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Abstract. Additional actuator motion, constrained to the null-space of the Reaction Wheel Array (RWA) of an over-actuated spacecraft, can be exploited for learning system parameters without inducing large perturbations to the controlled body (e.g., spacecraft bus). In this paper a receding horizon optimization approach is developed to generate such a null-motion excitation (NME) that facilitates the identification of the actuator misalignments with perturbations that are local to the nominal trajectory and decreasing with the decrease in size of the parameter estimation error. The receding horizon approach minimizes an objective function that penalizes the parameter error covariance and the nullmotion excitation. The potential of the receding horizon approach to outperform the baseline null motion excitation algorithm proposed in an earlier publication is demonstrated through simulations. Keywords: Receding Horizon Control, Null-Motion, Parameter Identification, Reaction Wheel Assembly.
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Introduction



The on-orbit estimation of spacecraft parameters, such as Reaction Wheel Array (RWA) alignments, can reduce assembly, integration, and test (AI&T) time and eﬀorts necessary with detailed ground-based system identiﬁcation of spacecraft. Due to a possible loss of communications, or other operational constraints, it may not be possible to apply an arbitrary tumble to a satellite for system identiﬁcation. In these situations, the conditions required by many existing adaptive control and estimation techniques (see [1], [2], [3], [4], [5], [6], [7], [8], [9], [10] and references therein) to achieve both asymptotic tracking and asymptotic parameter identiﬁcation may not be satisﬁed. An approach to enhance on-board parameter identiﬁcation via null motion excitation (NME) has been ﬁrst proposed in [11]. In [11], an overactuated spacecraft with an RWA is considered, and it is shown that the spacecraft actuators can be coordinated in such a way that the convergence of estimates of parameters characterizing RWA alignments is enhanced, while the disturbance to the c Springer-Verlag Berlin Heidelberg 2015  D. Choukroun et al. (eds.), Advances in Estimation, Navigation, and Spacecraft Control, DOI: 10.1007/978-3-662-44785-7_25
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nominal spacecraft attitude maneuver is minimized. In other words, it is demonstrated that information about parameters can be gained by adding NME to a nominal forced trajectory relative to the case of the forced trajectory by itself (i.e., passive system identiﬁcation case). A local gradient approach was used in [11] to optimize the NME. In this paper, a receding horizon optimization is exploited to generate the NME. At each time instant, the NME sequence is optimized over a ﬁnite prediction horizon to minimize a cost functional that penalizes the predicted parameter error covariance and the NME excitation. The ﬁrst element of the optimized sequence is applied to the spacecraft. The optimization is repeated at the next time instant using the updated error covariance matrix as an initial condition. The proposed approach can be viewed as an on-board Design of Experiments (DoE) procedure, used to enhance persistence of excitation conditions without causing large disturbances. It is related to our earlier work on receding horizon optimization for simultaneous tracking and parameter identiﬁcation in automotive systems [12,13]. The receding horizon approach of this paper is compared to the local gradient approach of [11], and it is shown that the potential for faster convergence exists at the price of higher computational cost. The diﬀerences between the receding horizon approach proposed in this paper and the local gradient method of [11] are in the minimization of a cost function that penalizes the total covariance (i.e., parameter and measurement) matrix over the prediction horizon of Nc steps ahead while the approach in [11] corresponds to minimizing the parameter error estimated only one step ahead and by assuming perfect measurements.



Fig. 1. Four skewed RWA arrangement
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Spacecraft Dynamics Model



We consider a rigid spacecraft bus actuated by a Reaction Wheel Array (RWA) consisting of four axially symmetric ﬂywheels with negligible friction. See Figure 1. The total angular momentum of the spacecraft relative to its center of
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mass with respect to an inertial frame FE and resolved in a bus-ﬁxed principal frame FB is given by    H sc/c/E  = Jω + h, (1) B



where J is the spacecraft inertia matrix resolved in FB , ω is the angular velocity of FB with respect to FE , resolved in FB , and h is the angular momentum of the RWA resolved in FB . We assume zero external torque, and thus, the total angular momentum is conserved. The inertial time derivative of (1) yields  E•    H sc/c/E  = J ω˙ + ω × Jω + h˙ + ω × h = 0, (2)  B



where ω



×



is the skew-symmetric matrix representing the cross-product, and ∂h h˙ = ν˙ = Jα (θ)ν, ˙ ∂ν



