is not magnetically saturated, almost all of the magnetic forces generated are exerted on the pole material and very little on the wire. Where the wire extends beyond the end of the pole material, such as at the ends of coil turns, or on freestanding coils in air, high forces may be induced in the wire. In magnetizing fixtures, wire loop ends may be severely deformed if not well secured. For conductors near pole surfaces, the forces generated pull the wire into the pole surface and spread out the loop. Wires in slots are pulled deeper into the slots (provided significant eddy currents are not present). In an air-core coil of wire subjected to a strong pulse of electric current, the forces produced tend to crush the coil inward axially, while spreading out each loop radially. For an idea of the size of these forces, an approximate calculation may be done for a 2 inch diameter coil (assumed to be about 4



inches long) intended to magnetize high-energy materials at 30 kilo Oersted. In order to reach a field of 30 kOe at the edges of the useful volume of the coil (about the middle section of the coil length), the field will have to be somewhat higher in the center and it will also vary slightly across the diameter. It will be assumed that an average field strength of 40 kOe (40 kilo Gauss flux-density) will be present across the diameter, halfway along the axis of the coil (Figure 4.1c). If the coil should be crushed inward by a very small length dl, the energy relations at the ends will be unchanged but the volume A dl will disappear. The energy stored in this volume is:



The work done in contracting by this distance, on the ends, is:



The term 1/(2 ) in convenient mixed engineering units is 0.571x10 (lb/inch Gauss ). Solving for a diameter of 2 inches: F = 2900 lb (crushing inward axially) To calculate the hoop stress in the coil, let us assume a coil wall thickness t = 0.5 inch, over a region of axial length h (assumed small compared to the length). For a small (virtual) change of width across a rigid-body cut, in a particular direction x perpendicular to the axis, a change of volume will occur,



For t = 0.5 inch, r = 1 inch and B = 40 kG, the hoop stress is about 1850 psi. When current flows in wires which are near other conductors, eddy currents are induced in the other bodies. These currents generate magnetic forces which oppose the fields set up by the original currents, and the conductors repel each other. The same currents may at the same time cause attractive magnetic fields in the same bodies (or in bodies attached firmly to them) if poles are induced in magnetically permeable parts. How these forces combine depends on both the absolute level of current and on its frequency or rate of change. For example, in one particular type of linear induction motor, a set of coils (operated in three phases) around a laminated steel pole structure faces a track consisting of solid, unlaminated steel covered with a layer of copper, with a gap between them. Exciting the coils with three-phase ac current results in a thrust at right angles to the gap. At low frequencies, the laminated part and the track are also strongly attracted to each other, and at 60 Hz the force of attraction is about 10 times the thrust. At higher frequencies, however, the attraction is reduced and above 120 Hz, the track and laminated part repel each other, while still maintaining a linear thrust. 5.7 Winding patterns:



After an air-core coil, the simplest fixture shape is perhaps the "c" frame, used for straight-through, single-pole pair magnetizing, as shown in Figure 5.10. If the windings are placed near the pole faces, as shown, more useful flux will



cross the gap than if the windings are in the middle (shown dashed). For a design like this, with a relatively large number of turns, the effects of a fractional turn is probably unimportant. For critical designs (in which fixture resistance must be minimized, the space is restricted and each pole having a small number of turns) the actual turns "count" is important and a uniform pattern producing an even field is needed. A minimum-length pattern is shown in Figure 5.11 (b), which gives about 3/4 turn per pole. This pattern may result in substantial unevenness of field. If two conductors of equal area and length, with a total area equal to the original wire, are used in parallel instead, as shown in Figure 5.11 (c), the electrical characteristics are unchanged but the magnetization is more even. When a series of adjacent poles are wound with opposite polarities by a single wire, the number of turns per pole will not be integral. It is easy to make a systematic error in winding such a pattern, which can badly affect the evenness of magnetization, for small total turns count.



CHAPTER 7 MOTOR DESIGN 7.1 Introduction: The following discussion is centered on the brushless dc motor where only some of the features are common to the brush-type dc motor and other motors. While there is a lot of similarity in the use of permanent magnets, the two types of dc motor differ in the location of the magnets between stator and rotor. The absence of the commutator in the brushless motor allows the wound stack to be in the stator, where it is electronically commutated. There is, however, a lot of similarity in the lamination design of both motors in view of the similarity of their operating theory. 7.2 Overall dimensions: Barring any specific dimensional requirement in diameter and axial length, to fit a predetermined space, these two dimensions should be selected to reflect a reasonable ratio between them. An initial guess can be a diameter D at the airgap between rotor and stator, equal to the axial length l of the stator. As in the case of the brush-type motor, the output power of the motor is proportional to and it is this relationship which establishes the relative effects of changes in these parameters towards meeting the performance specifications. An increase in the diameter would result in a much bigger increase in the output power than an equal increase in the axial length would cause. This can be readily seen from the above relationship. There are, however, other factors to take into consideration when making decisions about these dimensions. The parameters to consider are the torque required and the operating speed. For very high torque requirements, a large diameter is highly recommended. This stems from the fact that a particular amount of force developed in the air-gap would result in a larger amount of torque if the distance between it and the axis is increased, e.g. by increasing the diameter. On the other hand, at high speed operations, it is advisable to increase the axial length rather than the diameter if more power is needed. This is intended to hold the surface speed to a reasonable value (since it is directly proportional to the diameter D) and avoid very high centrifugal forces and localized iron losses. The argument for a small diameter and long stator cannot be carried out too far since a rotor of



this type may experience mechanical oscillation and possible failure as the operating speed reaches very high levels. Similarly, the argument for a large diameter and short axial length has its limits when high torque and low speed operation is required. In motors of this design, the short axial length causes high values of leakage flux at the air-gap to be experienced. 7.3 The magnetic circuit: A traditional approach to motor design is to use the so-called "lumped reluctance model" of the magnetic circuit. In this approach, the circuit is divided into several sections, each pertaining to a distinct material in the circuit. If the path of flux in that material is long or is changing in width, then it is divided further into small sections. It is intended in this exercise to determine the reluctance of each part of the circuit and from that the value of the reluctance of the complete circuit. Usually some parts of the circuit and in particular air-gaps and low permeability materials, constitute the largest percentage of the total reluctance. This can sometimes make the accuracy acceptable if the contribution of the low reluctance parts is ignored. However, in motors where the iron is allowed to be almost saturated, the reluctance of these ferromagnetic paths starts to become appreciable and must, therefore, be included in the calculation. As the magnetic circuit is divided into more segments, the amount of calculation increases rapidly. The geometry of the little segments becomes more complicated and thus requires more calculation time. Moreover, since the reluctance of each segment of the circuit is a function of the amount of flux it is carrying, and vice versa, the calculation process becomes an iterative process with a large number of computations. Personal computers speed up this process tremendously by eliminating the mathematical errors which commonly plague repetitive and laborious calculations. The first step in this process is to draw the equivalent circuit representing the magnetic circuit of the motor. The parts that need to be included in the circuit can be determined from the cross-sectional view of the motor. This two-dimensional view can be further divided into sectors which enclose similar details and, therefore, repeat the basic circuit. A cross-sectional view of a brushless dc motor is given in Figure 7.1 where a 90° sector of this 4-pole motor contains all the necessary information needed.



The flux path is also shown in Figure 7.1 and is seen traveling through the magnet and air-gap into the stator and then back across the air-gap into an adjacent magnet completing the circuit via the back iron. As the number of poles increases, the length of the path is reduced. More importantly, as the number of poles increases, the amount of flux traveling between adjacent magnets is reduced. The advantageous consequence is that less back iron is required as the flux between magnets is reduced and, therefore, the weight of the rotor is reduced.



Figure 7.2 shows a representation of the magnetic circuit of Figure 7.1. It is common to use electrical symbols to



represent different parts of the magnetic circuits. The following table gives the main terms of electrical circuits and the corresponding terms of the Electrical



Magnetic



Voltage



MMF



Resistance



Reluctance



Current



Flux



Due to the complicated nature of the magnetic circuits, various assumptions are made to simplify the equations. These assumptions either result in a very small error or limit the usefulness of the equations to a certain range with some of the parameters. The reluctances have the basic formula.



where l is the length of the magnetic path in m and A is the cross sectional area in m . The reluctance is, therefore, in Henry/m and its reciprocal is the permeance. Mu ( ) is the permeability of the material of the particular section of the magnetic circuit and would be in air as seen in Equation (3.16). The parameter is totally dependent on the reluctance of the circuit. Perhaps Figure 7.3 is a helpful representation of the interaction between those parameters.



The other basic equations are



where MMF is the magnetomotive force in Ampere-turns and the flux in Webers. This equation is the magnetic analog of the electric Ohm's law equation. And:



where B is the flux-density in Tesla. Refer to Chapter 3 for a more complete analysis of these parameters. The reluctance terms of Figure 7.2 correspond to different parts of the motor, relevant to the magnetic circuit. The following is a discussion of these reluctances: i. The tooth reluctance is perhaps the most difficult to determine accurately; the reason being the wide variation in flux-density of the different parts of each tooth. The tooth tips are the most likely parts of the tooth to reach saturation because of their narrow cross section. Unchecked flux-density in the tooth tips can lead that part into saturation making the slot opening effectively larger than the physical opening. This has the disadvantage of reducing the effective area of the steel facing the magnets. With the reduced area of steel the reluctance of the path increases, leading to a drop in the air-gap flux. To avoid this sequence of events the tooth tips are made as thick as reasonably possible. Other sections of the tooth also experience different levels of flux-density, despite the fact that most teeth are parallel-sided. This is the result of varying amounts of leakage flux outside the tooth and along its radial surfaces. For added accuracy of the reluctance calculation, the tooth is divided into sections that have differing leakage factors. In addition to the tooth tip section, this division defines the conditions in the tooth sufficiently accurately. Since there are usually several teeth facing each magnet, it is important to determine the minimum number of teeth including fractions of teeth that constitute the flux-carrying steel. ii. The core is the steel part behind the teeth which completes the magnetic circuit between adjacent magnets. The and is represented by one value reluctance of this path is in Figure 7.2. In reality, the reluctance of the core depends on the flux-density (and permeability ) of the particular segment of the core. To simplify the problem, the core is divided into a number of segments depending on the number of teeth chosen in the design. For each segment the flux-density



is assumed constant, allowing and the reluctance to be calculated. The reluctance of the core is then the sum of the reluctances of all the parts. iii. The back-iron (or housing) is usually a carbon-steel cylinder around the magnets that forms the return path of flux between adjacent magnets. Flux-density levels are different at the different parts of the iron. The values are highest at interpolar zones and least along the centerline of the magnet. In a similar fashion to the procedure followed in the stator core, the back-iron is divided into sections that are individually assumed to have a constant flux-density. This enables the calculations of and the individual reluctances leading to the total reluctance of the back-iron. iv. The air-gap referred to here includes the length of both the physical air-gap and the actual radial thickness of the magnet. The implied assumption here is that most magnet materials used in dc motors have a permeability equal to that of air. The combined reluctance of the air-gap and magnet are represented by in Figure 7.2. The magnet arc is usually smaller than the full-pitch (unless a ring magnet is used, which results in a near full-pitch arc). In addition, the axial length of the magnet is usually longer than that of the stack. The combination of the above two features results in the cross sectional area of the magnet being different from that of the air-gap. Besides this difference in area, an account must also be taken of the flux fringing at the edges of the magnet. The most traditional way is to use Carter's coefficients (Reference 22) which approximate the effect of fringing to an additional air-gap length. An alternate technique of accounting for fringing flux is discussed in Reference 23. The reluctance of this part of the magnetic circuit represents by far the largest portion of the total reluctance of the circuit. Special care, therefore, must be given to the assumptions and approximations which can result in a large percentage error in this calculation. For example, assuming a flat 5% or 10% increase in airgap area is only a first order approximation based on the designer's experience. 7.4 Magnet performance: With the total reluctance determinable from the values of the individual segments of the circuit, it is possible to determine the magnet performance at different flux-density levels. As mentioned in the previous section, the magnet performance and the flux-density level affect the reluctance



of the circuit and vice versa. In this iterative process, the operating point of the magnet is determined from the permeance or the load line of the magnet. The permeance is calculated from the following relation:



