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ABSTRACT 

In this paper, an attitude control algorithm for a satellite is 

developed based on adaptive control using thruster actuators. 

For this purpose a twelve-thruster arrangement has been 

considered and the control torque for each thruster has been 

calculated. Then a Pulse Width-Pulse Frequency (PWPF) 

modulator is used for converting continuous controller signals 

into equivalent discrete one. Then, uncertainties in the 

moment of inertia matrix and disturbances torque has been 

considered and adaptive attitude control using feedback 

linearization controller with self-tuning regulator (Least 

Square Estimator With Bounded Gain Factor) is used. Finally, 

the performance of the designed attitude controller is 

investigated by simulations.   
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1. INTRODUCTION 
A spacecraft to accomplish its mission, requires several 

subsystems. Attitude determination and control system 

(ADCS) is one of the most crucial subsystems of the 

spacecraft. The controller algorithm is an essential part of 

ADCS subsystem that provides commands for actuators [1]. 

Various actuators are used for attitude control, and thruster is 

one of the most important of them. Thrusters are used in 

situation when disturbance torques exceed the control 

authority of the other actuators, and are often capable of much 

faster reorientation maneuvers. Thrusters have been used to 

maintain stability during translational maneuvers [2]. 

Reaction thrusters are activated in a pulsing mode only. There 

are no linear, continuous reaction thruster controllers; so 

attitude control with thrusters is a challenging task. 

Two major methods for thruster control are bang-bang control 

and pulse modulation.  Bang-bang control is simple in 

formulation, but results in excessive energy consumption [3, 

4]. Since fuel consumption is a principal factor in the life of 

the spacecraft, bang-bang control is not a good way to control 

the thrusters. On the other hand, pulse modulators are popular 

due to their advantages of reduced propellant consumption. In 

general, pulse modulators produce a pulse command sequence 

to thruster valves by adjusting pulse width and/or pulse 

frequency [5]. So far different Pulse modulators such as 

pseudo-rate modulator [6], integral-pulse frequency modulator 

[7, 8] and Pulse-Width Pulse-Frequency (PWPF) modulator 

[9, 10, 11, 12] have been proposed and examined. In 

comparison with others, the PWPF modulator has several 

superior advantages such as close to linear operation, high 

accuracy and adjustable pulse width and pulse frequency [5]. 

Among the research that has been done recently, there are a 

number of techniques that can deal with the control problems 

of such a complex dynamic system from classical PID control 

to adaptive control e.g. optimal control [13], sliding mode 

control [14], adaptive control [15, 16, 17, 18], robust control 

such as variable structure control (VSC) which are designed 

based on Euler angle errors or quaternion error vector. 

In [13, 14, 19] satellite dynamics is assumed to be perfectly 

known. But in practice, satellite parameters are not precisely 

known. In addition, the external disturbance torques such as 

gravity gradient, solar pressure, earth magnetic field, 

atmosphere drag and etc. are applied to the satellite 

constantly. In order to execute a precise calculation of these 

disturbances the system parameters should be known. 

In [15, 16, 17, 18], due to the use of adaptive control, there is 

no need for all parameters to be known but the effect of 

actuator dynamics on results has not been studied and speed 

of parameter estimation is very low. 

In this paper, an adaptive attitude control of a satellite in 

presence of thruster dynamics and uncertainties in the moment 

of inertia matrix and disturbances torque has been designed. 

For adaptive control law, feedback linearization controller 

with self-tuning regulator is used. Finally we have evaluated 

the performance and speed of adaptive controller with 

simulation.  

2. DYNAMIC AND KINEMATICS OF 

SATELLITE 
For mathematical modeling, we suppose spacecraft as a rigid 

body. The general equation to describe the attitude motion of 

a rigid body in space (Euler equations) is described as follows 

[4]: 
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Where,  Tzyx  ,, is angular velocity of spacecraft 

whit respect to body reference frame. I  is the inertia matrix 

and M  represents the control torques used for controlling the 

attitude. 

For kinematics equations quaternions has been used. They 

don’t have problem of singularity. The quaternion 

representation ( q ) is given as follow: 
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Where n̂  is a unit vector corresponding to the axis of rotation 

and   is the angle of rotation. 

The kinematic equations of motion are derived by using the 

satellite’s angular velocity ( ) by equation (5). 
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3. THRUSTERS ARRANGEMENT AND 

PWPF MODULATOR 
Algorithm used here transforms the torque commands into 

correctly time activation of the relevant thrusters. The 

algorithm naturally depends on the physical set-up shown in 

Fig 1, which is a twelve thrusters set-up for an satellite. 

 

Fig 1 : Arrangement of twelve thrusters 

 

The set-up in Fig 1 allows for 3 axes attitude control. In this 

structure each two thrusters produce torque only along one 

axis and have no effect on other axes. For example Thrusters 

1 and 4 provide the negative control torques about X axis; 

thruster 2 and 3 provides positive torque about the X axis and 

so on. For simplicity assume that the thrusters are located 

symmetrically about the body axes, with equal torque arms 

about the same axis; the direction of the thruster axes are 

parallel to the body axes. Finally we can summarize relation 

between thruster and control torques in form of equation (6), 

we notice that iT̂   is normalized body control torque and Ti   

is the ratio between the thruster “on-time” and the sampling 

time for thruster number. 
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A PWPF modulator produces a pulse command sequence to 

the thruster valves by adjusting the pulse width and pulse 

frequency. As shown in Fig 2, the PWPF modulator is 

comprised of a Schmidt Trigger, a pre-filter and a feedback 

loop. A Schmidt Trigger is simply an on-off relay with dead-

zone and hysteresis. Due to nonlinear nature of the modulator, 

analytic methods such as describing function cannot produce 

accurate prediction over a large operation range. Instead, 

extensive numerical simulations have been carried out to 

study the effects of these parameters on the performance of 

the modulator. In this paper the results of the numerical 

studies are presented. The preferred range of parameters 

through extensive simulations is listed in Table 1 [20]. 

