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Abstract
The objective of the paper is to analysis and design of micro-satellite detumbling control. As the satellite was separates from the launch vehicle into orbit around the earth, an initial high angular rate is generated. The paper focuses on robust attitude detumbling control to decrease the high three axis angle rate. Nonlinear spacecraft containing mismatched: thruster canted inaccuracy angle, the function of center of mass offset dependent on the thrusters are mounted a distance, the disturbing on the spacecraft may be attributed to gravity gradient, solar pressure, atmospheric drag and so on. The nonlinear controller is designed to achieve disturbance attenuation and to resist parameter uncertainty varying as well as asymptotically stability. The nonlinear controller is composite of pulse-width pulse-frequency modulated (PWPF) thrusters based on state feedback attitude control law. The solution of the nonlinear robust control problem is known to be related to the existence of solution to a Hamilton-Jacobi inequality. In the project, a solution for spacecraft attitude control is conjectured and shown to satisfy the robust criterion. The simulations show that the use of PWPF thrusters state feedback provides several important advantages over conventional bang-bang thruster control, including less thruster activity, smoother control action, and closed to linear actuation. The method is applied to the microsatellite orbit launched control problem to verify its effectiveness.
Keywords ：attitude detumbling control. pulse-width pulse-frequency modulated.
I.INTRODUCTION

The high angular rate or a tip-off rate of the satellite separates from the launch vehicle, to overcome detumbling problem the attitude control has received extensive attention in recent decades[1]. The satellite attitude control systems incorporate several types of actuators 1) momentum exchange devices: momentum wheels, reaction wheels, control moment gyros[2,3,4], 2) torque provide devices: magnetic coils, torque rods, thruster[5,6,7]. Thrusters are used in situations when disturbance torques exceed the control authority of momentum exchange devices or magnetic coils, torque rods, and are often capable of much faster readjustment maneuvers [8].

In order to achieve high pointing accuracy, thruster torque should be equal to command torque. Proportion thrusters, whose fuel valves open proportion to command thrust level are too complex and are rarely used for attitude control. The commonly used thrusters have constant thrust levels and are used in on-off mode, resulting in discontionuous and nonlinear control [9].

A wide rang of approaches have been proposed for attitude control of satellite using thrusters. The simplest method is the bang-bang control [10,11]. Based on the simple bang-bang control, a time–optimal bang-bang controller has been designed to minimize the pointing time and to increase the robustness to unknown parameters [12].  However, bang-bang control requires excessive thruster action, often interacting with the flexible mode of the satellite and resulting in limit cycles. Therefore bang-bang control is not commonly used. On the contrary, pulse modulators are commonly employed due to their advantages of reduction of propellant consumption and production of near linear duty cycle. In general, pulse modulator produce a pulse command sequence to the thruster valves by adjusting pulse width. 

The prototype PWPF modulator consists of two components: one is a first order low-pass filter, the other is a Schmitt trigger, both inside the feedback loop. The modulator has the advantages such as closed to the linear operation, high accuracy and adjustable pulse-width and pulse frequency which provide scope for advanced control. Unfortunately, a Schmitt trigger is simply an on-off relay with a deadband and hysteresis. On the other hand, the rather unique and inherent nonlinear and discontinuous characteristics of PWPF modulators give rise to challenges in the stability analysis of satellite attitude control systems. Stability results for PWPF feedback systems with linear plants have been established by a variety of methods [13,14,15], with linearization nonlinear plants and PWPF modulators [16].

There have been a several papers reporting 
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control technique for the mismatched uncertainty/disturbance [17,18]. The study of robust control for a nonlinear spacecraft containing mismatched: thruster canted inaccuracy angle, the function of center of mass (CM) offset dependent on the thrusters are mounted a distance, the disturbing on the spacecraft may be attributed to gravity gradient, solar pressure, atmospheric drag and so on. Both uncertainty and disturbance has been adequately addressed or discussed in the literature. Developing a robust controller for satellite attitude control has become an important engineering issue due to limited resources (thruster fuel) subject to input nonlinearities (PWPF), disturbances and parametric uncertainties (moment inertia variation), and time. The concern of worst cases moment inertia variation is surmounts. At the same time, the uncertainties of mass offsets and thrust misalignments must be take into account. 

