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Abstract — This study aims to design two kinds of control

lers by satellite modeling on the basis of nonlinear rigid body

in order to control the satellite position while maneuvering. Then the controller performance results are compared. PID

control and model reference adaptive control are used.

MATLAB.

The comparison of these two controllers is simulated in
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1. Introduction

The attitude of a satellite is its orientation towards
different coordinate system in space. Systems of attitude
determination and control are one of the fundamental
subsystems which the accuracy of the satellite function
always is depended on the accuracy of this systems
function. This system plays a severe role in micro
satellites. The size of small satellites limits us to use
controlling system and algorithm as small and fast as
possible that have low volume software's and hardware's.
So, designing engineers try to use some kinds of
techniques and segments which overcome this limitation
and also improve accuracy and the rate of the system
response. Importance points of the attitude controlling
subsystems are as followed:

a) It is essential that communication satellites have
antennal carefully adjusted in order to focus on
certain point on earth.

b) For satellites with earth-observing mission the
cameras are focused on certain point on earth. In

addition they have to record reliable videos
coverage of the desired area.

c¢) Desred attitudes must be provided for orbiter
maneuvers.

d) Keeping solar cells towards sun result in
maximum usage of solar energy.

Satellite attitude investigations can to determine the
attitude, controlling it and predicting the next move. The
system overall attitude control block diagram is given in
figurel.

Determination of satellite attitude can be done
according to sun, stars and earth orientation, or magnetic
field. The torque (i.e. magnetic coil) can also be used to
change satellite attitude into desired one. This is done by
different sensors and stimulants. Sensors send errors of
satellite attitude to the control processor. Then it runs
controlling algorithms and makes controlling rules.
Finaly it sends signals to stimulus. Stimulus product
required torque to control satellite attitude. The aim of
satellite attitude determination is to calculate the attitude
of a fixed coordinate system on the body of satellite
according to a desired coordinate system. Different
coordinate systems are shown in figure 2.
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Fig.1. attitude control block diagram
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In recent years, the enhancing robustness of /O
linearization controllers has been widely discussed in
satellite control. In [7], robustness of linearization control
system is obtained by the integral error feedback.
Intelligent controls such as fuzzy logic and neural
network controls have become one of the most favorable
areas of research in aerospace engineering. In [9]
developing intelligent controller for satellites attitude
control aims at dealing with the large variation of system
parameters and relevant uncertainties in the environment
is presented. Chiang and Jang in [18] have developed a
fuzzy logic attitude controller for the cassini spacecraft.
In [19] a model reference adaptive neuro-controller using

feed-forward neural networks with momentum back-
propagation (MBP) is proposed. In [20] two level Bang—
bang controllers are generally used in conjunction with
the thrust reaction actuator for spacecraft/satellite attitude
control. This paper is organized in the following manner.
In section 2, Attitude controlling actuators and methods
and algorithms and satellite model which is used in the
paper, are presented. In section 3, micro satellite PID
controller is presented. In section 4, adaptive control of
the micro satellite is presented. Finally, simulation results
are shown comparison of two controls performance for
satellite.

Fig.2. Different coordinate systems

2. Attitude Controlling Actuators

Attitude controlling actuators of the system are torque
producing because control input is a torque. Attitude
controlling actuators are divided in to two main
categories, Active and inactive. Inactive actuators change
the angular momentum of the satellite by interacting with
environmental torque. Gravity gradient boom and

magnetic actuators are as an example. Magnetic torque
producer and gravity gradient are used to product torque
in reference [15] and [5], respectively. Active actuators
are included: momentum wheels, momentum controlling
gyroscope and reaction wheel needed electric power. The
range of produced torque by each device s listed in table
1.

