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PREFACE



Why a book on magnetic levitation? Since the discovery of the new, higher-temperature superconductors in 1987, the levitated magnet has become a symbol of the new technology of superconductivity. Also, magnetic levitation (Mag-Lev) transportation systems have ignited the public’s imagination about levitated motion. Yet, in both the lay public as well as among active scientists and engineers, there is a general lack of understanding about magnetic levitation. This book presents the basic principles that govern levitation of material bodies by magnetic fields without too much formal theory. This lack of formal theory is due, in part, to the incomplete nature of the theory of magnctic lcvitation, particularly the fundamental nature of passive, stable levitation based on flux pinning in superconductors. The other reason is my own bias toward experiment and phenomenology. My goals for this book include the desire to inspire both students and practitioners to explore the fascinating phenomena of levitation in the hopes that the wider interest will lead to a more complete understanding oi iiic physics. ivly second goai is to present enough knowledge and experience about levitation to engineers and applied scientists to encourage them to create and invent new devices based on the use of magnetic forces and superconducting materials. My belief is that as new materials develop, we shall see (in future dccades) applications of magnetic levitation not imagined at this time. It is also my goal to begin to define the technology of magnetic bearings, particularly those based on superconductivity. Bearings enable the creation of machines with movable parts. After two decades xiii
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of development, active magnetic bearings are beginning to assume a visible role in machine engineering. I believe that in the next decade, passive superconducting bearings will also begin to provide a usable tool for engineers. I also hope that this book will illustrate that materials development alone, while a necessary investment toward application, is not sufficient to design and optimize levitation devices. This book attempts to show the important roles that magnetics, mechanics, and dynamics play in the complete understanding of magnetic levitation and its applications. My personal interest in magnetic levitation goes back to an article I read on superconducting trains in 1967 by Jim Powell and Gordon Danby of Brookhaven National Laboratory. At Princeton University I built and studied numerous magnetic levitation devices using eddy current forces. As a mechanical and aerospace engineer, I was aware of the role that concepts of stability and dynamics played in the success of early flying machines, and I believed that a proper understanding of dynamic stability would become important to the development of magnetic transportation systems. The decade 1976-1986 was a lost opportunity for U.S. scientists and engineers interested in superconducting levitation, myself included, due to lack of funding. However, the discoveries of 1986-1987 renewed not only my interest, but also that of many others, in the development of magnetic levitation of rotating machines and superconducting bearings. Acknowledgments must be given to many students, research collaborators, and funding agencies. Professor Rishi Raj was an early collaborator in producing material for our first superconducting bearings in 1987. Robert Ware, K.-C. Weng, and Margaret Yanoviak were especially helpful in the early days of this program. Dr. Pei-Zen Chang performed a sizable number of the experiments described in this book as part of his dissertation. Other Cornell collaborators include Donald Chu, David Kupperman, Michael Chiu, Dorothea Yeh, Caswell Rowe Jr., William Homes, and Dr. Czeslaw Golkowski. Recent contributors to our laboratory are Professor Takashi Hikihara of Kansai University, Osaka, and Professor Peter Schonhuber of Technische Universitat Wien. I must also acknowledge the help of John Hull and Thomas Mulcahy of Argonne National Laboratory, Hamid Hojaji of The Catholic University of America, Dr. Z. Yang of Dalhousie University, Nova Scotia, and S. Jin of ATT Bell Laboratories. We are especially grateful for the interaction with the Japanese Superconductivity Center, ISTEC, particularly Dr. S. Tanaka and Dr. M. Murakami, as well as, K. Matsuyama and R. Takahata of Koyo Seiko Co. Ltd, Osaka.
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CHAPTER 1



INTRODUCTION TO MAGNETIC LEVITATION Leuitation: The raising of the human body in the air without mechanical



means or contact. --Encyclopedia Brittanica



1-1 INTRODUCTION



The suspension of objects and people with no visible means of support is fascinating to most people, even in an age grown jaded with high-tech products. To deprive objects of the effects of gravity is a dream common to generations of thinkers from Benjamin Franklin to Robert Goddard, and even to mystics of the East. This modern fascination with magnetic levitation stems from two singular technical and scientific achievements: (i) the creation of high-speed vehicles to carry people at 500 km/hr and (ii) the discovery of new superconducting materials. The modern development of magnetic levitation transportation systems, known as Mag-Lev, started in the late 1960s as a natural consequence of the development of low-temperature superconducting wire and the transistor and chip-based electronic control technology. In the 1980s, Mag-Lev had matured to the point where Japanese and German technologists were ready to market these new high-speed levitated machines (see Figure 1-1). At the same time, C, W. Chu of the University of Houston and co-workers in 1987 discovered a new, higher-temperature superconductor, yttrium-barium-copper oxide (YBCO), which unleashed a 1
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Figure 1-1 Photograph of Japanese superconducting Mag-Lev vehicle; rated speed 500 km/hr.



wild year of speculation amongst both scientists and the media about new applications of magnetic fields and forces. Those premature promises of superconducting materials have been tempered by the practical difficulties of development. First, bulk YBCO was found to have a low current density, and early samples were found to be too brittle to fabricate into useful wire. However, from the very beginning, the hallmark of these new superconductors was their ability to levitate small magnets (Figure 1-2). This property, captured on the covers of both scientific and popular magazines, inspired a group of engineers and applied scientists to envision a new set of levitation applications based on superconducting magnetic bearings. In the past few years, the original technical obstacles of YBCO have gradually been overcome, and new superconducting materials
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Figure 1-2 Photograph of a magnetically levitated rare earth magnet with a turbine disc above high-temperature superconducting material (YBa,Cu,O,).



such as bismuth-strontium-calcium-copper oxide (BSCCO) have been discovered. Higher current densities for practical applications have been achieved, and longer and longer wire lengths have been produced with good superconducting properties. At this juncture of superconducting technology, we can now envisage, in the coming decade, the levitation of large machine components as well as the enhancement of existing Mag-Lev transportation systems with new high-temperature superconducting magnets. Passive, simple, and defying intuition-these are the fascinating qualities of superconducting levitation. One can imagine the relative velocity of 100-200 m/sec between moving bodies with no contact, no wear, no need for fluid or gas intervention, and no need for active controls. While the “explanation” of magnetic levitation is based on elementary principles of classical physics, I have found, in my travels, both technical and lay people alike amazed at the phenomenon and not completely understanding of the basic concepts. This book is written to encourage and inspire readers to play with and study magnetic levitation phenomena. However, this book will be most successful if it encourages engineers and applied scientists to create new magnetic levitation devices and applications based on the new discoveries of the modern superconductors. The logic of describing both large-scale linear magnetic bearings for Mag-Lev transportation and rotary magnetic bearings in the same
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book is that they are based on the same physical principles, and often must meet the same technological constraints and challenges.



1-2



MAGNETIC LEVITATION SYSTEMS



Levitation is defined as the stable equilibrium of a body without contact with the solid earth. Excluding orbital motion, flying, and floating, levitation forces can be created by both electric or magnetic fields. The focus of this book will be the use of magnetic forces to equilibrate gravitational forces in a body in a manner such that all six degrees of freedom of the body are stable. There are several types of total and partial magnetic levitation systems (see Figure 1-31: Permanent magnets (only partial stability) Diamagnetic materials (e.g., bismuth) in a magnetic field Electromagnets with feedback control Electromagnets with dynamic currents Eddy currents-alternating current (ac) devices Eddy currents-moving conductors Superconductors and permanent magnets Superconductors and superconducting magnets Hybrids-for exampie, permanent magnets with feedback-controlled electromagnet or controlled magnets with superconductors Magnetic levitation requires two necessary subsystems: (i) a primary system for generating the magnetic field and (ii) a system for shaping or trapping the magnetic flux. In the case of electromagnetic levitation, electric currents in a wire wound coil produce the primary held while the ierromagnetic coil holder and the ferromagnetic base create a means of shaping a magnetic circuit. In the case of eddy current levitation with a moving magnet over a conductor shown in Figure 1-3, the source of the field can be a permanent magnet or a normal or superconducting wire wound coil. The relative motion of the magnet and conductor provides the field-shaping system due to the induced eddy currents in the conductor. Finally, in the case of a passive superconducting levitator (Figure 1-31, a permanent magnet serves as the primary field source
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Figure 1-3 Schematics of selected magnetic levitation systems.



while the bulk or thin film superconductor provides the field shaping due to the induced supercurrents.



Active Magnetic Bearings Versus Passive Superconducting Bearings



Active-controlled electromagnetic levitation systems have become a maturing technology and offer the following advantages with a few
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significant disadvantages: Advantages High stiffness Adaptive control to environment changes built in Low field leakage Industrial application proven Disadvantages High cost Complexity-related reliability issues Small working gaps Total system weight penalty (e.g., power supply, controller, electronics) The role of superconducting levitation systems in machines has yet to be defined, but some properties are evident: Advantages Passive, no electronics or power supplies needed Potential high reliability (low complexity) Potential lower system weight Large or small working gaps Lower cost Disadvantages Requires cryogen or cryogenic temperatures (cryocooler) Relatively low stiffness Magnetic field leakage Not a proven technology in service 1-3 STABILITY AND LEVITATION



Levitation is defined as the equilibrium of a body without solid or fluid contact with the earth. Levitation can be achieved using electric or magnetic forces or by using air pressure, though some purists would argue whether flying or hovering is levitation. However, the analogy of
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(C)



Figure 1-4 ( a ) Stable potential well. ( 6 ) Unstable potential hill. ( c ) Unsta-



ble potential saddle.



magnetic levitation with the suspension of aircraft provides insight into the essential requirements for levitation; that is, lift alone is not levitation. The success of the Wright machine in 1903 was based, in part, on the invention of a mechanism on the wings to achieve stable “levitated” flight. The same can be said of magnetic bearing design-namely, that an understanding of the nature of mechanical stability is crucial to the creation of a successful levitation device. Simple notions of stability often use the paradigm of the ball in a potential well or on top of a potential hill as illustrated in Figure 1-4a, b. This idea uses the concept of potential energy, which states that physical systems are stable when they are at their lowest energy. The minimum potential energy definition of stability is good to begin with, but is not enough in order to understand magnetic levitation. Not only must one consider the stability of the center of
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mass of the body, but one usually wants to achieve stability in the orientation or angular position of the body. If the levitated body is deformable, the stability of the deformed shape may also be important. The second difficulty with the analogy with particles in gravitational potential wells is that we have to define what we mean by the magnetic or electric potential energy. This is straightforward if the sources of the levitating magnetic or electric forces are fixed. But when magnetization or electric currents are induced due to changes in the position or orientation of our levitated body, then the static concept of stability using potential energy can involve pitfalls that can yield the wrong conclusion regarding the stability of the system. To really be rigorous in magneto-mechanics, one must discuss stability in the context of dynamics. For example, in some systems one can have static instability but dynamic stability. This is especially true in the case of time-varying electric or magnetic fields as in the case of actively controlled magnetic bearings. However, it is also important when the forces (mechanical or magnetic) depend on generalized velocities. In general, the use of concepts of dynamic stability, rooted in modern nonlinear dynamics, must be employed to completely guarantee stability of magnetically levitated systems. This theory not only requires knowledge of how magnetic forces and torques change with position and orientation (i.e., magnetic stiffness), but also knowledge of how these forces change with both linear and angular velocities.



Earnshaw’s Theorem It is said that nothing is new under the sun, and this is particularly true in the case of stability and electromagnetic levitation. Early in the nineteenth century (1839) a British minister and natural philosopher, Samuel Earnshaw (1805-1888), examined this question and stated a fundamental proposition known as Earnshaw ’s theorem. The essence of this theorem is that a group of particles governed by inverse square law forces cannot be in stable equilibrium. The theorem naturally applies to charged particles and magnetic poles and dipoles. A modern statement of this theorem can be found in Jeans (1925) (see also Earnshaw, 1842): “ A charged particle in the jield of a fixed set of charges cannot rest in stable equilibrium.” This theorem can be extended to a set of magnets and fixed circuits with constant current sources. To the chagrin of many a would-be inventor, and contrary to the judgment of many a patent officer or lawyer, the theorem rules out
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many clever magnetic levitation schemes. This is especially the case of levitation with a set of permanent magnets as any reader can verify. Equilibrium is possible, but stability is not. [A short article on Earnshaw himself can be found in Scott (195911. Later we will address the question of how and why one can achieve stable levitation of ferromagnetic electromagnets using active feedback. However, here we will try to motivate why superconducting systems appear to violate or escape the consequences of Earnshaw’s theorem. One of the first to show how diamagnetic or superconducting materials could support stable levitation was Braunbeck (1939a, b). Earnshaw’s theorem is based on the mathematics of inverse square force laws. Particles which experience such forces must obey a partial differential equation known as Laplace’s equation. The solutions of this equation do not admit local minima or maxima as in Figure 1-4a, b, but only saddle-type equilibria Figure 1-4c. However, there are circumstances under which electric and magnetic systems can avoid the consequences of Earnshaw’s theorem: Time-varying fields (e.g., eddy currents, alternating gradient) Active feedback Diamagnetic systems Ferrofluids Superconductors The theorem is easily proved if the electric and magnetic sources are fixed in space and time, and one seeks to establish the stability of a single free-moving magnet or charged particle. However, in the presence of polarizable, magnetizable, or superconducting materials, the motion of the test body will induce changes in the electric and magnetic sources in the nearby bodies. In general magnetic flux attractors such as ferromagnetic materials still obey Earnshaw’s theorem, whereas for flux repellers such as diamagnetic or Type I superconductors, stability can sometimes be obtained (Figure 1-5). Superconductors, however, have several modes of stable levitation; Type I or Meissner repulsive levitation based on complete flux exclusion Type I1 repulsive levitation based on both partial flux exclusion and flux pinning Type I1 suspension levitation based on flux pinning forces (see Figure 1-10].
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Bar magnet



Superconductingbowl



(b)



Figure 1-5 ( a ) Type I or Meissner superconducting levitation. ( b ) Type I1



superconducting levitation.



In the case of Meissner repulsive levitation shown in Figure 1-57, superconducting currents in the bowl-shaped object move in response to changes in the levitated magnet. The concave shape is required to achieve an energy potential well. In the case of Type I1 levitation, both repulsive (Figure 1-5b) and suspension (or attractive) (Figure 1-10) stable levitation forces are possible without shaping the superconductor. As explained in the next section and in Chapter 2, magnetic flux exclusion produces equivalent magnetic pressures which result in repulsive levitation whereas flux attraction creates magnetic tensions (similar to ferromagnetic materials) which can support suspension levitation. Flux penetration into superconductors is different from ferromagnetic materials, however. In Type I1 superconductors, vortex-like supercurrent structures in the material create paths for the flux lines. When the external sources of these flux lines move, however, these supercurrent vortices resist motion or are pinned in the superconducting material. This so-called flux-pinning is believed to be the source of stable levitation in these materials [see, e.g., Brandt (1989a, b, 1990a, b, c)].
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Finally, from a fundamental point of view, it is not completely understood why supercurrent-based magnetic forces can produce stable attractive levitation while spin-based magnetic forces in ferromagnetic materials produce unstable attractive or suspension levitation. Given the restricted assumptions upon which Earnshaw’s theorem is based, the possibility that some new magnetic material will be discovered, which supports stable levitation, cannot be entirely ruled out. 1-4



MAGNETIC FIELDS AND FORCES



An intuitive feel for magnetic fields and magnetic forces on bodies is necessary to be able to understand levitation as well as to create new applications to machines. The paradox for many mechanical engineers is that their career path was motivated, in part, by an avoidance of electromagnetics. However, magnetic fields have common mathematical roots with fluid mechanics (magnetostatics) and heat transfer (magnetic field diffusion). Also, the dynamics and control of levitated bodies have analogies with mechanical vibrations and control. A more detailed review of electromagnetics is presented in Chapter 2. For a more tutorial presentation, the reader is referred to classical texts on electromagnetics such as Smythe (1968), Stratton (19411, and Jackson (1962). One of the confusing aspects of magnetics is the fact that the magnetic field really plays an intermediary role in determining magnetic forces. That is, electromagnetic forces occur between two different bodies which carry charge, current, or electrically polarized or magnetized materials. In this text we will only study forces between bodies carrying electric currents and magnetized material. When one wishes to focus on the force on just one body (#2), we replace the other body (#1) with a vector quantity called the magnetic field, namely, B,. For example, the attractive force per unit length between two parallel current carrying wires is proportional to the product of the values of the currents in each wire and inversely proportional to the distance r between the wires (Figure 1-6a)



where: p o = 47r X l o p 7 N/A2, I , and I , are measured in amperes; and r is the separation of the wires, measured in meters. If one
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(a1



(b)



Figure 1-6 (a) Magnetic force between two parallel current filaments. ( b ) Magnetic force between two permanent magnet dipoles.



defines a quantity B , called the magnetic field produced by I,, the force on I , takes the simple form



F



=



12B,



(1-4.2)



and PO4



B, = 25rr



(1-4.3)