7.5 Design Features: In the course of designing a brushless dc motor, a few principles and tips that have been developed over the years can be followed to get further improvements on the design and solve some simple but nagging problems. Following is a discussion of some of these issues: 1. Material choice: An important part of the magnetic circuit calculation is the knowledge of the material characteristics. This determines the reluctance of the flux path and the flux-density value possible at different parts of the circuit. The choice of materials also determines the amount of iron losses expected under those conditions. The tradeoffs between saturation fluxdensity levels and losses are made with a view on the particular application: e.g. a high speed application would require a low loss material, a high power density application would require a high saturation steel. A more complete discussion of the different materials is found in Section 2.2. 2. Air-gap Length: The radial length of the air-gap between stator and rotor is usually made as small as possible in dc motors. With consideration given to the overall size of the motor, the manufacturing process and the tolerance on the assembly determine what the smallest length can be to ensure that the rotor does not rub against the stator. The advantage of a short air-gap is a lower reluctance value since the air-gap constitutes the major part of the total circuit reluctance. In very small motors, it is not unusual to have air-gaps less than 0.01 inch. It is also important to make the air-gap uniform around the complete periphery of the rotor. Any asymmetry would result in



unequal forces, radial and axial, around the rotor and cause additional losses and mechanical vibration. 3. Magnet Arc and Ring: Many electromagnetic devices use a circle of magnets or a ring with various poles, magnetized radially, as shown in Figure 7.4. Brushless dc motors are made in this way, as well as some brush-type motors, rotary actuators and linear actuators of the voice-coil variety. In the past, magnet rings were built up of arc segments using three or more pieces. The magnetic materials could not be made into continuous rings because they could not be pressed in the direction of radial orientation. For several years, some manufacturers have been producing complete magnet rings capable of significant magnetization in the radial direction. These rings offer a number of advantages over the use of arc segments. They also have a few drawbacks which must be considered but for many purposes they are clearly superior. The arc of each pole would, in the case of a ring, be very close to 180° electrical. The transition in polarity between adjacent poles can be made very small and in the order of one or two air-gap lengths, resulting in a nearly full pole arc. However, magnet rings are not available for large size motors and, therefore, arcs must be used. In such cases, the arc lengths are usually smaller than 180° electrical by 20 to 30%. This reduction in pole arc from its maximum, results in a flux-density distribution in the airgap, resembling a sinusoid. Similar wave shapes would then be seen in the back emf and torque per phase. It is expensive to produce ground, accurate edges on arc segments: the segment width, therefore, is usually variable. If each arc segment is magnetized as a single pole, which is usually the case, the poles will have a somewhat variable strength. It is also difficult to accurately adjust the gaps between segmented magnets, especially if they are magnetized before assembly. If the magnets are on a rotor, considerable imbalance may result and must be corrected. Ring magnets, on the other hand, are generally very well balanced and require only fine adjustment. Often the balancing operation can be eliminated altogether. It is possible to pre-magnetize the ring magnets before assembly without adding greatly to the manufacturing difficulty. If a ring magnet is magnetized in place, there is no need to orient the part in the fixture, as must be done with segments. Because only one part is handled, assembly time is reduced. Since only one part is needed per electromagnetic device, ring magnets often cost less to manufacture and ship (see Ref. 40). At present, FDK produces ferrite ring magnets with radial orientation. In the manufacturing process the ferrite material



is first mixed with a binder and rolled out into a thin, flexible sheet (about .008 inch thick). The platelets of ferrite material which comprise the magnet are oriented in the process. The sheets are then wound on a mandrel to produce a tube which can be cut and shaped. The parts are then sintered at high temperature to produce solid ferrite rings with radial magnetic orientation. Several companies make magnetic rings with radial orientation by injection-molding of magnetic particles in a plastic binder. Magnetic particle materials presently available include various grades of ferrite, samarium-cobalt and neodymium-iron. The resulting magnets are dimensionally accurate (typically 0.001 inch), mechanically strong and shock-resistant and inexpensive. They are not very powerful, however, because of the relatively low volume of magnetic material to the total volume as allowed by the process (typically 40% or less). Some companies which produce parts in this way are Gries-Dynacast, Seiko-Epson and Hitachi. Another process used to make ring magnets is more expensive but produces parts which are magnetically more powerful. Magnetic powder, which is usually precoated with a plastic binder, is measured and poured into a mold cavity. An orienting magnetic field is applied and the parts are then pressed axially (sometimes with added heat) to form the part. Magnets made in this way are dimensionally accurate without grinding and have magnetic strengths intermediate between injection-molded parts and those made of solid, sintered material. They are often more fragile, however, than parts made by other means. Companies which produce such rings are: Xolox, Seiko-Epson, TDK and Hitachi. 4. Magnet Overhang: Due to the fringing of flux at the edges of magnets, it is common to make the axial length of the magnets longer than that of the lamination stack. Since it is required to allow space for the end turns of the winding, the overhang of the magnet does not constitute any additional burden on the design. The need to economize on the magnet material limits unnecessarily long overhang but it is not unusual to have overhangs that are 2 - 3 times the air-gap radial length. A rigorous calculation of the fringing flux between the magnet overhang and the end of the stack can be done using Rotor's method. Figure 7.4 shows the locations of the above parameters on a typical motor.



5. Skewing: Skewing the stator slots with respect to the rotor magnets is a practice adopted from the design of conventional brush-type motors and is now used in brushless-type motors also. Typically the slot openings are skewed from one end of the lamination stack to the other by about half a slot pitch. This practice is followed where the numbers of poles and slots are such that the rotor can find stable positions when it comes to rest. Torque is required to overcome the natural reluctance or cogging torque to break the rotor loose from one of those stable positions. Under running conditions, this torque has a mean value of zero and, therefore, does not constitute a loss of torque. The variation in the instantaneous value can, however, cause an unacceptable increase in the percentage ripple torque. Skewing the stator lamination results in averaging out the reluctance torque between stator and rotor as the magnets face a fairly constant amount of stator steel. The skewing of the lamination stack can make the winding process more difficult since the slot openings are not parallel to the axis anymore. If this is a problem, skewing the magnets becomes a viable alternative. After all, it is not important whether the rotor or the stator is skewed as long as there is a relative amount between them. 7.6 Motor Winding: The most common winding patterns of brush type dc motors are the wave and lap windings. These are explained thoroughly in textbooks such as Reference 20. These alternatives and their various derivatives provide options for achieving design parameters and for satisfying manufacturing constraints.



Brushless motor designers have, over the years, devised a number of different winding patterns to suit the variety of applications encountered. The most prominent types are the lap winding and the concentrated winding. The lap winding here is similar to that in the brush-type dc motor as represented in Figure 7.5.



In Figure 7.5, the number of poles is 4 and the number of slots is 12. Thus, for a 3-phase winding, there are 4 coils/phase. Each coil has n turns and there are two coil sides/slots. For this example, the smallest number of slots is 12 since there must be at least 1 slot/pole/phase. The coils in this winding are uniformly distributed around the lamination stack and therefore, would, as a result of their interaction with the magnets, produce symmetrical torque around the air-gap. If the motor is large enough, there could be more than 1 slot/pole/phase i.e. 2 or 3 etc. resulting in a total number of slots (for 4 poles) of 24 or 36 etc. The above parameters are related to each other by the following relationship:



The other and more recent type of winding is the concentrated winding. Here, the coils are around individual teeth and thus do not span over other teeth. This eliminates the problems associated with coils overlapping each other and resulting in a large overhang. The absence of long end turns results in a reduction of the total length of wire and therefore, of the winding resistance also. This type of winding, however, is only suitable for selected numbers of poles and slots that have severe restrictions in space. Whatever type of winding may be used in the design of the motor, it is important to divide up the available space for the stator in the most optimal way between steel and copper. A large amount of steel allows the use of higher energy magnets and therefore more flux in the magnetic circuit. This, however, restricts the available space for the slots and, therefore, reduces the amount of copper for the winding. The slot includes the necessary space for the copper wire plus slot lining or insulation. Unfortunately, the slot area cannot be totally utilized for the copper wire especially if it is intended to wind the wire with automatic winding machines. In such cases it is not unusual that only 30-40% of the total slot area is for the copper wire (including its own enamel insulation). However, this packing or fill factor may be allowed to go as high as 80-90% in the extreme case of hand winding of square wire. The most suitable value for a particular design is dependent, not only on the intended manufacturing method but also on the size of the wire and number of turns. For a small wire gage the insulation around the wire constitutes a higher percentage of the wire size than for a large gage. Counteracting this trend is the fact that it is easier to pack small wires together than large ones since they nest inside each other without leaving much void. In some cases a square wire is used to restrict the voids between the wires. Most likely in such a case, hand winding is expected. In many applications, the resistance of the winding is limited to a maximum value thus imposing a limit on the ratio of number of turns to wire size,



Equation (7.6) says that the limit on R also imposes a limit on the maximum number of turns and on the smallest crosssectional area of wire. The other constraints on these 2 parameters are: the back emf required determines the number of turns, and the manufacturability of the winding determines the



smallest wire size allowed. These considerations and judgments are made by the designer with a view to the particular application and do not necessarily follow any formulae. In most designs of laminations, the slot opening is made as small as possible but still wide enough to allow an easy winding process. For large wire sizes, 2-3 times the wire diameter for the slot opening is recommended. But for small wire sizes, the slot opening should not be made any smaller than 0.025" even if the wire diameter is only a fraction of that. 7.7 Winding Connections: Regardless of the winding pattern used inside a brushless dc motor, the winding terminals must be brought out and connected to the drive electronics. The switching circuit of the electronics can be one of many. The basic choice is that of the number of phases, and the following are the most common: a) 2-phase switching b) 3-phase switching c) 4-phase switching Each of the above types can be either unipolar or bipolar. This means that for the 2-phase switching either one winding or both windings are used at any one time. For the 3-phase switching it means either one winding or two windings are used at any one time. The 4-phase switching can be achieved either by switching one winding or two windings on at any one time. The selection of winding configuration is based on some or all of the following parameters: a) The space, i.e. diameter and axial length, available for a motor capable of satisfying the output requirements b. The required starting torque at some or all of the possible starting positions. c) The starting current available from the power supply and whether this current is controlled electronically or by the motor winding resistance. d) The maximum number of power switching devices allowed as well as their type which determines the voltage drop across them.



