






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































A model for a thin magnetostrictive actuator

rem 14), there exists a limit point of the mapping Î¨ in the set B1 Ã— D1. This gives us the periodicity of the two state variables x2 and y1. In general, the fixed point ... 

















 Télécharger le PDF 






 273KB taille
 11 téléchargements
 452 vues






 commentaire





 Report
























A model for a thin magnetostrictive actuator R.Venkataraman, P.S. Krishnaprasad Department of Electrical Engineering and Institute for Systems Research University of Maryland, College Park, MD 20742 {venkat,krishna}@isr.umd.edu ∗



Abstract In this paper, we propose a model for dynamic magnetostrictive hysteresis in a thin rod actuator. We derive two equations that represent magnetic and mechanical dynamic equilibrium. Our model results from an application of the energy balance principle. It is a dynamic model as it accounts for inertial effects and mechanical dissipation as the actuator deforms, and also eddycurrent losses in the ferromagnetic material. We also show rigorously that the model admits a periodic solution that is asymptotically stable when a periodic forcing function is applied.
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Introduction



There is growing interest in the design and control of smart structures – systems with embedded sensors and actuators that provide enhanced ability to program a desired response from a system. Applications of interest include: (a) smart helicopter rotors with actuated flaps that alter the aerodynamic and vibrational properties of the rotor in conjunction with evolving flight conditions and aerodynamic loads; (b) smart fixed wings with actuators that alter airfoil shape to accomodate changing drag/lift conditions; (c) smart machine tools with actuators to compensate for structural vibrations under varying loads. In these and other examples, key technologies include actuators based on materials that respond to changing electric, magnetic, and thermal fields via piezoelectric, magnetostrictive and thermo-elasto-plastic interactions. Typically such materials exhibit complex nonlinear and hysteretic responses (see Figure 1 for an example of a magnetostrictive material Terfenol-D used in a commercial actuator). Controlling such materials is thus a challenge. The present work is concerned with the development of a physics-based model for magnetostrictive material that captures hysteretic phenomena and can be subject to rigorous mathematical analysis towards control design. In Section 2 we propose a model for magnetostriction that describes the dynamic behaviour of a thin rod ∗



This research was supported in part by a grant from the National Science Foundation’s Engineering Research Centers Program: NSFD CDR 8803012, and by the Army Research Office under Smart Structures URI Contract No. DAAL03-92-G0121 and under the MURI97 Program Grant No. DAAG55-97-1-0114 to the Center for Dynamics and Control of Smart Structures (through Harvard University).



actuator. It is a low (6) dimensional model with 10 parameters and hence is suitable for real-time control. The model incorporates features observed in a commercial actuator [1], like the hysteretic behaviour of magnetostriction as a function of the external field; dependence on the rate of the input, eddy current losses, inertial effects and mechanical damping effects. In Section 3 we analyze this model for periodic forcing functions. Using the Schauder Fixed Point Theorem, we prove that the solution is an asymptotically stable periodic orbit, when the parameters are subject to certain constraints.
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Thin magnetostrictive actuator model



We are interested in developing a low dimensional model for a magnetostrictive actuator. The main motivation is to use it for control purposes. Therefore the starting point of our work is Jiles and Atherton’s macroscopic model for hysteresis in a ferromagnetic rod [2]. In our model, we treat the actuator itself along with the associated prestress, magnetic path, to be a mass-spring system with magneto-elastic coupling. As we show later, our model is only technically valid when the input signal is periodic. However, this is the case in many applications where one obtains rectified linear or rotary motion by applying a periodic input at a high frequency to these actuators. For instance in our hybrid motor [3], we produced a rotary motion using both piezoelectric and magnetostrictive motors in a mechanical clamp and push arrangement. In an earlier work, we explored the connections between a bulk ferromagnetic hysteresis model and energy balance principles [4]. We present in this paper, an extension of this theory to include magnetostriction and eddy current losses. This is done by equating the work done by external sources (both magnetic and mechanical), with the change in the internal energy of the material, change in kinetic energy, and losses in the magnetization process and the mechanical deformation. δWbat + δWmech = δWmag + δWmagel + δWel {z } | Change in internal energy



+ δLmag + δLel + {z } | losses



δK |{z}



(1)



