









	
 Home

	 Add Document
	 Sign In
	 Create An Account














[image: PDFKUL.COM]






































	
 Viewer

	
 Transcript













Attitude Recovery for Microsatellite via Magnetic Torque Weiyue Chen, Wuxing Jing, and Chaoyong Li



Abstract—The problem of the attitude recovery via three orthogonal magnetic torquers solely for a moment-biased microsatellite is investigated. Three orthogonal magnetic torquers are innovatively used to detumble the microsatellite and then recover the attitude. Feedback linearization method is adopted to obtain the linear attitude dynamics. Based on the linearization model a quasi PD controller is designed, meanwhile μ -synthesis control theory is adopted to synthesis the robust controller. The performance and robustness of the two type controllers are compared with the classical PD controller in a magnetic storm simulation scenario. The robustness superiority of the μ -synthesis controller over classical PD and quasi PD controllers is obviously.



I. INTRODUCTION



T



HE attitude recovery problem is an import aspect of the attitude control system for the microsatellite. Subjected to many factors, it is very difficult to complete attitude recovery using only the geomagnetism if the attitude deviation is very large. The pitch momentum bias aided attitude detumbling and recovery method developed herein is different form the classical attitude operation process, but it is proved to be more efficient for microsatellite in the attitude recovery operation stage in this study. Recently, many researchers devoted to the research of magnetic attitude control technology for microsatellite recently, such as Pasiaki [1], Wisniewski [2], [3], and Silani [4], etc. But a common base of these control methods is that the linearization of the attitude dynamics is performed about the equilibrium of nadir-pointing attitude and the orbit in which the microsatellite works is assumed as a circular orbit. These assumptions are rational when the attitude deviation is small, but they are not satisfied in the attitude recovery stage. In the attitude recovery stage, the attitude deviation of the microsatellite is far from the equilibrium of nadir-pointing. In this study the linear attitude dynamic model is obtained by feedback linearization without loss of nonlinearity. The external disturbance is very large when the microsatellite is tumbling as a result of attitude abnormity, so the robustness of the attitude recovery controller is an import aspect of the controller design. For attitude recovery controller, the classical proportion differential (PD) controller Manuscript received March 6, 2009. Weiyue Chen is with the Department of Aerospace Engineering, Harbin Institute of Technology, Harbin, Heilongjiang 150001 PRC (corresponding author, phone: 86-451-86418233; fax: 86-451-86418233; e-mail: willyurichenhit@ msn.com). Wuxing Jing is with the Department of Aerospace Engineering, Harbin Institute of Technology, Harbin, Heilongjiang 150001 PRC, (e-mail: [email protected]). Chaoyong Li, is with the Department of Electrical Engineering and Computer Science, University of Central Florida, Orlando, FL 32816-2450, USA(e-mail: [email protected]).



