In Proc. of the 1998 IFAC Workshop on Adaptive Control and Signal Processing, Glasgow, Scotland. 1

SUPERVISORY FIELD{ORIENTED CONTROL OF INDUCTION MOTORS WITH UNCERTAIN ROTOR RESISTANCE

xG. W. Chang, zJ. P. Hespanha, zA. S. Morse, xM. S. Netto^∗and xR. Ortega^†

xLab. des Signaux & Systèmes CNRS – Supélec – Univ. Paris Sud Plateau de Moulon 91192 Gif sur Yvette

rortega@lss.supelec.fr

FRANCE zCenter for Computational

Vision and Control

Yale University New Haven, CT 06520

morse@sysc.eng.yale.edu

USA

Abstract: It is well known that the performance of the (industry standard) field–oriented control (FOC) for induction motors is highly sensitive to uncertainties in the rotor resistance. In this paper we describe how to use the supervisory control ideas of Morse to obtain an adaptive implementation of FOC for current–fed machines. The unknown rotor resistance is assumed to belong to a discrete set, while the uncertain load torque ranges in a closed interval. Even though no restrictions are a priori imposed on the size of these sets, its definition reflects the prior knowledge of the designer, which is effectively incorporated in supervisory control designs. The supervisor selects from these sets the value to be applied to the FOC, a choice that is made by continuously comparing some suitably defined performance signals. We prove that the proposed supervisor achieves global stabilization of the system. To the best of our knowledge, this is the first globally convergent adaptive scheme for current–fed machines –which, by the way, largely dominate in practical applications. Some simulation results illustrate the properties of the scheme.

Keywords: Supervisory Control, Indirect Field-Oriented Control, Induction motors.

1 Introduction and problem formulation

In most practical applications induction motors are operated in the so–called current–fed mode. The behaviour of the machine in this operation mode is described by a third order model which expresses the rotor flux λ ∈ R^2 and the stator currents u ∈ R^2 in a reference frame rotating at the rotor angular speed

∗The work of M. Netto is sponsored by the Brazilian foundation CAPES.

†Author to whom all correspondence should be addressed.

ω as

P : λ̇ = −Rλ + Ru ω̇ = τ − τ_L τ = u^T J λ β = |λ| (1.1)

where τ is the generated torque, R ∈ R is the rotor resistance, which ranges in R ∈ [R_M, R_m], with R_m > 0, the load torque τ_L takes values in the interval T^△= [τ_{LM} , τ_{Lm}], and J = [ 0 −1 1 0 ] . The outputs to be regulated are ω and the rotor flux norm β, which should be driven to some constant values ω_∗ and β_∗ > 0, respectively, while ω is the only measurable signal.

Notice that, without loss of generality (see e.g. [2], [9]), we have set all parameters to one except R and τ_L, which we assume constant and unknown. We assume known, however, the interval in which they range. See [9] for a detailed derivation of this model from the textbook standard.

Field–oriented control (FOC) is the de–facto industry standard for high performance application induction motors. In its indirect formulation FOC is a nonlinear dynamic output feedback controller with a cascaded structure where the inner loop control consists of a rotation and the outer loop is typically defined via a PI regulator around the velocity error as

C(R̂) :

u = e^{J ρ} [ β_{∗τd} β� ]

= [ cos(ρ) − sin(ρ) sin(ρ) cos(ρ) ] [ β_{∗τd} β� ]

ρ̇ =^{R̂}_{β2�} τ_d

τ_d = − ( K_P +^{KI}_p ) e_ω e_ω = ω − ω_∗ (1.2)

Here p =^d_{dt} , R̂ > 0 is the constant estimated rotor resistance, and K_P , K_I > 0 are some tuning gains. We use the notation C(R̂) to underscore the dependence of the controller on the estimated rotor resistance. It is important to remark that, even though τ_L is unknown, the controller does not attempt to estimate it, since its effect is countered by the integral action, at least as long as it remains constant.

The following remark concerning the practical implementation of FOC is in order: the angle ρ, which plays the role of an estimate of the rotor flux angle, is generated as the output of an integrator whose input τ_d converges to a nonzero constant, therefore it grows unbounded. Since ρ is subsequently used as the argument of periodic functions, the windup problem is avoided by simply resetting the integrator.