e) The maximum tolerable torque ripple under running condition. However, the speed-control circuit is also important in minimizing this ripple. f) The electrical and mechanical time constants required are based on switching and acceleration requirements. A high inductance can cause switching problems and hence is specified by a low electrical time constant. A high motor moment of inertia can result in a long acceleration time if the mechanical time constant is not specified. g) Non-repetitive runout of the hub can be affected by the type of switching circuit. The speed-control circuit is also a factor in limiting the runout to a low level. h) The temperature rise of the motor and the switching circuit reflects directly on the temperature rise of the adjacent parts in the drive unit. Thus the limit on heat dissipation can affect the choice of winding resistance and continuous current and hence the type of winding. A different comparison can be made between the three major types of switching circuit based on the ratios of minimum and average torque to the maximum torque. These ratios reflect on the starting torque obtainable from the motor and on the percentage torque ripple. Table 7.1 shows this comparison and also gives the number of switching devices required in each circuit. 2-ph Parameter
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Table 7.1 The equations used in calculating the torque ratios in Table 7.1 are as follows:



In both Equations (7.7) and (7.8), m is the number of commutations per pole-pair. Changing from unipolar to bipolar switching for any of the three major types may, however, require additional devices beyond the number given in the table. For example in the 2-phase motor, a fifth device of power rating equal to the other four is required. The above equations assume that the emf waveforms of the motors are sinusoidal. This, however, is not always the case. The values for the above 2 equations, given in the table are in fact lower than would be obtained from motors with trapezoidal emf waveforms and the percentage ripple is higher. This is why trapezoidal waveforms are desired in brushless motor designs. No account is taken in Table 7.1 of the effect of the reluctance torque on the total torque, and the ratios given are solely due to the electromagnetic torque. The reluctance torque is the bi-directional torque produced by the interaction of the magnets with the lamination stack, and the electromagnetic torque results from the interaction of the current-carrying winding with the magnetic field. For further reading on the design and performance of dc motors, References 24 to 31 are recommended. 7.8 Motor characteristics: After determining the magnetic circuit parameters, flux and flux densities in all parts of the circuit, the next step is to calculate the motor performance. Two methods will be discussed here. First, either the back emf constant or the number of turns can be assumed while the other is calculated from Equation (7.9). The value of flux is the parameter that links the two together.



where p is the total number of poles, m the number of coils/phase, n the number of turns/coil, is flux/pole in Weber, and is the back emf constant in V/krpm.



Next, , the torque constant, can be determined from one of the two following equations:



using



The developed torque can be determined approximately from the following Equation.



where I is the winding current. This approach assumes that is a constant value not affected by current since it is based on the no-load value of . Naturally, this is not absolutely true since the load current has a continuously changing effect on and . Alternatively, the torque can be calculated from the stored energy in the magnetic circuit.



is the magnetic energy and is the angle of rotation. where The energy itself can be determined from the parameters already calculated.



The above two methods have differing accuracy levels that may still not match the values determined by tests. In these tests, torque and current are measured at various values of load. The ratio of torque to current is then the at that particular amount of load. Various shapes of speed torque characteristics can be achieved with different motor designs. Figure 7.6 shows the 2 main types of motor and their characteristics.



The series motors are a family of motors in which the magnetic field is produced by the same current flowing into the motor winding. These motors can produce very high values of torque at start and low speeds. They are also capable of very high speeds when they are lightly loaded as shown in Figure 7.6(a). The shunt motors have an independent source of power for the magnetic field. The field can be controlled to produce a constant amount of torque over the speed range, if it is so desired. The variation over speed is generally linear and is, therefore, predictable. In the ac family, the induction motor is a good example and in the dc motor family, the brushless dc motor is a good example. The negative slope of the curve in Figure 7.6(b) can be modified by introducing changes to the motor winding. The two parameters affecting the torque are the winding emf and input current. The emf can be changed by making changes to the winding number of turns. The maximum input current for a fixed supply voltage is determined by the resistance of the winding. Figure 7.6(b) shows the speed/torque characteristics of a typical permanent magnet dc motor. As in most cases, the relationship between speed and torque is linear. The no-load speed is very close to the point of intersection of the line with the speed axis. The starting torque is at the point of intersection of the line with the torque axis. Due to the linearity of the relationship it is quite common to measure these 2 points only and simply join them in a straight line. A sample of the other motor characteristics is given in Figure 7.7(a) as a function of speed and in Figure 7.7(b) as a function of torque (Reference 24). The point of maximum efficiency is dependent on the shape of the output power curve. The latter is itself dependent on the loss characteristics consisting of iron and mechanical losses.



The above characteristics are common to all permanent magnet dc motors. However, there are differences between brush type and brushless dc motors, the most obvious being in type of construction. In the brushless motor, the commutator and brushes are eliminated, thus simplifying the motor design and reducing the weight of the rotor. Switching is controlled electronically with power devices connected to the winding terminals which are in the stator. The rotor, which carries the permanent magnets, as shown in Figure 7.1, also switches the sensors on and off to provide the pulses necessary for commutation. Electronic switching of the current into the winding makes the brushless motor more controllable than the brush type motor but it also causes some problems related to the smoothness of operation. 7.9 Loss calculation: The losses most relevant to this discussion are the electrical and magnetic losses. The electrical losses are simply the I R losses in the copper wire. Once the winding selection of turns and wire gage are made, the winding resistance can easily be determined. The calculation of the electrical losses is then fairly straightforward even with temperature effect on the resistance taken into account. The situation, however, is markedly different with the calculation of the magnetic losses. These are commonly called iron or core losses. The reason for this difficulty is similar to that encountered previously in the calculation of reluctance. Both are highly dependent on the flux-density level that the material is working at. Since the flux-density levels are different at different parts of the magnetic circuit and also at different times during one revolution of the rotor, an approach similar to that in the reluctance calculation is taken here. The magnetic circuit is divided into many sections and each section is small enough to allow the following assumption to



hold true. The flux-density in any particular section is assumed to be constant throughout that section. The accuracy of the results, therefore, improves as the magnetic circuit is divided into smaller and smaller sections. However, too many small sections lengthen the solution time. The iron losses include hysteresis and eddy current losses. The variables affecting these losses are the flux-density and the frequency of flux reversals. This can be seen from the following two equations, as well as from Section 2.2:



Manufacturers of the steel materials usually publish the above losses combined. The units are Watts per unit weight and the curves are plotted against the flux-density level of the material. The curves are sometimes made available at various values of frequency. This is the exception however. In a similar fashion to the B/H curves discussed earlier, the loss curves can also be represented mathematically. Thus, the iron losses must be determined for particular values of the fluxdensity. In the absence of the loss data at the required frequency, the effect of the higher frequency (since the curves are given at 60 Hz) on the loss is taken into consideration on the basis of the above formulae. To determine the iron loss of each section of the magnetic circuit, the weight of each section must be determined. This is an exercise in geometric calculation of the cross sectional areas and lengths of these sections. This calculation leads to the volume and weight since the material density is known. In summary, the calculation of the iron losses requires a large number of formulae because of the complicated geometry



and large number of variables. The following list summarizes the steps taken in those calculations. 1) Divide the magnetic circuit into a reasonable number of segments. 2) Determine the weight of each segment. 3) Determine flux-density in each segment. 4) Determine the iron loss in each segment of the soft iron at the appropriate B level. 5) Determine the effect of the operating frequency on the iron loss (eddy current and hysteresis). 6) Determine the total losses by multiplying items 2 and 5 for each segment and adding the results for all the segments. 7.10 Armature reaction & demagnetization: The high armature reaction and potential for magnet demagnetization are major parameters in the design of the optimum dc motor. Since most applications require the motor to run in both directions, the approach of shifting the commutation axis cannot be employed. In permanent-magnet dc machines, the effect of armature reaction is minimized by the presence of the magnets which are effectively large air-gaps.



Figure 7.8: Armature reaction Armature reaction is illustrated in Figure 7.8. This is the interaction of the magnet field axis with the winding axis. It unbalances the magnet and winding flux patterns. It also demagnetizes the magnet in the region where the two fields



oppose each other. If soft iron magnetic saturation levels were of no concern, the net impact of armature reaction would be minimal. However, that is certainly not the case in high power density motors.



Figure 7.9 Figure 7.9 displays the second quadrant B-H curve for a Nd-FeB magnet. The high intrinsic coercive force of modern magnet materials will eliminate the permanent demagnetization of the magnet. However, partial demagnetization of the magnet can still occur and can significantly lower the magnet flux. Figure 7.9 also displays the effect of partial permanentmagnet demagnetization. It can be computed using Equation (7.17).



What is interesting about this equation is that it shows that a higher pole count and a thicker magnet will result in reducing the demagnetization value. The term is the traditional NI or ampere turn parameter which must be maximized for the high power performance needed in this motor. 7.11 Acceleration: In some applications it is required to predetermine the acceleration time for a particular load inertia. The following calculation takes into account the limits imposed on the motor by the supply voltage and current. If the mechanical and iron losses of the motor during acceleration are ignored, then:



The mechanical time constant is determined in the following way:



where R is the motor resistance which determines the maximum current allowed, J is the combined inertia of the motor and load in (oz.in.s ),and KT is the torque constant in oz.in/A. From the above 2 equations:



To find the minimum acceleration time, the differential dt/d is equated to zero and the equation is solved to yield the following:



7.12 Designing with computers: Personal computers have proved to be a very useful and convenient tool in the design process of dc motors. The number of parameters seen in this chapter to significantly affect the final design of the motor is large. It is, consequently, difficult to keep track of how they are interrelated while doing a hand calculation. The magnetic circuit can be broken down into small components, for which simple equations can be written to describe their conditions. These formulas are then entered in a computer program, e.g. a spreadsheet, where repeated calculations are made without error. The attached Table 7.2 shows a typical example of a spreadsheet calculation for a brushless motor design. It uses the lumped reluctance method described at the beginning of this chapter and contains all the other relevant formulas to calculate the motor parameters and performance. The entered values generally refer to the required dimensions, selected materials (magnet and steel) and performance specifications. The calculated values are parameters of the magnetic circuits, winding particulars and performance characteristics. The power loss calculations follow the method described in Section 7.9 and the results of that calculation are used in determining the efficiency of the motor. By using a computer program as the one suggested, repeated calculations of the design are done to study the effect of one parameter on the performance. Optimization of various parameters can thus be made without the need to build and test a large number of prototype motors.



CHAPTER 8 MANUFACTURING CONSIDERATIONS 8.1 Introduction: Part of the design process is making choices which ultimately affect the manufacturing process and make the difference between an economical and expensive motor. These choices have been discussed in Chapter 7 and guidelines for a good design were established. After the design choices are made, there are manufacturing considerations to be made regarding the process by which the subassemblies of the motor are made. These considerations influence the following items: 1. laminations 2. stator stack 3. winding 4. magnet magnetization 5. bearing assembly The following discussion is intended to describe some of the available options which have been widely used in the industry. There are many more ways of building motors than can ever be documented, especially in a publication like this. Novel designs and applications usually require new manufacturing methods, and the following discussion should assist in that direction. 8.2 Laminations: In most motors, the thickness of the steel laminations is usually between 0.014 or 0.025 inches. Thicker laminations are rare but thinner laminations are sometimes used for improved performance. A wide range of thickness, however, is acceptable in several manufacturing methods. The accuracy in dimensions and the perpendicularity of the edges depend on the method used in manufacturing. Cost is also a consideration in selecting a particular method, with regards to the suitability of a particular method for the production quantities required. The thinner the laminations are, the greater the quantity required. This pushes the cost up.