Tab.1. Therange of produced torque

Momentum Control
System

Momentum
Range(N/m)

Reaction Whedl

0.1-1

Momentum Controlling
Gyroscope

0.01-1000

Magnetic Torque
Producer

0.01-0.1

Gravity Gradient

0.000001-0.001

Momentum Wheels

0.01-10

2.1. Attitude Determination Methods and

Algorithms
There are two attitude determination methods:

1) Point to point

2) Recursive

Paint to point method is on basis of two or more
Sensors measurements at any point and any time. While
recursive method was point sequence information and
knowledge of dynamic satellite attitude model [10].
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2.2. Attitude Methods and

Algorithms

Controlling

Attitude controlling is directing satellite into a specific
predetermined direction which includes two processes:
attitude stabilization and controlling the maneuver
attitude. Attitude stabilization means keeping the satellite
in its current attitude, while controlling the maneuver
attitude is changing its attitude from one to another one.
In nano satellite attitude controlling system (include
actuators and controlling algorithms), are selected so that
have less power consumption which guarantees useful
life of it inits mission.

2.3. Satellite Model

Although finding a right model describing real
satellite change in its environment is hard, but improper
model is not able to analyze, estimate and design the
controllers successfully. Controlling torque resulted from
control rulesis easily affected by used model. Controlling
torque are functions of attitude errors. Usually designing
of controllers is done by tree methods as followed:
model- independent design, model-depended design and
adaptive controlling design [15]. For satellite modeling
linear rigid body, non linear rigid body and elastic model
has been used in some literatures [2].

In this study, our approach is to use nonlinear rigid
body with tree trandational degrees of freedom in inertia
coordinate system. This motion can be described by
trandation of the center of mass and body rotation around
its center of mass [4]. It is essential to use attitude
dynamic and systematic to build a model. Assuming an
hypothetical coordinate system and XY and Z as its
vectors on fix body of a satellite so that center of this
system is in accordance with satellite center of mass. In
other words, Axes Xg, Yg, and Zg define the satellite’s
body axis frame, and the axis system is considered
centered at the centre of gravity as shown in Figure3.
Thrusters are available to produce torques about each of
the three principal axes. The physical interpretation of the
Euler angles [4] for a micro-satellite platform is shown in
figure3. Using of this angles results in singularity,
especialy in sequential rotations [3, 6]. Thus it is
preferred to use Euler parameters (Quaternion).

Micro satellite dynamic is shown in following
equations:
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In this equations o is angular velocity vector towards
three principal axes, u is torque vector applied on satellite
(resulted from controlling rule) and | is inertia matrix
around the body principal axes ( Xg, Yg and Zg) , These
are given by equations (4). Relation between satellite
body velocity and angular velocity is received by
followed conversions[4].

o sin ®sin@ sin ®sinb

q_?l cos B cosB Pb

g, |=1|0 cos ¢ —sin® |[. |9 |=

_.,{';] 0 sin & cosd Iy,
cos B cosB

(g.einF+noosfising
P + cos@
g.cosd — r.sind (5)
g.Ein& fr.cosF

L cosl

System states are assumed as

=[P qp Tp» & 6 %1

The nonlinear state model of the satellite shown in
following equations
E=A(X)Xx+B(X)u (6)

where matrix A(x) is a nonlinear function of state vector
x and B(X) is an input matrix of the input vector.
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Fig.3. The roll (), pitch (), and yaw (y) angles are defined by successive rotations around the coordinate axes XB , FB, and Z & in the body fixed
frame.

3. Micro Satellite PID Controlling

PID classic controlling is the control of engineering
system which can be easily developed. PIDs can
significantly act for one and two order systems. But for
systems with large time delay, big uncertainty and
distributed harmonics PID classic controlling is not
desirable. Thus intelligent controls are necessary. PID
controllers flexibility make them desirable for many
cases. The problem of these controllers is to find
maximum of proportional, integra and derivative
parameters to have closed loop system outputs in
reasonable region. It has been reported that PD control
speeds up the output and turn it into a steady state
quickly. PI control reduces steady state errors. And the
PID includes both of them. So a combination of two
methods (PID) is the best choice. The control signa is
thus a sum of three terms. the P-term (which is
proportional to the error), the I-term (which is
proportional to the integral of the error) and the D-term
(which is proportiona to the derivative of the error). The
controller parameters are proportional gain K, integral
time T,, and derivative time Tp. Selection of PID
parameters (K, T, Tp) always has disagreement. Several
methods have been presented for adjusting the PID
controllers. Some of parameters adjusting algorithms
have just developed but the problem is still unsolvable.
PID control is as following:

u(t) =kp(e(tj+%f;e(s]ds+TnE ()

u is the control signal and e is the control error (e =
Ve —y), where y is the measured process variable, Y=o
isthe reference variable, that is often called the set point.