In MKS units, B , is in units called tesla (T). (The earth's field at the surface is around 0.5 X T.) Similarly, the force between two aligned point dipole magnets of strengths m , and m 2 is given by (see Figure 1-6b)



(1-4.4) where t is the axial separation between dipoles, and the minus sign indicates an attractive force when m , and m2 both have the same sign. For finite size dipoles, Eq. (1-4.4) is valid when t is large. Again, one can define a quantity called the magnetic field B , representing the effect of m , , only this time the magnetic force is proportional to the gradient of B,; that is,



(1-4.5)
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where m , and m2 are in M K S units of A-m2. Of course, all three variables F , m 2 , and B , are vector quantities, and Eq. (1-4.5) can be generalized to



F



=



m 2 . VB,



(1-4.6)



where V is the vector gradient operation. In addition to a force between dipoles, there is a couple or torque on each of them when they are not aligned. For example, the torque on dipoles in a plane oriented 90" to each other is proportional to (1-4.7) and the torque axis is normal to the plane of the dipoles. Replacing the effect of dipole #1 by a magnetic field vector, the general expression for the torque is given by a vector cross-product operation



C



=



m2 X B ,



(1-4.8)



Induced Magnetic Forces We have seen that electric currents and permanent magnets are sources of magnetic forces on other currents and magnets. However, the second body need not be an independent source of a magnetic field. For example, in ferromagnetic materials such as iron and its alloys, bringing a field source such as an electric current near the material will induce a distribution of magnetic dipoles which will, in turn, produce a force between the body carrying current and the ferromagnetic material (Figure 1-7). It can be shown, for example, that the force between a long wire with current I placed parallel to a ferromagnetic half-space produces an attractive force: (1-4.9)



where p , is called the relative permeability of the material. For ferromagnetic materials, p , is approximately lo2 or greater, and the quotient in Eq. (1-4.9) can be set to unity. Note that for independent currents or dipoles, the forces are linear in 1 or rn. However, for induced dipoles, the force is quadratic or nonlinear in the source current I . One way to envision the induced force is to replace the
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(a)



(b)



Figure 1-7 ( a ) Induced magnetic field between a current-carrying filament and a soft ferromagnetic half-space. ( b ) Image current replacing the ferromagnetic half-space.



ferromagnetic half-space with an “image current filament” as shown in Figure 1-7b. Then one can apply the force equation between two current filaments [Eq. (1-4.1)], where I, = Z2 = I . Another example of an induced magnetic force is that between a long current-carrying filament and a thin-layer superconducting plane as shown in Figure 1-8a. As the current filament is brought up close to the superconducting layer, supercurrents are induced which act to produce forces on the current filament. In the so-called Type I regime, the total field below the superconducting layer is zero; that is, the induced currents produce just enough flux to cancel the flux of the source current below the layer. This flux screening is called the



AF



I



/



H igh-temperature superconducting thin film



(a)



(b)



Figure 1-8 ( a ) Induced magnetic force between a current filament and a superconducting thin film. ( b ) Image current equivalent to the superconducting thin film.
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Meissner efect. The magnetic force between the layer and the filament can be shown to be



(1-4.10) where in this case the force is repulsive. Again, an image current filament can be used to replace the effect of the layer, but in this case the image current is of opposite sense to the source current; that is, in Eq.(1-4.11,I , = -I2 = I , and r = 2 h (Figure 1-8b). The same effect of flux exclusion and a repulsive force can be obtained with a normal-conducting layer of thickness A and electric conductivity ~7by moving the current filament parallel to the flat sheet with velocity u. The repulsive force normal to the sheet is given by v2 F = - Po - I2 47r h u 2 + w 2



(1-4.11)



where w = 2/a AF" is a characteristic velocity. [See e.g., Moon (1984, Chapter @.I This phenomenon, known as eddy current leuitdon, is the basis for electrodynamic levitation of high-speed vehicles (see Figure 1-17).The physics can be best understood by placing one's frame of reference with the moving current filament. Then the source field is stationary, but the sheet conductor moves with velocity u to the left. One then invokes Lenz's law, which states that a moving conductor in a magnetic field produces an electric field in the conductor. This electric field produces the electric currents in the sheet, which, in turn, produces forces on the source current filament.



Magnetic Stiffness Stability of a mechanical system depends not only on the forces, but also on how those forces change due to small changes in the geometry. In the example of the levitated wire above a superconducting layer or a moving conducting layer, we look at the change in the height h due to a small perturbation; that is, h = h , + z , where z / h g Electromagnetic levitation (EML) or attractive method. (6) Electrodynamic levitation (EDL) or repulsive method.



form by plotting
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(1-6.1)



where I is the total current in the magnet, R , is the magnetic Reynolds number, and A is the track thickness. The magnets proposed for the EDL method are made from superconducting wire. The large fields generated by superconducting magnets ( 2-3 T) can create a levitation gap of up to 30 cm. Permanent
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Figure 1-17 Magnetic lift and drag forces for the electrodynamic levitation



mcthod.



magnets can also be used o n the vehicle for EDL, but they have a large weight penalty for full-sized vehicles. Low-speed, people-moving Mag-Lev transportation using electromagnets have been employed in Birmingham (England) and in Berlin (called the M-Bahn). Another low-speed prototype, HSST, built by a group sponsored by Japan Air Lines, has carried over three million passengers at three different expositions in Japan and Canada. At the high-speed level, two different demonstration Mag-Lev systems have been built. The Transrapid-07, an EML system built in Germany, is being marketed to run at speeds of up to 400-500 km/hr (Figure 1-18a). A test track in Emsland, Germany has been used for a decade to test several prototypes of this vehicle. The vehicle carries nonsuperconducting electromagnets which suspend the vehicle under a ferromagnetic rail. The currents in the electromagnet are constantly
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Figure 1-18 ( a ) German EML vehicle, Transrapid-07. ( 6 ) Japanese EML



vehicle. HSST.



adjusted using gap sensors and feedback control. Active coils in the guideway are used to propel the vehicle forward. A revenue systcm is planned €or Orlando, Florida, the site of Disney World. A longer line was envisioned between Hamburg and Berlin in Germany in 1992, but funds have yet to be allocated. Another E M L system designed for lower speeds called HSST, was initially sponsored by Japan Air Lines (Figure 1-18b). A superconducting E D L Mag-Lev prototype system called the Linear Motor Car has been built on a 7.0-km test track in Miyazaki, Japan. Since 1978, this center has developed several prototypes
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Figure 2-10 ( a ) Two planar, circular, and parallel circuits of equal radii [Eq. (2-2.12)]. ( b ) Two planar, circular, and parallel circuits with R , / R , >> 1 [Eq. (2-2.1411.



of the currents I , and I,, respectively, and R is a position vector from d s , to ds,. One may also calculate the torque produced on one circuit due to the current in another circuit. The application of Eq. (2-2.11) to find the force between two circular rings whose axes are colinear can be found in terms of elliptic integrals of the first and second kind. When the radii of the two circuits are equal and the separation between the two planes of the circuits, h , is small compared with the radius, R , the total force is similar to the force between two parallel straight wires (see Figure 2 - 1 0 ~ ) : (2-2.12) where the force acts along the axis normal to the circuits. Note that poi,I , has units of force, so that in terms of nondimensional groups we obtain (2-2.13) Another special case is when the radius of one circuit R , is much smaller than the other R,: R , Alignment of spins or magnetic moments in a linear array of atoms. ( b , c ) Alignment of magnetic moments in domains.



spins of neighboring atoms will spontaneously align themselves only over a certain number of atoms beyond which the alignment of magnetic moments will change direction as shown in Figure 2-25. Each region of aligned spins is called a domain. In an applied magnetic field, domains aligned with the field can grow at the expense of those that axe not, thereby creating a net magnetization. Thus,
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while domains owe their microscopic magnetization to spin alignment, macroscopic magnetization M is an average of m over many domains. Magnetic Circuits



In certain problems the magnetic flux is contained within well-defined flux paths, especially when ferromagnetic materials are present (see Figure 2-26). In such cases the concept of a magnetic circuit is sometimes useful. The flux in each tube of a magnetic circuit is defined by ~ ( s = )



I,



=



B da



(2-4.4)



where s is a coordinate along the tube and da is normal to the cross-sectional area of the tube. The conservation-of-magnetic-flux law [Eq. (2-1.131 applied to a tube of varying cross section requires that Q(s) =



constant



If several flux tubes intersect, each carrying flux Q k ,then the conservation of flux becomes



pDk= 0



(2-4.5)



where positive flux is directed out of the junction. In many applications the magnetic circuit is encircled by an electric circuit, as in a transformer (see Figure 2-26). To find the relation between the current in the electric circuit and the flux in the magnetic circuit, one uses the low-frequency form of Ampere’s law (2-1.20). If



Figure 2-26 Ferromagnetic magnetic flux circuit.
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we write H in the form H = B / p and assume that the electric current I encircles the magnetic circuit N times, then we obtain



(2-4.6) The integral in Eq. (2-4.6) is called the reluctance 8 ,where



(2-4.7) and is analogous to the resistance in electric circuits. In linear circuits the relation between flux and current is written in the form



CD



=



LI



(2-4.8)



where L is called the inductance of the magnetic circuit. Thus the voltage across an electric circuit which creates a flux @ is given by dLI v=dt



(2-4.9)



Demagnetization



In many applications, permanent magnetic materials are used in a magnetic circuit with a gap as shown in Figure 2-27. For a given gap volume and gap magnetic field, there is an optimum circuit reluctance '31 which will minimize the volume of permanent magnetic material required to generate a given flux density B, in the gap. The magnetic intensity in the permanent magnet H , has an opposite sense to the flux in the air gap, B,. If A, and A, are the path lengths in the magnetic material and air gap, respectively, then H,h,



+ HgAg= 0



where H in the soft magnetic material is assumed to be approximately zero (i.e., p r >> 1). If we multiply this expression by the flux in the circuit, @ = B , A , = B,A,, we obtain the following expression for
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Figure 2-27 ( a ) Ferromagnetic circuit with permanent magnet field source (shaded element). ( b ) Demagnetization curve for permanent magnetic material, and the load line curve for the flux circuit.



the volume of the permanent magnet, V, I/m = -



= A,,A,;



v,Bg' P 0 BmHm



that is,



(2-4 .lo)



If B, is assumed to be positive, then H , is negative and B, and H , must lie on the demagnetization curve of the B-H diagram of the
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permanent magnetic material (see Figure 2-27). Thus, for a minimum volume of material, the product lB,,lH,nl should be a maximum. This defines a unique point on the B-H curve. Because the reluctance of the circuit determines the product B,,H,,, 8 can be chosen to maximize I B,,, H,, I and minimize y,,. Demagnetization of an Ellipsoid Self-demagnetization is also a concept applicable to soft magnetic materials where M is linearly proportional to H: M = xH. In the special case of an ellipsoid placed in a uniform magnetic field BO,the induced field inside the magnetized ellipsoid is uniform. If a , b, and c are the lengths of the principal semiaxis in the x , y , and z directions, respectively, then the induccd magnetization may be related to the external field averaged over t h e particle volume:



The numbers a , , n 2 , and n 3 are called demagnetization factors and are given by elliptic integrals. In the special case of b = c , a > b, we have (2-4.12) whcrc e,=l--



h2



(2-4.13)



U2



This function is shown plotted in Figure 2-28. I For a sphere ( a = b = c ) , n , = n , = n 3 = i, and for a cylinder, I n 1 = 0 and n2 = n 3 = 7 . For a long needlelike particle, the couple acting on the particle will orient the particle such that M X B0 = 0, or the long axis will lie along the field lines. Forces on Magnetized Material (J



= 0)



The law of conservation of flux V . B = 0 implies that there are no isolated magnetic poles or monopoles; that is, a source of a magnetic field line must be accompanied by a sink. It is natural then that the
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Figure 2-28 Demagnetization factor for an ellipsoid.



concept of a magnetic dipole is often used as the basic element of the continuum theory of magnetic materials because it contains its own source and sink. If a magnetic body can be thought of as a distribution of magnetic dipoles, then the magnetic field outside the body is a linear superposition of the fields produced by this dipole distribution. Thus, it can be shown that outside the body the magnetic field is given by



B='/(-P 47r v



r3



+



3M.rridv r5



(2-4.14)



In Eq. (2-4.14),M represents a distribution of magnetic dipoles within a volume I/ bounded by a surface S . If Bo represents the magnetic field vector due to sources outside V , then the net force and moment on the material in V are given by integrals of force and moment densities:



F



=



1(M . V)Bo d~ V



(2-4.15)
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K=



p-= M.n(b)



(a)



Figure 2-29 ( a ) Magnetic pole model. ( b ) Ampere-current model.



and



C



=



/[.



X



(M * V)B" + M



X



Bo] du



(2-4.16)



Equation (2-4.15) can be transformed to a different form if we use a vector identity (see Brown, 1966):



F



=



/ M . VB' du



=



( - V * M)B' du



+



n MB" dS (2-4.17)



V



This expression has a simple interpretation if we consider a slender rod uniformly magnetized along the axis of the rod. For this case, V . M = 0 in V , and we obtain [see Figure 2-29a]



F



= MA(Bo(rC)-



B'(r-))



(2-4.18)



We imagine that positive and negative magnetic monopoles or magnetic charges of intensity p, = +MA are concentrated at the ends of the rod and that the force on each pole is analogous to the force on a charge qE; that is, F



= p,B,,



p, = M



*



n



(2-4.19)



With this interpretation, M - n represents a surface distribution of magnetic "charge" or poles and - V M represents a volume distribution of magnetic poles. The right-hand expression in Eq. (2-4.17) is sometimes called the pole model.
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Thus, the representation of the magnetic body force is not unique and may even be replaced by surface tractions. This raises serious questions regarding the internal stress state in a magnetized body. The total force can be further transformed to a form resembling the Lorenz force (see Brown, 1966); that is,



F



=



{(V V



X



M)



X



B'du



+ /(--IIX M) X BOdS



(2-4.20)



S



For a uniformly axially magnetized rod, the volume integral vanishes and the force resembles that on a solenoid with surface current density K = -n X M [see Figure 2-296). This representation is called the Ampere-current model, and V X M = J, represents the equivalent magnetization current density and J, X Bo represents the body force density.



CHAPTER 3



SUPERCONDUCTING MATERIALS Superconductivity may ultimately replace the wheel. -Henry H. Kolm, Magnet Physicist, Technology Reuiew, February 1973



3-1 THE PHENOMENA OF SUPERCONDUCTIVITY



This introduction will deal mostly with thc phenomena of superconductivity and the new materials now available that could be useful for levitation applications. Of particular interest are the material processes that can be used to design a particular material for a specific levitation application. Readers interested in a deeper understanding of the theory are referred to Tinkham (1975). A nonphysicist-oriented introduction can be found in the book by Simon and Smith (1988), including a nice history of the recent discoveries of high-temperature superconducting materials. The phenomenon of superconductivity was discovered by H. K. Onnes in 1911 in mercury (T, = 4 K or -269°C) after he had also discovered how to liquefy helium (4.2 K) in 1908. He was awarded a Nobel prize for this work in 1913. The behavior known as flux exclusion, described below, was discovered by Meissner and Ochsenfeld (1933) and is now known as the Meissner effect. Nobcl prizes for superconductivity were also awarded to John Bardeen, Leon Cooper, and Robert Schrieffer for their theory of the superconducting state in 1957, and in 1974 Brian Josephson and Ivan Giaever won the prize for discovery of a quantum tunneling in superconductors known as Josephson junctions, which are the basis of many electronic devices. 73
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In 1987 K. Alex Mueller and J. Georg Bednorz of IBM in Zurich won the Nobel prize for their discovery of a superconducting component with a critical temperature above 30 K (barium-lanthanum copper oxide). However, the discovery that made this book possible was that of C. W. Paul Chu of the University of Houston and Maw-Kuen Wu and James Ashburn of the University of Alabama (Huntsville) in January 1987 in which they produced the first superconducting material (Yttrium-barium-copper oxide) with a critical temperature greater than that of liquid nitrogen (77 K) [see Simon and Smith (1988) for a more complete account of these discoveries]. Levitated devices were proposed in the late 1950s and early 1960s using niobium and lead [see, e.g., Harding (1965a, b)]. However, practical superconducting wire was not available until the early 1960s. Niobium-tin had a critical temperature of 18 K (-255”C), but is rather brittle and difficult to make into wires or cables. The other material is niobium-titanium (T, = 9.8 K), which is the “workhorse” of superconducting wire and is now used in thousands of magnetic resonance imaging machines in hospitals as well as in thousands of research magnets in universities and research laboratories around the world. The three salient features of superconducting materials that are relevant to levitation are:



0



Zero resistance to steady current flow Exclusion of magnetic flux lines at low fields Flux trapping or pinning at higher magnetic fields



