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Abstract 6
&y

In this paper, different control methods have been inves observation
satellite with push broom imaging. In pushbroom Imagi method, atellite should
be able to follow a certain path. Forward Motion Cont etho %@n used to improve
image quality. Due to the need for fine pointing and attitude maneuvers, reaction wheels
are chosen as the control actuator. In this paper uzzy au&ended LQR controllers is
designed for a nonlinear model of a satellite.@lé}arch that controller with PID
Quaternion feedback has average precisw ation. LQR controller with the
extension of the cost function has th trackm%ﬂracy Fuzzy controller generates
Minimum control torque in comparlso thers. -@

Keywords: Attitude coqr\q& broom \%rd Motion Control, LQR, and Fuzzy

1 Introductlon@

New space missions for de ent of laser communications and high-resolution earth
observation satellites requir precision pointing in their missions. Fine pointing refers to
the direction of the sate e camera sensor or antenna toward the target location or the

specified inertial. inting refers to the orientation to the ground targets, and Inertial
pointing is the O@HOH to other space target such as stars [1]. The military spacecraft

mission for r acqumng and accurately tracking a terrestrial or space-based target is
often re as acquisitions, tracking and pointing. Civilian spacecraft such as earth
observati tellite are not typically designed for such missions, but military spacecraft often

must perform these missions with shared design heritage. Even considering a rigid spacecraft,
rapid maneuvers with quick settling time and fine target tracking are quite challenging.
Systematically consider rapid slew maneuvers as one challenge and target tracking as a
second challenge.

Earth observing satellites have been developed and successfully operated for scientific,
commercial and military purposes since the 1970“s [5]. "How changes earth?" is one of most
important strategic issues that have led to the development of the earth observing satellite
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research. These satellites usually use large scale digital cameras Technology based on
semiconductor materials. Earth imaging missions with high precision imposes exact
requirements on the attitude control system based on pointing accuracy. These requirements
dictates a robust and high performance design for Rapid detection of target and high rates of
image scan lines.

Satellite limitations implied that algorithm and control system be as simple and fast with
low hardware and software cost. This problem is considered as a challenge for design
engineers. Mission requirement for fine pointing affect the Control method, class, type and
number of sensors and actuators in the attitude control and determination system ADCS.
Reaction wheels for smooth and continuous control with the least amount of distur%rg;.
torque is preferred in attitude control system with fine pointing and medium-speed maneuver,
requirement. %V

Recent work on attitude control Include linear and nonlinear control mdthods,” fuzzy
controllers, neural network method, LQR and adaptive co eﬂ% estigated
various control methods for FalconSat-3 satellite with magneti ity gradient

boom [7]. Many fuzzy logic controller applications f ite trol have been
proposed successfully. Steyn used three multiple input sirtgle” outp

for attitude stabilization of a small satellite in a @Earth orbit, proving that the fuzzy
controller solves the control constraint probKQ)y choosihg e best magneto-torque,
polarity, and switching instances [8]. % X?

In this paper fine pointing requiremen been ed for an imaging satellite with
pushbroom cameras, and mission sm&o or attit d%rol system is proposed. Reference
attitude path for imaging with FMC method i$ rated and attitude tracking around this
reference path has been done.'@ey/aluati R, fuzzy and quaternion feedback control

controllers is performed. °\\ ‘%

2. Pushbroom g

In the past decades, aerial ng were based on large cameras. Old systems had low
resolution power and lon ss times. At the end of the last Century a transition from
analytical to digital phq&nmetry was taken, then Digital cameras in large scale and based
on CCD (charge-coupled~device) were introduced. And using of these cameras is strongly
growing. %’

Today ear Qerving satellites mainly carry pushbroom cameras. In general terms
pushbrg ras consist of an optical systems projecting an image onto a linear array of
sensors. at'any time only those points are imaged that lie in the plane defined by the optical
center and the line containing the sensor array. This plane will be called the instantaneous
plane or simply view plane [8].
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Figure 1. Pushbroom@agmary

During such imaging pass, the satellite’s a m&as to b Nolled so that the bore-sight
sweeps out equal distances for each image % of controlling the satellite for
differing integration times, is calle Motl pensation (FMC) [18]. In this
imaging procedure with FMC, satelm& Iarger orbitad period to complete the scanning of
the same area.