[5] and variable structure controller are usually used [6]. But the robustness of the controller is not considered directly and sufficiently in the controller design process [7].The are some literatures discussed the robustness of attitude tracking controller or stabilization controller [8], [9], [10], [11]. But literatures about robustness of the attitude recovery controller are rare. In fact, the unmodeled dynamics, the exogenous disturbance, the measurement noise, control input saturation, and the dynamics of implementation will affect the stability of the recovery controller and even make the system unstable. The magnetic torque rods can not torque about the local magnetic field direction. This direction moves in space as the spacecraft moves along an inclined orbit [1]. This feature is treated as implementation dynamics in the controller design. In this paper, μ -synthesis control theory is adopted to synthesis the robust controller which has enough stability margins in the present of exogenous influence described above. The novelty of this paper embodies in two aspects. First, the gyroscope rigidity is utilized to capture the orbital normal direction and attenuate the external disturbance for microsatellite. Secondly, the feedback linearization method is adopted to get the linear attitude dynamics and μ -synthesis control theory is used to enhance the robustness of attitude recovery controller. These are the main contributions of this paper. Because the interaction between the magnetometer and magnetic torquers, the magnetometer and the magnetic torquers are time-shared operated. Simulation verifies the feasibility and validity of the methods used. II. ATTITUDE RECOVERY OPERATION PROCESS The classical initial attitude operation sequence for microsatellite is detumbling-acquistion-spin up process. That means the fist step is attitude detumbling and the second step is attitude acquisition, at last the wheel mounted on the pitch axis is commanded to spin up. The classical initial attitude operation sequence takes long time before the satellite establishes three-axis stabilization state. The attitude recovery operation process developed herein is different form the initial attitude operation sequence though their goal is the same. The attitude recovery operation sequence is spin up-detumbling -acquisition. When the moment biased microsatellite is tumbling because of some abnormal situation, there may be a moment bias in the pitch axis. The wheel mounted on the pitch axis is spun up to its nominal angular velocity and then keep the angular velocity unchanged thereafter. The gyroscope rigidity is utilized to capture orbital negative normal orientation in the sequential process. This method will make the detumbling and acquisition process faster. After the moment-biased status reestablished, the magnetic moment proportional to the geomagnetism



changing rate [12] is generated by the magnetic torquers to detumble the satellite. The nominal bias moment can be chosen according Stickler’s linearization analysis [13]. III. LINEAR DYNAMICS MODEL OF ATTITUDE RECOVERY A. Kinematics and Dynamics Equation of a Rigid Microsatellite In this work, we consider the following configuration of the control implementation, that is, three orthogonal magnetic torquers plus a momentum- biased wheel which is mounted on the pitch axis of the body fixed frame. The quaternion is adopted to describe the attitude motion of the microsatellite. The quaternion q is defined as T



T φ φ ⎤ ⎡ q = ⎢ cos( ) e sin( ) ⎥ = ⎡⎣ q0 qT ⎤⎦ (1) 2 2 ⎦ ⎣ Where e is the Euler is axis, q0 is the scalar part and q is the vector part. The quaternion satisfy the following equation q02 + qT q = 1 (2) The quaternion kinematics equation is 1 1 q = q0 ω − ω× q 2 2 (3) 1 T q0 = − q ω 2 ω× is the skew matrix of the vector ω ,that is ⎡ 0 −ω z ω y ⎤ ⎢ ⎥ × −ωx ⎥ ω = ⎢ ωz (4) 0 ⎢ −ω y ω x ⎥ 0 ⎣ ⎦ Where ω x , ω y , ωz are the components of vector ω .The



attitude dynamics of the microsatellite is governed by the below equations, Iω + ω× ( Iω + H ) = Tc + Td (5) Tc = − Be× mc



Where I = diag ( I x , I y , I z ) is the principal moment of inertial; H = [0 H B 0]T is the moment of the wheel, H B is the biased



moment in the pitch axis; Td is the disturbance torque; mc is the control magnetic moment generated by magnetic torquers; Tc is the control torque, and Be× is the skew matrix of geomagnetism vector Be measured in the body fixed frame by magnetometer. In the attitude recovery stage, the control target is to drive the body fixed frame to get close to the orbital frame as much as possible, so the error quaternion is defined as T



qe = qt* ⊗ q = ⎡⎣ qe 0 qeT ⎤⎦ (6) Where qt is the quaternion representation of the orbital frame orientation with the inertial frame as a reference frame. qt* denotes the inverse of qt , ⊗ denotes the quaternion multiplication .They are defined as:



⎡ q q + q0 qt + qt × q ⎤ qt ⊗ q = ⎢ t 0 ⎥ T ⎣ qt 0 q0 − qt q ⎦ qt* = ⎡⎣ qt 0 −qtT ⎤⎦ The time derivative of qe is given by qe =



(7)



T



(8)



1 qe ⊗ ωe 2



(9)



Where ωe is defined as ωe = [0 ωeT ]T , ωe = ω − Pbr [0 −ω0



0]T



(10)



and Pbr is transfer matrix form the orbital frame to the body fixed frame.