The most widely used methods are punching, chemical etching and laser cutting. The accuracy of all three methods is typically 0.001". 8.2.1 Die punching: In this method, dies are made to the shape and profile of the lamination and are then used with an appropriate press to punch the lamination out of a sheet of the steel material. The dies are made of high quality, hardened steel to exact dimensions and are good for millions of cycles of use. A single lamination or multiple lamination can be punched in each cycle depending on the number of die sets available. The initial investment in this method is high but the cost of producing the parts is low. It is, therefore, only suitable for high production quantities where the initial investment can be amortized. Once the dies are made, modifications to the design are difficult and expensive, rendering this method inappropriate if the design is not finalized. The finished parts are of high quality in dimensional accuracy and the resulting edges through the material are straight. There is, however, a slow but inevitable change in dimensions as the dies wear out over time. The process of punching results in stresses building up at the edges of the part which in turn cause changes in the magnetic characteristics of the material. Annealing the finished parts at high temperature must then be done to relieve these stresses and regain the magnetic characteristics. Punching by die may result in slightly raised edges, especially if the dies are not sharp or do not fit each other properly. This may not be a problem if the laminations consistently face one way when assembled in a stack. 8.2.2 Chemical etching: This method requires a very small initial investment in the form of photographic artwork. The images of the laminations are then used in chemically etching sheets of steel to remove the unwanted areas. The quality of the finished parts is good and the edges are burr-free and straight throughout the material. There could, however, be some variations between batches of laminations due to variations in the chemical process. Compared to the die punching method, chemical etching yields parts which are more expensive but without the high initial investment. It is possible, therefore, to make changes to the design without incurring a large expense. The process does not result in any stresses at the edges of the finished part and the need for annealing is avoided.



The time required to reach production stage, in this method, is much less than that required to make dies in the previous process. This method is, therefore, suitable for small and moderate quantities where the design is still likely to change. 8.2.3 Laser cutting: The initial investment is the lowest in this method. The information on the design of the lamination is computerized and can easily be changed. The process involves a laser beam tracing the profile of a lamination on a sheet of steel where one piece at a time is made. The dimensional accuracy is good but the edges are beveled through the material. Some deterioration to the magnetic characteristics may occur because of the stress of the cut but it is usually too small to require annealing. The speed of cutting determines the smoothness of the cut, but it also increases the cost per unit if a slow cut is required for smooth edges. This method is ideal for small quantities of laminations and is also the quickest in yielding parts, which makes it suitable in the prototyping stage of development. Lately, however, this method has become economically feasible for medium quantities of production as control over the speed of cutting has improved. Of course, the parts are consistent in quality as a result of the repeatable nature of the process. In selecting a vendor for laser cutting, it is important to choose one with specific experience in this field and with the right equipment. The required tolerances ( 0.001") may not be achievable with some types of equipment. It is also necessary to prevent buildup of minute amounts of metal beads on the side away from the laser. The presence of these beads would result in forced separation or staggering of the laminations at the edges upon assembly. Metal beads only 0.001" across would cause a 6% increase in length for a stack consisting of 0.015" thick laminations. Electrical discharge machining (EDM) is a similar process to the one described here in its results. It uses instead the principle of removing tiny particles of unwanted material with electrical sparks. 8.3 Stator stack: It is highly desirable that lamination stacking is done in the shortest possible time and to a high level of accuracy. To achieve these objectives, one of several methods of stacking is chosen with consideration given to the particular motor. Some of the available methods are: riveting, bolting, welding, bonding and using dimples.



Riveting and bolting require giving up a small portion of the lamination in the form of holes. The heads of the rivets and bolts can be an obstruction to the end turns of the winding at both ends of the stack. These methods are economical and reliable in stacking the laminations. Welding is also an economical and reliable method of stacking but it may require follow-up smoothing and cleaning of the welded surface to make the stack fit on its mechanical support. Bonding requires fixturing the assembled stack while allowing the adhesive to cure. This latter method does not require any specialized equipment or additional parts as riveting and bolting would, but it lacks the physical strength needed in large stacks. Coating the stack with epoxy is usually done to enhance the strength of the stack after bonding. Placing dimples on the individual laminations, so that they nest inside each other when the laminations are stacked, is a convenient way of assembling a stack. But, as in the bonding method above, coating the stack with epoxy is required to add mechanical strength to the assembled stack. The epoxy referred to here is a hard glossy substance which is primarily intended to protect the winding from the sharp edges of the steel. It replaces the slot liners sometimes used for this purpose but it also strengthens the stack by encapsulating it. It is applied in one of several methods. The stack is preheated to a particular temperature and then either dipped in a tank of fluidized powder or sprayed directly with the powder. The particles of the powder melt upon contact with the metal forming a smooth layer over its surface. The material then solidifies as the temperature is lowered, forming a hard, insulating, protective coating. The process can also be performed by relying on electrostatic charges to deposit the powder uniformly on the stack. In all these methods, it was found that a minimum thickness of 0.008" (0.2 mm) of the epoxy is needed to ensure adequate coating on the edges. 8.4 Winding: A few winding patterns were discussed in Section 7.6 and many more are available for the wide combination of numbers of poles and slots. Even after a particular pattern is chosen, there is some flexibility in the choice of wire diameter and in the series/parallel connections of the coils. If the number of turns per coil is small, hand winding is acceptable for economic reasons. The need to use a large diameter wire would also make hand winding more practical. For a large number of turns, however, machine winding is needed to cut manufacturing costs. By using winding machines, the winding time per unit is significantly reduced and the



finished windings are much more consistent compared to the hand wound variety. There are, however, some limitations on winding machines imposed by the wire gage used. Large diameter wires are difficult to bend around the edges of the lamination stack, whereas small diameter wires may break frequently due to the tension experienced during the process. Thus machine winding should only be considered if the wire gage is between 26 and 38 AWG (approximately). Another necessary compromise in using winding machines is the lower packing factor achieved in comparison with hand winding. Due to the speed at which machine winding is done, it is not possible to lay the wires in the slots as neatly as by hand. It is, therefore, preferable to wind by hand if the space available for the winding is very limited. Some tooling is needed as a part of the preparation for production using a winding machine. This consists of a mandrel with suitable flying heads to guide the wire into the appropriate slots, without damage to the insulation. A mechanism for developing a steady but adjustable tension on the wire is also required. The tension adjustment process is critical to the success of the winding process and an acceptable level can only be achieved with repeated trials. 8.5 Magnet magnetization: Magnetized magnets are difficult to ship without extensive packaging and shielding. (It's illegal too, because of the damage to other magnetic media in the mail, plus the dangers of attraction of other objects.) They are, therefore, usually magnetized at the facility of the manufacturer rather than the supplier. Additionally, it is important to magnetize the magnet at a specific point in the assembly procedure to avoid contamination of the magnets with metal particles and accidents caused by the attraction to metal objects. It is, therefore, desirable to magnetize each magnet after it has been assembled on the iron backing ring which supports it. This, however, is not always possible, especially with high energy magnets. The reason for this is that it is often required to use a magnetizing coil on both inner and outer surfaces of the magnet (see Chapter 5). The magnets, either in the form of continuous rings or in several arcs, are magnetized in a specialized fixture and then utilized in the assembly process. Except for the low coercivity magnets like Alnico, there is no need for a metal keeper in transferring magnetized magnets, since there is no perceived demagnetization of the magnets in air.



Once the magnets are positioned correctly in the assembly, adhesives are commonly used for bonding to the metal surface they are mounted on. In cases where the magnets are subjected to a large centrifugal force, causing them to fly off the metal surface, tape is strapped around the magnet or a ring is slipped onto their outer surface. It is also possible to injection-mold a plastic material (such as PPS) over a rotor and magnet in a manner to bond the two and also protect the magnet surface. 8.6 Bearing assembly: Once the stator and rotor subassemblies are built, all that remains is the final assembly, which results in a complete motor. The bearing assembly facilitates the relative rotation between stator and rotor. Ball bearings and bushings are commonly used in the industry although there are many other methods of supporting the rotor. Whatever the means, there is usually the requirement to permanently build-in an axial force, called "preload", between the two bearings. This force ensures that the amount of axial movement of the rotor with respect to the stator is held to a minimum. In the absence of such a force, a large axial movement could be experienced in the form of axial runout, which may not be acceptable in some applications. The amount of preload force is determined by how stiff the bearing assembly needs to be, mechanically. However, a large amount of preload results in a large amount of drag in the bearing, which is seen as additional current to the motor. Moreover, as the amount of preload force is increased, the expected lifetime of the bearing is shortened. This lifetime expectancy is expressed in the mean time to failure for a particular number of rotational cycles. For example: an MTBF of 100,000 hours for a million cycles at a preload of 5.0 lb., or a 10% failure rate of 70,000 hours for 2 million cycles at a preload of 8.0 lb. Bearing manufacturers can provide a lot of assistance in life calculations. They can recommend values of preload and should be consulted at the time of selection of bearings. Bearing life may also be expressed as 'B10' or 'L10' life, meaning the percentage of bearings expected to fail is 10%, in that length of time. Sometimes other percentages, e.g. L2, are used. It should be noted that life for a pair of bearings is less than the life for each separate bearing.



CHAPTER 9 ELECTRONIC CONTROLLERS 9.1 Types of drives: Figure 9.1 shows an elementary switching circuit for a 3-phase motor. A unipolar (half-wave) circuit is shown in (a) and a bipolar (full-wave) circuit is shown in (b).



The unipolar operation requires 3 power devices only and they are switched on and off consecutively. This means that torque is developed by one phase only at any time and the variation in torque during that period of conduction follows the torque (and emf) waveform of the particular phase carrying current. Figure 9.1 (b) shows that for bipolar operation, two power devices e.g. Q1 and Q6 are switched on while all the other devices are off. This action connects 2 phases, i.e. A and B, in series and across the supply voltage V. The sequence of switching continues in such a way that halfway through the conduction interval of phase A, current is switched over from phase B to phase C. This continuous overlap produces less



ripple in the developed torque of the motor than in unipolar operation as seen in Table 7.1. The winding in Figure 9.1(b) can easily be changed to a connected winding and still use the same switching circuit. The control of the switching instants and the sequence of the power devices in Figure 9.1 is done with control circuitry not shown in the diagram. This circuitry consists of logic gates or a microprocessor chip. In any case, correct switching can only be achieved if accurate information is obtained about the position of the rotor with respect to the particular part of the winding being switched. This is done with position sensors being switched by the rotor and connected to the switching circuit. 9.2 Speed Control: In most applications where a brushless motor is used, it is desirable to exercise some control over one or more of the performance parameters. Examples are current and speed control. It is necessary in either case to obtain a feedback signal from the motor corresponding to these parameters. In the case of current control, the voltage drop across a current-sensing resistor is needed. For speed, either a voltage from a tachogenerator or a train of pulses with a frequency proportional to speed is needed. This feedback information is compared with reference values preset to the desired values and the error, if any, is used in effecting a correction to the switching circuit. The control of the switching circuit resulting from this error signal is implemented by controlling the switching of the power devices. If transistors are used, one of two common control schemes is implemented: a) Linear control: In this scheme the saturation level of the transistors is controlled and the operating point on its characteristics is somewhere between the conditions of completely on or completely off. This control is done at the expense of large amounts of power dissipation in the transistor. However, there is a significant advantage in this scheme providing very smooth current waveform to the motor. The low efficiency of the drive electronics must be taken into account when calculating overall efficiency of the system. b) PWM control:



The pulse width modulation scheme is more popular because of the high efficiency achievable. In this scheme the switching devices are switched between the on and off conditions at a much higher frequency than the basic commutation frequency. By doing so, the supply voltage is applied across the winding for short intervals as seen in Figure 9.2. This is equivalent to a mean voltage level lower than the maximum voltage and a function of the on and off time periods. The current and speed of the motor can then be controlled by controlling this effective level of voltage.