In [2] (see also [9]) we have shown that the closedloop system (1.1), (1.2) has a unique equilibrium point if and only if 0 < R̂ ≤ 3R, which is satisfied in most practical applications. Furthermore, we prove this equilibrium is globally exponentially stable provided |R − R̂| is sufficiently small.^1 This establishes, via total stability arguments, that the scheme is robustly stable vis–à–vis variations in the rotor resistance, which are unavoidable in practical applications. However, extensive simulation and experimental evidence, e.g., [5], [11], [3], [9] have shown that

1Bounds on the allowable estimation error in terms of K_P , K_I and τ_L are also given in that paper.

performance and power efficiency are significantly degraded when there are large errors on the rotor resistance estimate. This stems from the fact that the main objective of field orientation is not achieved in this case [9].

A natural approach to solve this problem is to make the FOC adaptive by defining an update law for R̂. In this paper we achieve this end applying the supervisory control ideas of Morse [7], [8]. To this end, we define a discrete set of candidate resistance values

R^△= {R_1, R_2, · · · , R_N } ⊂ [R_M, R_m] (1.3)

with N ≥ 2, and assume that the actual rotor resistance belongs to this set,^2 i.e.,

∃ i_∗ ∈ N^△= {1, 2, · · · , N } : R_{i�} = R (1.4)

A supervisor, which selects the value to be applied to the FOC, is then set in place. The supervisor i) continuously compares some suitably defined performance signals and ii) uses in the FOC the estimated value whose corresponding performance signal is the smallest. The rationale underlying the supervisors operation is very simple: the nominal model whose associated performance signal is the smallest, “best” approximates the process behaviour and thus the corresponding controller ought to be able to control the process better. The origin of this idea is the concept of certainty equivalence. This is a well known heuristic idea central to the whole adaptive control literature whose role has been formally established for linear plants in [6] and extended to nonlinear systems in the recent paper [4]. See also [1].

The performance signals in supervisory control [7] are generated by designing an estimator for each member of R and evaluating their norm–squared output estimation error. This task is complicated in the present problem because, besides the uncertainty in R, the load torque τ_L is also unknown. Furthermore, not all state variables are available for measurement. To overcome these difficulties we need to implement a flux observer and simultaneously estimate R and τ_L. The main result of the paper is the proof that this new globally convergent adaptive observer, which is of interest on its own, together with the proposed supervisor achieves global stabilization of the system. To the best of our knowledge, this is the first globally convergent adaptive scheme for current–fed machines, which is, moreover, an “add–up” to the widely popular FOC, and not a radically new complicated controller that will hardly be adopted by practitioners.

2For all practical purposes we can relax this assumption to “R sufficiently close to a set member”. This can, of course, be ensured taking a finer grid, at the price of increased computational burden.

The remaining of the paper is organized as follows. In Section 2 we present the supervisory control scheme. The main result is presented in Section 3. In Section 4 we show some simulation results which illustrate the properties of the scheme. We wrap–up the paper with some concluding remarks in Section 5. 2 Estimator{based supervision

A block diagram describing the overall supervisory control system is depicted in Fig. 1. It consists of the induction motor model P : (u, τ_L) → ω (described by (1.1)), in closed–loop with the parametrized FOC C(R̂) : (ω, ω_∗, β_∗) → u (with dynamics (1.2)), whose estimated rotor resistance R̂ is generated by the estimator–based supervisor Σ : (u, ω) → R̂. We proceed now to derive the elements entering in the definition of Σ. To motivate our developments we will consider first in the next section a hypothetical case of known parameters. The supervisor is derived in Subsection 2.2.