B. Feedback Linearization of the Attitude Motion The traditional linearization method is the small deviation linearization [14], [15]. One can obtain a simple equation through this method, but nonlinearity feature of the plant is lost. That will cause larger model uncertainty in the attitude recovery stage. The feedback linearization method is used here to reserve the nonlinearity of the plant and get a linear system just for the controller design. The attitude motion equation can be written as an affine nonlinear system as following, x = f(x) + g(x)u (11) y = h(x) Where x is the state vector, g(x) is a smooth vector filed. h(x) is an output vector function and u is the control input vector. They are defined below. x =[ωx ωy ωz qe0 qe1 qe2 qe3]T , h(x) =[qe1 qe2 qe3]T ax x2x3 +bx x3 ⎡ ⎤ ⎢ ⎥ ay x3x1 ⎢ ⎥ 0 ⎤ ⎡1/ Ix 0 ⎢ ⎥ az x1x2 −bz x1 ⎢ 0 1/ I 0 ⎥⎥ ⎢ ⎥ y f(x) = ⎢0.5(−x5x1' − x6x2' − x7x3' )⎥, g(x) = ⎢ ⎢ 0 0 1/ Iz ⎥ ⎢ 0.5(x4x1' − x7x2' + x6x3' ) ⎥ ⎢ ⎥ ⎢ ⎥ 04×3 ⎣ ⎦ ' ' ' ⎢ 0.5(x7x1 + x4x2 − x5x3) ⎥ ⎢0.5(−x x' + x x' + x x' )⎥ 6 1 5 2 4 3 ⎦ ⎣ ⎡x1' ⎤ ⎡ x1 +2ω0 (x5x6 + x4x7 ) ⎤ Iy − Iz Iz − Ix ⎢ '⎥ ⎢ ⎥ 2 2 ⎢x2 ⎥ = ⎢x2 +2ω0 (x4 + x6 ) −ω0 ⎥, ax = I , ay = I , x y ⎢x3' ⎥ ⎢⎣ x3 +2ω0 (x6x7 − x4 x5) ⎥⎦ ⎣ ⎦ Ix − Iy



T HB H ,bz = B ,u =[ux uy uz ]T = ⎡⎣Tcx Tcy Tcz ⎤⎦ (12) Iz Ix Iz The relative degree of the nonlinear system expressed above is (2, 2, 2). One can get the state transform function as below [16], Ψ ij ( x) = Ljf hi (i = 1, 2,3, j = 0,1) (13)



az =



,bx =



Where L f (i) denotes Lie derivative. So the state variables of the linear subsystem are ξ = [ qe1



qe1



qe 2



qe 2



qe 3



qe 3 ]



T



(14)



It is easy to check that the distribution G = span{g1 g 2 g3 }



is an invariant distribution. And Lg qe 0 = 0 is established so qe 0 can be chose as the inner dynamics variable. If one differentiates the output twice, the following relationship can be obtained, y = α(x) + β(x)u (15)



Where α ( x ) and β ( x) are described below.



ξ 2 = α1 (ξ ) + α1 (ξ ) + β1v1 + β1v1



α(x) = [α1 (x) + α2 (x)]/ 2



ξ3 = ξ 4



⎡ ax x2 x3 x4 − ay x1x3 x7 + az x1x2 x6 + bx x3 x4 − bz x1x6 ⎤ ⎢ ⎥ α1 (x) = ⎢ ax x2 x3 x7 + bx x3 x7 + ay x1x3 x4 − az x1x2 x5 + bz x1x5 ⎥ ⎢−ax x2 x3 x6 − bx x3 x6 + ay x1x3 x5 + az x1x2 x4 − bz x1x4 ⎥ ⎣ ⎦