The disadvantage of the scheme is the electric noise generated in the process of switching the devices at these high frequencies. This also causes audible noise and vibration in the motor. But more importantly, the continuous switching can give rise to additional losses in the motor in the form of additional iron losses. The eddy current and hysteresis losses in the steel as well as the eddy currents in the copper wires being dependent on frequency can see a significant rise. The copper losses can also increase as the effective resistance of the winding would increase with resistance. These losses should be taken into account when determining the efficiency of the motor. However, it may be difficult to calculate these values accurately prior to testing. 9.3 Sensorless control: Since their inception, brushless dc motors had to be equipped with position sensors of some kind to determine the position of the rotor. The information from these sensors is used in switching current to appropriate coils of the motor to facilitate continuous rotation and unidirectional torque. These sensors are usually supplied inside the motor with connections to the outside drive electronics. The penalties of using these sensors are many: added cost for the sensors and their support; lost space from electromagnetic and mechanical parts; additional assembly and tuning time. The above is also true if the sensors are left outside the motor and the only



difference is the question of whose responsibility it is to add the sensors. The sensorless control scheme for brushless motors eliminates the problems stated above by determining the rotor position without sensors. Information is obtained from other parameters of the motor to determine the rotor position and then to control the winding current and produce the desired torque. There are presently several methods by which position sensing without sensors is achieved and many more are still possible. One common method is to sense the induced voltage in the winding which is not carrying current at the particular moment. The zero crossing of that voltage is electronically detected, thus establishing where the rotor is with respect to the winding and replacing the function of the position sensors. This and other methods, however, have the common problem of not providing information at start before any motion of the rotor occurs. This is solved by electronically generating fictitious pulses until the rotor attains the desired speed at which the sensorless control scheme would take over. The sensorless solution naturally requires more electronic circuitry than the modest amount for the standard brushless motor. It can, however, be placed conveniently with the major circuitry of the controller, away from the motor and freeing the sensor location for electromechanical parts. In addition to this improved space utilization, it is also true that time is saved in the assembly and tuning of the system due to the absence of the sensors. The reliability of the drive is improved for the same reason. Since the sensorless control is a technique which replaces position sensing with discrete devices, it is usually contained in a separate semiconductor device, apart from the power device. This enables the user to change the switching devices for various power levels and still use the same control device.



CHAPTER 10 STEPPER MOTORS 10.1 Types of Motors: A stepper motor is a controlled rotation device in which the current to the stator coils is switched at a predetermined rate. Even though a stepper motor is basically a brushless dc motor, it allows controlled incremental rotation of that conventional motor. Switching the current to successive coils is controlled by a switching circuit. Torque can be analyzed as it is developed by one coil at a time. Its value depends on the stator and rotor fields and the angle between them. The power angle is, however, dependent on the number of steps/revolution and the type of design of which there are three: 1. Variable reluctance type: In this type of motor, rotation results from the electromagnetic torque between the teeth of the rotor and the stator. Figure 10.1 shows how energizing one coil can cause the rotor to move half a stator slot-pitch or 15°.



Due to the low inertia of this type of motor, the acceleration time can be very small. 2. Permanent-magnet Type:



The rotor in this type consists of a permanent-magnet which is radially magnetized as shown in Figure 10.2. The magnet increases the inertia of the motor substantially but it also provides a holding torque when the winding is not energized. This provides a sharp contrast with the variable reluctance motor. The developed torque is a combination of the electromagnetic torque and reluctance torque. The step angles in this type can be made smaller than the VR type. 3. Hybrid Type: A combination of features from the above two types is used in this design to achieve the smallest step angles and highest accuracy possible. Figure 10.3 shows a cross section of this design but does not show the axially magnetized disc magnet around the shaft.



10.2 Torque Characteristics: Special torque terms are used in stepper motors to describe its unique behavior. Figure 10.4 shows these torque values and operating ranges vs. speed.



The detent torque is only seen in permanent magnet steppers, whereas the holding torque is developed by all types of steppers when the winding is energized. Both above values are at zero speed and usually have a ratio of approximately 1:10. The motor can develop a particular value of torque at a particular speed provided it is within the pull-out torque curve. However, to be able to develop that torque from standstill conditions, only the values within the pull-in torque curve are possible. The curves in Figure 10.4 above describe the torque developed under continuous running conditions, or over a limited ramping cycle of acceleration and deceleration. However, the stepper motor behavior in response to a one-step command is also important. Rise time and settling time are functions of the motor and load inertias. The over-shoot is also determined in comparison with the step size of the motor. These parameters constitute the step response of a stepper motor as shown in Figure 10.5.



10.3 Electromagnetic principles:



As seen from the energy considerations of Section 6.2 for a brushless dc motor, half of the energy withdrawn from the source is used for mechanical work and half is stored in the field. This is also true in the stepper motors and Equation (6.10) applies equally well here. Reference 32 gives a detailed description of how this relationship is derived electromagnetically and also in terms of circuit parameters. The latter yields an expression that in turn is applicable to brushless dc motors also. This expression is based on the fact that the magnetic energy can also be expressed as:



where L is coil inductance. The force can then be shown to be:



In the relationships above, the general form is based on linear characteristics of the steel. However, in practical designs the steel is operated at levels close to saturation. Going back to Equation (6.13), it can be shown that the change in magnetic energy associated with the movement of the rotor is related to the area under the B/H curve of the material. This is true since the B/H curve is also a curve and the work W done during the rotor movement is:



Two other basic relationships can be used in this analysis:



where dx/dt is the speed of movement of the rotor. This yields the familiar relationship when the B/H characteristics are linear:



But if the steel is saturable, the amount of F becomes considerably more than 1/2 BI and very close to BI. This, however, requires a small air gap between rotor and stator, making the construction of such motors quite difficult. The torque equation for the hybrid stepper motor, which is the most popular motor, is:



The above equation for the torque developed by one phase is based on fundamental relationships. The first term is the conventional relationship between the developed power and developed torque through the speed S. The second term is specific to the variable reluctance type stepper motors in which the coil inductance varies with rotor position. The analysis behind Equation (10.1) for the magnetic energy in the air gap is the same as that for the second term in Equation (10.7). 10.4 Stepper Design Tips: The general relationship for one or two phase operation of stepper motors is (Reference 33)



When designing the stator and rotor teeth it is useful to remember some of the general guidelines that have been established over the years (References 32 and 34).



1. Tooth width/tooth pitch ratio of about 0.5 2. Slot depth in stator of about half tooth pitch 3. Rotor slot semicircular 4. Stator slot, semicircular or rectangular 5. Air gap range 1 to 2 mils



CHAPTER 11 ACTUATORS A number of different types of magnetic device are commonly called actuators. It might be reasonable to group them into four categories: (1) Voice-coil actuators and swing-arm actuators (2) Solenoids and related devices (3) Linear multiphase motors (4) Other types 11.1 Voice coil and swing-arm actuators: 11.1.1 Introduction: Voice-coil actuators are a special form of electric motor, capable of moving an inertial load at extremely high accelerations (more than 20 times the rate of acceleration of gravity "g" at the Earth's surface) and relocating it to an accuracy of millionths of an inch over a limited range of travel. Motion may be in a straight line (linear actuators) or in an arc (rotary, or swing-arm actuators). After completing a motion (called a "seek" in the computer peripheral memory industry) the moving parts must stop vibrating very quickly. This period, called the settling time, may be a few milliseconds or less. Most voice-coil actuators are used in high-performance computer peripheral memories ("Winchester" drives) but they are also found in shaker tables, medical equipment, high-speed lens focusing applications, laser tools, servo valves, instruments, and elsewhere.



The first voice-coil actuators resembled scaled-up loudspeaker mechanisms in construction, from which they were named. These early designs (as shown in Figure 11.1) had a very short gap with high field strength (perhaps 12 kG) and a long coil. They were replaced in the early 70's with motors in which the magnetic fields were much longer and at lower intensity (typically 2-6 kG), an example of which is shown in Figure 11.2. The coils of this design are much shorter and remain entirely within the gap region. The moving mass is less and is



capable of higher acceleration with less settling time. Coil resistance is lower and linearity is improved.



A flat motor configuration, shown in Figure 11.3, has increased moving mass and electrical resistance but is easy and inexpensive to build. Both flux direction and current direction are reversed on opposite sides of the coil, resulting in forces which sum in the same direction. The same idea is often used in swing-arm actuators, using either flat (Figure 11.4a) or curved (Figure 11.4b) coils. It is also possible in a rotary mechanism to use a coil or coils which have axes pointing in the direction of travel, like the linear actuator of Figure 11.2. Magnets may be placed next to the coil, as in Figure 11.2. They may also be located remotely, with flux carried to the coil through steel pole pieces. The latter permits higher flux density, increasing the output force or permitting a smaller and lighter coil, at the cost of increased volume, complexity, cost and flux-leakage. An example is shown in Figure 11.5.



11.1.2 Basic principles:



When electric current flows in a conducting wire which is in a magnetic field, as shown in Figure 11.6, a force is produced on the conductor which is at right angles to both the direction of current and magnetic field,



If the conductor (wire) is at right angles to the direction of travel and magnetic field then the force in the travel direction, in usual US engineering units, is:



The design of voice-coil motors for accurate performance is far more challenging than it appears at first. The very simple linear relationship above is complicated in practice by variations in the static magnetic field, flux-leakage, nonlinearities in the B-H curve of the pole steel, field variations caused by DC coil current, other effects caused by the rate of change of flux, effects on the drive electronics caused by coil motion, changing resistance due to heating, changing inductance and other problems. The ratio of force produced to coil current is usually called the "force constant" but it would be more accurate to refer to it as the force-current ratio because it is significantly affected by many factors. When a conductor moves with speed v in a magnetic field of strength B, an electromotive force (voltage) is induced across the conductor in a direction to oppose motion (if current is able to flow). This back EMF, as it is called, is for orthogonal directions of B, F and v:



If a fixed supply voltage is applied across the coil of a VCM (voice-coil motor) it will accelerate until the back EMF just equals the supply voltage (if the allowed travel is long enough). The speed at which the two voltages are equal is called the terminal velocity . The coil cannot exceed this speed without a higher applied voltage. In practice the coil is usually limited to a lower speed, called the cutoff velocity , by the controls. If the controls should fail, however, the coil may approach this speed as it accelerates into the "soft" end stop. A limit on may be imposed by the space available for deceleration, by the maximum allowed deceleration rate to avoid damage (e.g. to the recording heads) and by the stop force/distance characteristics. The same voltage is imposed across any other conductor which might be moving in the gap. Eddy currents thus caused may severely limit actuator motion. Such unintentional conductors might include part of the coil support tube, or fins to help cool the coil, etc. For such parts in a uniform magnetic field, a circular path around the bobbin can be prevented by using an insulator-filled axial cut (such as an epoxy joint). However, in a fringing field, such as at the end of the magnets, circular paths for eddy currents may exist locally in spite of axial cuts. 11.1.3 Shorted turn: When voltage is suddenly applied to the coil of a voice-coil actuator, the resulting mmf (amps x turns) either increases or decreases the overall magnetic field. The magnitude of the mmf is, in engineering units:



A delay is experienced in the buildup of the stored energy, represented above by the current i. The effect may be described as circuit inductance although it is somewhat nonlinear. If a sleeve of conductive material (copper) is added concentric to the coil but fixed to the magnet/pole structure, eddy currents are induced in it by changes in coil current. These currents cause magnetic fields which oppose the original changes of field and thus to a large extent cancel the apparent inductance. The result is a much faster, more linear response. The penalty, on the other hand, is increased gap width which in turn decreases B and the force-current ratio. In addition, the coil appears to have an increased resistance (reflected from the shorted turn). Heating is increased, although the extra heat is generated in the shorted turn, rather than in the coil. The shorted turn is usually placed inside the coil, on the center pole, and running its full length. It is possible, in some designs, to place it outside and surrounding the coil instead. The thickness of the shorted turn can be analytically determined, by methods too lengthy to be considered here. If placed inside the coil, it may be less than 70% as thick as the coil, as a rough rule-of-thumb. 11.1.4 Equivalent circuit:



The shorted turn acts like a shorted one-turn secondary of a transformer, as shown in Figure 11.2. The circuit is equivalent to that shown in Figure 11.7, with symbol meanings as follows:



The equivalent circuit of Figure 11.7 has an impedance of:



The amplitude of the frequency response of the circuit is shown in Figure 11.8. The shorted turn resistance , decreases at lower frequencies due to electrical conduction in the iron behind the turn and increases at high frequencies due to skin effects.