(3)



where Jα (θ) is the Jacobian matrix, which is a function of actuator alignments parameterized by a vector θ, and ν = [ν1 ν2 ν3 ν4 ]T ∈ R4 is a column vector of four ﬂywheel rates. Following [11], we re-parameterize h is terms of components of RWA alignment unit vectors as (4) h = Y1 (ν)θ, where



  Y1 = Iw ν1 I3 ν2 I3 ν3 I3 ν4 I4 ,



I3 denotes the 3 × 3 identity matrix, and where θ ∈ R12 is the parameter vector to be identiﬁed. The NME approach is based on augmenting an excitation signal n(t) ∈ R4 to the nominal RWA control signal, D(t) ∈ R4 , so that ˆ ν˙ = D(t) − Γ (θ(t))n(t),



(5)  ˆ ˆ α (θ) ˆ , and J  = I4 − Jα (θ)J where I4 denotes the 4×4 identity matrix, Γ (θ(t)) α ˆ  (θ) ˆ = I3 . Note that the implementation of is the pseudo-inverse of Jα , Jα (θ)J α ˆ with the motivation that if θˆ = θ, then (5) is based on estimated alignments, θ, ν˙ = D(t) and the eﬀects of NME signal are zeroed out. Thus the overactuation capability of a 4 ﬂywheel RWA system can be used to enhance the parameter identiﬁability. The computation of the excitation signal n(t) is discussed in the next section.
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Receding Horizon Optimization of the Null Motion Excitation



A discrete-time receding horizon approach is used for the optimization of NME signal n(t) in (5). We use the notation a(t + k|t) to denote the predicted value of
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a variable a at the discrete time instant t + k when the prediction is made at the discrete time instant t. Using this notation, and based on (5), the discrete-time update equations for the ﬂywheel rates have the form ˆ ν(t + k + 1|t) = ν(t + k|t) + D(t)ΔT − Γ (θ(t))n(t + k|t)ΔT,



(6)



ˆ where ΔT is the sampling period, θ(t) ∈ R12 is the vector of the estimated reaction wheel alignment parameters, and n ∈ R4 is the null motion excitation signal that we determine through the receding horizon optimization. With the motivation of simplifying the optimization problem, and with the justiﬁcation that the nominal control law and adaptation are suﬃciently slow, we do not predict D and the parameter estimate changes over the horizon, thereby ˆ + k|t) = θ(t). ˆ assuming D(t + k|t) = D(t) and that θ(t Thus, in our approach, the term   ˆ α (θ) ˆ , ˆ Γ (θ(t)) = I − Jα (θ)J remains constant over the prediction horizon. The optimization of the NME sequence is performed over a receding horizon of length Nc so that n(t + k|t), k = 0, 1, · · · , Nc minimizes a cost functional of the form J=



Nc  



 trace(P (t + k|t)) + ρ · nT (t + k|t)n(t + k|t) .



(7)



k=0



In (7), P denotes the parameter error covariance matrix and ρ is a weight penalizing the size of NME. Once the sequence is computed, the ﬁrst element of it, n(t) = n(t|t) is applied as an excitation and the process is repeated at the next time instant, t + 1. By combining (1) and (4), one obtains a linear regression model for identifying the parameter vector θ, y = Y1 (ν)θ  + ,   (8) y = H sc/c/E  − Jω, B



  where H sc/c/E  − Jω represents the measurement, with the added measureB ment noise, . The assumption of y being a measured signal is reasonable given that ω is measured, J is known, the spacecraft orientation is measured and the 







total angular momentum vector H sc/c/E is conserved and is known at the initial time1 . It should be noted that because both noise processes are assumed to be Gaussian zero mean, the addition of Gaussian variables associated with the RWA encoder and gyro noises is also a Gaussian random variable. It is assumed that all ﬂywheel and gyro biases are removed separately from the attitude determination system. It should also be noted that the addition of two measurements 1







