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Design of Optimal Proportional Integral Derivative
Attitude Controller for an Uncoupled Flexible
Satellite Using Particle Swarm Optimization
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Abstract—Flexible satellites are equipped with various
appendages which vibrate under the influence of any excitation and
make the attitude of the satellite to be unstable. Therefore, the system
must be able to adjust to balance the effect of these appendages in
order to point accurately and satisfactorily which is one of the most
important problems in satellite design. Proportional Integral
Derivative (PID) Controller is simple to design and computationally
efficient to implement which is used to stabilize the effect of these
flexible appendages. However, manual turning of the PID is time
consuming, waste energy and money. Particle Swarm Optimization
(PSO) is used to tune the parameters of PID Controller. Simulation
results obtained show that PSO tuned PID Controller is able to re-
orient the spacecraft attitude as well as dampen the effect of
mechanical resonance and yields better performance when compared
with manually tuned PID Controller.

Keywords—Attitude control, flexible satellite, particle swarm
optimization, PID controller.

I. INTRODUCTION

ATTITUDE of a satellite is the orientation the satellite
occupies in space. It can be in form of attitude
stabilization, that is the process of maintaining an existing
orientation, or attitude maneuver control which is the process
of controlling the reorientation of spacecraft from one attitude
to another. With the advancement of technology in 1960s,
satellites which were originally simple were made to have
more appendages [1]. A typical spacecraft structure consists of
the rigid body and flexible appendages which are large
flexible solar panels, parabolic antennas built from light
materials in order to reduce their weight.

The attitude control is problematic because these
appendages induce structural vibration under the excitation of
external forces. These structures offered new challenges in
controlling flexible structures and vibrations. Furthermore,
satellite receives interference from phenomena such as the
earth’s gravitation, air flow, magnetic fields, and the solar
wind [2]. This makes it necessary to control attitude in order
to maintain the satellite’s stability. There are disturbance
torques in space that perturb the spacecraft attitude. The major
ones are aerodynamic torques caused by the rapid spacecraft
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motion through the tenuous upper atmosphere, gravity
gradient torque due to the small difference in gravitational
attraction from one end of the spacecraft to the other, magnetic
torque due to the interaction between spacecraft magnetic field
and earth’s magnetic field and solar radiation torque due to
both the electromagnetic field and the electromagnetic
radiation, radiating particles outwards from the sun. Other
perturbing forces are seen as in [3], [4], whereas perturbing
torques are treated extensively in [5]. These forces act on the
flexible appendages making them to deviate from desired
position.

The PID Controller is the simplest, easiest, and most used
controller in industries. This is one reason that the PID has
flourished in satellite control [6]. Its widespread is attributed
to simple structure and robust performance over a wide range
of operation condition, [7]. PID can be tuned by various
methods, some of these are described in [8]-[11]. PID
controllers may be tuned in a variety of ways, including hand-
tuning, Ziegler — Nichols tuning, loop shaping, analytical
methods, by optimization, pole placement, or auto tuning [12],
[13] conducted numerous experiments and proposed rules for
determining values of K, Kj,and K4q. They proposed more
than one rules, among them are open loop and the close loop
tuning rule [13]. The tuning of PID controller is done by trial
and error method which is time consuming and can lead to
waste of resources and inefficiency.

In this paper, Particle Swarm optimization algorithm is
employed to tune the parameters of the PID controller to
obtain PID parameters, which are used for Attitude control of
a flexible Satellite with uncouple axes.

II. MODEL OF ATTITUDE OF FLEXIBLE SATELLITE WITH
UNCOUPLED AXES

The equations according to [14] were used to build the
simulink model of the satellite. The equations of attitude of a
flexible satellite with uncoupled axes of areas:

6(t) = 0.0064t 6))
a(t) = ky7 — w2a(t) ®)
y () =6 (1) + k(1) 3)

where 0 is the rotation due to the center body motion, & is the
rotation due to flexible motion, w is the un-damped natural
frequency of the appendages, y(t) is the total attitude of the
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satellite which a function flexible and rigid motion. T is the
control torque, Ki amplifies the effect of torque on the flexure,
K: indicates the contribution of the flexural vibration to the
total attitude deviation.

II. PID CONTROLLER BASED PSO ATTITUDE CONTROL OF
FLEXIBLE SATELLITE

The structure of the PID based PSO Attitude Control of
Flexible Satellite System is shown in Fig. 1.

PID ‘) SATELLITE

Controller p-MODEL >

Set point output

Fig. 1 Structure of PID based PSO Control System

A. PID Controller

The weighted sum of these three actions is used to adjust
the process via a controller.

d
U= Kpe+K, [edt+ KDd—i “)

where Uis the control signal, Kp isthe propotional gain,
K is the integral gain, Kpis the derivative gain.