11.1.5 Static magnetic circuit: Magnetic lines of flux must close on themselves so that any flux entering a closed surface must also leave it. The flux



is



equal to the flux-density or magnetic induction B integrated over an area A:



If the flux-density (measured in Gauss) is uniform over areas ( ) and ( ), where (m) refers to the magnet at its neutral magnetic plane and (g) refers to the gap (at the coil), and using (l) to denote flux "leakage", i.e. flux which takes paths other than the useful ones through the coil, then:



Where kl = a leakage factor, equal to or greater than 1 Along any closed path, the line integral of mmf (magnetomotive force) must equal the current flowing through the enclosed area. If there is no current (i.e. a static magnetic circuit) the integral must equal zero:



This integral can be thought of as occurring in several parts, with one through the magnet, one through the gap (which includes all non-magnetic regions including the coil and shorted turn as well as any open volume) and one or more in the pole pieces:



Assuming that the permeability of the pole material is essentially constant (although not necessarily from place to place), H is constant within the magnet and in the gap. If the field strength in the pole pieces is proportional to them, then:



In the gap, is related to by the permeability of free space, which is very nearly the same for air, copper, aluminum, plastics, etc. In engineering units, of course, the definitions of Gauss (the measure of B) and Oersted (the unit of H) have been adjusted so that the permeability of space is one Gauss per Oersted:



In the magnet, B is related to H by the B-H curve which is supplied by the manufacturer. The B-H curve of one magnet material is shown in Figure 11.9.



These equations, which are now restated, are sometimes referred to as the magnetic design equations:



The above relationships are well-known and widely used in magnetics design. It is reasonable to use them for first-order calculations in the steel pole regions of a linear motor. However, they are somewhat too simplified to use in determining the magnetic operating point, or the flux-density (B) at the coil (and thus the flux/current ratio) by direct application in a single calculation. By assuming that the flux is purely radial (no leakage) and that the B-H curve is a straight line in the region of interest (a good assumption, for "square loop" materials like ferrites, samarium-cobalt and neodymium-iron) and that the magnetic reluctance may be modeled as a constant , an analytic solution may be found.



Figure 11.11 (a) B-H Curve



Figure 11.11 (b) Shorted-turn Motor Cross Section From the B-H curve, it can be seen that, on the upper slanted part of the curve:



Another method is to apply the design formulas (Equations 11.15-11.18) to the magnet and gap to get an approximate value. The flux paths are then divided up into segments, using this initial guess as a starting point. For each segment, H and B.A is found and summed.



Repeated adjustments are then made iteratively to B and H to drive the error sums toward zero. This latter approach may appear crude but it permits inclusion iteratively of the nonlinear effects of the pole steel, flux-leakage paths, effects of coil current, etc. Since the material properties are probably not known to an accuracy of better than a few percent, convergence to an error of 1% or less is probably sufficient. The B-H curve of mild steel is shown in Figure (11.10). A B-H curve for a fairly strong ceramic material (3.6x10 Gauss-Oersted maximum energy product) was shown in Figure 11.9. Ceramic magnets are popular for use in linear actuators because of low cost, reliable supply, good resistance to demagnetization and reasonable magnetic strength. If higher resistance to demagnetization is required, then a ceramic of the "grade 7" variety might be considered. Although the material is less powerful than the type shown (which is sometimes referred to as "Grade 8", a designation which varies from one manufacturer to another), the grade 7 material has a "knee" (the downward bend in the B-H curve) which occurs below the H axis. It is much less likely to be accidentally partially demagnetized by coil current, temperature effects and outside fields. Ceramic (ferrite) magnet material up to a maximum energy product of 4.4 x 10 G-Oe is offered for sale at present. If a higher energy material is required, then samarium-cobalt or neodymium-iron must be considered. These materials are both available in bonded form (combined with plastics) which have prices and characteristics somewhere between those of the solid sintered very high-energy materials and ceramics. 11.1.6 Coil construction: The coil is the most critical element of the design, and all the other components are scaled from it. A small decrease in coil size may permit a considerable reduction in cost, size and overall weight. For these reasons it is best that the motor design not be limited to standard AWG (American Wire Gage) sizes of wire. It is entirely possible to have special wire made to any dimensions required at a cost which is not prohibitive for either design or production. Heat is the ultimate limiter of VCM performance, so the wire should be in



a fully annealed state. Cold-worked wire may have as much as 10% or more greater electrical resistance than annealed wire of the same size. The cross-section should be rectangular, with rounded edges. Rectangular wire is somewhat more difficult to handle but has a much better "packing factor" (the ratio of copper to total coil volume). It is sometimes asserted that the division of number of turns, width and thickness of wire in the coil is unimportant and may be left until late in the design. It can be shown, in fact, that many important motor parameters depend only on total coil volume, provided that packing factor and input power are constant. As wire size decreases, however, the minimum thickness of insulation which can be applied and still result in even, reliable coverage of the wire does not decrease as fast. At small sizes the insulation occupies a significantly larger share of cross-sectional area than it does for larger ones. The designer is usually faced with the choice between using aluminum or copper for the coil wire. Aluminum has about half the conductivity of copper but only weighs about a third as much. Its increased volume may be an advantage since it would produce a longer coil with increased surface area for better cooling. On the other hand increased coil length may raise the settling time because the longer coil will have a lower first frequency of vibration. Motor length will be increased and there are other structural design consequences. Aluminum wire is harder to terminate and has greater thermal expansion. The only method known to the authors to determine which is best for a particular set of design specifications is to do a preliminary design on paper for each and compare them. The coil must be carefully considered from a structural point of view or it may come apart in service. It is subjected to high forces, great accelerations, elevated temperatures and rapid thermal cycling. Space permits only a brief outline of some of the thermal considerations in coil design. Since heating will be the ultimate limiter of the motor's performance, the coil's ability to reject heat is of considerable importance. Although some heat will be conducted away through the bobbin, the major path of heat rejection is from the coil surface into the surrounding air. The coil internal thermal resistance will probably be found to be insignificant compared with the thermal resistance of the boundary layer of air at the surface of the coil. Calculation of heat transfer through the boundary layer can be done with the use of three dimensionless parameters, the



Nusselt number, Reynolds number and Prandtl number. They are as follows:



If the coil is in forced convection with laminar flow [N(Re)0.6 (valid for air) then:



From the Nusselt number N(Nu) the heat transfer coefficient h may be calculated. If the flow is fully turbulent or is in transition, other relationships using these same three numbers must be used. 11.1.7 Improving linearity: Even under conditions of no current flowing in the coil, flux across the gap of a voice-coil motor of the simple shape shown in Figure 11.2 is not uniform for a number of reasons. Near the ends of the magnet gaps the field is diminished because the flux spreads out into the space beyond the magnets. Near the front (outer end) the open face of the center pole provides a leakage path from the outer shell around the magnets. The field is retarded less (because of the leakage) near the front than it is further in. The steel in the center pole carries very little flux near the front and has little reluctance. The flux-density and the reluctance per unit length build up deeper in toward the back of the motor. When a steady DC current is passed through the coil, a magnetic field is set up which adds to or reduces the static field (depending on the directions of current and field)



increasing or decreasing the degree of saturation of the center pole steel. The paths followed by coil-generated flux are not the same as for the static field. Significant leakage across the gap occurs and it is different for various positions, current level and direction. It is possible to greatly alleviate these problems by careful magnetics design. If the center pole is "hollowed out" from the face, flux-leakage across it can be greatly reduced. If the hole has a shape such that the cross-sectional area of the remaining steel increases linearly with distance inward (a parabola) then the pole steel will all be at about the same permeability. If the gap thickness is varied, becoming wider near the back of the motor, the static flux-paths can be adjusted to have equal reluctances. The coil should complete its stroke entirely within the gap region with small flux guard regions of magnet overlapping at each end. In order to understand the consequences of pole dimensional changes to correct nonlinearities, a means of calculating the path permeances is needed. The static problem of magnetic permeance is described by Laplace's equation:



Direct, analytic solutions of this equation are possible for certain shapes but actual configurations are nearly always too complicated to solve. Instead, Roter's method (an approximate, non-iterative calculation, Ref. 12) is often used for preliminary work. Computer methods (by finite element) are becoming readily available at moderate cost for the personal computer owner but are at present only two-dimensional. Considerable engineering judgment is therefore still required. Three-dimensional programs of sufficient capacity are offered by a number of sources for mainframe computer use. Another numerical method, finite difference, is also applicable to this problem but is not in wide use. This method is simple enough to be used by almost anyone either by hand or with the aid of a personal computer. Mathematical modeling using a personal computer is also a widely used approach which has had good results (Ref. 39). Older methods include flux-mapping by graphical means and analog models using resistance paper (two-dimensional) or electrical resistance in a water tank (three-dimensional) and capacitive measurements on foil covered plastic-foam models. The graphical mapping technique is occasionally useful in



special circumstances. The physical modeling methods are much slower and less cost effective than computer techniques and are rarely if ever used today. 11.1.8 Actuator dynamics: An actuator designer would like to have, as a starting point for his design, information such as the required current, duty cycle, maximum forces and accelerations, stroke etc. Instead, he is often given an average access time, carriage mass, distances allowed for deceleration in a soft crash and other system performance information, from which the parameters of actuator performance must be derived. The required mathematics to do this transformation may be quite lengthy and difficult. Provided that the intended control scheme meets certain conditions, an approximate method exists (Ref. 35) which gives surprisingly good agreement with much more complete calculations and with measured performance. It is useful for approximate, first estimates of performance, for reviewing specifications for consistency and as a check for calculations. The procedure is known as the Third-Stroke method. The effects of damping, friction and even of back EMF are ignored. For the last simplification to be reasonable, the cutoff speed should be limited to less than about 65% or so of the terminal velocity. Acceleration and deceleration are assumed to be constant and equal (except for direction, of course). The cutoff speed is set so that when the VCM coil starts at one extreme end of its travel, accelerating toward the other end, cutoff speed is reached when 1/6 of the total travel is reached. If, at that point, current is reversed and deceleration is begun, the coil will stop after traveling a total of 1/3 of the total stroke (in acceleration plus deceleration). It can be shown that the time for this seek (motion) is equal to the average access time. The time required to make the longest seek, from one extreme end to the other, is just twice this time. For this longest seek, it accelerates over the first 1/6th of the distance, coasts for 2/3 of the distance at the cutoff speed and then decelerates for the final 1/6 distance (this is shown in Figure 11.12). Any seek which is less than 1/3 of the total distance is made by accelerating, then decelerating, with no coasting period, because the coil never reaches the cutoff speed. A seek longer than 1/3 of the total distance coasts for a period dependent on distance.