The algorithm which is usually used for adjustments
consists of several data. Usudly it is preferred that

derivative and proportional parameters only act on output
and referent value, respectively. Derivation is usualy
replaced by an approximation which decreases the gainin
above frequency.

Integration is refined in a way that stops when the
controlling parameter is saturated. It is essential to not
have a transition state when manual mode switches into
automatic mode. There are several methods for automatic
adjustment of controlling parameters of PID control. In
this investigation determination of controlling parameters
is on the basis of zigler-Nichols closed loop method. It's
an easy and accurate method used critical interest and
alternative period to calculate controlling parameters.

Ziegler- Nichols method is based on a simple
characterization of the frequency response of the process
dynamics. The design is based on knowledge of only one
point on the Nyquist curve of the process transfer
function G(s), namely the point where the Nyquist curve
intersects the negative real axis. This point can be

characterized by two parameters the frequency ft*yan

and the gain at that frequency K1zn = |P (fwqza) . For
historical reasons the point has been called the ultimate
point and characterized by the parameters
K, =1/kian and T..=2n/@1an , which are called the
ultimate gain and the ultimate period. These parameters
can be determined in the following way. To adjust the
controller coefficients first control system is switched to
automatic mode and the integrator and derivatives time
are adjusted on maximum and minimum of their values,
respectively. Increase the gain slowly until the process
starts to oscillate. The gain when this occurs is k.. and
the period of the oscillation is T.. The parameters of the
controller are then given by Table2 [16].

In this paper for design PID control, we linearized
(and normalized) equation of motion of satellite around
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the equilibrium point. To obtain this linearized model, the
origina variables are assumed to deviate only dlightly
about the operating point. To obtain the equilibrium

25

point, all the derivative terms in the governing equation
are equated to zero.

il
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Fig.4 — closed loop system output, finding Critical interests and critical alternative period

Tab.2. controlling parameters calculated by zigler —Nicholes method.

Tuning Formula
T, T,=05 X'T,
Ty Tp=0.125 X T,
Kp Ke = 0.6 XK,
K K, = I;_T
Kp Kp=Kp x Tp

4. Adaptive Controlling

Model reference adaptive control is used for
micro-satellite control system in this study, too. It is
one of the most important adaptive controllers used to
adjusted satellite attitude. In model reference
adaptive control (MRAC), a reference model is
chosen to generate the desired output trajectory, and
the main task of MRAC is to ensure the output of the
controlled system to follow the output of the
reference model, in addition to closed-loop stability.
Adaptive laws are used to update the controller
parameters to achieve desired system performance in
the sense of closed-loop stability and output tracking
of a desired reference output [12, 13]. Unlike the
conventional adaptive control schemes, the control
scheme in Figure5 does not estimate the plant
parameters but directly estimate the controller
parameters [6].

The MRAC objective is met if u(t) is chosen so
that the close loop transfer function from r(t) to y(t)

have stable response and is equal to ¥ (t), the
transfer function of the reference model. A stable
linear continuous-time reference model is specified
by the following difference equation [6].