For attitude control system v@ fine Waccurate and medium-speed maneuvers,

reaction wheels for smooth ontinuo trol with the least amount of disturbance
torque is preferred [3].
O\ AXN \
Yy N/ ¢
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3. Mo g

Spacecraft is assumed to behave as a point mass model for orbital dynamics. According to
Newton-Euler formulation angular momentum changes according to applied torque. With
these assumptions, Satellite dynamic model can be expressed by Equation 1:

| &) +af, x(la):i)zrb 1)

b
Where 1 is is the moment of inertia, “b is the angular velocity of the body frame with

b
respect to the inertial frame in the body frame, 7 is the torques acting on the satellite in body
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b __b b b b
frame, andr = To 7w .Tg'a" is the gravitational torque on the satellite body, and T s
the reaction wheel torque.

Kinematics of the satellite describes the orientation of the satellite. Kinematics is simply
integration of the angular velocity. Based on quaternion parameterization of attitude

kinematics, the kinematic model of a Spacecraft is according to equation (2).

0 w3 -0 o ()
d 1 @0 a o
dt 2l @ - 0 oy
—o @y -a3 0
Where 95" is the unit norm vector of Quaternion parameters and selected/to inate

frame relative to the orbit frame and can be obtained from (3):

o, =l o, <>>)

singularities present in the Euler angles. [@]1 ©2 ®3] is the angula%lecity % e body

Where, [0 - wo 0] is the angulaw&cgf of the or rame relative to the ECI frame, and

R, rotation matrix between Orbit and B %ne" u=3.986x1014 m3/s2 is the Earth‘s

gravitational coefficient, RO i 1stance arth’s center (m). To return to Euler angles
from quaternion attltude 4to 65‘%1 be used:
(4)
ata ,,2 +44,) J
—q +q +q

:&’n (-2(ag, -a,9,)) ®)

Q v = atanz(Mj (6)

@Q q, -4, —q, +q,

Where atan2 is a tangent function with bounds between -180° and 180° instead of -90° and
90°
4. Actuator

An actuator is the mechanism that supplies control torque for the attitude control system.
Two key factors in selecting the attitude control actuator is a) pointing accuracy and b) slew
maneuvers Rate requirement [6]. military operational requirements for slew from one target
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to another several times demand large angle, rapid slew maneuvers as quickly as possible and
also require quick settling with minimal target tracking errors While The civilian spacecraft
such as Hubble Space Telescope needs to point extremely accurately with medium slew
maneuvers [2]. For accurate attitude control systems and moderately fast maneuvers, the
reaction wheels are preferred because they allow continuous and smooth control with the
lowest possible parasitic disturbing torques. Reaction wheels are simple disks (rotors) that are
spun by an electric motor. When the motor applies a torque to speed up or slow down the
rotor, it produces a reacting torque on the body of the satellite the level of torque that can be
achieved with reaction wheels is of the order of 0.05-2 N-m. With control moment gyros
(used in manned spacecraft), torques of 200 N-m are achievable. However, such CMGs are
very heavy and are seldom used in the ACS of ordinary-sized satellites.

5. The Reference Path Y:
Research earth observation satellites for imaging with new generatlon of digi eras
based on CCD technology, have special requirements on eart mg mis rlng the

imaging process, attitude euler angles should be managed ras ted on the
satellite Has always been to the desired location, an %\/lewedzv ger time. For
fulfillment of such imaging mission, satellite mua’ le exectte Stabilization,
maneuverability and tracking missions with high acc

Comman
Camera Model Genera

ﬂ\%data file) \‘/

Target ‘%
F(lgb@@ Satellite tracking system

Orbit Position %\ @
and Velocity g\

Satellite
Attitude
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6. Controller De3|g§

According to Witz definition, Attitude control is the process of achieving and maintaining
an orientation inspase. An attitude maneuver is the process of reorienting the spacecraft from
one attitude to-aflether. Attitude stabilization is the process of maintaining an existing attitude
relative 4 e external relative frame. The paper reviews various control technigques
(classical rol, modern and Fuzzy) for satellite attitude control with reaction wheels.

6.1 Quaternion Feedback Control

Quaternion Feedback Control is a classic Proportional-Integral-Derivative Feedback
Control based on Quaternion error. PID Controllers have always been of interest to control
engineers because of the simplicity of designing, building and maintenance, effective
performance in tracking and disturbance rejection and not based on an accurate model of the
system. PID Controllers form the majority of industrial controllers. Hence efforts have been
made to apply these controllers to multivariable systems. If a SISO PID controller is designed
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for each input- output channel the resulting controller is a diagonal PID controller. Although
can achieve some of the desired performance features with this controller, However, it should
be noted that due to the diagonal nature of this controller, high performance in the face of
complex dynamic systems and multivariate interference will not show up. Considering the
complex dynamics of multivariable systems, it is necessary that the controller coefficient
matrices P, I, D, must be non-diagonal. Quaternion error is obtained according to equation
(7).