If:



then:



"Average" access time in this case means the time (not including settling times) required to make a large number of seeks of every length, divided by the number of seeks. It is assumed that for each seek, any starting point or ending point on the length of possible travel is equally likely. References 38 & 39 provide a further look into actuator design and performance as well as into innovative designs. 11.2 Solenoids: 11.2.1 Introduction: The word solenoid is a Greek derivative meaning "tube-like", and refers originally to the coil only. As generally applied today, it means a coil of wire with an outer flux return path of permeable material (usually steel), with one end open and the other usually closed, and a magnetically permeable plunger which is pulled into the center of the coil when electric current is passed through the winding. Some typical constructions are shown in Figure 11.13.



If electric current is passed through a coil, a magnetic field is set up around it, outside the coil as well as inside. Although a theoretically infinite coil would have no field outside it, that is definitely not the case for a real coil of finite length. The field inside the coil, however, is much larger than it is outside, and considerable magnetic energy is stored in the interior. If a bar of permeable material, such



as steel, is brought near one end of the solenoid, it will be drawn into it as the majority of the stored magnetic energy is transformed to mechanical work. This is independent of the direction of current in the coil. The pull of the solenoid may be greatly increased by adding an outer flux return path of low magnetic resistance, usually including a closed end. Most solenoids include a fixed center pin extending part way (less than half) into the center bore, which improves performance. The coil itself is usually wound on a bobbin of non-magnetic and usually electrically non-conductive material. The bobbin often also serves as a guide for the plunger. A solenoid of this construction operates in one direction only and the plunger is returned, when the current is cut off by some auxiliary means, such as a spring. Occasionally a doubleacting solenoid is made, with two separate coils pulling in opposite directions. Other means also exist to return the plunger but a spring is the usual choice. 11.2.2 First order force calculations:



The first-order behavior of a solenoid (Figure 11.14) may be derived by using the idealized assumptions that, first: the only resistance to magnetic flux flow (i.e. reluctance) occurs in the gap and, hence, no mmf loss occurs in the steel pole structures or across the pole-sidewall interface. Second: that the field is uniform in the gap and zero elsewhere (no leakage flux around the gap). Third: that the permeable pole material does not saturate. The magnetomotive force set up by the coil is:



Assuming uniformity of field and a constant gap length,



The energy stored in a volume of space occupied by a magnetic field is:



The mechanical energy produced against the magnetic force is:



or



Furthermore, the mechanical work must be equal to the electrical energy given up, and so:



11.2.3 Idealized model: A better characterization may be obtained by using somewhat less ideal assumptions. MMF drop is allowed in the pole material and in the gap from the plunger to the wall. Uniformity of field in the gap and also at the plunger-wall interface is assumed and the permeability of the pole material is made constant. Pole saturation is still ignored.



The total reluctance is the sum of reluctance in the gap, plunger-wall and iron (permeable material) in series,



These reluctances are, under the simplifying assumptions,



In the above, the calculation for is rather more approximate than the others, since the relative permeability is certainly not independent of B, nor is it constant throughout the pole structures at a given value of B in the working gap. The value of is just what is required to fit the relationship, and is only approximately related to a real geometric area. However, the assumptions are justified, because is usually small compared to the other reluctances and so the corresponding error is probably not significant, as long as parts of the structure are not magnetically saturated. Substituting equations (11.45) to (11.47) into equation (11.44) and rearranging:



Solving for from equation (11.43) and proceeding as before, the solution for force is:



That is, the solution looks just like the first order calculation (e.g. 11.41) with a fixed additional length added to the gap, equal to



is not as shown in Figure 11.15. The equivalent length l' necessarily the same as the actual pole-wall gap, and may be reduced by increasing the area for flux crossing to the plunger. With increasing field strength in the gap as the gap distance closes, however, a point is reached at which some part of the flux path in the pole material starts to saturate and the curve levels out to a maximum force. This maximum force will not be exceeded, even if the current i is increased.



The inverse-squared dependence of the solenoid force with distance is not what one would wish in an actuator. At the beginning of the stroke, when the load is to be accelerated, very little force is available. On the other hand, at the end of the stroke, when the load should be decelerating to a stop, the force increases dramatically, slamming the plunger home with authority, causing noise and shock. A number of methods to give a better shape to the force-position curve will be discussed in following text. 11.2.4 Bobbin and winding: The solenoid coil is often made on a bobbin, which provides a firm base for the winding and wire connections. The bobbin adds some cost and, in addition, takes up very valuable space which could be used for more wire to reduce heating and to improve performance. The use of a bobbin is usually amply justified, however, by the reduced cost of winding. It also



may serve as a guide for the plunger. If it is made of plastic such as nylon or acetal (Delrin), it provides a low coefficient of friction for the plunger and will not conduct electrical eddy currents which might otherwise slow down the pull-in time while wasting energy. On the other hand, a plastic bobbin may expand if overheated, seizing the plunger. A metal bobbin may be more expensive but requires less volume. If speed of response is important, the metal bobbin may be split on a line parallel to the center axis with a nonconductive joint, in order to prevent eddy currents from following at the circumference of the bobbin (opposed to current in the winding), which slows down the rate of change of magnetic field. 11.2.5 Packing factor: The relative fraction of wire to total volume of the coil space is called the packing factor. When this term is used, one must be careful to determine whether only the bare wire is included, or wire plus insulation. There is very little difference for large wire, especially with a single "build" (a single thin coat of insulating varnish), but in small wire or for thicker builds, the fraction occupied by insulation may be significant. In this section, packing factor will always refer to wire including insulation, unless stated otherwise. A coil wound by hand with little care may have a packing factor of as little as 25%. A typical layer-wound coil, wound with round wire by machine or hand may have a packing factor of about 60% and cannot exceed 78.5% because of voids between the wires, even when touching. If square or rectangular wire is used, however, the packing factor may exceed 90%. Rectangular wire is easier to wind than square wire, because it tends to lie flat rather than cocking on edge as it is wound. In practice, a ratio of width to thickness of about 1.5 to 2.5 seems to work out best. Wire is available with a thin coat of bonding agent, which is hard when wound but bonds to the other wires in the coil when heated in an oven, or when dipped in alcohol. The bonding layer adds to the wire thickness, however (decreasing the packing factor). Very tight, strong coils may be wound "wet" with epoxy painted onto the wire as it is coiled. Coils may also be impregnated under vacuum with thin epoxy (often heated to reduce viscosity) after winding. A simpler but somewhat less effective method which is widely used, is to drip winding varnish onto the coil after it is wound, which has a tendency to pull into the voids. A void-filling bonding agent strengthens the coil and also aids in heat transfer. After winding, terminating the wires and varnishing or potting, the outside of the coils is often wrapped with tape



to add some protection against abrasion and wire motion on the surface. 11.2.6 Gap location: At first consideration, it might appear that the location of the working gap would be unimportant and that any of the positions shown in Figure 11.16 would be about equivalent. That is not the case, however; the best result is usually obtained when the gap is approximately centered in the coil. In a theoretical, thin-walled solenoid of infinite length, no flux crosses the coil but in a real, thick-walled coil of finite length, it certainly may, causing reduced force. If the plunger is near one of the ends of the solenoid, flux may spread out from it to the ends, also reducing the force (Figure 11.16a, b). The direction of flux may also change considerably with changes in gap, with unexpected results. A central gap position minimizes these problems.



11.2.7 Plunger face shape: The force-distance characteristics of a solenoid may be altered somewhat by shaping the gap, i.e. the ends of both the plunger and fixed center pin. In Figure 11.17 the plunger tip



has the shape of a truncated cone. When the gap is large, there is relatively little difference in flux paths from that of a square-ended plunger and the resulting forces are similar. When the gap is small, however, the surface area of the conical tip is larger than that of a square-cut end. If the amount of magnetic flux is the same in both, the fluxdensity at the surface is reduced for the cone. The force per unit area is reduced by the square of the ratio of area, and the total force (due to increased area of the cone) is reduced proportionally to the area ratio. This force is directed at an angle, rather than parallel to the axis and the radial components cancel. The overall result is a smaller increase in force near the end of the stroke for the cone-tipped plunger than for the flat-ended cone. The flat at the end of the cone is added to prevent problems with a sharp point (they are easily damaged, or might even cause injury) and are often used to provide a stop to prevent complete closure and sticking or for a pad to absorb shock and reduce noise.



11.2.8 Remanence and sticking: If a magnetic circuit is permitted to close completely, with no gap at all in the circuit, then when the current in the



coil is interrupted, it is often found that the solenoid "sticks". The plunger may be held in place with considerable force which the return spring is unable to overcome. Slowly over seconds or minutes, the magnetic field fades and then the solenoid opens. If immediately closed by hand, however, the magnetic field which caused it to stick is found to have disappeared. If the solenoid is forced open immediately after the coil has been energized and then immediately closed by non-electrical means, it is found that there is no remaining magnetization. Apparently the domains of even relatively "soft" steel maintain themselves in alignment, resulting in a high magnetic field, for some period of time if there is little resistance to flux in the form of a gap, until they are gradually disordered by thermal agitation of the individual atoms. As soon as a gap appears, the magnetic order ceases. The "fix" for this problem is to provide for a very thin spacer to prevent complete closure. A typical solenoid spacer might be on the order of .005 inches thick and a high-speed valve might have a spacer as thin as .0005 inches. 11.2.9 The plunger-wall flux crossing region: Flux in the outer shell must cross a sliding joint to get into the plunger. The gap here reduces plunger force and so should be as small as possible. The effective gap length l' may be reduced by making the flux-crossing zone longer in the axial direction. The plunger will not be perfectly centered in this gap and so it will be pulled toward one side more strongly than the other, which will in turn tend to move it even further off center. The unbalanced side load caused in this manner may result in an unexpectedly large frictional load on the plunger, reducing the useful force considerably. Increasing the area crossed by the flux would reduce the side force. Good centering by the plunger guide in the center hole is very helpful (see Reference 36). 11.2.10 Solenoid drive circuit considerations: The solenoid load looks to its power source like a constant resistance (the winding resistance) and a variable inductance, which is relatively small when the plunger is out and becomes large when the plunger is in. Because of the fixed resistance, the current is approximately constant during the stroke. In order to speed up the stroke, solenoids are often boosted with a high initial voltage, which is reduced after it has pulled in. The initial boost may be provided by discharge of a capacitor, for example. Sometimes an additional resistor is switched into the circuit after pull-in to reduce heating when the force is higher than required for holding the plunger in place.



Solenoids may have considerable stored magnetic energy when energized. A very large voltage across the switch and coil windings may result when current is off and even lead to component failure. If required, a "freewheeling" diode may be placed across the winding, as shown in Figure 11.18a. The diode does not carry current during normal operation of the coil but allows the current to continue to flow in a loop after the power supply is cut off, until the stored energy is dissipated in the coil resistance.