Figure 1: Configuration of the supervisory control sys- tem

2.1 Observer design for the known parameter case

Assume for the moment that R and τ_L were known. In this case one could construct a nonlinear stateobserver for (1.1) using the equations^3

^̇λ = −Rλ̂ + Ru, (2.1)

^̇ω = u^T J λ̂ − τ_L − κ(1 + |u|^2)(ω̂ − ω), (2.2)

3Notice that we have introduced a weighting factor (1 + |u|2) in the correction term of the observers. The role of this term will be clarified in the next section.

where κ is any constant larger than^1_2 . In fact, with λ̂ and ω̂ so defined, one can show that the estimation errors

λ̃^△= λ̂ − λ, ω̃^△= ω̂ − ω, (2.3)

converge to zero exponentially fast for any piecewise continuous (possibly unbounded) input signal u. To see that this is so consider an arbitrary piecewise continuous input signal u. From (2.3) one concludes that ˙λ̃ = −Rλ̃, ˙ω̃ = u_T J λ̃ − κ(1 + |u|_2)ω̃, along solutions to (1.1), (2.1)–(2.2). Thus, defining the exponentially weighted Lyapunov-like function V = e^{γt} ( 1 2R |λ̃|2 + 1 2 ω̃^2 )

where γ is a positive constant, one concludes that along solutions to (1.1), (2.1)–(2.2), V̇ ≤ γV + e^{γt} ( −|λ̃|2 + |ω̃u| |λ̃| − κ(1 + |u|2)ω̃2 )

≤ γV + e^{γt} ( − 1 2 |λ̃|2 − κω̃2 − ( κ − 1 2 ) |u|2ω̃2 )

where we have used the Schwartz inequality. Therefore, one can conclude that V̇ ≤ −e^{γt} ( κ − 1 2 ) |u|2ω̃2 (2.4)

for any positive constant γ such that γ ≤ min{R, 2κ}. For such a γ, V must then be bounded and therefore both λ̃ and ω̃ converge to zero as fast as e^{− γ2 t}. Moreover, integrating both sides of (2.4), one further concludes that

Z_t 0 e^{γτ} |u(τ)|^2ω̃^2(τ)dτ ≤^2_{2κ−1} V (0), t ≥ 0 (2.5)

Now, for each piecewise continuous signal u (2.2) can be regarded as a linear time-varying system with inputs u^T J λ̂ + κ(1 + |u|^2)ω and −τ_L. Thus the same estimate ω̂ could also be generated by the 2- dimensional system

μ̇ = −κ(1 + |u|^2)μ + u^T J λ̂ + κ(1 + |u|^2)ω (2.6) ν̇ = −κ(1 + |u|^2)ν − 1 (2.7) ω̂ = μ + τLν (2.8)

We will see shortly that generating ω̂ as above is more convenient for our purposes. The following has been proved:

Proposition 2.1. Let γ be a positive constant no larger than min{R, 2κ}. For any piecewise continuous signal u and any initial conditions there exist positive constants c1, c2, c3 such that ∫_t 0 e^{γτ} (1 + |u(τ )|2)ω̃2(τ )dτ ≤ c1, |λ̃| ≤ e^{− γ2 t}c2, |ω̃| ≤ e^{− γ2 t}c3, t ≥ 0 along solutions to (1.1), (2.1), (2.3), (2.6)–(2.8).

2.2 Derivation of the supervisor

The previous proposition motivates the following multi-estimator

λ̇_i = −R_iλ_i + R_iu

μ̇_i = −κ(1 + |u|^2)μ_i + u^T J λ_i + κ(1 + |u|^2)ω ν̇ = −κ(1 + |u|^2)ν − 1 (2.9)

and performance signal generator^4

T_πẇ_i = −w_i + (1 + |u|2) ν2 2ν(μ_i − ω) (μ_i − ω)^2 (2.10)

where T_π is a positive constant no smaller than 1/ min{R, 2κ}. The time constant T_π plays the role of a forgetting factor of standard adaptive control [10].

For each pair {i, η} ∈ N × T we can then define a performance signal

π_{{i,η}}^△= Π(w_i, η) (2.11)

where Π : R^3 × T → R denotes the performance function defined by Π(w, η) = [ η2 η 1 ] w_i.