ξ 4 = α 2 (ξ ) + α 2 (ξ ) + β 2 v2 + β 2 v2 ξ5 = ξ 6 (20) ξ 6 = α 3 (ξ ) + α 3 (ξ ) + β 3 v3 + β3 v3 Where I x , I y , I z , ax , a y , az , bx , bz and ω0 represents the



⎡x1x4 + x3 x6 + (ω0 − x2 )x7 ⎤ ⎥ α2 (x) = ⎢⎢ α21(x) +α22 (x) ⎥ ⎢⎣ x3 x4 + (x2 −ω0 )x5 − x1x6 ⎥⎦



nominal parameters, I x' , I y' , I z' , ax' , a 'y , az' , bx' , bz' , ω0' represents



α21 (x) = (ω0 + x2 + 4ω0 x42 ) x4 + (4ω0 x4 x5 − x3 )x5 α22 (x) = 4ω0 x4 x6 x6 + (x1 + 4ω0 x4 x7 )x7 ⎡ x4 Ix −x7 I y x6 Iz ⎤ 1⎢ ⎥ β(x) = ⎢ x7 Ix x4 I y −x5 Iz ⎥ (16) 2 ⎢−x6 Ix x5 I y x4 Iz ⎥ ⎣ ⎦ The feedback linearization control input can be chosen as the form described below. u = β -1 (x)[ -α(x) + v ] (17) Note that: x4 β(x) = 8I x I y I z



if x4 ≠ 0 , and then (17) establishes without singularity. If the absolute of x4 is near zero, x4 can be replaced by a small value with the same sign as x4 . One can obtain the input-output linearization system as following 1 η = − (ξ1ξ 2 + ξ3ξ 4 + ξ5ξ 6 )



η



ξ = Aξ + Bv y = Cξ



flexibility dynamics, attitude measure noise, the error of implementation, the moment of inertial perturbation, bias momentum variation, and orbital angle velocity variation. Here, the attitude motion with parameter uncertainty is established. ξ1 = ξ 2



(18)



Where A, B, C are constant matrices expressed as follows.



⎡ A1 A = ⎢⎢ ⎢⎣



⎤ ⎡ B1 ⎤ ⎥ , A = ⎡0 1⎤ , B = ⎢ ⎥ A2 B 2 ⎥ i ⎢0 0⎥ ⎢ ⎥, ⎣ ⎦ ⎢⎣ A3 ⎥⎦ B3 ⎥⎦ ⎡C1 ⎤ ⎡0⎤ ⎥ Bi = ⎢ ⎥ , C = ⎢⎢ C2 ⎥ , Ci = [1 0],(i = 1,2,3) (19) 1 ⎣ ⎦ ⎢⎣ C3 ⎥⎦ IV. ATTITUDE RECOVERY CONTROLLER DESIGN



A. Attitude Motion with Parameter Uncertainty Equation (18) described the nominal attitude motion of the microsatellite. But at the attitude recovery stage, there are different kinds of perturbations, such as the unmodelled