B. Particle Swarm Optimization

Particle swarm optimization (PSO) is a population based
stochastic optimization technique developed by Dr. Eberhart
and Dr. Kennedy in 1995, inspired by social behavior of bird
flocking or fish schooling [15]. It resembles the scenario of
bird flocking or fish schooling whereby assuming there is a
food in the field or search space. Not all the birds know where
the food is but they know how far the food is by following the
bird nearest to the food. Each bird flies through the space
keeping track of its best position.

Let it particle represented in the d-dimensional space as:

Xj = (Xi1 Xiz--- Xiq) Q)

The best previous position of the ith particle is recorded and
represented as:

Pbest; = (Pbest; ; Pbest; ,....Pbest; ) (6)
The velocity for the ith particle represented as:
Vi = (Vi1Viz----Viq) (7

The position of the particle is changed by adding a velocity,
Vi(t), to the current position, i.e.

Xim = Ximt Vi ®)
vitl =w. vi, + ¢, *rand () *( pbest;, - Xl(gl )+ ¢, * rand() *
(gbest,, - xl(gl) )
i=12..n
m=12..d

where n is the number of the particle in the group ,d is the
dimension, t is the pointer of the iterations (generations), w is
the inertia weight factor [16], c; and c, are positive
acceleration constants used to scale the contribution of the

cognitive and social components respectively, rand ( ) are
®
im
at iteration t, ppest iS the best previous position of the ith
particle, g is the best particle among all the particles in the
population. Xi(g

random values in the range [0, 1], v~ is velocity of particle i

is the current position of the particle i at
iterations.

C. Performance Indices

The objective function is the measure of the performance of
the controlled system. There are different types of
performance indices which are Integral of Square Error (ISE),
Mean Square Error (MSE), Integral of Time times Absolute
value of Error (ITAE), Integral of Absolute value of Error
(IAE) and Integral Time times Square of Errors (ITSE). In this
study, the MSE given in (10) was employed.

J =130 (e(®)? (10)

Mean Square Error reflects all variation and deviation from
the target value.

IV. SIMULATION RESULTS AND DISCUSSION

A. Specification

The controller was required to regulate the attitude of the
satellite from an initial angle of 60° (1.072 rad) to 0°. a(0) = 0
was used throughout.

For nominal case, the specifications according to [14] were
used where k; = 0.076, k,= 0.076 and w?= 4.509 (rad/s?)
and the maximum available torque Tp,,x = 10Nm.

Simulations were also carried out for some process
mismatch situations which might arise in modern satellite.
These situations are as:

1. Reduced natural frequency w?= 1.7 (rad/s)?

2. k4 =0.76 and other parameters as in nominal case
3. w?=1.7(rad/s)? and k, =0.114

4. w?=1.7(rad/s?), k; =0.114 and k, = 0.2

B. Parameters of PSO Algorithm

The parameter values of PSO Algorithm used in the
simulation are shown in Table I.
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C. PID Tuning Using PSO Algorithm

The parameters of PID controller are obtained from the
simulation of the performance index given in (10) using PSO
algorithm. The optimal parameters of PID controller obtained
are shown in Table II and the graph of performance index with
number of iteration is shown in Fig. 2.

TABLEI
PSO ALGORITHM INITIALIZATION PARAMETERS
Swarm parameter Value
Number of iterations 100
Number of particles 100
Inertia weight 0.729
Cognitive acceleration C;  1.55
Social acceleration C, 1.55
TABLE I

VALUES OF P,  AND D PARAMETERS FROM MSE PERFORMANCE INDEX
PID Parameter ~Nominal case MSE

P 41.0468 -41.2234
I 3.7302 -3.9324
D 112.464 -112.4628

Graph of MSE against ITERATIONS
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Fig. 2 MSE against iteration

The PID controller was tuned with MSE performance index
and the values of its parameters were: P = -41.2234, | =
3.9324 and D =-112.4628.

D.Simulation Results

Considering nominal case, where k; = 0.076, k,= 0.076 and
w? = 4.509 (rad/s?) and the maximum available torque T,,.y
= 10Nm. The graphs obtained are shown in Figs. 3 (a) and (b).

Response @ Nominal Case

20 40 60 80 100
Time (s)

(2)

Response @ Nominal Case using PSO

Response (rad)

0 20 40 60 80 100
Time (s)
(b)
Fig. 3 (a) Response of the Flexible and Rigid Body @ Nominal Case

using PID, (b) Response of the Flexible and Rigid Body @ Nominal
Case using PID based PSO

Next, consider reduced natural frequency, simulations were
also carried out for some process mismatch situations which
might arise in modern satellite. The situations are as follows:
1. Reduced natural frequency w?=1.7 (rad/s)?, the graphs

obtained are shown in Figs. 4 (a) and (b).