There are many other important properties of superconductors that distinguish them from normal conductors, but the above are important to both the principle and practice of creating levitation devices. Zero resistance is crucial to the creation of large magnetic fields in multiturn coil magnets and is essential to the induction of supercurrents in passive bulk levitation magnetic bearings. Complete or partial flux exclusion is necessary for repulsive levitation bearings. Furthermore, flux pinning or trapping is important for producing materials with high J, as well as for bulk levitation devices that create suspension forces. Zero Resistance The salient properties of superconductivity only occur below certain critical temperatures T,, depending on the particular material. How-
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t'



Figure 3-1 Superconducting-normal conducting transition surface for Nb,Sn and Nb-Ti.



ever, the conducting state can become normal if the value of the transverse magnetic field becomes too high. Furthermore, transport current can create a transverse field. Thus, a limiting value of J exists, for a given temperature and field, above which the material becomes normal. These properties are illustrated in Figures 3-1 and 3-2. For a superconducting wire-like conductor carrying current in a transverse magnetic field, the material will become normal if the values of T , B , and J do not lie in a corner of the space of ( T , B , J ) , where T > 0. If any of the three variables put the state out of this corner, the material will become resistive. Typical values of T , B , and J on the critical surface are shown in Table 3-1 for a number of materials. When the transport current is small, the dependence of the critical magnetic field on the temperature is given by the relation



(3-1 .l)
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Figure 3-2 Critical current density versus magnetic field for several superconducting materials. [From Hein (19741, with permission from the American Association for the Advancement of Science, copyright 1974.1 TABLE 3-1 Low-Temperature Superconductors Superconductor



T, (K)



Nb-Ti Nb,Sn Nb,AI Nb,Ga Nb,Ge
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For example, for Nb-Ti at T = 4.2 K (liquid helium) we have BJB,, = 0.82. If conductor motion in the magnet produces friction and heating which raises the temperature by 2 K, then B,/B,,. = 0.62. If this value were below the design field in the magnet, the conductor would become locally normal. One of the paradoxes of superconductivity is the fact that these materials are generally more resistive in their normal state than are normal conductors, such as copper or aluminum, as illustrated in Figure 3-3.
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Figure 3-3 Electrical resistivity of superconducting wires and oxygen-free copper. [Adapted from Brechna (19731, with permission from Springer-Verlag, Heidelberg, copyright 1973.1
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Flux Exclusion One of the principal properties of superconductors is their ability to screen out magnetic flux from the interior of the conductor. This is illustrated in Figure 3-4 for a cylindrical conductor in a transverse magnetic field. Above the critical temperature T,, the field penetrates the boundary of the conductor. Below T, and for small values of the magnetic field, the flux will be excluded from all but a thin layer near the conductor surface. For low enough values of the magnetic field, this exclusion is complete and is called the Meissner efect. The screening is accomplished by persistent currents that circulate near the boundary of the superconductor. Exclusion of flux from a material is often called diamagnetism, as contrasted with paramagnetism or ferromagnetism in which flux lines are attracted to the material. In effect, we can think of the material as having a negative magnetic susceptibility. (Suppose B = po(H M) = 0 and M = xH, then x = - 1.) In an external field BO, a diamagnetic body can experience a



+
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Figure 3-4 Meissner effect: ( a ) Superconductor in a magnetic field above the critical temperature and ( 6 ) superconductor in magnetic field below critical temperature.
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force and couple given by



F



=



m . V B o and



C



=



m



X



B"



(3-1.2)



where for a uniformly magnetized body we have m = M V (V is the volume of the diamagnetic body). Physically, the equivalent force on a superconducting body results from the Lorentz force J X B" on the circulating screening currents. Flux Vortex Structures -Type



I and Type II Superconductors



Superconducting materials are classified as either Type I or Type I1 (sometimes referred to as either soft or hard). The Type I materials are often the pure metals and have low values of the critical magnetic field and critical current. Within the superconducting state, they exhibit the property of complete flux exclusion. Type 11 materials are generally alloys or compounds, such as Nb-Ti or Nb,Sn, or the high-temperature superconducting oxides such as YBCO or BSSCO, which are able to carry very high current density in high transverse magnetic fields without becoming normal. At low magnetic fields, Type I1 materials will exhibit perfect diamagnetism. However, another state exists in which the flux penetrates the material in clusters of flux lines. A schematic of this effect is shown in Figure 3-5 for a thin-film superconducting material. In this case the screening currents circulate around each flux bundle like small vortices. The center of each vortex is normal, whereas the rcgion of zero to low field is superconducting. There exist two values of the critical magnetic field H. Below H,, the material behaves as a Type I material with complete flux exclusion. Above H,, and below H,, the flux can penetrate the material, thereby creating normal and superconducting regions. This is illustrated in Figure 3-6, and values of H,, are tabulated in Table 3-4 for a few materials. For example, the lower critical field for Nb,Sn is 0.023 T (230 G), while the upper critical field is 23 T. Thus, for practical applications, flux penetrates a Type I1 superconductor in bundles of flux lines. (See e.g., Anderson and Kim, 1964.) Critical Current The critical transport current for a Type I1 material is governed by the interaction of the current with the magnetic fluxoid lattice. One of the
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Figure 3-5 Flux bundles and current vortices in a Type I1 superconductor.



External field



Figure 3-6 Equivalent diamagnetic magnetization versus magnetic field for Type I and Type I1 superconducting materials.
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important concepts in the understanding of these effects is the force on the fluxoid due to the transport current. To calculate the force on the circulating current surrounding a fluxoid, we assume that the flux is confined to a normal cylindrical region as shown in Figure 3-7. The circulating current acts as a magnetic dipole with pole strength @,,/pLg, where is the total flux through the cylinder. If we denote the dipole strength per unit length by M, the force on the dipole due to an external field BT is given by



F



=



M VBT *



(3-1.3)



Suppose that a transport current flows transverse to the fluxoid axis with a density JJ. Using the axes shown in Figure 3-7, the magnetic field associated with 1; must satisfy the following equation: (3-1.4) For uniform current density Jir, BT is a linear function of y , and the nonzero component of the force is given by



(3-1 S ) If B,, denotes the average fluxoid flux per unit area, then the force on the fluxoid per unit area is JTB,. Thus, in the absence of resistive forces, flux lines in Type I1 superconductors would move freely through the conductor, leading to dissipation and eventually driving the material into the normal state.



Figure 3-7 Sketch of the force on a fluxoid in a superconductor due to the flow of transverse current.
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Figure 3-8 Penetration of magnetic flux into a Type I1 supercon-



ductor-Bean



critical state model.



In practical materials, however, the flux-line motion is resisted by lattice defects. These defects act to ‘‘pin’’ the fluxoid at various points along the vortex, resulting in so-called pinning forces. The pinning forces depend on the magnetic field, the temperature, and the nature of the defects. [See, for example, Krarner (1975) and Huebener (1979) for a review of pinning forces in low temperature superconductors.] In one theory for the critical transport current advanced by Bean (1964, 1972), it is assumed that all flux lines move to maximize the pinning force. For a one-dimensional problem, with the transport current J orthogonal to B one has JB



=



a=(B )



(3-1.6)



where a , is the maximum value that a pinning force can attain. This is called the critical-state model. Bean, for example, assumes that a , =: B , so that J has a constant value whenever it penetrates the superconductor. (Critical current behavior in commercial superconductors is more complicated; see, for example, Figure 3-8.) The Bean model leads to a constant field gradient in the Type I1 superconductor as illustrated in Figure 3-8. This figure illustrates the hysteretic behavior of flux penetration in hard superconductors.
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Flux Quantization Another of the fundamental properties of the superconducting state is the fact that the flux contained in a closed circuit of current is an integral number of flux quanta. The smallest flux that can penetrate a circuit is @, = 2.07 X lo-’’ Wb. This value is given by the ratio of Planck’s constant and the electron charge-that is, = h / 2 e . This property is a macroscopic manifestation of quantum mechanics. One of the consequences of flux quanta is that magnetic flux can only penetrate a superconductor in discrete flux bundles called JEuxoids. One important application of this property is a very sensitive magnetic-flux measuring device called a “SQUID,” an acronym for “superconducting quantum interference device.” Derivation of flux quantization can be found in any number of reference texts on superconductivity. In the theory of electromagnetics, the momentum of a charged particle, 4,has a part proportional to the mass and velocity, mv, but also has a component proportional to the vector potential associated with the magnetic field, i.e., B = V X A; since V B = 0, and the momentum of the charged particle is given by p = mv + qA. Now imagine a closed superconducting circuit with current density J = nqv. The flux threading a circular circuit is given by @



=



/ A . dl



=



2rrrA”



(3-1.7)



Thus the momentum takes the form pe



mJ =



~



4n



Q, -k q -



2rr



(3-1.8)



From elementary quantum mechanics the momentum is related to a probability wave function which has wavelength A; that is, p e = h / A , where h is Planck’s constant. For a closed orbit, A must be a fraction of the orbit circumference; that is, A = 27rr/N, where N is an integer. To simplify the problem, we assume that all the current flows on the surface of the closed circuit. Thus, inside J = 0, and



hN Q, - - - 42rr 2rr
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or



a = -Nh -



(3-1.9)



4



It has been observed that superconducting electrons travel in pairs; = Nh/2e. Therefore the flux can only take on thus q = 2e, or integral values of the quantity (Do = h/2e, as mentioned earlier.



Penetration Depth In the quasiclassical theory of electron motion in a superconducting solid, Newton’s law for an electron of mass rn and charge e is given by



dJ



ne2



_ - -E dt rn



(3- 1.10)



This represents a constitutive law for J in superconducting materials and replaces Ohm’s law J = aE, for normal conductors. When Eq. (3-1.10) is combined with Maxwell’s equations [Eqs. (2-1.10)-(2-1.13)] (where displacement currents are neglected), an equation for the magnetic field in a superconductor is obtained:



where A2 = rn/ne2po. Equations (3-1.10) and (3-1.11) form the basis of one of the early theories of superconductivity proposed by the London brothers in 1935. They tried to explain the Meissner effect using a one-dimensional solution of Eq. (3-1.111, namely,



which predicts that flux will be confined to a thin layer near the surface of a superconductor.



3-2 REVIEW OF THEORY The theory of superconductivity requires a knowledge of both classical electrodynamics and quantum mechanics. The theory attempts to describe the motion of electrons in a solid lattice of ions. In a solid, not all the electrons associated with an atom can participate in electric
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conduction. In metals, only the outer electrons of the atoms arc free to move in the lattice. However, in normal electrical conductors, these electrons experience collisions. Only through the application of an applied electric field do these electrons become organized to create a transport current. The great mystery concerning superconductors is how the electrons can become organized so as not to suffer the loss of energy under collision. The collisions can occur due to the vibrating ions at finite temperature or due to defects in the lattice structure. Electrical resistance in normal conductors thus decreases as the ionic vibration approaches zero or as the absolute temperature approaches zero. Even then the defects in the lattice will result in a finite resistance at T = 0. The key to understanding superconduction of electrons was the discovery that in some solids the motion of one electron could be coupled to another through the interaction of the lattice deformation. Electrons normally repel one another, but at sufficiently low temperatures, this electron-lattice coupling creates a weak attractive force between the electrons. In the low-temperature metallic superconductors, this weak pairwise coupling of electrons, otherwise known as a Cooper pair, is responsible for the possibility of collective motion of electrons without loss due to collisions and without the need €or an external electric field to produce an electric current. This theory developed in 1957 by Bardeen, Cooper, and Schrieffer won them a Nobel prize in Physics. This so-called BCS theory allows one to calculate the critical temperature from basic physical and atomic properties [Schrieffer (196411. One of the physical variables in this theory is the coherence length which determines the characteristic separation of electrons in a Cooper pair. One of the differences between low-temperature metallic superconductors and the new oxide superconductors is that the coherence length for the metallic materials is larger than that for the ceramic oxide superconductor. It is bclieved that electron pairs are still the key to superconduction in the new, higher-temperature ceramics. However, it is not accepted whether the coupling mechanism is through the lattice deformation or some other mechanism. [See Phillips (19891, or Orlando and Delin (1991) for a more detailed review of the latest theory.] The next building block of superconductor theory after the success of BCS in determining T, was explaining the magnetic field effects on superconductors and the so-called “mixed state” or double critical fields H,, and Hc2 in Figure 3-6. In low fields the London theory predicted the Meissner screening effect of the surface supercurrents.
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However, Russian scientists Landau, Ginzburg, and Abrikosov in the 1950s predicted that the complete exclusion of flux was not the lowest energy state. The lowest energy state was found to be a hexagonal array of flux lines penetrating the superconductor as shown in Figure 3-5. Each flux bundle was a quantum of magnetic flux 2 X lo-’’ Wb which was surrounded by a superconducting vortex current. The core of each vortex was a normal conductor, and its size is proportional to the coherence length discovered in the BCS theory. The average separation of these flux quanta or supercurrent vortices decreases as the magnetic field increases; for example, d = (@o/B)’/2.When transport current flows in the superconductor transverse to these flux bundles, the magnetic field of the transport current creates a lateral force on the vortices which tries to move these vortices. Without flux pinning mechanisms to fix these supercurrent vortices, the motion of these vortices, under transport current, can lead to a breakdown of the superconducting state. In low-temperature superconductors, the vortex lattice due to an applied field appears to exhibit a regular pattern. However, there is now evidence that in high-temperature materials the vortex pattern can become disordered [see, e.g., Nelson (198811. Some physicists refer to this as flux lattice “melting.” Some theorists believe that in a good high-temperature superconductor with high J,, the flux line vortices are pinned by defects in a disordered pattern into what is referred to as a vortex “glass.” Thus, at the time of this writing (late 19931, there is still discussion as to the basic theory that predicts the correct T, in the new materials. However, what may have more impact on practical applications is obtaining a proper understanding of the nature of flux line pinning in the Type I1 state and how to design a “dirty” enough material whose critical current density approaches the limits found in thin films.



3-3 LOW-TEMPERATURE SUPERCONDUCTING MATERIALS



Superconducting materials for wire wound magnet application have been available since the mid-1960s. The two principal materials are niobium-titanium (Nb-Ti) and niobium-tin (Nb,Sn). The properties of these materials are shown in Table 3-1. These materials require operating temperatures near that of liquid helium (4.2 K). Nb,Sn, with its higher-critical temperature (18 K) and higher critical current



LOW-TEMPERATURE SUPERCONDUCTING MATERIALS



87



density, would be the preferred material if it were not for its extremely brittle properties which are shared with the new, higher-temperature superconducting materials. Thus, by far the most widely used material in the past 20 years has been Nb-Ti which is made in the form of multifilament wire. The principal applications for these materials are as follows: (a) for winding magnet coils in various shapes such as cylindrical magnets (solenoids) for medical imaging magnets (MRI); (b) flat racetrack shapes for dipole magnets for levitated vehicles, accelerators, motors, and electric generators; and (c) three-dimensional shapes in the form of baseball seams for mirror fusion machines and for toroidal arrays of magnets for tokamak fusion reactors. [See Montgomery (1980) and Wilson (1983) for superconducting magnet design issues.] Conventional superconducting materials that can be manufactured in large quantities and that are used in practical devices include alloys
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Figure 3-9 Different topologies for supe rconducting composites.
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of niobium, such as Nb-Ti or Nb-Zr, or compounds of niobium and vanadium, such as Nb,Sn, Nb,Ge, and V,Ga. These materials are made in long lengths for winding into magnets. The cross-sectional geometry has a variety of topologies, depending on the material and the application. Several topologies are illustrated in Figure 3-9. An isolated superconducting filament can suffer a thermal instability. A small rise in temperature produces a normal resistive zone that grows under Joule heating, until the whole magnet becomes normal. This problem has been mitigated in practical materials by placing a good conductor, such as copper or aluminum, in parallel with the superconducting conductor. This has led to two basic types of conductors: the multifilament and the layered or flexible-tape superconducting, composite conductor. In the continuous-filament-type conductor, such as Nb-Ti, the normal conducting matrix is often copper. The wire is made by stacking up arrays of copper and Nb-Ti rods inside a copper cylinder. This billet is then drawn down by passing the billet through successive dies until a certain cross-sectional shape and size are achieved (see Figure 3-10a). This process obviously involves large strains and creates problems for brittle materials. Nb-Ti has sufficient ductility to be drawn down to a lO-km size without fracture, but Nb,Sn is very brittle and requires different methods of manufacture. One method of manufacturing a multifilament Nb,Sn composite is to array niobium and bronze rods in a billet, draw the billet down to wire form, and then thermally react the wire to form Nb,Sn. A cylindrical tantalum barrier is often used to prevent diffusion into the copper (Figure 3-106). The properties of various Type I1 superconductors are given in Table 3-1. The exact value of the critical current depends not only on the magnetic field, but on the degree of thermal stability required and the heat transfer properties. The maximum applied current density versus applied transverse magnetic field is shown in Figure 3-2 for a number of superconductors. Commercially available conductors of Nb-Ti range from 0.5-mm-diameter wire, with 400 filaments which can carry 200 A at low fields ( - 1.0 TI, to a 1.2 X 1.2 cm2 conductor designed for 6000 A for the mirror fusion yin-yang magnets used at Livermore, California. For applications which call for fields below 9 T, Nb-Ti/Cu composites are presently employed. For higher-field environments, Nb,Sn composites are currently used. The critical current, critical temperature T,, and field Hc2 in these conductors are also strain-sensitive.