actual parameters, thus one can calculate the perturbation term described as below. ⎡α1 ⎤ ⎡β1 ⎤ ⎡Δα1 ⎤ ⎢ ⎥ ⎢ ⎥ α = ⎢α2 ⎥ , β = ⎢β2 ⎥ , α = ⎢⎢Δα2 ⎥⎥ = 0.5( α11 + α12 + α2 ) ⎣⎢α3 ⎦⎥ ⎣⎢β3 ⎦⎥ ⎣⎢Δα3 ⎦⎥ ⎡(1 Ix' −1 Ix )x4 (1 Iy −1 Iy' )x7 (1 Iz' −1 Iz )x6 ⎤ 1⎢ ' ⎥ β = ⎢(1 Ix −1 Ix )x7 (1 Iy' −1 Iy )x4 (1 Iz − Iz' )x5 ⎥ 2 ⎢(1 Ix −1 Ix' )x6 (1 I y' −1 I y )x5 (1 Iz' −1 Iz )x4 ⎥ ⎣ ⎦ ⎡(ax' − ax )x2 x3 x4 + (ay − a'y )x1x3 x7 ⎤ ⎡ β1 ⎤ ⎢ ' ⎥ α11 = ⎢ (ax − ax )x2 x3x7 + (bx' −bx )x3x7 ⎥ , β = ⎢⎢ β2 ⎥⎥ ⎢ (ax − ax' )x2 x3 x6 + (bx −bx' )x3x6 ⎥ ⎢⎣ β3 ⎥⎦ ⎣ ⎦ ⎡ (az' − az )x1x2 x6 + (bx' −bx )x3 x4 + (bz −bz' )x1x6 ⎤ ⎢ ⎥ α12 = ⎢(a'y − ay )x1x3 x4 + (az − az' )x1x2 x5 + (bz' −bz )x1x5 ⎥ ⎢(ay' − ay )x1x3 x5 + (az' − az )x1x2 x4 + (bz −bz' )x1x4 ⎥ ⎣ ⎦ ⎡x1x4 + x3 x6 + (ω0' −ω0 − x2 )x7 ⎤ ⎢ ⎥ α21 + α22 + α23 α2 = ⎢ ⎥ ⎢x3x4 + (x2 +ω0 −ω0' )x5 − x1x6 ⎥ ⎣ ⎦



α21 = (ω0' −ω0 + x2 + 4ω0' x42 − 4ω0 x42 ) x4 α22 = (4ω0' x4 x5 − 4ω0 x4 x5 − x3 )x5 α23 = 4(ω0' −ω0 )x4 x6 x6 + (x1 + 4ω0' x4 x7 − 4ω0 x4 x7 )x7



(21) If the parameter perturbations are taken into account, (15) becomes y = v + ββ −1v + α − ββ −1α (22) The last three term of (22) are generated by the parameter perturbations. B. Quasi PD Attitude Recovery Controller Equation(22) can be rewrite as y = v + T(x) Where T(x) = ββ −1v + α − ββ −1α



(23) (24)



T(x) can be considered as a disturbance term. If the control input v has a proportion-derivative form, that is



v = −2ζωn y − ωn2 y



(25)



Then (23) becomes y + 2ζωn y + ωn2 y = T(x) (26) One can perform the Laplace transformation to get the transfer function from disturbance to output as below yi ( s ) 1 (i = 1, 2,3) = (27) Ti ( s ) s 2 + 2ζωn + ωn2 The subscript i means the corresponding component of the output and disturbance. ζ is the damping coefficient, and ωn is the natural frequency. The actual control input is u = β −1 ( x) ⎡⎣ −α ( x) − 2ζωn y − ωn2 y ⎤⎦ (28) It is some like proportion-derivative control laws which have classical form [5] as below u = K P q + K d ωe (29) In the above equations, K P and K d are constant. Whereas the quasi PD controller in (28) is variable gain proportionderivative control law to some extent.



geomagnetic filed, it compresses the field intensity on the surface of the earth. This rise initiates a magnetic storm which will weaken the geomagnetism, and the geomagnetic filed fully recovers in several days [17]. The attitude of the microsatellite may be out of control in this situation. So the attitude recovery controller should be operated normally in the mal-condition. It is difficult to model the magnetic storm exactly, but the percentage of the geomagnetism strength decrease at three orthogonal axes in body fixed frame can be considered to simulate it. To solve the two problems above, the uncertainty of the actuating mechanism should be considered. So μ -synthesis is introduced to design the attitude recovery controller for the purpose of increasing robustness and decreasing conservatism. The performance targets are to diminish the acquisition error, attenuate disturbance, and obtain robust stability in the present of actuator uncertainty and model uncertainty.