q, q, ¢ PR ¢ P a, (7)

_qgc q4c qlc _qzc qz

P e P =, a,

[ ]
0. 9. 9 a. ], ’\)
In this method, the control law is calculated with equation (8). 62 y

T, =-K pUers — K, J.qel—s‘ =Kyl s 6

6.2 LQR Controller

In analysis and design of control systems, state space method iS\¢onsidered newer than
classical transfer function. In this method, the oﬁ contro major effort. The main
feature of this method is that it can model syst h as Imea d nonlinear systems, time-
varying (or constant time), univariate and able |n the same way. On the other
hand, appropriate state space represent or th f using Lyapunov stability and
closed-loop stability using the Lyap@ ry contro deS|gn in state space to be stronger.

Optimization methods for stabilizing*the systema=around equilibrium point, is linear time
varying law based on states of(Bystem. uadratic Regulator (LQR) is a control
technique used in attitude stal on. Th L!%ldea of the control system is to find a cost
function and minimize t unctio of all, system dynamics is linearized around
the .Selected points the nctio@mized, and lastly, system states are fed back by a

gainmatrix. A line m of th ions is needed for controller design. Linearized
state space model o nami %tem expressed is with equation (9).

LA +B (u ) O

Attitude system S@VEC ris:
&):[Ch ql Q, qz R q3] (10)

Refe%input In regulator or stabilizer systems is considered zero and the stabilization
of the closed-loop is conducted by pole placement. Pole placement is a state-space design
technique used to assign closed-loop poles in Multiple-Input Multiple-Output (MIMO)
systems. The optimal state feedback gain matrix (compromise between states speed and
control inputs) is extremely important. Cost function in the regulator problem for control
input and state variables is defined in equation (11).

J =%f [%" Q% +u" Ru Jit (1)
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Q is the positive semi definite weight matrix for the state deviation and R is the positive
definite weight matrix for the actuator. In order to solve this though cost function, Ricatti
equation is applied. Below Ricatti equation is given:

KA-ATK -Q+kBR BTk =0 (12

The control input law is obtained from equation (13):
u(t)=-Kxt) (13)

In tracking systems in addition to stabilizing, the control system must follow a ref
input as well. In this systems reference input is not zero and control system must be |g
so that the output of the closed loop system follow the reference input. For exam
automatic pilot system in guided missiles that must follow the guidance commands. re are
several methods for tracking based on state space. Since the oOp sy! inherently
integrator and has poles on imaginary axis, approach ca re a tracker is
extended of linear regulator problem by selecting a v funct&b& also include
reference state. The new cost function is presented in eq (14)

=—I (x — x)Q(x—@% Ru %4)

And X is the reference trajectory (desrr |th ion extended cost function for
the linear regulator and to zero dlffe tween ariable and reference values, the

regulator is converted to the tracker

Q

Fuzzy logic was firstbg@ ed by Lotfi~A. Zadeh of the University of California at
Berkeley in a 1965 pap

Designed Fuzzy, %er cons three two-input one-output MISO PD fuzzy
controller to drive satallite”attitude system. The controller inputs are error and error
rates of three angles Roll, Pi d Yaw angles relative to the reference input. Output of
these three controllers is orques to achieve the desired attitude. For simplicity of
calculation, triangular-s membership functions is used for fuzzy input variables figure
(4) shows membership tion for angle error and figure (5) shows membership function for
angle error rates.‘%put membership functions have shown in figure (6) and consist of 7
fuzzy sets (from@ Big to Very Small). The maximum range in output member function is
determina b@ ator ability in produced torque.

6.3 Fuzzy controller

T T T
NB NS Z PS PB

T T T T | T T T T
-1 08 06 -04 02 0 02 04 06 08 1
input variable "Phi"

Figure 4. Member function of euler angle error
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Figure 5. Member function of euler angle error rate
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Figure 6. Output Mem@:tio X
7. Simulation ° Q \%

Nonlinear satellite model with contrqsre uator. hﬁ%én wheel is implemented in
MATLAB software. Some simulation.pa rs are m in Table 1. Simulation results are
shown in Figures 7 to 9. Q

' 116}2@. Simt)!@%%arameter
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\> N
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Figure 7. Quaternion feedback controller response
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8. Conclusion

broom imaginary with forward motion compensator method. Reference signal for
scenario was produced. Simulation results show that the Quaternion feedback RID
and extended LQR have small time delay. An extended LQR gontraller for
designed with a new cost function with regard to reference s Nh t Comp
controllers, has a more appropriate response in the 'f%ion an&ggb
maneuverability. Designed Fuzzy controller has Io regr i
reference signal and has lowest torgque control.
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