The rest of the paper is as follows: Section II presents the problem formulation of the spacecraft thruster control. Section III briefly describes the nonlinear robust control theory. The PWPF  presents and analyzes in section VI. Section V synthesis of robust controller are present. Simulation and Analyzes the results in Section VI. Section VII concludes the paper.

II.Problem Formulation of Thruster Control
In the section, the dynamics of spacecraft thruster control model are derived and the control design problem is formulated. The four thrusters of the spacecraft are mounted on the 
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 of the satellite in each corner of a square, in Figure 1(a). This is illustrated schematically in Figure 1. The side length is
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 thrust mounting geometry misalignments, as depicted in Figure 1(b). The thrusters point primarily along z-body axis, but canted 
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 from the z-axis to produce moments about the z-axis, 
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 is thruster canted inaccuracy angle. The arrows in the left-hand side of Figure 1(c) indicate the direction of force generated by each thruster in the body x-y plane. A combination of thrusters 2 and 4 produce +z torque, while 1 and 3 produce a 
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 torques. Other thruster combinations produce torque about the y and z axis. During thruster burning in attitude control, the momentum of the satellite is change rapidly. As fuel tank in the satellite geometry center, the function of center of mass (CM) offset dependent on the thrusters are mounted a distance with uncertainty. Since the thrusters are mounted at a distance 
[image: image8.wmf]ll

-+D

 along the –z axis from the satellite center of mass (and coordinate system origin), 
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 is the center of mass offset. The thrusters are canted such that the force vectors are at 
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 to the principle axes in the x-y plane. For small
[image: image11.png]Figure 1: Thruster Mounting Geometry
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. The unit thruster force vectors are indeed
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Where 
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 be, respectively, the thrust generated in each thruster torque on the spacecraft is
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in which
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 are the moment arm and thruster force direction vector of each thruster, respectively. Let
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  The variable 
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 is the thruster command, which is also the control input to be designed.

The dynamics of the spacecraft satellite is described by the equation of motion 
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 is the moment of inertia matrix which is symmetric 
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 being the moment of  inertia along the i-axis and the 
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The angular velocity 
[image: image42.wmf][

]

123

T

wwww

=

is in the satellite coordinates, and 
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 is the disturbance torque input. The disturbing torque 
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 on the spacecraft may be attributed to gravity gradient, solar pressure, atmospheric drag and so on. The skew symmetric matrix 
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The attitude of the spacecraft is represented in terms of quaternion 
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subject to the constrain.

where 
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 are the direction cosines of the Euler axis relative to a reference frame.
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Let 
[image: image53.wmf][

]

123

T

qqq

=

q

, 
[image: image54.wmf]4

T

T

qq

éù

=

ëû

q

, both 
[image: image55.wmf]q

 and 
[image: image56.wmf]q

-

 describe the same orientation. If the rotation angle 
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In the attitude control design, it is desired that the system is stable and the excursions of the angular rate and control input are minimized. This motivates the use of the following penalty function to be minimized
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where 
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The attitude control problem can then be formulation as
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III.nonlinear robust control theory 
Consider a nonlinear state-space system 
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where 
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 is the state vector;
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Lemma 1 Assume that 
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Then the system has a finite 
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Proof: see van der Schaft[19], Isidori [20] and Isidori & Astolfi[21]. 
Lemma 1 can further by generalized to account for uncertainties. This generalization may then become useful when we account for the practical satellite control problems in which the system is subject to thrust level variation, center of gravity offset and misalignment of thrusters.

Theorem 1 Consider the nonlinear uncertain system (3) and the uncertainty of system parameters satisfies the following equation.
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(ii) there exists a smooth function 
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has a smooth positive solution 
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the closed-loop system of (3) has a robust 
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IV.The Pulse-Width Pulse-Frequency Modulator analyzes and criterion
The PWPF modulator process a pulse command sequence to the thruster value by adjusting the pulse width and pulse frequency. In its linear rang, the average torque produced equals the demand torque input. The PWPF modulator is depicted in Figure 3. It is comprised of a pre-filter, Schmidt Trigger, and a feedback loop. When a positive input to the Schmidt Trigger is greater than d, the trigger output is
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With a constant input, the PWPF modulator drives the thruster valve with an on–off pulse sequence having a nearly linear duty cycle with input amplitude. The modulator has a behavior that is independent of the system in which it is used. The static characteristics of the continuous time modulator for a constant input 
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Where 
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The approximation of PWPF modulator process can be described by [22] 
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We shall now examine the solution properties of the dynamic model (13) and explain the corresponding switching mechanism, which is crucial for design of the controller. Eq. (13) can be solved explicitly for 
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for 
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. Analyzing (14), we see that it is composed of a line with the slope, together with a term 
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It should be noted that the above convergence is exponential at the rate of 
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. This implies that the dynamic equation (13) can be used to model of PWPF and is an approximation of that composite of pro-filter and Schmidt trigger. 