Change in kinetic energy



In Equation 1, δK is the work done in changing the



kinetic energy of the system consisting of the magnetoelastic rod, δWmag is the change in the magnetic potential energy, δWmagel is the change in the magnetoelastic energy, δWel is the change in the elastic energy, δLmag are the losses due to the change in the magnetization, and δLel are the losses due to the elastic deformation of the rod. The expression for δWmag will be given shortly. The elastic energy is given by Wel = 21 l x2 , where x is the total strain multiplied the length of the actuator. Chikazumi [5] derives an expression for the magnetoelastic energy density of a three dimensional crystal. It is of the form where the strain components multiply the square of the magnetization components. In our one dimensional case, we can similarly write down the following expression for the magnetoelastic energy Wmagel . Wmagel = b M 2 x V where b is the magneto-elastic coupling constant and V is the volume of the magnetostrictive rod. M is the average magnetic moment of the rod. The expression for the magnetic hysteresis losses δLmag is due to Jiles and Atherton. The motivation for this term is the observation that the hysteresis losses are due to irreversible domain wall motions in a ferromagnetic solid. They arise from various defects in the solids and are discussed in detail by Jiles and Atherton [2]. The mathematical consequences of this hypothesis is discussed in detail in our earlier work [4]. I δLmag =



˙ (1 − c) dMirr V k sign(H)



I δWbat =



µ0 H dM



Let an external force F in the x direction produce a uniform compressive stress in the x direction σ within the actuator. The total displacement of the edge of the actuator rod be x. Thus the mechanical work done by the external force in a cycle of magnetization is given by [6], I δWmech = F dx The total work done by the battery and the external force is I I δWbat + δWmech = V µ0 H dM + F dx We see that adding the integral of any perfect differential over a cycle does not change the value on the left hand side. Therefore, µI δWbat +δWmech = V



I µ0 H dM +



¶ I αM dM + F dx (3)



Equations 2 and 3 give,



+



H



V µ0



H



(H + α M −



2bM x µ0 )



dM



···
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(F − lx − c1 x˙ − mef f x ¨ − VbM ) dx = δWmag H ˙ (1 − c) dMirr (4) +V k sign(H)



Define the effective field to be, The line integral implies that the integration is carried out over one full cycle of the input voltage/current which is assumed to be periodic. The reason for this will be discussed shortly. The losses H due to mechanical damping are assumed to be δLHel = c1 x˙ dx. The change in the kinetic energy δK = mef f x ¨ dx. Therefore,



He = H + α M −



2bM x µ0



As the integration is over one cycle of magnetization, we have I I He dM = − M dHe



I It was observed in [4], that if M is a function of He then there are no losses in one cycle. This is the situation for a paramagnetic material where M = Man is given by Lang´evin’s expression as a function of He . Hence for the lossless case, the magnetic potential energy is given by, I δWmag = −V Man dHe



δWbat + δWmech = δWmag +



mef f x ¨ dx . . . {z } | δK I I I +V b M 2 dx + V 2 b M x dM + l x dx {z } | {z } | I +V |



δWmagel



I



δWel



˙ (1 − c) dMirr + k sign(H) c1 x˙ dx {z } | {z } δLmag



(2) Thus Equation 4 can be rewritten as



δLel



Now we obtain expressions for the left hand side of the above equation. For a thin cylindrical magnetostrictive actuator, with an average magnetic moment M , and an uniform magnetic field in the x direction H, the work done by the battery in changing the magnetization per unit volume, in one cycle, is given by



H ˙ (1−c) dM irr V µ0 (Man − M − k sign(µH) dHe ) dHe 0 H + (F − d x − c1 x˙ − mef f x ¨ − b M 2 V) dx = 0 Note that the above equation is valid only if H, M, x, x˙ are periodic functions of time. In other words, the trajectory is a periodic orbit. We now make the hypothesis



that the following equation is valid when we go from one point to another point on this periodic orbit. Red = R ˙ (1−c) dM irr V µ0 (Man − M − k sign(µH) dHe ) dHe 0 R + (F − d x − c1 x˙ − mef f x ¨ − b M 2 V) dx = 0 The above equation is assumed to hold only on the periodic orbit. Since dx and dHe are independent variations arising from independent control of the external prestress and applied magnetic field respectively, the integrands must be equal to zero. ˙ (1 − c) dMirr k sign(H) µ0 dHe mef f x ¨ + c1 x˙ + d x + b M 2 V