In case H sc/c/E is unknown at the initial time, it can be estimated along with θ using the approach developed in this paper.
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does not make use of the measurement covariance optimally in the Kalman ﬁlter (i.e., the diﬀerence in accuracy of the two diﬀerent sets of measurements is not exploited). Diﬀerencing of the measurements rather than considering separately was done to reduce the computation of the measurement covariance from a 7 × 7 matrix to a 3 × 3. To compute P (t + k|t) in (7), we use Recursive Least Squares (RLS)-based prediction of the parameter error covariance matrix, based on the equations K(t + k|t) =  −1 P (t + k − 1|t)Y1 (t + k|t)T × Y1 (t + k|t)P (t + k − 1|t)Y1 (t + k|t)T + R , P (t + k|t) = (I12 − K(t + k|t)Y1 (t + k|t)) P (t + k − 1|t) × (I12 − K(t + k|t)Y1 (t + k|t))T +K(t + k|t)RK(t + k|t)T , (9) where I12 denotes the 12 × 12 identity matrix and R = E[ (k) (k)T ] is the measurement noise covariance matrix. Note that Joseph’s form of the a posteriori error covariance matrix update is used in (9) due to its better numerical conditioning properties. In [11] a gradient type algorithm is used to update the parameter estimates. Here, for consistency with the RLS approach, updates of the form ˆ ˆ + 1) = θ(t) ˆ + K(t + 1|t)(y(t + 1) − Y1 (ν(t + 1))θ(t)), θ(t



(10)



are employed to extract parameter estimates.
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Simulation Setup



Simulations are now presented to demonstrate the improved performance of the new receding horizon solution for the NME. The four ﬂywheel RWA to be simulated has a non-orthogonal skew arrangement shown in Figure 1. The spacecraft and simulated maneuver parameters are J = diag(10, 20, 60) Iw = 0.001 ν(0) = [0 0 0 0]T ω(0) = [0 0 0]T D(t) = [0 sin(0.05t + π2 ) sin(0.01t + π4 ) 0]T



[kgm2 ], [kgm2 ], [rad/sec], [rad/sec], [rad/sec].



   Note that based on the initial conditions of the simulation, H sc/c/E  = 0. B



The initial parameter estimates and true RWA alignment parameters are given, respectively, by
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⎡



⎤ 0.7121 ⎢0.0928⎥ ⎢ ⎥ ⎢0.6959⎥ ⎢ ⎥ ⎢0.0928⎥ ⎢ ⎥ ⎢0.7121⎥ ⎢ ⎥ ⎢0.6959⎥ ˆ ⎢ ⎥, θ(0) = ⎢ ⎥ ⎢0.6845⎥ ⎢0.7290⎥ ⎢ ⎥ ⎢ 0 ⎥ ⎢ ⎥ ⎢0.9916⎥ ⎢ ⎥ ⎣0.1292⎦ 0



⎡



⎤ 0.7037 ⎢ 0.0693 ⎥ ⎥ ⎢ ⎢ 0.7071 ⎥ ⎥ ⎢ ⎢ 0.0693 ⎥ ⎥ ⎢ ⎢ 0.7037 ⎥ ⎥ ⎢ ⎢ 0.7071 ⎥ ⎥. ⎢ θ=⎢ ⎥ ⎢ 0.9952 ⎥ ⎢ 0.0980 ⎥ ⎥ ⎢ ⎥ ⎢ 0 ⎥ ⎢ ⎥ ⎢ 0 ⎥ ⎢ ⎣−0.7071⎦ 0.7071



(11)



The initial parameter error covariance matrix is assumed to be of the form, P (0|0) =



1 I12 , 3



where I12 is the 12×12 identity matrix. The covariance of the measurement noise in (8) has been estimated assuming 0.0005 rad/sec independent error standard deviations in measuring the components of the angular velocity vector ω, and 2 rad/sec independent error standard deviations in measuring the components of ν so that R = 10−3 × diag(0.0290, 0.1040, 0.9040). 4.1



Case 1: Baseline Adaptation Algorithm with no NME



The ﬁrst case to be simulated is the baseline adaptation algorithm of reference [11] which is speciﬁed, in continuous-time as, ˙ ˆ θˆ = γY1 (ν)T [−Jω − Y1 (ν)θ],