Nb-Ti rods are inserted into hexagonal copper tubes.



Rods are loaded into an extrusion billet.



Billet is extruded and drawn into wire.



Figure 3-10 ( a ) Steps in the manufacture of low-temperature superconducting composites. [From Scanlan (19791, with permission.] ( b ) Photograph of the cross section of a multifilamentary superconducting composite. [From Hoard (1980), with permission.]
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HIGH-TEMPERATURE SUPERCONDUCTING MATERIALS



The adjective “high-temperature’’ is a relative term and generally refers to those new classes of materials that have critical temperatures T, above 30 K. This class includes the new ceramic materials based on copper and oxygen as well as the new “bucky ball” or fullerene materials based on carbon. The superconducting ceramic oxides are called peromkites because of their atomic structure (see Figure 3-11) and are similar to ferroelectric materials such as barium titanate (BaTiO,), which is used for piezoelectric applications. Our discussion here will focus mainly on these ceramic superconductors which are listed in Table 3-2 along with their critical temperatures. These temperatures range from 35 K to 133 K. While much attention has been paid to those materials which have T, above that of liquid nitrogen (78 K), there are applications for which a lower T, would still



Figure 3-11 Atomic structure of YBa,Cu,O, ducting material. [After Phillips (1989).1
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TABLE 3-2 High-Temperature Superconductors" Superconductor



T, (K)



35 40 95 85 110 108 125 133.5 "Based on Orlando and Delin (1991)



be useful, including (a) cryofluid-based devices such as liquid hydrogen pumps and (b) magnet-based physics experiments. These new materials are processed in three different forms: bulk, thin film, and wire or tape. All three forms are useful for magnetic levitation application, so we will review the properties of each. It is recognized that new classes of superconducting materials may be discovered with completely different properties than these and perhaps with much higher T,. At present, however, the cuprate ceramic oxides provide a benchmark to design new materials. The first material to be discovered with T, > 30 K was a barium-lanthanum-copper oxide system (Ba-La-CuO) which was announced by Bednorz and Muller in September 1986. Chu and Wu followed quickly (early in 1987) with the first liquid nitrogen superconductor, yttrium-barium-copper oxide (YBCO), which has attracted worldwide interest ever since. This material is known as the 1-2-3 conductor because of its chemical subscripts-that is, Y,Ba,Cu,O,. However, this representation assumes an ideal atomic ordering as in Figure 3-11. However, Phillips (1989) points out in his book that real materials can have significant deviations from ideal geometric arrangements due to defects in the lattice arrangements. Thus, many authors write the chemical formula with variable subscripts-for example, YBa,Cu,O,-, (0 < x < 1) or La,-,Ba,Cu),; in the case of Bednorz and Muller, x = 0.15 (T, = 35 K). In this book we have not used this more precise notation because our emphasis is on levitation and not processing. Also, in most cases, we use an acryonym such as YBCO or LBCO to denote the materials. Those interested in the more detailed chemistry and materials processing should consult other sources such as Phillips (1989), Poole et al. (1988) or other modern references on superconductivity.
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TABLE 3-3 Comparison Between Niobium-Based Superconductors and CuO-Based Superconductors Niobium-Bascd Superconductors



r, < 2 3 K Metallic Relative ductility Normal electrical conductor



H,2 < 20-30 T



CuO-Based Superconductors 30 K 
. J , is very strongly magnetic-field-dependent. The dependence of J,. on magnetic field for YBCO is shown in Figure 3-12. Also, because of the anisotropic nature of the material, an important factor is whether the applied field acts parallel to or perpendicular to the path of the current (see Salama et al., 1992). As mentioned in Section 3-3 on the low-temperature materials, J, is strongly temperature-dependent and dramatic increases can be obtained the further below T,. one designs the applications.
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Angle between B and c axis ("1



BCU



Figure 3-12 (left) Critical current of YBCO versus direction of magnetic field for three samples with different amounts of nonsuperconducting phase of YBCO (21 1). (right) Critical current versus magnetic field for hightemperature material (YBCO). [From Lee et al., (1992) with permission 0 1992 World Scientific Publishing Company Ltd.]



In addition to larger grain sizes, critical currents have been increased in these materials by clever processing methods that create so-called "flux-pinning" centers in the materials. As discussed in the theory section, magnetic flux penetrates the superconductor in the Type I1 regime in the form of supercurrent vortices. These vortices experience magnetic forces that would tend to move them in the material which could lead to a breakdown of the superconducting state. Flux pinning refers to microstructures in the materials that tend to prevent these supercurrent vortices from moving under magnetic sources. In low-temperature materials, these mechanisms take the form of point defects, dislocations, interstitial atoms, and other topologies that depart from the ideal crystal structure. In YBCO materials, dramatic increases in 1, have been obtained by creating a network of nonsuperconducting phases of the material. For example, Murakami (1989) has developed a melt-quench process that disperses a so-called (21 1) nonsuperconducting phase of YBCO (Y,BaCuO,) in the YBa,Cu,O, superconducting phase (see Section 3-5). This quest for flux-pinning mechanisms suggests the paradox that the ideal superconducting material is one that has an imperfect atomic lattice arrangement. This is one of the reasons why pure superconductors are
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TABLE 3-4 Properties of Low-and High-Temperature Superconductors Critical Temperature, Magnetic Field, Current Density, T, (K) B,, (TI J, (A/cmZ)



Material Nb-Ti Nb,Sn YBa,Cu,O, Bulk-melt-quenched Thin film



9.6 18 95 95



8 23



2 x 105 3 x 105



18 35-200



3 x 104 6 x lo7



poor conductors and “dirty” superconductors become the workhorses of magnetic technology. Although the job of creating high-current superconducting materials, wires, and tapes has proven difficult, the good news is that the upper limit as measured in thin-film specimens has been found to be very high: 107A/cm2 (Table 3-41. At the present time (late 19931, bulk YBCO materials in 1-T fields can be processed with current densities of 3 x lo4 A/cm2 or higher at 78 K. Wire superconductors have now been fabricated in lengths greater than 10 m with current densities greater than lo4 A/cm2. Current densities around 2 X lo4 A/cm2 can provide useful application (e.g., magnets for levitated vehicles). For safety margins, however, the goal is to produce material with J, = lo5A/cm2, still well below thin-film capabilities. N



Thin Films There are many methods to create thin-film structures such as molecular beam epitaxy (MBE), pulsed laser deposition, magnetron sputtering, chemical vapor deposition (CVD), and metal oxide CVD (MOCVD). The thin film superconductor is deposited on a substrate. The anisotropy in crystalline structure of CuO-based ceramic superconductors creates preferred planes. In the case of YBCO (Figure 3-11), this means that the c axis is aligned normal to the substrate. Material scientists use a number of substrate materials such as MgO, SrTiO,, or LaSrGaO,. The host substrate is chosen to be compatible with the superconducting layer, including atomic lattice dimensions. The principal applications of thin-film superconductors are electronic devices. However, we have made levitation force measurements on thin-film YBCO specimens and find the promise of magnetic bearing application. There is also the potential for levitation of micromachine components using thin-film superconducting bearings.
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Thin-film thicknesse: range from 200 A to lo4 A. We recall that 1 A equals lo-”’ m (lo4 A = 1 pm). Measurements of J, in thin-film specimens range from lo5 to 107A/cm2 at liquid nitrogen temperatures (78 K). The collective experience seems to be that as the film thickness increases beyond 1 p m , significant decrease in J, occurs. The potential of superconducting thin-film bearings lies in creating thick-film specimens ( 5 p m ) with J,. greater than lo5 A/cm2. Wires and Tapes



Both YBCO and BSCCO superconductors have been made into single and multifiliment wire. In the first couple of years after the discovery of the liquid nitrogen superconductor, YBCO, there was a general consensus that it would be a decade or more before a commercial, high-l;. superconducting wire would be available. However, at the time of this writing (late 1993) there is great excitement at the progress in high-T, wire development (especially in the BSCCO material), and it may not be long before long lengths of this material ( > 100 m) become available. Low-temperature superconducting wire has revolutionized magnetic technology. Its applications include (a) Mag-Lev trains, (b) magnetic medical imaging, and (c) high-field magnets for highenergy and plasma physics. The availability of high-temperature wire has the potential to revolutionize the power industry with applications to electrical generators, power transmission lines, energy storage, and so on. At this time, companies in Europe, Japan (e.g., Sumitomo Electric Industries), and the United States [e.g., Intermagnetics General Corp. (IGC)] are racing to produce the first high-quality, high-l; wire. One of the leading groups in this field is that of Ken-ichi Sat0 of Sumitomo Electric Industries, Ltd. in Osaku, Japan. Their greatest success is with bismuth-based high-T, material (e.g., Bi-Sr-Ca-CuO). There are two superconducting phases: a 2223 phase with T, = 110 K and a 2212 phase with T, = 80 K (Sato et al., 1991). BSCCO wire is usually made by sheathing the material in a silver tube (sometimes called the “powder-in-tube” method). Early results of a short test sample of this wire at liquid nitrogen temperatures are shown in Figure 3-13. In 1991, current densities of 5 x l o 4 A/cm2 in a zero filed were achieved, and measurements of 12,000 A/cm2 in a 1-T field were also achieved. In Japan a group at Toshiba and Showa Electric have built a small superconducting solenoid using BSCCO tape (Kitamura et al., 1991).
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Figure 3-13 Critical current versus magnetic field for BSCCO wire using the “powder-in-tube’’method. [From Sato et al. (1991), with permission.]



The powder-in-tube method was used, and 0.15-mm-thick by 3.5-mmwide tape in lengths of 3 m were produced. The magnet was comprised of 8 coils, each with 28 turns per coil. The tape had a J, of 3.9 x lo4A/cm2 at 4.2 K and a J, of 6.3 x lo3 A/cm2 at 77 K, both measured in a zero magnetic field. The magnet produced a 1.15-T field at 4.2 K. In the United States a group at IGC (in Guilderland, New York) has produced a multifilament wire using BSCCO [see Haldar and Motowidlo (199211. The process is schematically illustrated in Figure 3-14, and a cross section of the wire is shown in Figure 3-15. The measured critical current at 77 K was J,. = 3 X lo4 A/cm2 ( B = 0). The process involved mixing the chemicals BiO, PbO, and CaO (or CaCO), SrCO, and CuO in a cation ratio of 1.8, 0.4, and 2.0 2.2, and 3.0). The mixture was heat-treated at 840°C and reground. The powder was then packed into a 4-mm-inner-diameter and 6-mmouter-diameter silver tube 15 cm long. The tube was swaged and drawn to 0.1-0.2 mm thick and annealed at around 830-870°C for 24-150 h. (See also Neumuller et al., 1991.)
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Figure 3-14 Schematic of steps in the process of making high-temperature bismuth-based BSCCO, Ag-clad wire using the powder-in-tube method. [From Haldar and Motowidlo (1992), with permission.]



Fullerenes Recently discovered molecular structures of carbon known popularly as “bucky balls” or as “C6,, and C70” have added a new class of materials to the race for high-temperature superconductors. This class of materials have structures that look like geodisic domes and have been called fullerenes after the architect and inventor Buckminster Fuller. Recently, alkali-metal doping of C,, and C , , have produced superconductors with T, = 33 K (Tanigaki et al., 1991). C,, is produced from pure carbon rod from the soot generated in an arc discharge. The C,,, powder was mixed with a small amount of Tb and Cs is quartz tubes and reacted at 400°C for 24 h. The system Cs,Rb, C,, was found to have a superconducting transition temperature at 33 K. As of late 1993, it is not clear if this class of materials will prove useful for superconducting applications. However, it does show that one should expect new classes of superconducting materials to be
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Figure 3-15 Photographs of the cross section of multifilament BSCCO (2223) wire. Bottom: Diameter, 2.26 mm, Length l l m. (Courtesy of Intermagnetics General Corp., Guilderland, New York.)



discovered in the next decade which may prove much more advantageous than the current crop of CuO-based materials.
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PROCESSING OF BULK SUPERCONDUCTORS



Knowledge of the chemical constituents of a superconductor such as YBa,Cu,O, is not sufficient to produce good material with optimal levitation properties for bearings. The history of materials development for the A15 metallic superconductors such as niobium-tin showed that one or two decades of engineering and scientific work are necessary to produce a reliable, commercial-quality superconductor at a reasonable price, This process for the oxide high-temperature superconductors is, as of late 1993, only one half a decade into development. However, during this short period, dramatic improvements in J, and levitation properties have been made in bulk YBCO and in BSCCO wire through optimization of the processing methods. In bulk YBCO, for example, J , has gone from around 102-103 A/cm2 at 77 K to over 3 X lo4 A/cm2 in a I-T field. In addition, levitation magnetic



100



SUPERCONDUCTING MATERIALS



pressures on small rare earth magnets have risen from 0.1 N/cm2 to over 20 N/cm2. The original processing method involved using co-precipitated nitrate precursors, sintering, cold pressing the powders into a pellet, and oxygen annealing. This process created a porous material with very small grain sizes and poor interconnection between grains. The recent methods for processing bulk YBCO have involved raising the temperature of the process in order to produce a partial melt. These methods have been called melt-texturing or quench-melt-growth (QMGI-or, more recently, the meltpowder-melt-growth (MPMG) technique (developed in Japan). These methods were developed in several laboratories such as Bell Labs (Jin et al. 1988, 1990), University of Houston (Salama et a]., 19891, Catholic University of America (Washington, D.C.) (Hojaji et al., 1989, 19901, and ISTEC Labs (Tokyo) (Murakami et al., 1989a). We describe one of these methods, MPMG, developed by M. Murakami of ISTEC, as presented in several of his published papers. This technique has produced very good bulk material with both high transport and magnetization J,. The method is also one of the few which has been published in sufficient detail that it has been replicated by many university and industrial laboratories in Japan. MPMG Process for YBCO 1. Appropriate amounts of powders of Y 2 0 3 , BaCO,, and CuO (99.9% pure) are mixed. 2. Calcinate at 900°C for 24 h in flowing oxygen. 3. Melt powders at 1300-1400°C in platinum crucibles. 4. Rapidly cool between cold copper hammers into a plate. 5. Pulverize the plate into a powder and mix. 6. Press into a pellet of desired shape. 7 . Reheat sample to 1100°C for 20 min. 8. Cool slowly to room temperature in platinum crucible under 1 atm air at a rate of l"C/hr to 20"C/hr in the range 9.50-1000°C followed by furnace cooling. 9. Anneal sample at 600°C for 1 hr. 10. Cool slowly in flowing oxygen. A schematic of the process is shown in Figure 3-16. Murakami describes the process as an attempt to solve two problems. The first is to produce large grains on the order of 1 mm or
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Figure 3-16 Schematic of "melt-powder-melt-growth" Murakami of ISTEC, Tokyo, Japan.



method of M.



larger. The second is to produce good flux pinning in order to increase J,.. He attributes the high J, in his samples to the dispersion of small nonsuperconducting inclusions of Y,BaCuO, or the so-called (211) phase. He starts with a composition whose stoichiometry is changed from the 1 : 2 : 3 ratios toward the (211)-rich region. He ends up with a volume fraction of (21 1) ranging from 25% to 30%. The (211) particles have diameters of 1-3 pm. Murakami claims that these (211) particles dispersed in the (123) matrix provide both increased flux pinning and
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Figure 3-17 Critical current versus field for YBCO bulk superconductor for various processing methods. [From Murakami et al. (1991), with permission.]
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increased fracture toughness. Measurement of transport J, exceed 30 X 10' A/cm2 (see Figure 3-17). A similar process by Salama et al. (1989) at the University of Houston has also produced large grain samples with very high J, values. No doubt further progress will be made which will improve the performance and decrease the cost of these materials. The key point here is that the superconductor properties not only can be optimized, but can be tailored to meet specific application needs such as high levitation force properties. For example, if one wishes to use the flux drag force in bulk superconductors to create a vibration damper, perhaps a different processing scheme would be required to shape the force-displacement-velocity behavior of the superconducting material.
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MAGNETIZATION AND LEVITATION FORCES



Levitation forces between permanent magnets and bulk superconductors such as YBCO are believed to be the result of induced supercurrents in the material due to the field of the magnetic field source (e.g., the permanent magnet). These currents flow within grains as well as in closed loops that span several or many grains in the superconductor.
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In free-sintered processed YBCO, it is believed that intergrain currents are small and that the induced currents flow in small loops in the small crystalline grains. The flow of current in a small circuit can be viewed as a dipole. Thus, the collection of induced dipoles looks like an equivalent magnetization m. If the applied induction field H applied is uniform, we can then assign an average magnetization per unit volume M = m/V. Thus, the magnetic properties of the superconductor can be treated like a ferromagnetic or diamagnetic material. In particular, the relation M (H applied) is of importance. Examples of such measurements are shown in Figure 3-18 €or both free-sintered and quench-melt-growth processed YBCO samples [see, e.g., Moon et a]. (199011 showing the effective magnetization as the applied field is taken through a cycle. One can see that in the case of the free-sintered material there is little remnant magnetization when the field is removed. However, in the case of the quench-melt-growth sample, significant remnant magnetization remains after the applied field is removed. In general, it has been observed that the larger the peak magnetization, the larger the levitation force [see, e.g., Murakami et al. (1990) and Figure 4-27]. The large magnetization is attributed to two effects. First, larger grain sizes and better intergrain current paths in melt-quench processed material allow for larger current path diameters, which increases the effective magnetization. Second, the greater flux-pinning within grains and will strengths will increase the critical current .Ic also increase the transport J,, which again increases the magnetization. A large A M effect at H = 0 also produces a suspension force effect as will be discussed in Chapter 4. 3-7 SUPERCONDUCTING PERMANENT MAGNETS



One of the promising developments in these new materials is persistent, high-field superconducting magnets. In this phenomena a bulk rectangular or cylindrically shaped YBCO specimen is cooled in a high magnetic field of 1-10 T. When the applied field is removed, circulating persistent currents in the materials trap magnetic flux so that the sample acts as a permanent magnet. A group at the University of Houston under R. Weinstein has produced samples with remnant fields of 1-4 T (see Weinstein et al., 1992) (Figure 3-19). This development is significant in that it adds another way of producing a primary field source.
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Figure 3-18 Magnetization curves for YBCO in an applied magnetic field for free-sintered ( a ) and quench-melt-growth ( b ) processed material. [From Moon et al. (1990), with permission.]