Yo ()= i ¥ (t-1)- Bma¥em (1-2)+ by r(t- 1)+
bar(t-2) (8)
where r(t) is bounded reference input and ¥m(t )
is reference model output; % and b.. are fixed
model parameters and their values are chosen for any
desired stable response, which the process system is
expected to acquire. Thus, the MRAC desired to
design a controller that computes a control action
signal, such that the overall control system responds
dynamically as the specified reference model. Model
reference adaptive control block diagram is given in
figureb.
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Fig.5 .Model Reference block diagram

M odel reference was selected as

Yat) =¥m (t-1)- 015¥m (t-2) +0.15r (t-1)  (9)
Where r(t)
Parameter %mi = 1, @mz = -0.15 and Pmo = 0.15

is a square wave reference input signal.

have been chosen such that a desired trajectory ¥m(t)

is obtained for the plant output ¥(t ) to follow.

Controller parameter varies on the basis of error
output which is on error between system output and
model reference output. The equations can be
converted into state equations format

dx/dt= Ax 4+ Bu

y = CxX. (20

where x is state variable u , control input and y is
measurement output .we assume the reference model
as follows.

dx, /dt=A_x_ + B_u, (1)
Then the controller structure is determined, we assume
acontrol law as equation (12).
u==gquc— 8,y (12)

Now the state equation of the closed loop system has
been changed to the following equation.

dx/dt= (A—B8,)x+ BB, u,
= A: EEI)X'F B: [Ei]uc (13)

where the parameters in matrices 8, and 8, can be

selected in any way, there can also exist some constraints
between them. We suppose the closed loop system can be

described with equation (13), where matrices A, and
B, depend on the parameter 6 , and 0 is a certain

combination of 6, and 6, If equation (13) is equivalent

to equation (11) at any time, then the original system can
follow the reference model completely.

In the study the parameters adjustment is on the basis
of MIT rule .Controlling parameters are adjusted to
minimize a cost function which is defined as followed:

. _1 3
i(6) = e 14)

The MIT rule then gives the following adaptation law:

a8 _ _ 8,0
& Yas  'Taa (15)

oe Lo s sensitivity derivative, ¥ i adaptation gain

and 0 is adjustable parameters vector. Becoming e equal
to zero doesn’'t necessarily converge control parameter to
one certain value [1]. According to MIT rule, now the
output error between real system and reference model
will approximate to zero, and the whole system will be
asymptotically stable.

5. Simulation Results

This paper has compared the performance of
adaptive controller with conventional PID regulator.
Micro satellite initial conditions are shown in Table
3. The three parameters of PID regulator are chosen

as k, =16.68, kK, =2.952, kK, =23.5. The behavior
of the system is now illustrated by simulation. Figure
6 give the updating process of parameters 6, and 0,

of the adaptive control law when ¥ = 0-3_n figure 7
we see the relation between controller parameter.
Figure 8 shows control signal which is obtained from
the adaptation law. Figure 9 shows the comparison
between PID with MRAS. This figure shows the
MRAS has little deflection from the transient period
with small magnitude of oscillation, but it is
stabilized very soon. The command signal is square

wave with amplitude 1, and ¥ —0.5.
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Tab.3.Micro satellite Initial Conditions
parameter value
Loy 1.928 kg-T1
L 1,928 kg1
=
Izz 4.9 kg-m
Thruster 2
1kg-m
z
?, 0.36 kg- T
04 0.52 kg- 1
Y, -0.2 kg- 11
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Fig. 9. the comparison between PID with MRAS when command signal amplitudeis 1, red is MRAS output and blueis PID output
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Fig.10.step response output for MRAS and PID controller

Fig.10 shows the step response output waveforms of
reference model, MRAS and PID regulator system. In
this figure, the dynamic performance of MRAS is much
better than of PID regulator system owing to its shorter
settle time. PID has severe oscillations with a very high
peak overshoot which causes the damage in the system
performance. As a comparative controller, the PID
regulator system has more steady state error and its settle
timeisvery long.

6. Conclusion

In this paper a model reference adaptive controller has
been designed based on the MIT rule, and a comparative
study on conventional PID regulator has been completed.
Simulation results show that the model reference adaptive
system is robust and stable, which has better dynamic
performance and stronger disturbance rejecting ability
than PID regulator system. The adaptive control law is
independent of plant parameters and easy to implement.
Therefore the proposed method is effective.
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