Let us use an example for specified initial data to show the switching mechanism for the dynamic model (13) when 
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V.synthesis  of robust controller
Based on the analysis of above section, our design problem is to derive the robust controller. 
Theorem 2. Consider the nonlinear uncertain system (3), with the (14) control input

(i)
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(ii) has a smooth positive solution 
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then by the following state feedback law
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the closed-loop system of (3) has a robust 
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-performance..
VI.SIMULATION
In the section, simulations are performed to verify the design method. The main requirement of the satellite attitude control was to produce a pointing knowledge accurate to within one pixel of the observed. The attitude control also was required to transfer the micro satellite from its parking orbit to a circular (about 700 km), raised its orbit. The time specified of these, setting time of three bodies rate is 100 sec. within 
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, the three attitude angles setting time is 100 sec. within 0.1 deg and the thrust burn command are as possible as minimal. To ensure ability of robustness, the moment inertial variation start from 1.2 multiple of extra up bound value, 
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, to 0.8 multiple extra low bound value, 
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. Table 1 contains the inertia matrix and related parameters of the spacecraft. In Figure 3, represents the quaternion behavior. Figure 4 shows the  large angular rate maneuvers. In Figure 5 depicts the PWPF time response the thrusters control components. Both simulations consider the disturbed torque and output limitation. The nonlinear 
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 controller results in a fast decay response and has a superior ability to attenuate the effects of external disturbance..
VII.CONCLUSION
This paper presents a nonlinear robust state-feedback satellite large angle rate attitude PWPF thrusters control technique. An additional freedom in the candidate Lyapunov function is identified and explored to solve the nonlinear 
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 Hamilton-Jacobi inequality. The method is capable of designing a robust controller for nonlinear uncertain system such as the attitude control system of a spacecraft. The simulation results verify the effectiveness of the proposed method.

VIII.References

1.Y. K. Chang, B. H. Lee, J. W. Choi, M. Y. Yun and S. J. Kang, “Rapid Initial Detumbling Strategy for Micro/Nanosatellites Using a Pitch Bias Momentum System”, Transactions Japan Society for Aeronautical and Space Sciences,, vol. 50, pp.63-69, 2007.
2.Wyatt R. Johnson, James M. Longuski and Daniel T. Lyons, “Nondimensional Analysis of Reaction-Wheel Control for Aerobraking, ” Journal of Guidance, Control, and Dynamics, vol.26, no.6,pp.861-868, 2003.

3.Hyochoong Bang, Hyun-Sam Myung, and Min-Jea Tahk, “Nonlinear Momentum Transfer Control of Spacecraft by Feedback Linearization, ” Journal of Spacecraft and Rockets, vol.39 no.6, pp.866-873, 2002.