Conventional rare earth permanent magnets can retain flux densities of 1-1.5 T in a closed ferromagnetic circuit. However, in air the high reluctance will limit the maximum field at the poles to around 0.5 T (see Chapter 2 for a discussion of reluctance). To create higher flux densities, one can use an electromagnet (i.e.? a current-carrying coil surrounding a ferromagnetic core, which can produce fields of
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Figure 3-19 Residual field for YBCO superconducting permanent magnets. [From Weinstein et al. (1992), with permission.]



1-2 T) or one can build a multiturn magnet out of superconducting wire. Superconducting magnets can create fields greater than 6 T, but are very expensive. The creation of bulk superconducting permanent magnets raises the possibility of producing a portable field source of 1-5 T at low cost. At the time of this writing, very little work had been done on the levitation properties of these superpermanent magnets. However, they certainly present new options for the levitation or magnetic bearing engineer. (See Chapter 7 for a discussion of potential Mag-Lev application.) The Houston group has used proton and helium particle irradiation to increase the J, of the melt-quenched samples from 13,000 A/cm2 to 45,000 A/cm2 at liquid nitrogen temperatures. They have also used an excess stoichiometry of yttrium in producing a specimcn that traps 4 T at 64 K. Another group at Nippon Steel in Japan has trapped 1.7 T magnetic field in a quench-melt growth sample of YBCO at 63 K.



Flux Creep One of the issues for the application of superconducting permanent magnets is flux creep. This phenomenon involves the loss of field with
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time according to the following equation:



In the Houston tests, one sample lost 13% of its field in 1 week. However, because of the logarithmic relation, the next 13% would be lost in 19 years. Thus, these magnets are not so permanent, but are still relatively stable after the first drop in field intensity.



CHAPTER 4



PRINCIPLES OF SUPERCONDUCTING BEARINGS Thus it is settled by nature, not without reason, that the parts nigher the pole shall have the greatest attractive force; and that the pole itself shall be the seat, the throne as it were, of a high and splendid power. -W. Gilbert, DeMagnete (1600)
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INTRODUCTION



Conventional Bearings Bearings are so pervasive in modern electric and mechanical machines that they are often taken for granted; they are usually the last thing a designer thinks about, until there is a failure. Conventional bearing systems involve roller, ball, hydrodynamic, and gas support systems. Nonconventional methods include active ferromagnetic bearings, active electric field systems, and superconducting bearings. Bearing systems come in linear and rotary types. The principal function of a bearing is to allow the relative motion of two machine parts with a minimum of resistance, wear, noise, friction, and heat generation. In roller and ball bearing systems these functions are realized through the kinematic mechanism of rolling of two hard surfaces. In hydrodynamic and gas bearings the two machine parts are separated by a fluid or gas film. In some sense this can be called hydrodynamic or aerodynamic levitation. In bearing technology the distinction is often made between hydrostatic and hydrodynamic bearings as well as between aerostatic and aerodynamic systems. In the aerostatic bearing, pressurized gas must be fed to the bearing to obtain a lift force, 107
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whereas in the aerodynamic and hydrodynamic cases the lift is selfgenerating due to the relative motion of the moving parts. The macroscale application of an aerostatic bearing was in the air-cushion vehicles built in the 1970s in the United States and Europe as passenger-carrying vehicles. This transportation technology was superseded by magnetic levitation vehicles which were developed in the 1970s in Japan and Germany. The air-cushion vehicles required large motors to pump pressurized air under the vehicle. A self-lift generating concept called the rum air cushion was studied by the United States Department of Transportation and Princeton University in the 1970s, but it never reached the prototype stage. Of course, many so-called hover-craft air-cushion boats and ferries are employed around the world. To data there is no magnetic levitation alternative to air-cushion levitation of boats or ships.



Magnetic Bearing Systems The separation of one moving part from another using magnetic fields in most systems requires a material source of magnetic field and a field-shaping or field-trapping material.



Field source systems include: Current-carrying coils (normal or superconducting) Permanent magnetic materials Superconducting permanent magnets



Field-shaping or field-trapping materials include: Soft ferromagnetic materials (e.g., silicon steel) Passive superconductors Normal conductors (e.g., eddy current systems) With various combinations of the above, one can conceive of a variety of magnetic suspension systems as illustrated in Figure 4-1. One can, of course, produce levitation forces with two field sources such as two magnets or two current-carrying coils. In most practical designs, however, it is often more efficient to put the active field source on only one of the machine parts.
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Figure 4-1 Six different magnetic bearing systems.



A couple of general remarks can be made about magnetic bearings independent of the source of the field or the material. 1. Exclusion of magnetic flux is required for repulsive levitation. 2. Penetration of flux in the magnetic material is required for attractive levitation or suspension.
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These two statements follow from the expression for the magnetic force in terms of magnetic pressure and magnetic tension [Eq. (2-2.2111. The focus of this book is on those levitation systems that use superconducting material as either a field source or a field-shaping function. However, we will make a few observations concerning nonsuperconducting magnetic levitation schemes-in particular, permanent magnet and active electromagnetic levitation systems. [See Conner and Tichy (1988) and Tichy and Conner (1989) for a discussion of eddy current bearings.]



Levitation with Permanent Magnets



As noted in Chapter 1, Earnshaw’s theorem on stability leads one to the conclusion that a permanent magnet cannot be in stable equilibrium in the field of a set of other permanent magnets. This means that at least one degree of freedom of the levitated body is unstable. If one is willing to stabilize the unstable modes using mechanical means, then permanent magnets can serve as useful bearings for the other degrees of freedom. One widespread application of permanent magnet bearings is in utility watt-hour meters (see Figure 4-2). In this application, the magnetic force equilibrates the gravity force but



r;T



Figure 4-2 Two permanent-magnet bearing configurations with mechanical constraints. [After McCaig and Clegg (1987).1
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mechanical bearings are required for the lateral stability (see McCaig and Clegg, 1987; also see Polgreen, 1966). In Figure 4-2, two magnet configurations are shown. In one the levitation force is repulsive, whereas in the other the force is attractive. The bearings in Figure 4-2 can be classified as thrust bearings. Permanent magnets can also be used for radial bearings in which the gravity load is transverse to the axis of rotation as shown in Figure 4-1 (top left). In this case the axial degree of freedom is unstable and must be constrained with a mechanical contact. A large-scale use of permanent magnets was in the German M-Bahn levitated vehicle system installed in Berlin (see also Chapter 7). In this system, rare earth magnets on the vehicle were attracted to a ferromagnetic rail. The inherent magnetic instability was stabilized using mechanical springs (Dreimann, 1989). Lateral stability was achieved using guide wheels. Besides using mechanical contact or guidance wheels to stabilize permanent magnet levitators, one can use active electromagnets. In the example shown in Figure 1-3 (top right), the permanent magnet is used to equilibrate the gravity load while the active electromagnet is used to provide positive magnetic stiffness using feedback control (see also Weh, 1989).
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Early successes with actively controlled electromagnetic suspension were reported by Beams and co-workers at the University of Virginia in the 1950s. Beams, a physicist and president of the American Physical Society, was able to levitate small submillimeter ferromagnetic spheres and spin them to speeds of over 10' rpm (Allaire et al., 1992 and Beams et al., 1962). Even by today's standards this is a remarkable achievement. Beams was able to develop a small centrifuge using his high-speed spheres to test coatings. An early history of magnetic levitation devices may be found in Geary (1964). Active suspension was further developed in the 1970s to suspend small models in wind tunnels (Johnson and Dress, 1989). But perhaps the most dramatic application began in the early 1970s with prototype vehicles suspended by actively controlled magnets from steel rails [see, e.g., Jayawant (198111 at speeds of up to 500 km/h. This work was developed in Germany, Japan, and North America. Today the Germans have begun to market a full-scale, high-speed revenue vehicle,
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called Transrapid, and Japan Airlines has developed a commuter vehicle called HSST (see also Chapters 1 and 7). Active magnetic bearings have made great progress due in part to the development of microprocessors and small position and velocity sensors so that rotors weighing more than 1 tonne can be suspended. Reliability of these systems has increased dramatically to where active magnetic bearings are used in underground gas pipeline pumps in remote parts of North America (see also Chapter 6). This field is becoming a mature technology area as evidenced by the number of companies in Europe, Japan, and, to a lesser extent, the United States. Some companies are looking at levitated machine tool spindles for high-speed machining. Also, some aircraft engine manufacturers are even looking into the possibility of active magnetic bearings for replacement of fluid film bearings for jet engine rotors. The major drawbacks to active magnetic bearings are the obvious: high cost, increased complexity (hence, potential reliability problems), and the size of control, sensing, and power electronics. Some of these problems will see solutions in the near future, such as the downsizing of the ancillary electronics systems. The integration of intelligence, actuation, and machine in these types of systems has been called Mechatronics in Europe and Japan. In the United States the term Smart machines has been used. In any case, in the next decade the use of active magnetic bearings will likely expand to applications where cost is not a major factor. Active magnetic bearings using superconducting coils or windings have been proposed by Eyssa and Huong (1990) and by the Grumman Aerospace Corp. [see Chapter 7 and U.S. DOT (1993a)l. Stiffness of Active Bearings The magnetic stiffness of active magnetic bearings depends on the specific system and the control system. However, a review of some published data shown in Table 4-1 shows values on the order of 105-106 N/m. In many systems the stiffness depends on whether the rotor is stationary or moving. In either case the stiffness of active magnetic bearings is greater than current passive superconducting bearings because of two factors. First, the use of soft ferromagnetic material in active bearings and current-carrying coils as field sources creates magnetic flux densities over 1 T. This means that levitation bearing pressures of over 40 N/cm2 are possible. The second factor is the use of feedback control which allows flexibility in designing in magnetic stiffness.
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TABLE 4-1 Active Magnetic Bearings: Mass vs. Stiffness Application



Rotor Mass (kgrn)



Magnetic Stiffness (N/rn) ~~~~~



Flywheel



Particle Beam choppers



Centrifuge



6.5 5.7 2.4 12 8 1 9



1.78 lo6 (Axial) 2.12 10’ (Radial) 2.46 X 10’ 7.6 x 105 2.1 x 105 1.0 x 105 1.6 x 105 8 X lo4



Source: Schweitzer (1988).



In superconducting passive magnetic bearings using permanent magnets and bulk yttrium-barium-copper oxide (YBCO), the fields are usually less than 0.5 N/m. The use of ferromagnetic material to concentrate the flux would likely tend to destabilize the levitation, although this topic has not received much attention. One way to increase magnetic stiffness in passive bearings is to increase the magnetic flux density. In the remainder of this chapter we will focus the discussion on superconducting magnetic bearing systems. Three systems have received attention in the research literature in recent years: Passive superconductors and permanent magnets Passive superconductors and direct-current superconductors Superconducting permanent magnet systems (see Chapter 3) In the next section we discuss the simplest superconducting levitation system, namely, a bulk or thin-film superconductor interacting with the field of a permanent magnet.
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The levitation of small magnets over YBa,Cu,O, (YBCO) samples at liquid nitrogen temperatures has become more of a symbol of the new age of high-temperature superconductivity than even the loss of resistance (Hellman et al., 1988). One could even consider the name “superlevitators.” However, in spite of the fact that levitation had become a symbol of the new superconductors in the public eye, most scientists initially did not view the property of stable levitation as
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having serious practical applications. One reason for this was the low levitation pressures measured at that time, namely, p = 0.2 N/cm2. In spite of this skepticism, several laboratories around the world began to investigate levitation applications using YBCO. First, small rotors ( < 10 g) were spun to speeds of over lo5 rpm [Cornell University; see, e.g., Moon and Chang (199011; recently, they were spun to speeds of over 500,000 rpm by the Allied Signal Corporation. Then material scientists began improving the processing to where pressures of over 5 N/cm2 and higher were measured-a 25-fold increase. Soon laboratories in Japan and the United States were levitating much higher loads. At the ISTEC lab in Tokyo, they achieved 120 kg without rotation. Meanwhile, industrial laboratories built heavier rotary devices of 2-4 kg at speeds of up to 30,000 rpm. At the time of this writing (late 19931, there are plans for 100-kg levitated rotors at speeds of over 10,000 rpm for use as energy storage flywheels. Thus, we enter a new age of magnetic bearings using the levitation properties of new materials such as YBCO and bismuth-strontiumcalcium-copper oxide (BSCCO). The following sections will give a primer on the properties of these new materials and how they may be used in bearing applications. It is likely that in the next half decade, new superconducting materials will be discovered. Already mercurybased cuprates have demonstrated critical temperatures above 130 K. However, the issues raised below and the characterization tools are likely to remain valid.



Magnetic Forces Because both force and magnetization are vector quantities, one has to define the direction of the magnetic forces relative to the superconductor-magnet geometry. There are two basic configurations for bearings for rotary machines (see Figure 4-3): (1) trust bearing and (2) journal bearing. As is demonstrated below, it is desirable to have a magnetic field source which has symmetry about the axis of rotation. This leads to the use of cylindrically shaped permanent magnets (usually of the rare earth kind) for the rotor element. These magnets can be a solid cylinder or ring or shell-type geometry as shown in Figure 4-4, with the magnetization aligned with the cylinder axis of rotation or in the radial direction. For this magnet geometry the principal load (e.g., gravity) is aligned with the axis of rotation in the thrust bearing, and the load is transverse to the symmetry axis in the journal bearing.
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Figure 4-3 Passive superconducting bearing concepts. REM, rare carth magnet; HTS, high-temperature superconductor.



Figure 4-4 Three permanent-magnet shapes with symmetric magnetic fields suitable for high-temperature superconducting bearings.



Of course, one can design a hybrid bearing to take both axial and transverse loads. In any case, the bearing stator, which is the superconductor, need not be symmetric and can be fabricated in either a monolithic or discrete element configuration as shown in Figure 4-52. We begin our discussion with the thrust bearing configuration. In order to compare different materials, a standard test was developed at Cornell University (see Moon et al., 1988) where the test magnet was
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(6) ( a ) Permanent-magnet rotor with a three-element, high-temperature superconducting bearing. HTS, high-temperature superconductor. ( b ) , Spin-down time history in atmospheric pressure. [From Moon et al. (1993), with permission.]



Figure 4-5



much smaller than the superconductor. In this test the important geometric ratios were the aspect ratio of the magnets, the gap to magnet face diameter ratio, and the superconductor thickness to magnet length ratio. In this configuration one can then measure (a> the normal force as a function of distance and (b) the lateral force versus lateral displacement.
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Another control in these measurements is whether the superconductor was cooled below its critical temperature in the field of the permanent magnet (field-cooled) or zero-field-cooled. This distinction may be important in some superbearing designs because in operation the magnet may not be physically removed from the housing during the cooldown process.