C. Attitude Recovery Controller Design via μ − synthesis The nominal linearization model of the attitude motion consists of three subsystems. And these subsystems are uncoupled, so we can design controllers for each subsystem individually. Take the first subsystem as an example, its state equation is ξ1 = ξ 2



ξ 2 = v1 y = ξ1



(30) This system is a double integrators systems, its bandwidth is null. Generally speaking, the respond speed of the output is proportional to the bandwidth of the system. In order to increase the system bandwidth and introduce damping, we adopt the linear combination transform described below v1 = b0 μ1 − a0ξ1 − a1ξ 2 (31) Then the nominal model after transformation is b0 y(s) = 2 (32) G (s) = μ1 ( s) s + a1 s + a0 In the real application of geomagnetism in attitude recovery for microsatellite, the control engineers have to handle two problems. The first one is that the magnetometer and magnetic torquers can not work at the same time. When the magnetic torquers are active, it will affect the magnetometer’s measurement accuracy of the geomagnetism greatly. So the magnetometer and magnetic torquers should be time-shared operated. In the odd sampling interval the magnetometers work to get the geomagnetism strength at three orthogonal axes in body fixed frame, the magnetic torquers are off; In the even sampling interval the magnetometers are off, meanwhile the controller and the magnetic torquers are active according to previous measurements. The second problem is that geomagnetism is affected by the solar wind frequently. When the solar wind encounters the



Fig.1 Closed-loop system for μ controller design



Figure 1 describes the closed-loop architecture. In Fig.1 G ( s) is nominal model defined by(32), G ' represents the augmented plant, and K ( s ) is controller to be designed.



W1 ( s ),W2 ( s ),W0 ( s ) and Wn ( s ) are weighting functions which describe the magnitude, relative importance, and frequency content of inputs and outputs. The performance weighting function W1 ( s ) avoids the saturation of the magnetic torquers and suppresses the high frequency gains. W2 ( s ) represents the relative significance of attitude acquisition error over different frequency ranges. W0 ( s ) represents the disturbance weighting function and Wn ( s ) represents the noise weighting function. Wact ( s ) is the dynamical property of the magnetic torquers in the frequency domain. The model uncertainty is represented by the weight Wunc , which corresponds to the variation of the actuator model uncertainty in frequency domain. Δ unc represents the uncertain linear time invariable dynamic object. w is disturbance input, d n is measurement noise, z1 is control weighting output, z 2 is attitude recovery performance output. Gzw is the transfer function matrix form exogenous influences (disturbance, measurement noise) to the performance output. Let Δ f denote the fictitious perturbation for performance evaluation, Δ denote the set of all scalar uncertainty and full block uncertainty as following



δ j ∈ ,Δj ∈



m j ×m j



S



F



, ∑ ri + ∑ ri = n i =1



(33)



j =1



Where n is the dimension of the augmented plant G ' . Apparently, Δα , Δβ , Δ unc are the members of Δ .The task of



μ -synthesis controller design is to find controllers K ( s ) which stabilize the closed-loop system and satisfy the following constrain: (34) sup μΔ p (Gzw ( jω )) ≤ γ ω ∈R



Where Δ p = diag{Δ, Δ f }. The feature of μ -synthesis controller is to decrease conservatism. D-K iteration method [18] is adopted to get the final μ -synthesis controller solution with the aide of the MATLAB function dksyn. Because the magnetometer and the magnetic torquers are time-shared operated, the μ -synthesis controller should be transformed to discrete form according to the sampling frequency. V. SIMULATION AND RESULTS