Man − M −



=



0



(5)



=



F



(6)



Jiles and Atherton relate the irreversible and the reversible magnetizations as follows [2], M



= =



Mrev dM dH



=



Mrev + Mirr . c (Man − Mirr ). dMirr dMan δM (1 − c) +c dH dH



(7)



where δM is defined by,   0 : = 0 :  1 :



H˙ < 0 and Man (He ) − M (H) > 0 δM H˙ > 0 and Man (He ) − M (H) < 0 otherwise. (8) Finally after some algebraic manipulations, the equations for the magnetostriction model are given by dM dt



=



kδ µ0



¡



kδ µ0



c



dMan dHe



+ δM (Man −M )



− δM (Man −M ) +



kδ µ0



c



dMan dHe



¢¡



α− 2µb x



mef f x ¨ + c1 x˙ + d x + b M 2 V = F



¢



dH dt



(9)



0



(10)



The inputs to the above set of equations are dH dt and F , while x is the mechanical displacement. A magnetostrictive material has finite resistivity, and therefore there are eddy currents circulating within the rod. Using Maxwell’s equations, we can derive the following simple expression for the power losses due to eddy currents. Peddy



The actual work done by the battery in changing the magnetization and to replenish the losses due to the eddy currents in one cycle is now given by I ¯ bat δW



= δWbat + Peddy dt I I = −V µ0 M dHe + Peddy dt



Figure 2 shows a schematic of the full model. The hysteretic inductor stands for the magnetostrictive actuator model.
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Qualitative analysis of the magnetostrictive actuator model



It is very important to note that the model equations (9 – 10) are only valid when all the state variables are periodic in time. What we mean, is that solution of the equations represent the physics of the system under these conditions. But, usually in practice we do not know apriori what state the system is in. Then can we use the above model? The answer in the affirmative is provided in this section. We show analytically that even if we start at the origin in the M − H plane (which is usually not ˙ on the hysteresis loop), and apply a periodic input H, we tend asymptotically towards this periodic solution. It was shown in an earlier work [4], that Equation (9) has an orbitally asymptotically stable limit cycle when b = 0 (no coupling) and the input is co-sinusoidal. The situation is much more complicated when the coupling is non-zero. It remains to be shown that there exists an orbitally asymptotically stable limit cycle for co-sinusoidal ˙ with b 6= 0. inputs H, 3.1



The uncoupled model with periodic perturbation



Before studying the full coupled system, we consider the effect of periodic perturbations on the uncoupled models. Define state variables,



V 2 lm B 2 + A2 = 2 N 8πρ B 2 − A2



where A, B are the inner and the outer radii of the rod, lm is its length, N is the number of turns of coil on the rod, and V is the voltage across the coil of the inductor. Hence the eddy current losses can be represented equivalently as a resistor in parallel with the hysteretic inductor. This idea is quite well known and a discussion can be found in [5]. From the above expression for the power lost, the value of the resistor is,



N 2 8πρ B 2 − A2 lm B 2 + A2



x1



=



H



x2



=



M



y1 y2



= =



x x˙



Let, z=



x1 + (α − a



Then the state equations are:



2 b g(t) µ0 ) x2



.



x˙1 = u.



(11)



x˙2 = f2 (x1 , x2 , x3 , x4 , g(t)) u



(12)



where the function f2 (·) is obtained by substituting the state variables in Equation (9) and g(·) for x(·). x3 = sign(u).   0 : 0 : x4 =  1 :



x3 < 0 and x3 > 0 and otherwise.



coth(z) − coth(z) −



(13)



1 z 1 z



− −



x2 Ms x2 Ms



>0 0.



(19)



Also 0 < c < 1.