Bearing Pressure One of the measures for comparison of the levitation properties of different superconductors is to use the average bearing pressure. This is the levitation force divided by the projected magnet area in the direction of the force. To get an idea of the limits to bearing pressure we can look at the ideal case of complete flux exclusion from the superconductor. This is equivalent to the interaction of two magnetic dipoles of opposite polarity as shown in Figure 2-8a with m , = -m2. The force of repulsion is given by the integral of magnetic pressure on a plane midway between the two magnets:



Neglecting demagnetization effects (see Chapter 21, we would obtain the maximum force when the magnets are touching pole face to pole face. Replacing each magnet by a point dipole at the center of each mass (separated by the magnet length L ) we obtain an estimate of the magnetic moment



m = -BS AL Pn



where A is the magnet pole face and B, is the average surface field on the magnet facc. The force between two opposing dipoles ( m , = -m2 = m ) is given by Eq. (2-2.6) (see Chapter 2):



Setting r = L and A repulsive force:



=



rD2/4, we find a rough estimate of the



F



2
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This clearly indicates that the measured bearing pressure F / A will be proportional to the magnetic tension stress on the face of the magnet pole. Thus, for a maximum field strength of B, = 0.5 T (which is typical for good rare earth magnets), one would expect bearing pressures on the order of 10 N/m2 (14 psi) depending o n the geometry of test magnet. This also indicates that beyond a certain J,. all superconductors will yield similar bearing pressures. Thus, the focus shifts from improving material processing to optimizing the magnetic field configuration. This is a lesson learned by earlier generations of electrical engineers, namely, that improved machines are linked to careful shaping of magnetic flux paths and geometry.
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The characterization of superconducting materials for levitation applications depends on the magnetic field intensity and distribution as well as on the local material properties and geometry of the superconductor. Physicists and material scientists tend to characterize materials in terms of local properties such as critical temperature T,, magnetization, or critical current J,. However, the levitation force between a field source and superconductor is an integrated effect. In order to specify material properties for candidate superconductors for bearings, it is necessary to be able to measure integrated properties such as magnetic force-distance relations, magnetic stiffness, and damping. To this end, a number of different measurement schemes have been developed. One such system is shown in Figure 4-6 which utilizes a cantilevered beam force sensor (Moon, 1990). The cantilever is employed so that the force sensor can be located some distance away from the cryogenic temperatures. In this system a test magnet is attached to the end of the beam and strain gages are secured to the beam at the clamped end to measure the strain produced by the magnetic force at the tip. The distance between the test magnet and the superconductor is measured by an optical sensing device. Both the strain signal and the position signal can be digitally stored for later analysis and can be displayed on an x-y plot showing magnetic levitation force versus distance between the magnet and the superconductor. To provide flexibility in the measurements, the clamped end of the beam is set on



CHARACTERIZATION OF LEVITATION FORCES IN HIGH-T,. MATERIALS



119



Strain Gage Rare Earth



-t Plotter



-Bridge



Figure 4-6 Schematic of system for measuring levitation force behavior of superconducting materials. [From Moon et a]. (1988) and Moon (1 990b), with



permission.]



a two-degree-of-freedom motorized stage which can move the test magnet normal or tangential to the test specimen surface. When the levitation force tests are used to evaluate superconducting materials, the test magnet is chosen to be smaller than the test superconductor. In this case the forces developed might be very small and the beam is designed to be flexible for scnsitivity. However, for prototype testing, often the test magnet and the superconducting bearing are of comparable sizes and the forces could be relatively large (e.g., 1-10 N). In this case a stiffer elastic beam sensor can be used. When the beam is very stiff, the displacement of the clamped end of the force sensor can be used as a measure of the test magnet-superconductor separation. Other systems employed to measure levitation force characteristics have also been used [see, e.g., Ishigaki et al. (19901, Johansen et al. (19901, Marinelli et al. (19891, Weeks (1989) and Weinberger et al. (1990bl.l Levitation Force Hysteresis



It has been observed in high-temperature superconducting ceramics that the induced current or effective magnetization behaves differently for increasing and decreasing applied fields (Moon et al., 19881
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Figure 4-7 Magnetization diagrams for Quench-melt-growth YBCO for different thickness samples. [From Murakami (1989d) with permission.]



(Figure 4-7). Thus it is no surprise that the levitation force behavior should depend on the applied field history. If the applied field is produced by a permanent magnet, then the magnetic force-distance relation should be hysteretic as can be seen in Figures 4-8. In Figure 4-8 the hysteresis implies that levitation against a fixed gravity force might be possible in a range of heights h , I h 5 h , depending on the magnet-superconductor separation history. Also, for certain ceramic superconductors, the levitation force can be either repulsive or attractive, depending on the separation history. If the applied field is produced by a direct-current coil, then hysteresis can result as the applied current or field is increased or decreased even when the coil-superconductor geometry is fixed. It has been noted in experiments that for certain melt-quench processed materials, the hysteresis effect decreases as the operating temperature is decreased below 20 K (see Chang, 1991). Levitation Force - Distance Relation It is interesting to note an apparent paradox in the observed force-distance relationship for a magnet levitated over a flat ceramic
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Figure 4-8 Levitation force versus distance from the surface of a free sintered YBCO specimen using a rare earth test magnet. (See Figure 4-6.)



superconductor. If the force were modeled as an interaction between two dipole magnets, then one should expect an inverse power law relation. However, experiments with small test magnets levitated over large ceramic superconducting show an exponential relation:



where z is the distance from the center of the test magnet to the superconductor surface. This is illustrated in a series of experiments shown in Figure 4-9 (Chang et al., 1990). Magnetic Stiffness As discussed in Chapter 1, stable levitation requires that the levitation force change proportionally as the separation distance increases or decreases. This change in levitation force is called the magnetic stiffness. For a cylindrical permanent magnet, there are five magnetic stiffnesses corresponding to the five degrees of freedom; heave, pitch,
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Figure 4-9 Levitation force versus vertical distance for free sintered YBCO superconductors as well as Bismuth and Thallium Cuprates (Chang et al., 1990, with permission).



yaw, lateral, and axial displacements. It is possible for one or more of these magnetic stiffnesses to be negative, which implies that the levitated body is unstable in that degree of freedom. The magnetic stiffness can be measured in two ways: a quasistatic test and a dynamic test.



Static Measurement In this method a test magnet is fixed to a force transducer as in Figure 4-6, and a reference force-distance curve is first taken as in Figure 4-8. This curve represents a magnet displacement cycle. To find the magnetic stiffness, small changes in the magnet position are made at different points around the cycle. When there is a large hysteresis in the force-displacement relation, the stiffness is not given by the derivative of the force-displacement curve, as can be seen in Figure 4-10. However, when the hysteresis is small, the slope of the force-displacement curve is a good measure of the stiffness. It should be noted that unlike the elastic stiffness in mechanical structures, the magnetic stiffness is a very nonlinear function of magnet-superconductor distance. An important curve that has been found experimentally is a relation between the magnetic stiffness K and the levitation force F : (Chang et al., 1990): K =



cF"
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Figure 4-10 Levitation force-distance properties for a sintered YBCO specimen showing magnetic stiffness loops. REM, rare earth metal. [From Moon et al. (19881, with permission.]



where a has typical values of 1.0 < a < 1.6, depending on the material and relative orientation of the test magnet and superconductor. Several examples are shown in Figure 4-11 for YBCO.



Dynamic Measurement This technique draws on the analogy with a mass on elastic spring. Here the elastic stiffness is related to the natural vibration frequency w,) and the mass rn:



k,



=



w 2, m



When the test magnet is supported by an elastic structure of stiffness k , , we suppose that the magnetic and elastic stiffnesses act in parallel and thus we obtain



k , + ~ = 2w m If we measure the elastic stiffness when the superconductor is normal, then k , = w i m and we obtain
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process, Argonne National Laboratory. This technique has been used in a number of experimental studies [see, e.g., Moon et al. (1989)l. In the study just cited, a comparison of both static and dynamic methods were made and a good agreement was found. Another study of the dynamic stiffness is that of Williams and Matey (1988).



Amplitude-Dependence of Magnetic Stiffness The nonlinear nature of the magnetic stiffness manifests itself in the fact that the measurements described above may be amplitude-dependent. Two such studies have shown, however, that the stiffness increases as the vibration amplitude decreases. A study of a sintered YBCO superconductor at 78 K conducted at Argonne National Laboratory (Hull et al., (1990) and Basinger et al. (1990) showed a dramatic increase in stiffness (up to 100%) as the amplitude decreased from around lo-' m to lo-' m. However, in another study by Yang and Moon (1992) conducted at Cornell University, using a melt-quench processed material, only a modest 10-2096 increase was found over the same vibration amplitude range. These results are summarized in Figure 4-12a, b. Suspension or Attractive Forces



In magnetic transportation systems, one can have either an attractive or repulsive levitation force. In stationary superconducting levitation,
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Figure 4-12 ( a ) Magnetic stiffness versus amplitude for free-sintered YBCO. [From Basinger et al. (1990), with permission.] ( b ) Stiffness vs. amplitude for melt-quenched YBCO. [Yang and Moon (1992) reproduced by permission of the American Institute of Chemical Engineers 0 1990 AIChE all rights reserved.]
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Levitation force versus vertical distance for a YBCO superconductor (melt-quench processed material) showing suspension force effect.



Figure 4-13



both repulsive and attractive or suspension-type forces are also possible. We recall here the basic expression for the magnetic force normal to a superconducting surface in terms of Faraday-Maxwell stresses:



where n indicates a component normal to the surface and t indicates a component tangential to the surface. A flux-repelling surface ( B , = 0) produces a magnetic pressure or repulsive force, whereas a flux-attracting surface ( B , = 0) results in a magnetic tension or attractive force. Superconductors in a Type I state (the Meissner regime) exclude flux, and therefore they can only act as a repulsive force generator. However, most applications involve the Type I1 state, B > BC1,and some flux penetrates the superconductor. Thus, some ceramic superconductors can exhibit suspension due to attractive forces as well as repulsion effects as seen in Figure 4-13. This is especially true for melt-quench processed materials which have a large magnetization loop with the ability to trap flux when the applied field is removed. This may have important consequences for the
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design of practical levitators. On the one hand the designer can take advantage of both effects to design both attractive and repulsive forces. On the other hand, one must be careful of the flux history; otherwise a repelling device might become an attracting one. A few papers that discuss magnetic suspension include Adler and Anderson (19881, Kitaguchi et al. (1989), and Politis and Stubhan (1988). In closing, one should point out that ordinary permanent magnets near ferromagnetic materials are attracting force devices. However, they cannot be used for stable levitation because of the instability expressed in Earnshaw’s theorem. Magnetic Damping The observation that a displacement cycle of a test magnet near a ceramic superconductor produces a hysteretic magnetic force suggests that the cycle is not reversible in the sense of thermodynamics and that energy is lost in each cycle. What holds for large displacements of the test magnet will also hold for small displacements during vibrations of a test magnet. This nonreversible process manifests itself as magnetic damping. Measurements of magnetic damping have been reported by Moon et al. (1989). Magnetic damping is produced regardless of whether the magnet vibrations are normal to or parallel to the superconductor surface. Typical data are shown in Figure 4-14. The damping is seen to increase as the flux density increases or as the test magnet is moved closer to the surface. A damping measure can be found by assuming that the decay is similar to a linear viscous damper:



rnz



+ c ( B ) i+ ( k , + K ) Z = 0



where the explicit dependence of c on the field is acknowledged. The nondimensional damping is defined as
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and is sometimes represented as a “percent of critical damping.” Critical damping results when oscillation motion changes to simple exponential decay ( y = 1). Measurements at low frequencies (2-20 Hz) suggest a relative damping of up to 10% critical damping for B =: 0.4 T for YBCO superconductors. There is some debate as to whether the damping is actually proportional to the velocity-that is, whether the viscous analog is correct.
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Figure 4-14 Damping versus distance for a vibrating rare earth magnet oscillating above a YBCO superconductor. [From Moon et al. (19891, with



permission.]



From lateral magnetic drag measurements (see below) there is evidence that the damping may be velocity-independent-that is, more like Coulomb dry friction damping. Theoretical studies of magnetic damping were still under development as of late 1993.



Lateral Magnetic Drag Force Magnetic forces normal to the surface of a superconductor generally involve either compression or stretching of magnetic flux lines as represented by the Faraday-Maxwell modcl [Eq. (2-2.2111. However, if a test magnet is moved parallel to the surface of a ceramic superconductor, the flux lines are sheared, resulting in a lateral magnetic drag force. This force has two parts: a reversible part represented by a lateral magnetic stiffness and a hysteretic or a magnetic drag force. An example of test measurements is shown in Figure 4-15. The large loop represents a hysteretic effect, whereas the small loops represent a stiffness effect. What is interesting about these measurements is that the lateral force seems to be asymptotic to a constant value which suggests a similarity to a Coulomb dry friction force. The asymptotic value seems to be independent of low values of the velocity.
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Figure 4-15 Lateral drag force versus distance for a YBCO superconductor. REM, rare earth magnet. [From Chang et al. (19901, with permission.]



An interesting result of these tests is that the lateral stiffness appears to be related to the drag force as shown in Figure 4-16. That the lateral stiffness should depend on the field intensity is shown in Figure 4-17, which shows a monotonic relation between lateral stiffness and the levitation force. Experiments on lateral magnetic forces depend on whether the superconductor is zero-field-cooled or fieldcooled. The above results are for the zero-field-cooled case. Further discussion of the magnetic drag or friction force may be found in Brandt (1988) and Johansen et al. (1991).



Rotary Drag Torque Imagine a cylindrical magnetic field generator (e.g., a permanent magnet or superconducting coil) levitated above or below a superconducting surface. Let us further assume that the magnetic axis of symmetry coincides with the spin axis of the levitated body. Then one can ask, “How does the superconductor react to the spinning magnet?” The answer in theory is that there should be no reaction torques on the spinning magnet if the magnetic field is perfectly symmetric. That is, torques are developed in reaction to a change in flux at the surface
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Levitation Force ( mN ) Figure 4-17 Lateral stiffness versus levitation force for YBCO and thallium-based superconductors. [From Chang et al. (19891, with permission.]



of the superconductor. Note that unlike the spinning magnetic body, the superconductor does not need to be symmetric in any sense. Of course in laboratory experiments, a rotating object would have aerodynamic or viscous drag torques. Also, the field generated by the levitated body might have some small asymmetry that will produce reaction or damping torques.
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Figure 4-18 Dimensions of a YBCO bearing system which achieved 120,000 rpm. [From Moon and Chang (1990), with permission.]



Experiments on the torque developed on a spinning levitated magnet have been carried out both in air and in vacuum (see Moon and Chang, 1990). The geometry is shown in Figure 4-18. At 1 atm pressure, the decay in angular frequency exhibits an exponential time history characteristic of a viscous torque. However, in a vacuum the decay in frequency shows constant deceleration which is characteristic of a force that is independent of velocity (Figure 4-19). Measurement
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Time (Sec ) Figure 4-19 Rotor spin frequency versus time in vacuum. [From Moon and Chang (1990), with permission.]
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of the field symmetry in the rotating rare earth magnet showed that the field had about a 5% asymmetry which is thought to be the source of the flux drag torque. Another source of torque on a spinning magnetic body could be small mutation or precession motions. When the rotor is unbalanced, or its initial spin is not aligned with its symmetric spin axis, the spin axis might translate or wobble, producing a small change in flux at the superconductor surface. When the spin rate is close to one of the lateral or rigid body natural frequencies, the rotary motion could couple into one or more of the other rigid body modes, thereby producing damping, This has been observed by Weinberger et al. (1991) at the United Technologies Research Laboratories in Connecticut. (See also Chapter 5.) Low-Temperature Levitation of High-T, Superconductors As observed in Chapter 3, the critical current capacity depends strongly on temperature, decreasing to zero as one approaches T, and increasing as one lowers the temperature toward that of liquid helium (4.2 K) (see Figure 3-1). It is not surprising that one should observe similar behavior in the levitation force between a permanent magnet and a ceramic superconductor. Yet few measurements of the levitation force in the range 4.2-78 K have been reported. One of the first appeared in the Ph.D. dissertation of P.-Z. Chang of Cornell University. Using a glass, low-temperature helium dewar, experiments were performed on two different melt-quench processed YBCO materials 10-12 mm in diameter and 2-5 mm thick (Figure 4-20). The test magnet was an SmCO, cylinder 6.4 mm long and 3.2 mm in diameter with a peak field of 0.35 T. Two results are noteworthy. First, the relative hysteresis in the force-distance curve was markedly reduced at lower temperatures. Second, the magnitude of the levitation force increased from 78 K to 4.2 ii (rigure 4 - ~ l j .'ihe increase was a factor or I L Tor a sinterea YBCO specimen and a factor of 7 for a melt-quench processed sample. For this sample, the magnetic pressure was on the order of 10 N/cm2 on the projected magnet area.