The above definitions of the performance signal generator and performance function are prompted by the observation that, with the π_{{i,η}} given by (2.11), T_ππ̇_{{i,η}} = −π_{{i,η}} + (1 + |u|2)(μ_i + ην − ω)2. (2.12)

and that from (2.8), (μ_{i∗} + τ_Lν − ω)^2 = w̃^2. Therefore, since 1/T_π ≤ min{R, 2κ}, Proposition 2.1 guarantees that for {i, η} = {i_∗, τ_L}, π_{{i,η}} converges to zero as fast as e^{−t/Tπ} . Thus, each π_{{i,η}} can be viewed as a measure of the expected performance of i and η as estimates of i_∗ and τ_L, respectively. In a supervisory control context it is then natural to regard the pair^5 {imin, τL_{min}}^△= arg min_{{i,η}∈N ×T} π_{{i,η}} = arg min {i,η}∈N ×T Π(wi, η) (2.13)

4The first component of each of the wi is generated by the same differential equation so the performance signal generator could be implemented more efficiently using a 2N + 1 dimensional system, instead of the 3N dimensional system in (2.10).

5The optimization in (2.13) can be trivially computed in a closed form because, for each value of i, Π(wi, η) is a quadratic function of η.

as an estimate of {i_{i�} , τ_L}. This is because the pair {imin, τ_{Lmin}} is at least “as good as” {i_{i�} , τ_L} as far as the values of the corresponding performance signals are concerned.

The algorithm used to generate R̂ is the scaleindependent hysteresis switching logic [1] and can be regarded as the hybrid dynamical system, with state σ^△= {σ1, σ2} ∈ N × T and output

R̂ = R_{σ1} , (2.14)

defined by the computer diagram in Figure 2. Here h is a pre-specified positive constant called the hysteresis constant, the π_p are defined by (2.11), and the pair {i_{min}, τ_{Lmin}} is defined by (2.13).

We shall require that the performance signal generator be initialized so that^6 π_{{i,η}}(0) > 0, ∀i ∈ N , η ∈ T (2.15) Because of (2.12), this guarantees that all the π_{{i,η}} remain strictly positive for all future times. This is used in the sequel to exclude the possibility of chattering.

Figure 2: Scale-independent hysteresis switching logic.

3 Main Result

Theorem 3.1.^7 Consider the induction motor model (1.1) in closed-loop with the multicontroller (1.2), the multi-estimator (2.9), the performance signal generator (2.10) and the switching logic in Figure 2 with output given by (2.14).

6This can be achieved, for example, by setting wi(0) = [a, 2b, c]T , i ∈ N , for some a, b, c ∈ R so that a > 0 and b^2 − ac < 0.

7For the complete version of the paper with the proof of this theorem please address to the authors.

For any initialization of the closed-loop system such that (2.15) holds, the solution exists in [0, ∞) and the signals λ, ω, v, ν, λ_i, μ_i, w_i, i ∈ N are uniformly bounded on [0, ∞). Moreover, ρ grows at most linearly with time and ω → ω_∗ as t → ∞ 8.

4 Simulations

With the goal of verifying the performance of the supervisor FOC described above several simulation tests were carried out. We consider the academic example reported in [3] where the (fixed parameter) FOC operates very close to the stability boundary predicted in proposition 4 of [2], and a small change in the rotor resistance drives the system to instability. This is illustrated in Fig. 3 where we have set K_P = 0.1, K_I = 1, β_∗ = 1, ω_∗ = 10, R̂ = 10, the initial conditions are all set equal to zero except ω(0) = 10.1 and the motor operates without load, i.e., τ_L = 0. The rotor resistance changes from its initial value R = 6, for which the closedloop is stable, to the instability region of R = 4 at t = 40. The theoretical stability–instability boundary in this case is R = 4.9. Fig. 4 shows the same experiment but with the supervisory FOC with N = 6, R = {2, 4, · · · , 12}, σ2(0) = 0.5 (note: σ2(0) is the initial estimate for τ_L) , R̂(0) = 10 and κ = 5, h = 0.02, T_π = 1/3.5. For the extreme points of the interval, to which the load torque τ_L belongs, we have fixed τ_{Lm} = 0 and τ_{LM} = 5. The initial conditions of w_i were chosen so that (2.15) holds. Their initial values were w_i(0) = [2, −2, 2]^T for i ∈ N . Notice that, after a very brief transient, the supervisor correctly estimates the resistance value and stabilizes the motor.

In a second test, we considered a situation where both the rotor resistance and the load torque change. The rotor resistance changes from its initial value R = 6 to R = 8 at t = 60 and the load torque changes from its initial value τ_L = 2 to τ_L = 3 at t = 20 and changes again to τ_L = 4 at t = 40. From Fig. 5, one can observe that the tracking as well as the correct estimation of the rotor resistance and the load torque are achieved with only brief burstings at the jump instants.