(20)



Then the exists a solution to the system with initial condition x(0) = (0, 0). Moreover this solution is unique for all time t ≥ 0 and lies in the compact set [− Uω , Uω ] × [−Ms , Ms ]. Proof The proof is very similar to that of the system with b = 0 [4]. 2. From now on until the end of this section, it is always assumed that the parameters satisfy conditions (17-20).



x˙ = f (t, x, α ˜) ;



(t, x) ∈ D ⊂ R3



, and D is an open set. The state where α ˜ = α − 2 bµg(t) 0 x is 2-dimensional because the discrete states x3 and x4 are functions of x1 , x2 and u. Let the initial condition be (x1 , x2 )(0) = (0, 0). If gn → g in the uniform norm over [0, T ] where T is the period of f, then α ˜n → α ˜ . Consider the sequence of systems x˙ = fn (t, x) = f (t, x, α ˜ n ). As f is continuous in α ˜ , fn → f in the uniform norm if α ˜n → α ˜ (Theorem 8). The solutions of each of the systems {fn } and f exist and is unique for t ∈ [0, T ]. Then by Theorem 9, the solutions φn (t) of x˙ = fn (t, x) converge uniformly to φ(t) the solution of x˙ = f (t, x, α ˜ ) for t ∈ [0, T ]. Consider the time interval [T, 2T ]. We have shown that φn (T ) → φ(T ). Then again by Theorem 9, φn (t) → φ(t) for t ∈ [T, 2T ]. Thus we can keep extending the solutions φn (t) and φ(t) and obtain uniform convergence over any interval [mT, (m+1)T ] where m > 0. Therefore, for each m and ² > 0, there exists N (m) > 0 such that |φn − φ| < 3² ∀ n ≥ N (m). By Theorem 2 there exist asymptotically orbitally stable periodic orbits x ¯n of the systems x˙ = fn (t, x) and x ¯ of the system x˙ = f (t, x, α ˜ ). Hence for each ² > 0, there x − φ| < exists M ≥ 0 such that |¯ xn − φn | < 3² and |¯ ² ∀ m ≥ M and t ∈ [mT, (m + 1)T ]. 3 Hence for all n ≥ N (M ) and t ∈ [mT, (m + 1)T ] where m ≥ M, we have |¯ xn − x ¯| ≤ |¯ xn − φn | + |φn − φ| + |¯ x − φ| < ². Hence G is a continuous map. 2



3.1.2



Analysis of the uncoupled mechanical system



In this subsection, we consider the mechanical system with periodic perturbation given by Equation (15). We assume the homogenous system (that is, (15) with h(t) = 0) to be asymptotically stable. The relevant results are collected in the appendix. Theorem 4 Consider the system (15). If the eigenvalues of A have negative real parts and h(·) is an 2ωπ periodic function, then (15) has an 2ωπ periodic solution that is asymptotically orbitally stable. Proof This follows from Lemma 10 and Theorem 11 in the appendix. 2 Theorem 5 If the eigenvalues of A have negative real parts, then H is a continuous map. Proof This again follows from Lemma 10 and Theorem 11. 2 3.1.3



Analysis of the coupled magnetostriction model



In this section, we prove the existence of an orbitally asymptotically stable periodic orbit for the magnetostriction model. Let D1 denote the range of P2 ◦ G and B1 denote the range of P1 ◦ H. Thus P2 ◦ G : B 7→ D1 and P1 ◦ H : D 7→ B1 . Theorem 6 There exists a ¯b > 0 such that if |b| ≤ ¯b then P2 ◦ G : B1 7→ D1 and P1 ◦ H : D1 7→ B1 . Proof First we show that the sets B1 and D1 have the same structure as that of B and D respectively. Then we choose ¯b so that the domains and ranges of G and H s are suitably adjusted. Choose β1 = Ms and M1 = M 3a U in the definition of the set D. By Theorem 1, the elements of D1 are uniformly bounded by Ms . Let x ¯= ¯2 . R 1G g. Therefore P2 ◦ G g = x Now x ¯2 (t2 ) − x ¯2 (t1 ) = 0 x ¯˙ 2 (t1 + s (t2 − t1 )) (t2 − t1 ) ds by the Mean Value Theorem. As the parameters of the system (11 - 14) satisfy the conditions (17 - 20), the vector field f (t, x) u(t) is uniformly bounded. Therefore |¯ x2 (t1 ) − x ¯2 (t2 )| ≤ M1 |t2 − t1 |. Thus D1 has the same structure of D. Let y¯ = H h. Therefore y¯1 = P1 ◦ H h. The elements of B1 are uniformly bounded because H is linear in h2 and the functions h ∈ D are uniformly bounded. |¯ y1 | ≤ |¯ y | ≤ |P1 ◦ H| Ms2 = β2 . We need to choose ¯b so that α ˜ = α − 2µb0G defined in Theorem 1 satisfies Conditions (18) - (19). Such a non-zero ¯b obviously exists. Now R1 y¯1 (t2 ) − y¯1 (t1 ) = 0 y¯˙ 1 (t1 + s (t2 − t1 )) (t2 − t1 ) ds by the Mean Value Theorem. |y¯˙ | ≤ |A| β2 + b V β12 = M2 . Therefore |¯ y1 (t2 ) − y¯1 (t1 )| ≤ M2 |t2 − t1 |. Thus B1 has the same structure of B.