Levitation Force Versus Magnetic Field In most stationary experiments of levitation of magnets above ceramic superconductors, the test magnet has been a rare earth permanent
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Figure 4-20 Sketch of experimental apparatus for measuring levitation forces at low temperatures (4.2-77 K). [From Chang (19911, with permission.]
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Figure 4-21 Levitation force versus temperature for sintered (S) and melt-quench (MQ) processed YBCO. [From Chang (1991), with permission.]
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magnet. Thus, the only way to vary the field at the surface of the superconductor is to also vary the geometric distance between the two. However, one can also create levitation forces between a currentcarrying coil and a ceramic superconductor [see Moon (19921, Golkowski and Moon (1993).] In this case, the coil is also a superconductor, albeit at low temperatures. But the current, and hence the field, can be changed without changing the geometric configuration. Magnetic fields of up to 2 T can be created. Two experiments have been done at Cornell University: one with an Nb-Ti wire wound coil at 4.2 K, and the other with an Nb,Sn wire wound coil at 15 K (Figure 4-22a). The melt-quench processed YBCO superconductor had a diameter of 35 mm and a thickness of around 13 mm. The wire wound Nb-Ti superconductor cylindrical coil has 450 turns in 28 layers, with an outside diameter of 24 mm. The force-distance relation for a fixed current was found to be of an exponential form:



where z is the distance of the face of the coil from the superconductor. This is the same form as for a rare earth magnet (Figure 4-9). The dependence of the levitation force on the current (and, hence, on the applied field) was found to be close to quadratic as shown in Figure 4-226. This relation is to be expected, given the quadratic nature of the magnetic pressure as a function of magnetic field. The maximum field was on the order of 2 T in this experiment, and the maximum force was on the order of 30 kg or 300 N. A numerical calculation was made of the magnetic force based on a flux exclusion assumption. In this experiment, the superconducting ceramic was zero-field-cooled. Because at these low temperatures the critical currents are believed to be greater than lo4 A/cm2 and much higher than at 78 K, the superconductor is believed to act as a good flux repeller. Based on this assumption, the flux distribution should be as shown in Figure 4-23a. A calculation of the magnetic force versus stiffness shows excellent agreement with the experiment as shown in Figure 4-24. The distribution of repulsive magnetic pressure based on the flux repeller model shown in Figure 4-23a shows a concentration of magnetic pressure at the edge of the coil (see Figure 4-236).
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Figure 4-22 ( a ) Experimental apparatus for measuring levitation force between a bulk superconducting specimen and a superconducting coil. (6) Levitation force on a bulk YBCO superconductor vs. current in a superconducting coil. [From Golkowski and Moon (1993), with permission.]
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Force Creep Creep Force



One of of the the consequences consequences of of Type Type I1 I1 superconductivity superconductivity is is the the notion notion of of One flux creep [see, e.g., Tinkham (197511. In this theory, magnetic flux can flux creep [see, e.g., Tinkham (197511. In this theory, magnetic flux can superconductor over over time, time, thus thus weakening weakening the the screening screening diffuse into into a superconductor diffuse effect which which is is necessary necessary to to develop develop repulsive repulsive magnetic magnetic pressure pressure or effect
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Figure 4-23 ( a ) Calculated magnetic field distribution between a superconducting coil and bulk supcrconductor. ( b ) Distribution of repulsive magnetic pressure based on the flux repeller model shown in part a.
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Figure 4-24 Magnetic stiffness versus levitation force for YBCO with a superconducting coil field source. [From Golkowski and Moon (19931, with permission.J



levitation force. Macroscopically, this effect can be observed in the decrease of the levitation forces if a magnet is suddenly placed in the vicinity of a superconductor. An example of this effect is shown in Figure 4-25. [See also Moon and Hull (1990) and Moon et al. (1990).1 The data are for a melt-quench processed YBCO ceramic superconductor at 78 K. A small test magnet attached to a force transducer is



Figure 4-25 Levitation force relaxation versus time for a melt-quench processed YBCO specimen. [From Moon et al. (19901, with permission.]
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Time (s) Figure 4-26 Flux creep versus time for two MPMG processed YBCO samples with 211 phase (Y1.2) and without the 211 phase (Y1.0). [From Murakami et al. (19901, with permission.]



suddenly placed a few millimeters above the superconductor surface, and the time decay of the force is measured. The data in Figure 4-25 reveal a 5% loss in force after 3000 sec. If this decay is exponential, then the time required for next 5% loss to occur will be much greater than 3000 sec. This result was for the vertical levitation force. However, one can also see a similar effect for a change in lateral force due to a sudden movement of the test magnet in a direction parallel to the superconductor surface. The fundamental principle governing these force creep phenomena are believed to be related to flux-pinning theories. Also, magnetization relaxation in YBCO has been measured by Murakami et al. (1989b) in a quench-melt-growth YBCO sample at 78 K (Figure 4-26). Because the levitation force is proportional to the induced magnetization in a superconductor, it is not surprising to see these similar decay phenomena in both magnetization and levitation forces. Material Processing and Levitation Whereas the critical temperature (T,) in ceramic superconductors seems to depend on some fundamental structure of the material (e.g., the chains and planes arrangement of atoms discussed in Chapter 31, other properties such as critical current ( J , ) , magnetization, and levitation forces all seem to be process-sensitive. In a way, this has been fortunate because great progress has been made in increasing
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the magnetic force capability by systematically changing the material processing variables. One of the first studies of the effects of processing on levitation is the work of Wang et al. (19891, who varied the temperature and pressure in a sintered YBCO superconductor to optimize the levitation force. A 50% improvement was obtained. A later work is the study by Murakami et al. (1991) of the Japanese ISTEC Superconductivity Research Laboratory. They looked at five different processes for YBCO: sintered, melt-textured growth, quench-melt-growth, and two melt-powder-melt-growth processes. The results are shown in Figure 4-27. These processes were described in Chapter 3. The dramatic improvement of the MPMG processes specimens is attributed to the inclusion of a 211 nonsuperconducting phase (Y,BaCuO,) interspersed in the superconducting 123 phase. Murakami et al. claim that these particles act as pinning centers which, in turn, improve the intragranular J,. [See also Oyama et al. (1990).] The magnetic force depends on the effective magnetization. The magnetization depends on both J , and the size of the superconducting grains. Another study that attempted to show the importance of grain size was a joint project of Bell Labs and Cornell University (Chang et al., 1992). In this work, S. Jin of Bell Labs prepared a set of disk-like YBCO specimens with different average grain sizes ranging from 4 p m to 410 p m. Measurements of the magnetization showed a direct correlation with grain size. Also, the levitation force showed a monotonic increase in value with grain size as shown in Figure 4-28.



A



k 8



40



‘0 30 u.



-5 3 C



0



20



Levitation force versus distance of test magnet from YBCO samples. Effect of 211 phase and different processing methods. 30 [From Murakami et al. (19911, with permission.] Figure 4-27



10 0 0



10 20 Distance (mm)



140



PRINCIPLES OF SUPERCONDUCTING BEARINGS



1000 W



Magnet 0



s



.+



3



.d



h el



A X



10



1.6 mm 3.2mm 6.4 mm



4 a"



1 1



1000



100



10



Grain Size ( um ) Figure 4-28 Effect of grain size on levitation force in YBCO. [From Chang et al. (19921, with permission.]



1 000



$



n



W



100: D?bY



10 'i



Ihp



.



.



0



BdO



0



' 0



RAF330 S53121C SJ3121B SJ3121A S53 120C SJ3120B



A



1



I



Levitation Force ( mN ) Figure 4-29 Magnetic stiffness versus levitation force for YBCO samples with different grain sizes. [From Chang et al. (19921, with permission.]



Roughly, two orders of magnitude increase in grain size resulted in an order-of-magnitude increase in levitation force at 78 K. What is interesting, however, is that the magnetic stiffness-force relationship seemed to be independent of the grain size as shown in Figure 4-29.



Levitation Forces -Thickness Effect With levitation applications as a motivation, it is natural to ask the following question: How much bulk ceramic superconductor is neces-
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sary to achieve the highest possible levitation force for a given size magnetic field source? If the superconductor did indeed behave as a theoretical Type I Meissner material, one would only need a thin layer of the material under the magnet because the flux would be screened out from the interior. However, in a bulk ceramic material it is known that there is considerable flux penetration, and it is natural to ask how much material is needed or desired. This question has been addressed in two studies for the case when the test magnet is small compared with the superconductor. In these studies a small test magnet approximately 6 mm in diameter is brought to the surface of a cylindrical sample of YBCO of diameter D and thickness A , where D is on the order of 12-20 mm. In the first study by Wang et al. (1989) a sintered sample of YBCO was used. The superconductor thickness was systematically reduced by machining
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Figure 4-30 Effect of thickness of YBCO sample on levitation force.
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Figure 4-31 Levitation force versus distance for a YBCO thin-film sample.



from 12 mm to 1 or 2 mm. These results indicated that the force was constant until A = 5 mm but then dropped linearly with decrease in A . A second study by Moon and Chang et a]. (1992) was performed on a sample of melt-quench processed YBCO at the Catholic University of America. The results again show a drop-off in force measurement below 5 mm (Figure 4-30). Whether this thickness of 3-5 mm is characteristic of YBCO or depends on the magnet size is not known. Also, studies in which the test magnet is much larger than the superconductor have not been reported. A theoretical study of the thickness effect on magnetic levitation force has been published by Johansen et a]. (1990) and Yang (1992).



Levitation Forces in Thin-Film Superconductors



In contrast to bulk ceramic superconductors, which can be made many centimeters thick, thin-film superconductors are grown on a crystalline substrate to a thickness of a micron or less. In the case of YBCO the principal axis is aligned normal to the substrate. This alignment produces very high critical currents on the order of lo7A/cm2. This high value has been taken as the ultimate goal of bulk superconductors which at present have J, values in the range of lo4 A/cm2 at 78 K. Thus, for thin films a very small amount of superconductor
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should produce levitation forces comparable to a bulk conductor 102 times its thickness. Measurements of levitation forces in thin films have been conducted in our laboratory at Cornell using YBCO thin films with thicknesses of 0.2 and 1 p m . A typical force-displacement curve shown in Figure 4-31 shows a suspension effect almost as large as the repulsion effect. Also, the magnetic-stiffness relation for the thin film seems to be much higher than that for the bulk material (Figure 4-32). The apparently higher flux pinning in these thin films also seems to lead to higher magnetic damping. These results suggest that if these films could be made an order of magnitude thicker (10-20 pm), they could generate magnetic pressures comparable to those of bulk superconductors 1 cm thick. Also, thin-film levitation may play a role in overcoming the friction problems inherent in micron-sized micromachine devices.



CHAPTER 5



DYNAMICS OF MAGNETICALLY LEVITATED SYSTEMS They simply ride on a magnetic field. The logistics of it work just like a railway system.. . . But the tracks are magnetic, nothing at all like railway lines. The great thing about it is it’s all silent and computer controlled. -Fred Hoyle, October The First Is Too Late



5-1 INTRODUCTION



There are three types of dynamics problems in magnetically levitated systems which are application-specific: (i) anti-gravity levitation of a body with no motion, (ii) levitation of a spinning body with no translation of the center of mass, and (iii) levitation of a body in translation relative to a fixed guideway. The first two problems are typical of magnetic bearings for rotating machinery, whereas the third is attendant in problems of magnetically levitated transportation vehicles or projectiles. The second two problems have a similar attribute. Kinetic energy stored in rotational or translational motion can sometimes couple into the lateral, rigid body and elastic modes of the levitated body, which can lead to large oscillations and catastrophic failure. In designing a successful and safe levitation system, at least four specifications must be met:



1. The levitation system must equilibrate gravitational forces. 2. The system must be stable under small dynamic perturbations. 3. The system must be stable under occasional large perturbations. 144
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4. The system must provide sufficient damping to ensure “ride quality” in the face of relative motion of the bearing platform or guideway. The first requirement of equilibrating gravity is obvious, but for a levitation inventor the design process cannot stop there. As w e have seen in Chapter 2, the nemesis of Earnshaw’s theorem in electromagnetic systems requires one to look at the stability about the equilibrium point. For a rigid body this generally requires a positive magnetic stiffness for at least five of six rigid body modes. (In rotating systems we allow rotation about an axis, and in transportation systems we allow translation along the guideway without restoring forces.) We have seen earlier that a ferromagnetic body in the field of permanent magnets will have at least one negative magnetic stiffness. This means that although magnetic systems can be designed to counter the force of gravity, the body will move away from equilibrium if perturbed ever so slightly. This fact of nature regarding ferromagnetic forces has spawned the new field of actively controlled magnetic levitation which has had dramatic successes in creating stable levitation systems using feedback control to produce positive magnetic stiffness [see, e.g., Schweitzer (1988) and Allaire (199211. In superconducting magnetic systems, positive magnetic stiffness can be achieved without feedback, but it is not always guaranteed. What is unique about the dynamics of magnetically levitated dynamics vis-8-vis other suspension or bearing systems such as air-cushion, gas, or hydrodynamic bearings? The main features of magnetic forces are as follows: Long-range forces Hysteresis Nonlinear forces Active control (in feedback-based bearings) Self-feedback effects These characteristics have important implications for design of magnetic levitation devices. These properties relate to both ferromagnetically based and superconducting Mag-Lev systems. The unique characteristics of superconducting levitation include: Flux-exclusion and flux-pinning forces Flux feedback in persistent current wire wound magnets
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Thermal stability phenomena (especially in wire wound magnets) The ability to produce both repulsion and attraction forces in bulk high-temperature superconducting (HTSC) materials Damping forces due to flux drag Our description of the dynamics of levitated bodies follows similar treatments of rotor dynamics and vehicle dynamics, especially aircraft stability problems. We will examine two specific classes of problems: (i) the rigid body with a cylindrical symmetry axis and (ii) the vehicle in a guideway with a symmetric mass distribution on either side of the vertical plane. The following terminology is used: Heaue-motion normal to gravity Lateral or sway-motion in a plane normal to gravity and to either the magnet axis or direction of motion Pitch-rotation about the lateral axis Roll-rotation about the long axis of a vehicle or about the symmetry axis of a magnet Yaw-rotation about an axis aligned with gravity In both rotor dynamics and vehicle levitation systems, rigid body as well as flexible elastic degrees of freedom are possible. Thus, the number of degrees of freedom is, in general, greater than six. In this chapter we will only discuss the rigid-body modes, although in some important cases (such as flexible rotors) the elastic modes may indeed be important.



Literature Review It is not our intention here to cite all references on the subject of dynamics and stability of levitated objects. Some work before 1964 has been reviewed by Geary (1964). Also, the subject of actively controlled magnetic bearings has a large literature which will not be reviewed here. The reader should see Schweitzer (1988) or the recent proceedings of the Magnetic Bearings Conference held in Virginia (Allaire, 1992) The book by Frazier et al. (1974) discusses tuned circuit magnetic bearings developed at the Draper Laboratory in Cambridge, Massachusetts. A recent literature review on Mag-Lev transportation has been prepared by the staff at Argonne National Laboratory and contains many references to Mag-Lev vehicle dynamics (see He et al., 1991).
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Stabilify Of course the central study on the nature of magnetic and electric levitation is the paper of Earnshaw (1842) discussed in Chapter 1. This paper has been discussed in many books [see, e.g. Jeans (1925) and Scott (195911. However, another influential paper is that by Braunbeck (1939a) (in German). He attempted to prove that although Earnshaw’s conclusion about the impossibility of stable levitation is correct for ferromagnetic or paramagnetic materials, stable levitation may be possible in the presence of diamagnetic or superconducting materials. This was a very important statement for its time. However, the theoretical proof rests on the assumption of a small test body (or one with symmetry, so that it acts as a point body). Levitated bodies of technical interest are extended masses (e.g., vehicles) with inhomogeneous distributions of currents or magnetization. Very little work about the stability of rigid bodies in magnetic fields has been published, except for a few special cases to be discussed below [see, e.g., Tenney (19691, Homer et al. (1977)l. In the 1950s and 1960s a number of works were published on the stability of diamagnetic and superconducting bodies in static magnetic fields. In a few cases, magnetic forces were calculated and positive magnetic stiffnesses were shown to exist for certain geometries and configurations of levitated body and magnetic fields. Diamagnetic Levitation In a companion paper, Braunbeck (1939b) demonstrated experimentally that small diamagnetic bodies made of bismuth and carbon could be levitated in a static magnetic field. Waldron (1966) demonstrated diamagnetic levitation using a 3.8-g pyrolytic graphite sample and an electromagnet. An early paper on diamagnetic levitation is that by Boerdijk (1956). Superconducting Spheres and Cylinders An early demonstration of stable levitation with superconductivity material is that by Arkadiev (1945, 1947). The dawn of the space age in the late 1950s and 1960s spawned a series of papers on magnetically levitated superconducting spheres for gyroscope applications. Geary (1964) lists two patents of Buchhold of the General Electric Company in 1958. In one, Buchhold describes the levitation of a niobium (Nb) sphere levitated between ten Nb wire coils, each carrying persistent currents. He describes experiments in which the sphere is rotated to speeds of 40,000-50,000 rpm. An earlier report by Culver and Davis (1957) of the Rand Corporation (Santa Monica, California) describes a superconducting gyroscope having the same design as that of Buchhold.
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An extensive study of levitation of a superconducting sphere for a gyroscope application was carried out by John Harding and co-workers at the Jet Propulsion Laboratory, Pasadena, California, from 1960 to 1965. [See, e.g., Harding and Tuffias (1960) and Harding (1965a).] In these experiments both solid Nb and hollow spheres coated with Nb were levitated in the field of a set of superconducting rings. Harding (1965b) also calculated the perturbed magnetic forces on a superconducting sphere and established positive stiffnesses and hence stability. Another calculation of magnetic forces for a similar problem is given by Beloozerov (1966) in a Soviet physics journal. In another work of the same genre, Bourke (1964) described the levitation of a cylindrically shaped aluminum body plated with lead which superconducted at 4.2 K. The cylinder was levitated and rotated in the field created by 200 turns of superconducting Nb wire operated in the persistent current mode. Bourke also calculated magnetic stiffnesses from which one can calculate the natural frequencies (see below). Levitation of Superconducting Circuits Superconductor technology received a boost in the late 1960s and 1970s with efforts to develop magnetic fusion confinement systems. In one experiment at Princeton University, a superconducting ring was levitated in an axisymmetric field (File et al., 1968). This problem has been analyzed by Tenney (1969), who examined the magnetic forces and stability. An earlier study was done by Rebhan and Salat (1967) in Germany. Their conclusion was that a constant current loop cannot be stably levitated but that a persistent current superconductor may be stable under the proper geometry and field configuration. Another paper dealing with the magnetic energy of a set of current loops is that of Kozorez et al. (1976) from Ukraine. The magnetic stiffness of a circular superconducting coil in a toroidal magnetic field was calculated and measured by the author (Moon, 1979). Although the coil was supported by elastic springs, the experiment demonstrated that under constant current at least one magnetic stiffness is negative using the change in natural frequencies (see also Moon, 1980, 1984). Theoretical studies of levitated superconducting rings include Woods et al. (1970) and Marek (1990). Finally, in another Ukrainian paper, Mikhalevich et al. (1991) show that a rectangular superconducting loop can be stably suspended below a pair of direct-current (dc) filaments (Figure 5-1) when the loop operates in the persistent mode. Experimental confirmation of
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Figure 5-1 Sketch of the suspension of a superconducting coil under a pair of parallel dc-current-carryingwires. [After Mikhalevich et al. (1990.1