Finally, we investigated the sensitivity of the scheme vis à vis the filter time constant T_π. The simulations showed that, as expected due to a longer memory in the performance signals, when the value of T_π is increased, the transient becomes slower. On the other hand, if we set T_π to a very small value the switching is faster but exhibits significant dither.

8One would also like to prove that |λ| → β∗ as t → ∞ but this seems unlikely unless one can show that R̂ → R.

Other simulations with various values of κ and h confirmed that performance is less sensitive to these parameters.

5 Conclusions

We have presented in this paper an application of Morse’s supervisory control to induction motors with uncertainty in the rotor resistance. This is a problem of great practical importance which, in the authors’ opinion, had not found a satisfactory solution in the literature. Motivated by industrial practice we consider the case of current–fed induction motors and propose to adjust on line one parameter of the existing FOC. The overall scheme is shown to be globally convergent under the assumption that the actual rotor resistance belongs to a given discrete set and that the load torque ranges in some known finite set. Both assumptions are reasonable in applications. In spite of its apparent complexity the supervisor involves very simple operations, which can be easily implemented in modern DSPs with numerically robust algorithms. The performance of the scheme, as well as its sensitivity to the various tuning parameters, were tested via simulations. In a future paper we will report the application of this algorithm to the experimental set-up of the benchmark problem recently proposed in the literature.^9

Figure 3: Instability in the nonadaptive FOC due to a change in the rotor resistance.

9See the web site: http://www.supelec.fr/invi/lss/fr /personnels/ortega/benchmi/benchmi.html.

Figure 4: Stabilization with supervisory FOC

References

[1] Hespanha, J., Logic-Based Switching Algorithms in Control, PhD Thesis, Yale University, dec 1998, USA.

[2] de Wit, P., R. Ortega and I. Mareels, Indirect field–oriented control of induction motors is robustly globally stable, Automatica , Vol. 32, No. 10, pp. 1393-1402, 1996.

[3] Chang, G., G. Espinosa, E. Mendes, and R.

Ortega, On FOC of induction motors: Tuning of the PI gains for performance enhancement, IEEE Trans. Ind. Electr., (to appear). See also: IECON’97, New Orleans. LO, Nov. 1997.

[4] Hespanha, J. S. and A. S. Morse, Certainty equivalence implies detectability, To appear in Systems & Control Letters.

[5] Kim, K., Ortega, R., Charara, A. and Vilain, J., Theoretical and experimental comparison of two nonlinear controllers for current-fed induction motors, IEEE Trans. Cont. Syst. Techn., Vol. 5, No. 3, pp. 1–11, May 1997.

[6] Morse, A. S., Towards a unified theory of adaptive control – Part II: certainty equivalence and implicit tuning, IEEE Trans. on Aut. Contr., Vol. 37, No. 1, pp. 15–29, Jan. 1992.

[7] Morse, A. S., Supervisory Control of Families of Linear Set-Point Controllers - Part 1: Exact

Figure 5: Simultaneous change of rotor resistance and load torque

Matching, IEEE Trans. on Aut. Contr., Vol. 41, No. 10, Oct. 1996.

[8] Morse, A. S., Supervisory Control of Families of Linear Set-Point Controllers - Part 2: Robustness, IEEE Trans. on Aut. Contr., Vol.42, No. 11, Nov. 1997.

[9] Ortega, R., A. Loria, P. J. Nicklasson and H. Sira– Ramirez, Passivity–based control of Euler– Lagrange systems, Springer-Verlag, Berlin, Communications and Control Engineering, ISBN 1 85233 016 3, Sept. 1998.

[10] Sastry, S. and M. Bodson, Adaptive Control: Stability, Convergence and Robustness. Prentice-Hall, NJ., 1989.

[11] Taoutaou, D., Puerto, R., Ortega, R. and Loron, L., A New Field–oriented Discrete–time Controller for Current–fed Induction Motors, Control Engineering Practice, Control Eng. Practice , Vol. 5, No. 2, pp. 209-217, feb. 1997.