Our choice of ¯b > 0 ensures that if |b| ≤ ¯b then P2 ◦ G : B1 7→ D1 and P1 ◦ H : D1 7→ B1 . 2 We now return to the dynamic model of magnetostriction (9,10) and prove the main theorem of this paper. Theorem 7 Consider the dynamic model for magnetostriction given by Equations (11 - 16). Suppose the matrix A has eigenvalues with negative real parts and the parameters satisfy conditions (18-20) with the magnetostriction constant b ≤ ¯b defined in the statement of Theorem 6. Then there exists an orbitally asymptotically stable periodic orbit of the system. Proof The sets B1 and D1 are compact and convex by Theorem 12. Then B1 × D1 is compact in the uniform product norm by Theorem 13. Obviously it is also convex. Let Ψ be defined as, Ψ : B1 × D1 → B1 × D1 ; Ψ (x2 , y1 ) = (P1 ◦ H(x2 ), P2 ◦ G(y1 )). Then Ψ is continuous because P2 ◦ G and P1 ◦ H are continuous by Theorems 3 and 5, and the continuity of the projection operator. Then by the Schauder Fixed Point Theorem (Theorem 14), there exists a limit point of the mapping Ψ in the set B1 × D1 . This gives us the periodicity of the two state variables x2 and y1 . In general, the fixed point may not be unique, but when the initial state is the origin, the Ω limit set is unique by the uniqueness of solutions. Now, (y1 , y2 ) = G x2 and by Theorem 4, (y1 , y2 ) is an asymptotically stable periodic orbit. Also (x1 , x2 ) = H y1 and by Theorem 2, (x1 , x2 ) is an asymptotically stable periodic orbit. The other state variables (x3 , x4 ) are periodic because they are determined by x1 , x2 and u. 2



A



Mathematical Preliminaries



Theorem 8 If X and Y are normed linear spaces and f is a mapping from X to Y , then f is continuous at x if and only if for each sequence {xn } in X converging to x we have {f (xn )} converging to f (x) in Y . Theorem 9 Suppose {fn }, n = 1, 2, · · · , is a sequence of uniformly bounded functions defined and satisfying the Carath´eodory conditions on an open set D in Rn+1 with limn→∞ fn = f0 uniformly on compact subsets of D. Suppose (tn , xn ) is a sequence of points in D converging to (t0 , x0 ) in D as n → ∞ and let φn (t), n = 1, 2, · · ·, be a solution of the equation x˙ = fn (t, x) passing through the point (tn , xn ). If φ0 (t) is defined on [a, b] and is unique, then there is an integer n0 such that each φn (t), n ≥0 , can be defined on [a, b] and converges uniformly to φ0 (t) uniformly on [a, b]. Consider the homogenous linear periodic system x˙ = A(t)x



(21)



and the non-homogenous system x˙ = A(t)x + f (t)



(22)



where A(t + T ) = A(t), T > 0 and A(t) is a continuous n × n real or complex matrix function of t. Definition 1 If A(t) is an n×n continuous matrix function on (−∞, ∞) and D is a given class of functions which contains the zero function, the homogenous system x˙ = A(t)x is said to be noncritical with respect to D if the only solution of Equation (21) which belongs to D is the solution x = 0. Otherwise, system (21) is said to be critical with respect to D. The set PT denoting the set of T -periodic continuous functions is a Banach space with the sup-norm. That is, |f | = sup−∞ 
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