11.2.11 Solenoids operating against springs: A frequently attempted experiment is to locate a load with variable position, by using a solenoid against a spring and by adjusting the voltage. Unfortunately, it won't work! The solenoid either does not move or, as soon as the force gets high enough to overcome the spring, it moves all the way to the inside stop. occasionally the solenoid will assume an intermediate point but the restraining force is very weak and it is discovered that there are two, or perhaps even three



semi-stable points, rather than one. Which point the system will assume may depend on inertia, friction, small disturbances, how fast the current is changed, etc. The explanation for this behavior is that almost all springs obey Hooke's law, i.e. force is proportional to the extension distance (possibly with offset where the spring is under some tension at the inner stop). The solenoid force which the spring is attempting to balance, however, is inversely proportional to the square of the distance. A solenoid force curve is shown against some possible spring curves in Figure 11.19. Spring curves a, b and c start from an initial force such that the return force is equal to the remaining stroke force against the spring, at the right end of the stroke diagram. Curve a results in only two possibilities, full-in or full-out. Curve b results in a single point of balanced forces, but it is unstable. The slightest disturbance will cause the system to move all the way to the right, or left, of the curve. Curve c has three very marginally stable points: a very unsatisfactory arrangement.



Linear extension-type springs used to return rotating elements driven by solenoids may pivot at their ends, as well as stretch. It would seem that the spring hooks at each end would



simply rock easily on their supports but it is found, in practice, that the frictional forces there may first torque the spring, then suddenly release with sound and large force alternations. A correction for this problem is to insert discs of a bearing material such as acetal (Delrin) or brass into the spring eyelets. The outer diameter of the discs must be grooved to receive the hook wire, and provided with a center bore. The discs are then mounted on close-fitting pivot shafts. For fast motions, the resonance of the spring may become a problem. The frequencies of resonance are:



11.2.12 Constant force and variable position solenoids: There are at least two solenoid-like devices which are capable of constant force, or near-constant force, over the stroke distance. By varying this force, a servo-positioner may be made.



The device shown in Figure 11.20 is sometimes called a constant-force solenoid. Rather than being pulled from the end, with flux lines parallel to the direction of motion, this arrangement operates from changes in the magnetic field around the sides of the plunger, in a manner often referred to as



variable-reluctance. As the plunger pulls into a surrounding tube of permeable material, a region of high magnetic flux is set up with a fixed gap distance. The gap region increases linearly with change of plunger position. Since the energy stored in the gap is proportional to volume, and force is proportional to the rate of change of energy with distance, the resulting force on the plunger is, therefore, approximately constant.



The actuator shown in Figure 11.21 is known as the "controlled-field actuator" (CFA, see Reference 37). This modified solenoid is capable of producing constant force, independent of position and can be controlled from an outside signal. The force is independent of supply voltage, provided it is high enough to allow the required current. The extra energy is not wasted but is simply not used, so that the CFA is far more efficient than a normal solenoid for some purposes. In addition, the device produces a signal proportional to its position, so that it is also a position sensor. Position accuracy is on the order of a few percent, which is sufficient for some purposes, although not for others. The CFA works by



providing another small fixed gap in the magnetic path, into which a Hall-effect magnetic field sensor is placed. When the field builds up to a preset trigger point, the Hall sensor turns off the current from the source, and the coil inductance continues to drive current around a loop through a flyback diode. As the field decays, a lower limit is reached at which the source is reconnected and the cycle repeats. The constant average flux produces a constant force. The average current flowing in the solenoid is proportional to position, for a fixed force. The average current divided by the Hall sensor output voltage is proportional to position, regardless of the commanded force. 11.2.13 Solenoid actuation speed: Solenoids are somewhat slower than other types of linear actuator, for several reasons. Considerable magnetic energy must be built up in the gap before significant motion occurs. The energy to do this must come from the power source, which takes time, if the current is limited by the coil resistance. The high levels of magnetic flux required in the pole parts cause hysteresis and eddy current losses, which must in turn be made up by the power source, again requiring time. If a spring is used for the return, the energy to extend it must come from the solenoid stroke. This leaves less force available to accelerate the plunger, increasing the stroke time. The initial storage of energy may be speeded up by using an initial high-voltage pulse, followed by reduced current once the plunger starts to move. The hysteresis problem may be alleviated by the use of low-hysteresis material such as very low carbon iron. Eddy currents may be suppressed by constructing the solenoid of lamination stacks. The laminations may be held together by narrow welded strips (beads), by snapping them together with the aid of formed depressions, by rivets (a common choice) or screws. They may also be bonded between laminations, which also helps reduce noise. Another possibility is to use high electrical resistance material such as silicon-iron for the plunger, etc. Slotting the plunger and shell along the axis helps. 11.2.14 Some other solenoid types: If a hole of smaller diameter than the plunger is made through the normally closed end of a solenoid, and the plunger is provided with a nonpermeable push rod extending from the plunger face through the hole, the solenoid action becomes a push instead of a pull. The outer shell or flux return path may be made of stamped or formed metal of rectangular shape, rather than as a tube. Two (or rarely, three) sides are usually left open with this



construction, called "open frame". The extended sides of the frame provide some protection from mechanical damage for the coil, although less than with a tubular shell, and the open sides allow much better air flow for coil cooling. In Figure 11.22, three possible constructions of a formed box frame are shown. The shape shown in Figure 11.22a is the least expensive to manufacture but is infrequently used because it is weak and easily deformed. The type shown in Figure 11.22b and c is symmetrical, which pleases mechanical designers and is easy to assemble. The joint between the end part and the "U" body, however, is found to have a variable added reluctance (especially if the parts are plated before assembly) which may increase the differences in force between solenoids in production.



Large industrial solenoids made of lamination stacks to reduce eddy currents are usually made with rectangular cross-section, for reasons of cost and ease of manufacture. Open-frame construction is used to aid cooling. The molded bobbins used in them have rectangular cross-sections too, which increases slightly the difficulty of winding and decreases the packing factor of the coil.



If very large conductor cross-sectional area (per turn) is required, it may be advantageous to use copper or aluminum strip instead of wire. Large diameter wire is hard to coil because of the force required, and increased AC resistance due to "skin effect" may limit the rate of current change for round wire. A single strip the width of the coil is much easier to wind, has less skin effect AC resistance and may have better packing factor. Since each conductor reaches the edge of the coil, heat transfer out of the coil may be better as well. Such strip is sometimes left uninsulated and is electrically isolated from the next turn by winding it interleaved with a thin strip of "fish paper", nomex or plastic. The insulation is cut slightly wider than the conductor strip, to prevent shorting at the edges. 11.2.14.1 AC solenoids: A solenoid made for DC use will operate on AC but is likely to shake and "chatter" excessively. In addition, the impedance imposed by the variation of inductance of the coil with plunger position may limit performance. In order to provide a steadier pull, solenoids made to operate on AC current have parts of the plunger and/or fixed center pin divided into two separate flux paths. One of these paths has a loop of conductor (usually copper) around it, forming a "shaded pole". Due to the conductivity of the secondary winding around this flux path, the flux through it is delayed in phase. As the coil current drops through zero on each half cycle, the flux in the non-shaded path stops and no force is generated momentarily across it. At the same time, however, the flux in the shaded path remains high, with force still being generated across it, until current again builds up in the other circuit. The force across the shaded path then goes to zero and the plunger is held in by the force across the unshaded path. The force ripple, i.e. the variation of force with time, may be considerable with this type of solenoid but is often acceptable. 11.2.14.2 Rotary solenoids: There are several types of solenoid which produce rotary action (with a small axial deflection too, in some cases). One type has a mushroom-like cap which is pulled down by an attached plunger. Between the cap and solenoid body are several ball bearings, riding in grooves which slant downward in the cap and body. As the cap moves down a short distance, it must also rotate. The groove depth may be shaped to improve the linearity of torque versus rotation angle.



A different type of rotary solenoid uses two internal spirals, one fixed on the center pin, the other rotating on the output shaft corresponding to the plunger. Rotary action narrows the small gap between them and travel of about 40° is achieved without axial motion. 11.2.15 Testing of solenoids: In order to get a true indication of the force versus displacement of a solenoid, it is necessary to mount the plunger relative to the solenoid body so that it does not touch the side walls, creating variable and unrepeatable friction. One way to achieve this is to mount the plunger upright on a strain-gage-type transducer and mount it in turn to the bed of a milling machine. A tabletop miniature mill of the "drill-mill" variety is a relatively inexpensive machine which serves well. The table may then be moved in two orthogonal directions horizontally to locate the plunger. The spindle is locked in rotation and the solenoid body is mounted to it. The mill-head quill may then be raised and lowered accurately to provide for the distance variable. In order to measure this distance accurately, a dial indicator may be mounted on the mill frame. It must be kept in mind that the strain-gage, although very stiff, will nonetheless have some compliance and will add or subtract a small amount to the distance indicated, dependent on the amount of force generated. A correction should therefore be applied. This deflection may be calculated from the gage vendor's data and may be on the order of a few thousandths of an inch. For volume production, a stepper motor may be added to the mill to raise and lower the body and the data may be fed to a computer which automatically corrects the reading, controls the applied current and plots out the results. Because of changes of resistance of the coil as it heats up, current, instead of voltage, should be controlled in solenoid tests. 11.3 Linear multiphase motors: These actuator types resemble electric motors which have been slit along one side and spread out flat. They take many of the same forms as rotary motors. A small carriage with attached magnets may be used with a multipole wound stator for rapid and accurate servo positioning of a load. Linear actuators of this type are used in machine tools. Induction-type linear motors have coils wound on a moving pole structure, which induces eddy currents in a fixed rail. The eddy currents cause a magnetic field opposing and repelling the original field, causing thrust. Motors of this type have been used to power magnetically levitated trains. Reference 29 contains design information on these types of actuators.



Figure 11.23 Polyphase linear motor A production type of multiphase actuator is shown in Figure 11.23. A steel rod with a copper sheath is pushed through a wound stator assembly (without contacting the stator), by magnetic fields set up by three-phase AC current and induced currents in the copper sheath. The force is reversible by connecting the wires in a different order. A typical unit can exert up to 90 lb. force on a 1 inch diameter rod, which may be of any length, at a maximum speed of 2 ft/sec. The duty cycle of this device is limited, however: on-to-total time is only about 3% without an auxiliary cooling fan. 11.4 Other actuators: A few less common magnetic actuators exist which do not fall into any of the categories previously discussed. One such device is an impact printer head, used on high-speed printers for computers. A small, powerful magnet attached to a springloaded arm hammer is held against a magnetically permeable platen by its own field. When the platen is magnetized by current in a surrounding coil, the head is driven forward by repulsion with great speed and force, printing a character on the paper. It then bounces back, to be recaptured again by the now de-energized platen.



Figure 11.24 Servo valve control In one type of servo valve, pilot chambers push a spool which controls the main flow (Figure 11.24). Two holes, close together, lead to the pilot chambers. A jet of fluid is aimed at the two holes by a magnetic tilt mechanism, so that a small rotation of the jet assembly directs the jet to one or other of the holes, or somewhere in between. The jet is rotated by a permeable bar between two sets of biasing magnets. With no current, the fields are just balanced at the center rest position but current through the coil causes the stable position to shift in one direction or the other, rotating the nozzle. Deflection versus current is linear over a small range.
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