2. At K;=0.76 and other parameters as in the nominal case,
the results of the simulations are shown in Figs. 5 (a) and
(b).

3. At ?=1.7 (rad/s)? and Kk,=0.114 with other
parameters unchanged, the results of the simulations
obtained are shown in Figs. 6 (a) and (b).

4. At w?=1.7 (rad/s)?, K;=0.114 and k,=0.2, the results
of the simulations obtained are shown in Figs. 7 (a) and

(b).
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Fig. 4 (a) Response of the Flexible and Rigid Body @ @w?=1.7 using
PID, (b) Response of the Flexible and Rigid Body @ w?=1.7 using
PID based PSO
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Fig. 5 (a) Response of the Flexible and Rigid Body @ K= 0.76
using PID, (b) Response of the Flexible and Rigid Body @ K= 0.76
using PID based PSO

Response @ Omega-square = 1.7, K2 = 0.114
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Response @ Omega-square=1.7,K2=0.114 using PSO
2

-1

Response (rad)

-2

) 20 40 60 80 100
Time (s)

(b)

Fig. 6 (a) Response of the Flexible and Rigid Body @ w?=1.7
(rad/s)? and k,=0.114 using PID (b) Response of the Flexible and
Rigid Body @ w?=1.7 (rad/s)? and k,=0.114 using PID based
PSO
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Response @ Omega-square = 1.7, K1 = 0.114, K2 = 0.2
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Response @ Omega-square=1.7, K1=0.114, K2=0.2 using PSO
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Fig. 7 (a) Response of the Flexible and Rigid Body @ w?=1.7
(rad/s)?, K;=0.114 and k,=0.2 using PID, (b) Response of the
Flexible and Rigid Body @ w?=1.7 (rad/s)?, K;=0.114 and
k»=0.2 using PID based PSO

V. DISCUSSION

A. Nominal Case

In nominal case, it can be seen that the response of the
flexible and rigid bodies as shown in Fig. 3 (a). stabilized at
20s and 40s respectively using PID while in Fig. 3 (b), both
responses stabilize at 20s using PID based PSO.

B. Reduced Natural Frequency

It can be seen that the response of the flexible and rigid
bodies as shown in Fig. 4 (a) stabilized at 32s and 60s
respectively using PID, while Fig. 4 (b) shows that both
responses stabilized at 30s using PID based PSO. When the
natural frequency is reduced that is when w? = 1.7 (rad/sec)?
or when the flexible attachments were made thinner or longer,
there is a more mass transfer resulting in high value of the
total attitude. The contribution of the flexural appendages to
the total attitude was insignificant.

1. It can be seen from Figs. 5 (a) and (b) that the response of
the flexible and rigid bodies stabilized at 70s and 80s
using PID and both stabilized at 45s using PID based PSO
respectively. At k; = 0.76 that is when the appendages

were made thinner and the satellite is required to respond
faster to the attitude control command.

2. It can be seen from Fig. 6 (a) that the response of the
flexible and rigid bodies stabilized at 35s and 60s
respectively using PID, but both stabilize at 30s using
PSO as shown in Fig. 6 (b). When w? = 1.7 (rad/sec)?,
k, =0.114, it can be seen from Figs. 6 (a) and (b) that
there is increase in the contribution of the appendages
vibration to the final attitude. This is also the same as
increasing the length of the appendage or reducing its
thickness.

3. It can be seen from Fig. 7 (a) that both the flexible and
rigid bodies are in continuous vibration when PID is used
but both stabilized at 50s when PID based PSO is used as
shown in Fig. 7 (b). When w? = 1.7(rad/sec)?, k; =
0.114, and k, =0.2, it can be seen that the rigid body
contributes significantly to the final attitude more than the
flexural appendages.

VI. CONCLUSION

When the simulation is done with PSO parameters, the total
attitude of the satellite reduced drastically as the simulation
time increases. When the natural frequency is reduced that is
when w? = 1.7 (rad/sec)? or when the flexible attachments
are made smaller, there is a more mass transfer resulting in
high value of the total attitude. The contribution of the flexural
appendages to the total attitude was insignificant. At k; =0.76
that is when the appendages were thinner, the satellite is
required to respond faster to the attitude control command.
When w? = 1.7(rad/sec)?, k, =0.114, there is increase in the
contribution of the appendages vibration to the final attitude.
When w? = 1.7(rad/sec)?, k; = 0.114, and k, =0.2, flexural
appendages have less significant effect on the total attitude.
Finally, it can be seen that although the PID controller
performed well in controlling the attitude of the satellite
except when w? = 1.7(rad/sec)?, k; = 0.114, and k, =0.2,
tuning its parameters with PSO performed better.
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