4.Haruhisa Kurokawa, “Survey of Theory and Steering Laws of Single-Gimbal Control Moment Gyros ,”Journal of Guidance, Control, and Dynamics, vol.30, no.5, pp.1331-1340, 2007.
5.Marco Lovera, Alessandro Astolfi, “Global Magnetic Attitude Control of Inertially Pointing Spacecraft ,”Journal of Guidance, Control, and Dynamics, vol.28, no.5, pp.1065-1072, 2005.
6.Mark L. Psiaki, “Global Magnetometer-Based Spacecraft Attitude and Rate Estimation ,” Journal of Guidance, Control, and Dynamics, vol.27, no.2, pp.240-250, 2004.
7.Christian H. Tournes, Yuri B. Shtessel, and Ilya Shkolnikov, “Missile Controlled by Lift and Divert Thrusters Using Nonlinear Dynamic Sliding Manifolds ,” Journal of Guidance, Control, and Dynamics, vol.29, no.3, pp.617-625, 2006.
8.B. N. Agrawal, R. S. Mcclelland and Gangbing Song, “Attitude Control of Flexible Spacecraft Using Pulse-Width Pulse-Frequency Modulated Thrusters,” Space Technolog, Vol. 17, No. 1, pp.15-34, 1997.
9.S. B. Skaar, Tang, L, and Yalda-Mooshabad, I. “On-off Control of Flexible Satellite,” Journal of Guidance, Control, and Dynamics, Vol. 9, No.4, pp.5070-510, 1986.
10.Dodds, S. J. and Williamson, S. E. “A signed switching time bang-bang attitude control law for fine pointing of flexible spacecraft,” International Journal of Control, Vol. 40, pp.795-811, 1984.
11. Agrawal, B. N. and Bang, H., “Slew maneuver of a flexible spacecraft using on-off thrusters,” Proceedings of  AIAA Guidance, Navigation, and Control Conference, pp.224-233, 1993.
12.Bolzer, E., “The imitation of impules in cardiacmuscal,” American Journal Physiology, Vol. 138, pp.273-282, 1942
13.Katz, B., “The nerve impulse,” Science American, Vol. 187, no. 5, pp.55-64, 1962.
14.Wu, S. H., Heinen, J. A., and Sances, A., Jr., “Nonlinear pulse modulation in pupilary systems,” IEEE-ISA 19th Engineering in Medicine and Biology Conference, pp. 196, 1966.
15.Balestrino, A., Eisinberg, A. and Sciavicco, L., “A generalized approach to the stability analysis of PWM feedback control systems,” Journal of Franklin Institute, vol. 298, no. 1, pp.45-58, 1974.
16.Bong Wie and Carl T. Plescia, “Attitude Stabilization of Flexible Spacecraft During Stationkeeping Maneuvers,” Journal of Guidance, Control and Dynamics, Vol. 7, No. , pp.430-436, 1983.
17.H,  N, Shou and J, C, Juang, “An LMI-Based Nonlinear Attitude Control Approach,” IEEE Transactions on Control Systems Technology,  vol.11,  no. 1, p.73-83, 2003.
18.H, N, Shou and J, C, Juang, Y. W. Jan and C. T. Lin, “Quaternion Feedback Attitude Control Design: A Nonlinear 
[image: image198.wmf]H

¥

 Approach,” Asian Journal of Control, vol. 5, no. 3, pp. 406-411, 2003.
19.van der Schaft, A.J., “
[image: image199.wmf]g

£

-

gain

2

L

 Analysis of  Nonlinear Systems and Nonlinear State Feedback 
[image: image200.wmf]H

¥

 Control,” IEEE Transaction on Automatic Control, vol.37, no. 6, pp.770-784 , 1992.
20.A. Isidori, “
[image: image201.wmf]H

¥

 Control via Measurement Feedback for Affine Nonlinear System,” International Journal of Robust Nonlinear Control, vol.4, no. 4, pp.553-574, 1994.
 21.A. Isidori, and A. Astolfi, “Disturbance Attenuation and 
[image: image202.wmf]H

¥

 Control via Measurement Feedback in Nonlinear Systems,” IEEE Transaction on Automatic Control, vol.37, no. 9, pp.1283-1293, 1992., 1989.
22.Chun-Yi Su, Yury Stepanenko, Jaroslav Svoboda, and T. P. Leung, “Robust Adaptive Control of a Class of Nonlinear Systems with Unknown Backlash-Like Hysteresis,” IEEE Transaction on Automatic Control, vol. 45, no. 12, pp. 2427-2432, 2000.
Table 1 The system parameter of the micro satellite
[image: image205.wmf]0000

00+00

0000

xxxx

yyyy

zzzz

JJ

JJJJ

JJ

D

éùéù

êúêú

+D=D

êúêú

êúêú

D

ëûëû


[image: image203.png]A

r(¢) e(t) [ Iz v (1) Ut
—@—{ i [ o

pre-filter

Schmidt Trigger

Figure 2: Block Diagram of Pulse-Width Pulse-Frequency Modulated
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