(12)



and where we choose γ = 10I12 . In this case, there is no excitation in the nullspace, and n(t) = 0. Results. The angular velocity of the spacecraft and RWA ﬂywheel rates are shown in Figures 2 and 3. The parameter error, shown in Figure 4, does not converge to zero. This is because the forced trajectory followed by the spacecraft does not ensure persistency of excitation. The angular momentum error of the spacecraft-RWA array system in Figure 5 asymptotically approaches zero.
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Fig. 2. The time histories of the spacecraft angular velocity components with an adaptation algorithm (12) and no NME
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Fig. 3. The time histories of the RWA flywheel rates with an adaptation algorithm (12) and no NME
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Fig. 4. The time histories of the parameter estimation errors with an adaptation algorithm (12) and no NME
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Fig. 5. The time history of the angular momentum error with an adaptation algorithm (12) and no NME
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Case 2: Baseline Adaptation Algorithm and Local Gradient-Based NME Solution



Following [11], the local gradient-based NME signal is now augmented to enhance excitation and facilitate parameter identiﬁcation. The parameters are estimated by (12), and NME signal, n(t), is generated in the direction of the gradient with respect to ν(t) of the objective function f=



3na 3na  



qiT (t)qj (t),



(13)



i=1 j=1



where na = 4 is the number of RWA actuators, and qi (t) and qj (t) are, respectively, the ith and jth columns of the matrix   N b −1 T T Q(t) = Y1 (t)Y1 (t) + Y1 (t − i)Y1 (t − i) . (14) i=1



Here Nb designates the past time window over which Q(t) is computed, and Y1 (t) depends on ν(t). The NME from this algorithm adds excitation to the system along the trajectory thereby providing more information and making it possible to identify the parameters of the system without considerably degrading commanded torque tracking performance. The objective function in (13) diﬀers from that of the proposed receding horizon approach. Speciﬁcally, (13) does not exploit prediction and minimization with respect to an NME sequence deﬁned over the multi-step prediction horizon. Furthermore, (13) assumes perfect measurements and does not penalize explicitly null space actuation. Results. The angular velocity of the spacecraft and RWA ﬂywheel rates are shown in Figures 6 and 7. The parameter error using this method is shown in Figure 8. Note that unlike the case without NME, the parameter error converges to zero, however, it has not converged suﬃciently over the time interval of 5000 sec. The angular momentum error converges with oscillations at the steady state as shown in Figure 9. The ﬂywheel actuation is shown in Figures 7 and the additional null motion added is shown in Figure 10. More details and discussion of the convergence of the parameters and the trajectory can be found in reference [11].
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Fig. 6. The time histories of the spacecraft angular velocity components with the baseline NME algorithm and adaptation algorithm given by (12)
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Fig. 7. The time histories of the RWA rates with the baseline NME algorithm and adaptation algorithm given by (12)
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Fig. 8. The time histories of the parameter estimation errors with the baseline NME algorithm and adaptation algorithm given by (12)
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Fig. 9. The time history of the angular momentum error with the baseline NME algorithm and adaptation algorithm given by (12)
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Fig. 10. The time history of the excitation signal n with the baseline NME algorithm and adaptation algorithm given by (12)
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Case 3: RLS Adaptation Algorithm and Receding Horizon NME Solution