this levitation scheme is claimed. The authors propose this geometry for a Mag-Lev transportation system. High-T, Superconducting Levitation In most experiments and applications of bulk high-T, superconducting levitation, the flux density is larger than H,, and flux pinning and flux drag play a major role in the magnetic stiffness and other vibration properties. Thus, the dynamics of high-T, materials differ from either diamagnetic or pure Meissner ( H < H c l ) levitation. Soon after the discovery of YBCO in 1987, measurements were made of the natural frequency and damping as a function of magnet-superconductor gap (Moon et al., 1988). However, further vibration experiments have shown that the magnetic stiffness depends on the amplitude of the vibration. Basinger et al. (1990) of Argonne National Laboratory have measured an order-ofmagnitude increase in magnetic stiffness of sintered YBCO when the vibration amplitude decreased from 1 mm to 1 pm. The amplitude effect appears to be not as great for melt-quench processed YBCO according to experiments reported by Yang and Moon (1992). This amplitude-dependent vibration frequency demonstrates the nonlinear nature of superconducting levitation. Theoretical studies on the stability of levitation dynamics for high-T, superconductors have been given by Davis et al. (19881, Davis (1990) and Brandt (1990~1,as well as Nemoshkalenko et al. (1990b). Theoretical calculation of the natural frequencies of a levitated permanent magnet over a high-T, superconducting surface have been made by a group in Norway (Yang et al., 1989). Another group in Poland (Braun et al., 1990) have made corrections to the Norwegian calculations and
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Figure 5-2 Frozen-image model to determine the lateral magnetic stiffness of a permanent magnet levitated over a flat, high-T, superconducting (HTS) surface. [After Braun et al. (19901.1



have compared the results with experiments. For example, for a cylindrical magnet magnetized along its axis, they calculate the ratio of vibration frequency along the axis f,,to the frequency transverse to the axis and parallel to the plane of the superconductor f, to be f,,/f. = 6.Measurements on different-sized magnets show a ratio range of 1.3 to 1.9. The theoretical model used is sometimes called a “ frozen-image magnet” model (Figure 5-2). Thus when the magnet moves, the supercurrents are assumed to remain fixed in place, thereby creating a restoring force or magnetic stiffness. Another important effect in dynamics is magnetic drag or what some authors call magnetic friction (see Chapter 4 ) . Measurements of magnetic friction and force hysteresis have been measured by several groups [see, e.g., Moon et al. (1989)l. However, a group from the former Soviet Union at the Institute of Chemical Physics in Moscow has made some interesting observations of the effect of alternatingcurrent (ac) fields on levitation By placing a levitated superconductor (YBCO) first in an inhomogeneous static field and then turning on an alternating field of less than T, they claim to eliminate the hysteresis and produce “a unique position of stable levitation” (Terentiev, 1990). In another work they investigate the effect on the rotation of a levitated superconducting disk in a static field as one places a rotating magnetic field of different frequencies and intensities. The levitated body is observed to change its orientation (Terentiev and Kuznetsov, 1990). In a third paper (Terentiev and Kuznetzov, 1992), the Moscow
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group investigates the important problem of levitation height drift or sinking. In classical superconductor theory, one can calculate so-called flux creep due to thermal fluctuations of the superconducting vortex lines in the materials. Measurements by the Cornell group have shown an initial levitation sinking in the first seconds after levitation (Moon et al., 1990; see Chapter 4). However, the Moscow group speculates that in rotating magnetic bearings, small variation in the field will produce an ac field fluctuation. They expose a levitated YBCO sintered specimen to a small ac field (50-100 Hz) and demonstrate a drift or sinking of the levitation height. This has important consequences for magnetic bearing applications and deserves further study. However recent experiments at Cornell University using YBCO materials, processed in the melt-textured or melt-quenched process, show that long term flux creep is not a problem. Another important property for dynamics of rotating magnetsuperconductor pairs is rotational torques. Several groups [such as Moon and Chang (1990) and a group at Koyo Seiko Co., a bearing company in Japan (Takahata et al., 199211 have measured spin-down torques. An interesting magnetic levitation phenomenon in YBCO is the self-oscillation of a magnet levitated over a YBCO surface (Figure 5-3). This was first observed by a graduate student at Cornell (J. D. Wang) (see Moon et al., 1987) and has been demonstrated at many lectures given by the author. A disk-type magnet begins to oscillate slowly, and it eventually turns over and accumulates a net angular momentum. Several groups have tried to explain this phenomena [Martini et al. (1990), Ma et a]. (1991), and an unpublished work of John Hull at Argonne National Laboratory]. The assumption in these models is the interaction between the thermal gradient and the temperature properties of the magnetization of the magnet.



Figure 5-3 Sketch of the geometric arrangement for the self-oscillation of a rare earth magnet levitated above a YBCO superconductor. HTS, high-temperature supercon-



ductor.
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DYNAMICS OF MAGNETICALLY LEVITATED SYSTEMS



Another nonlinear effect in the dynamics of superconducting levitation is observation of period doubling and chaotic dynamics of a magnet levitated over a YBCO disk (see below; also see Moon, 1989). Oynamics of Superconducting Mag-Lev Vehicles Instabilities. In EML Mag-Lev systems, dynamics and stability are first-order problems of control design. We shall not review the large amount of literature on this problem [see e.g., Popp (1982a)l. In superconducting EDL systems the key dynamics questions are stability and ride quality. Although dynamic vehicle instabilities under magnetic forces have been predicted theoretically and have been observed experimentally in models, there seems to have been less concern or studies done on the stability of full-scale systems. For example, early experimental work of the author reported static and dynamic instabilities of a levitated model in a “V”-shaped rotating aluminum guideway at Princeton University (Moon, 1974, 1977, 1978). Similar instabilities were observed at Cornell University in rotating wheel experiments with a discrete back-to-back “L”-shaped aluminum guideway (Chu, 1982; Chu and Moon, 1983). In both cases the models used permanent magnets for the magnetic field source. Several types of instabilities were observed, including heave, pitch and heave, and a lateral-yaw or snaking instability (see Figure 5-41.The latter problem was analyzed in depth in a M.S. dissertation at Cornell (Chu, 1982). This analysis showed that the instability was related to the nonconservative magnetic drag force which produced a yaw moment when the vehicle moved laterally. Recently these experiments have been reproduced at Argonne National Laboratory by Cai et al. (1992) using the old Cornell rotating wheel apparatus. Also, analyses of films of the tests of the MIT Magneplane dynamics (Kolm and Thornton, 1972, 1973) seem to show similar lateral-yaw motions as well as pitching instabilities. Theoretical studies of EDL Mag-Lev instabilities can be found in the work of the Ford Motor Co. group (Davis and Wilke, 19711, who reported on the possibility of a growing vertical oscillation. Another similar study was by Fink and Hobrecht (1971). In the United Kingdom a group at the University of Warwick designed and built a split-sheet, EDL-levitated guideway model with a superconducting coil. They also studied the possibility of lateral instability in a theoretical study, though no experimental evidence was given (see Wong et a]., 1976, Sakamoto and Eastham, 1991). A later theoretical study
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Figure 5-4 Three classes of Mag-Lev vehicle instabilities.



by a Russian group in the Leningrad Railway Engineering Institute also showed the possibility of unstable heave dynamics (Baiko et al., 1980). While there is no doubt that such magnetomechanical instabilities exist, one of the factors missing in the analysis is aerodynamic damping. Also, linear synchronous propulsion forces might exert some magnetic stiffness. However, the fact that a dynamic stability analysis is rarely presented for the design of full-scale Mag-Lev vehicles is somewhat disturbing. Flight stability of aircraft is always one of the major design considerations [see, e.g., Seckel (196411. Ride Quality. What Mag-Lev designers seem first to worry about in the full-scale vehicle dynamics is ride quality. This comes in the form of two types of analyses. The first one assumes a rigid guideway with random departures from a linear track. In the second analysis the effect of a flexible guideway is taken into account. The latter is especially important for the design of an elevated Mag-Lev guideway.
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Early tests of EDL dynamics to perturbations in the guideway alignment were reported by the SRI group in California from their superconducting model tests (Coffey et al., 1974). Ride quality and dynamics of a full-scale system were also the subject of an early Ford study (Wilke, 1972). Reports of dynamics tests on the Japanese full-scale Miyazaki vehicles have been given by Yoshioka and Miyamoto (1986). Recently the U.S. Department of Transportation has sponsored a National Mag-Lev Initiative study to try to regain leadership in Mag-Lev development. In that study, vehicle-guideway interaction was a major component. One study by a group from MIT compared suspension characteristics of both EDL and EML systems on both rough rigid and flexible guideways (Wormley et al., 1992). Another study headed by Parsons, Brincherhoff, Quade & Douglas, Inc. (Herndon, Virginia) looked at a set of specific guideway structural designs (Daniels et al., 1992; see also Chapter 7). Mag-Lev Damping. While magnetic stiffness and guideway flexibility are important to Mag-Lev dynamics, magnetic and aerodynamic damping can be just as crucial. When a magnetic field source vibrates relative to a stationary conductor, eddy currents usually lead to damped vibrations. However, if the field source is also moving at a steady speed normal to the vibration direction, the magnetic damping can be reduced and may even become negative. Theoretical evidence for negative damping in an EDL system was first presented by Iwamoto et al. (1974). They looked at the case of a superconducting train magnet moving over a discrete loop track similar to the early Miyazaki test facility in Japan. Further, calculations for a sheet guideway were done by Ooi (1976). His calculations for a finite-width sheet guideway seem to result in positive or negative damping depending on the speed. Another theoretical paper on magnetic damping in EDL systems by Urankar (1976) of Siemens AG (Germany) shows that the damping decreases with speed. In an experimental and theoretical study the author showed that magnetic damping of a magnet, vibrating normal to a moving aluminum sheet conductor, indeed became negative when the aerodynamic damping is accounted for (Moon, 1977; see also Moon, 1984). These studies seem to show that in EDL systems an increase in forward speed does not increase the damping of vibrations and that some active damping may be necessary in full-scale systems to meet ride quality standards.



155



EQUATIONS OF MOTION



5-2



EQUATIONS OF MOTION



An introduction to the dynamics of magneto-mechanical systems may be found in the books by Crandall et al. (19681, Moon (1984) and Woodson and Melcher (1968). In classical dynamic analysis a distinction is made between different types of forces. This classification includes the following: 1. Conseruatiue: Forces that are derivable from a potential-that



is



(5-2.1) where ( q k )are a set of generalized displacements. Forces that are not derivable from a displacement are called nonconseruatiue. For magnetic forces, part of the force can be derived from the magnetic energy which acts as a force potential. 2. Dissipatiue: Forces that take energy out of the system-that is



where v is a velocity vector. Examples are eddy-current-induced forces and magnetic drag forces. 3. Gyroscopic: Forces that are not derivable from a potential function, but do no work-that is



Examples of this force include the moving charge in a magnetic field-for example, F=QvXB Also, when the equations of motion are written in body fixed coordinates, Coriolis and centripetal acceleration terms sometimes appear. Coriolis terms viewed as effective forces are gyroscopic. The importance of whether magnetic forces are conservative or not determines the nature of the dynamic analysis as well as the dynamic phenomena itself. Conservative forces often mean that variational methods, such as Lagrange’s equations, can be used. Also, the conservative property implies certain stability possibilities for the magnetic system. For example, a conservative problem cannot become unstable
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by the development of a limit cycle. The system has a limited number of instability paths; that is, any instability mechanisms are quasistatic in nature. On the other hand, velocity-dependent forces that supply positive work to the system can lead to dynamic instabilities. Newton - Euler Equations of Motion In the general theory of rigid bodies, one requires a description of the kinematic equations as well as of the equations of motion expressing the laws of linear and angular momentum. The latter may take the form of either the Newton-Euler formulation or one derived from a variational principle such as Lagrange’s equations (see below). Newton’s law for the motion of the center of mass rc(t) relates the acceleration rcto the magnetic, gravitational, and aerodynamic forces (Figure 5-52, b):



mi;,= rng



+ F, + F,



(5-2.2)



where g denotes the direction and magnitude of the gravitational constant. The angular motion of the levitated rigid body is determined by the rate of change of angular momentum L,. about the center of mass and by the moment M produced by the torques and forces acting about the center of mass:



Lc = M



(5-2.3)



It is usual to write L, in a coordinate system that moves with the center of mass and fixed to the body. The orthogonal unit axes {el,e,, e,) are chosen such that the second moments of mass distribution are the principal inertias of the body {Zl,I,, I J . The angular motion is described by an angular velocity vector: w =



Ole, + w 2 e 2 + w 3 e 3



(5.2-4)



Using this notation, the angular momentum is given by L,



=



Zlw,e,



+ Z,o,e, + Z,w,e,



(5-2.5)
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Figure 5-5 ( a ) Sketch of a levitated body showing gravitational, magnetic, and aerodynamic forces. ( b ) Sketch of a levitated body with magnetic and aerodynamic force resultants and moments. (c) Vehicle magnet coil and image coil due to induced guideway currents.



The resulting Euler’s equations then take the form



I,&,



+ (I, - 13)w2w3= M ,



1242



+ (1,



- I l > w %=



4



13h3+ ( I , - 12)u1u2 = M3



(5-2.6)
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In order to solve specific problems, h, w , and rc must be written in terms of translation and angular position variables. Also, M and F must be related through the geometry of the body. Lagrange’s Equations for Magnetic Systems



The formulation of equations of motion directly from Newton’s law requires a vector representation of the forces in the problem. However, when the forces are related to a potential function, such as the magnetic energy, the equations of motion may be derived from a scalar function called the Lagrungian [after the French-Italian mechanician J. L. Lagrange (1736-181311. In this method, one identifies a set of independent variables representing the degrees of freedom in the system. For a magnetomechanical problem, one can choose a set of N independent displacements {UJ and M independent magnetic fluxes (4,}. For example, the fluxes could be associated with M current loops, each carrying currents I k and supporting a voltage ek given by ’ 4 k



ek = -



at



(5-2.7)



where each circuit is assumed to be nonresistive (Figure 5%). In the method of Lagrange, a mechanical potential energy function V(U,) is assumed from which the mechanical forces in the system are derived: Fk



=--



av



(5-2.8)



auk



For example, in classical mechanics, a linear spring force F = -kU has a potential I/ = i k U 2 , and a gravitational force acting on a mass at a distance z above a reference has a potential function I/ = mgz. The extension of Lagrange’s method to nondissipative magnetic systems involves the assumption of a magnetic potential energy function W(+,, U,) defined by a variational principle. The variational principle for static problems that determines the balance of mechanical and magnetic forces is called the principle of uirtual work. It states that the change in both mechanical and magnetic energy functions under small changes in the independent variables {dU,, d 4 k } is equal to the change of work done on the system by external forces. When electric currents provide the energy input, the work done in a small
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time dt is given by



Using Eq. (5-2.7) we assume that the work done by these currents and voltages produces changes in the mechanical energy function V as well as in the magnetic energy W ; that is,



, and V 
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