A. Simulation Scenario In order to evaluate the electric energy consumption of the three type attitude recovery controllers given above, the total energy consumption J is introduced as an evaluating indicator. 1 t J = ∫ mc mcT dt (35) 2 0 Where t is the attitude recovery time span and mc is the control magnetic moment. The simulation result in the scenario of magnetic storm is given below to show the attitude recovery performance of the controllers designed above. The geomagnetism is distorted to its original 40%~80% because of the magnetic storm. The magnetic storm is a dynamical process, so the decreasing proportion is uncertain but its upper and lower boundary is known. Assume the parameters of microsatellite are as following. Its total mass is 30Kg.The moment of inertial is I x = 1.2, I y = 1.6, I z = 1.3, I xy = 0.12, I xz = 0.13, I yz = −0.16 (The units are Kgm2). The remanence is less than or equal to 0.1A·m2. The max magnetic moment of each magnetic torquer is 10 A·m2.The microsatellite is launched to a near circle orbit.The orbital height is 300K.The orbital parameters are a = 6743.14Km, e = 0.0126, i = 40°, ω = 55°, Ω = 90°,θ = 35° . The momentum bias of wheel is chose as 0.4 Nms. The geomagnetism model is ten order of IGRF(International Geomagnetic Reference Field) 2005.The simulation is implemented in the MATLAB simulation environment simulink, different kinds of external disturbance are included, such as gravity gradient torque, drag torque, and remanence torque. The impact of the external disturbance forces on the orbit of the microsatellite is also taken into consideration, such as nonspherical perturbation term J 2 − J 4 , atmosphere drag and gravitational perturbation form sun and moon. The attitude measurement noise and geomagnetism measurement



noise are also included. The attitude measurement noise is 0.05°(3σ ) , and the angle velocity measurement noise is 0.005° / s (3σ ) .The geomagnetism measurement noise is 20 nT( 3σ ).The weighting functions are chosen as below: 67.003s + 0.2680 W0 = 0.3,Wn = 0.001, W1 = , Wact = 0.5, s + 0.4 356s + 0.356 0.3 W2 = ,Wunc = s + 0.12 50s + 1 The μ -synthesis controller solution got via MATLAB is



−7.9542( s + 5)( s + 0.4)( s + 0.02247)( s + 9.971×10−4 ) ( s + 4.989)( s + 0.577)( s + 0.3081)( s + 0.1)( s + 0.02001) while γ = 0.9986310 . The discrete controller got through discrimination with sampling time chose as 0.1 second is as below. −0.77307( z −1)( z − 0.9978)(z − 0.9608)( z − 0.6065) K ( z) = ( z − 0.998)( z − 0.99)( z − 0.9697)( z − 0.9439)( z − 0.6072) B. Simulation Results The simulation results for the magnetic storm case using three type controllers are summarized in table I and showed in Fig.2, Fig.3 and Fig.4. K (s) =



TABLE I SIMULATION RESULTS SUMMARIZATION



Terminal error (Unit for angle: ° Unit for angle rate: ° / s ) Classical (19.93,16.02,-13.94) PD (0.009,0.016,-0.015) Quasi PD (-3.85,-19.99,1.49) (0.013,0.015,0.006) μ -synthesis (-3.36,-19.98,-2.20) (-0.005,0.020,0.005)



Controller Type



Recovery Time (Unit :s)



Energy Consumption



2.867 × 104



1.140 × 106



1.940 × 104



7.915 × 105



1.366 × 104



5.743 × 105



Note: The fist row of the terminal error column of each controller type is attitude angle error, and the second row is attitude angle rate error



Fig.2 Attitude time history for classical PD controller



VI. CONCLUSION The simulation results show that the pitch axis all aligns with the negative orbital normal orientation eventually using three different attitude recovery controllers. The acquisition



performance of the quasi PD controller and μ -synthesis are better than the classical PD controller. The acquisition time and energy consumption decrease in the order of classical PD, quasi PD and μ -synthesis controller. Both theoretic analyses and simulation results embody the robustness of the quasi PD, and μ synthesis controller in an emergency of magnetic storm. Quasi PD controller is very simple, but the acquisition performance is inferior to the μ -synthesis controller. Whereas, the μ synthesis controller are a little complicate but its robustness is obviously superior to the quasi PD controller and the classical PD controller. Control engineers can choose the proper controller type according to the demand of real application.
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Fig.3 Attitude time history for quasi PD controller



Fig. 4.Attitude time history for μ -synthesis controller design
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