The ﬁnal case in simulation is that of the NME solution found from a receding horizon optimization. Given that the method of choosing NME here is local but based oﬀ a larger than a single time-step horizon and that its objective function balances the NME actuation and error covariance, we expect that the receding horizon approach may perform superior to the local-gradient method in Section 4.2. Note also that in the receding horizon case, the noise in the measurements is accounted for in the covariance prediction. Results. To ensure that the excitation is maintained over time, the weight ρ in (7) is made time-varying and decreased at a linear rate to a constant value. See Figure 11. See also reference [13] for additional remarks. We set ΔT = 1 sec and we use the horizon Nc = 10 in (7). While shorter horizons can reduce the computational time and eﬀort, for the assumed levels of measurement noise shorter horizons produce slower parameter error convergence. The angular velocity of the spacecraft and RWA ﬂywheel rates are shown in Figures 12 and 13. The parameter error for the receding horizon method of NME exhibits faster parameter error convergence over 5000 sec time interval versus the local gradient approach, compare Figures 14 and 8. In addition, the angular momentum error is smaller than with the local-gradient method, compare Figures 15 and 9. Finally, the additional actuation is an order of magnitude less with the receding horizon approach than with the local gradient method, which is evident by comparing the null motion added in Figure 16 and Figure 10. Figure 17 demonstrates that the error covariance matrix is decreasing through plotting of the maximum 1-σ bounds on the covariance matrix. We emphasize that these results are not due to the diﬀerence between the parameter update laws (10)
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and (12); For instance, by setting n(t) = 0 and executing (10), the parameter estimates do not converge to zero, as shown in Figure 18. Even though the results are dependent on the choices of each algorithm parameters, they do indicate that the receding horizon approach has a potential to induce null motion excitation that facilitates fast parameter adaptation and smaller perturbations to the spacecraft albeit at a higher computational cost. The analysis of observability has been left out in this paper. For a detailed treatment of the observability of redundant/over-actuated systems see reference [14].
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Fig. 12. The time histories of the spacecraft angular velocity components with the receding horizon NME algorithm
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Fig. 13. The time histories of the RWA rates with the receding horizon NME algorithm
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Fig. 14. The time histories of the parameter estimation errors with the receding horizon NME algorithm
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Fig. 15. The time history of the angular momentum error with the receding horizon NME algorithm
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Fig. 16. The time history of the signal n with the receding horizon NME algorithm
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Fig. 17. The time history of the maximum 1σ standard deviation with the receding horizon NME algorithm
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Fig. 18. The time histories of the parameter estimation errors without NME algorithm
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Conclusion



The Null Motion Excitation (NME) takes advantage of the spacecraft actuation redundancy (over-actuation) to provide excitation for parameter estimation while minimizing the disturbance to the nominal spacecraft maneuver. A speciﬁc approach to NME is proposed in this paper. This approach is based on the receding horizon optimization of the excitation input to minimize the predicted estimation error covariance. Simulation results for the case of identifying alignments in the Reaction Wheel Assembly demonstrate that the receding horizon approach ensures faster parameter convergence versus zero excitation case, and that it has a potential to outperform a previously proposed algorithm in [11], albeit at a higher on-board computational cost. We note that the proposed approach may be viewed a variant of Design of Experiments (DoE) technique wherein nominal control signals are augmented with bounded excitation signals that improve parameter identiﬁability while satisfying the imposed constraints and minimizing the impact on the nominal spacecraft motion. The receding horizon framework is beneﬁcial as it facilitates re-optimizing the excitation trajectory every time the error covariance matrix estimate and parameter estimates are updated from the actual measurements. Our simulation results for the case of a spacecraft actuated by a reaction wheel array demonstrate clearly that the approach is eﬀective even though the current parameter estimates are used in determining the null space and in minimizing the spacecraft disturbance. While we consider the application of this null motion excitation strategy over ﬁnite intervals of time only, we note that more general receding horizon controllers can be applied over an inﬁnite time interval and can incorporate the penalty on tracking error in addition to the estimation error in the cost function. The analysis of closed-loop properties of such ’dual adaptive’ controllers is beyond the scope of the present paper and is left to future research. Several assumptions were made to simplify the treatment of the problem, that will be relaxed in future publications. Various enhancements will be pursued. In particular, an approach which uses a Gaussian sum in place of the predicted covariance for an objective function will be investigated. This is needed for accommodating certain sensors such as electro-optical sensors for which the measurement noise has a Poisson rather than a Gaussian distribution. Other developments will be concerned with applying this type of solution that incorporates NME to a slew of diﬀerent problems (e.g., CMG gimbal axis alignments). In addition, future work will compare the energy, power, and time associated with separate identiﬁcation maneuvers versus that of this approach. Acknowledgments. The authors gratefully acknowledge the contribution from the Air Force Oﬃce of Scientiﬁc Research under the lab task (LRIR11RV15COR) to support this research.
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