 

Fig 2 : A PWPF Modulator 

 

Table 1. Recommended range of PWPF parameters 

Paramete

rs 

Static 

Analysis 

Dynamics 

Analysis 

Recommende

d Settings  

mK  62  mK  AN /  62  mK  

mT  AN /  5.01.0  m

 

5.01.0  m

 

one  3.0onU  AN /  3.0onU  

offe  onoff UU 8.0

 

AN /  onoff UU 8.0

 

mU  AN /  0.1  0.1  
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4. ADAPTIVE CONTROL DESIGN 
For the design of adaptive control, first the feedback 

linearization controller is designed, then a self-tuning 

regulator is used to estimate the system’s uncertainty 

4.1 Feedback linearization control design 
In feedback linearization design, the states are assumed to be 

the vector part of quaternion parameters. 

(7)  321 qqqQV   

In equation  (1), that represents the dynamics equation of 

system,  ),,( zyxiMi   is equal to the sum of control torque (

ciM ) and disturbances torque ( diM ). 
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We choose the control moment as follow: 

(9) 
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Where, IK 21   and IK 2
0   are the coefficient matrices 

for the desired dynamic model of controlled system and  is a 

positive constant. Also, 
e
VQ  is the vector part of the error 

quaternion. The error quaternion and the error quaternion 

dynamics is defined as follow: [21] 
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Where,   is the quaternion multiplication and the desired 

orientation or desired quaternion to be track ( dQ ) is given by: 
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Where, d  is the desired angular velocity. In equation (11), 

)( eqS  define as equation (14). Also d
~

, that d  

represents desired angular velocity respect to the body frame 

which is obtained by multiplying the transformation matrix 

)(QR  in d .(equation  (15)-(17)) 
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By placing the control law in the dynamics of the system, the 

system dynamic error is zero (equation (18)). That means the 

exponential stability is guaranteed. 

(18) 02
~ 2  e

V
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4.2 Self-tunning regulator (STR) design 
To estimate the unknown parameters of the designed 

controller, the self-tuning regulator (STR) has been used. We 

use the least square estimator with bounded gain factor. The 

principal equation for parameter estimation is as follow: 

(19) 
p
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Where, a


 is parameter estimation, )(tp  is the estimator gain 

matrix that is be changed with time. TW  is signal matrix and 

pe  is prediction error. )(tp  is updated as follow: 
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With 0  and 0L  being positive constants  representing the 

maximum forgetting rate and prespecified bound for gain 

matrix magnitude, respectively. 

In this method, signal matrix ( )(tW ), and unknown 

parameters ( a ) are obtained by linear parameterization of 

system dynamics. So, initially we have to sort the dynamics 

equation of the system. 
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So, signal matrix ( )(tW ) and unknown parameters matrix ( a

) will be achieved as follow: 
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Where Y


, contains the outputs of the system. Note that both 

Y


 and  ijW  are required to be known from the measurements 

of the system signals, and thus the only unknown quantities 

are the parameters in  ia . 

5. SIMULATION AND RESULTS 
In this section, to demonstrate the performance of feedback 

linearization controller and designed adaptive controller to 

track the desired path and effect of uncertainty on them, three 

different scenarios are proposed. 

1) Feedback linearization controller without 

parameter estimation and uncertainty 

2) Feedback linearization controller without 

parameter estimation and in presence of 

uncertainty 

3) Adaptive controller in the presence of uncertainty 

In all simulations, desired angular velocity are considered as 

)05.0sin(1.0 tdx  , )05.0sin(1.0 tdy   and 

)05.0sin(1.0 tdz  . Moreover, satellite dynamics model, 

thrusters, PWPF and controller Parameters and initial 

conditions are summarized in Table 2.  

Table 2. Simulation parameters 

Subsystem Parameter Quantity 

 

 

 

PWPF 

Modulator 

mK  2 

mT  0.5 

onU  1 

offU  0.1 

mU  1 

k  10 

Satellite 

Dynamics 
 zyx III    2.7005001000 mKg  

 000    deg000  

 000 zyx     sec/000 rad  

 

 

Adaptive 

Controller 

0K  0.0625 

1K  0.5 

0  500 

0L  2000 

 

Fig 3 : Performance of feedback linearization controller 

without parameter estimation and uncertainty for 

tracking of desired angular velocity of X axis 

 

Fig 4 : Performance of feedback linearization controller 

without parameter estimation and uncertainty for 

tracking of desired angular velocity of Y axis 
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Fig 5 : Performance of feedback linearization controller 

without parameter estimation and uncertainty for 

tracking of desired angular velocity of Z axis  

 

Fig 6 : Tracking error of desired angular velocity for 

feedback linearization controller without parameter 

estimation and uncertainty 

 

Fig 7 :  Tracking error of desired angular velocity for 

feedback linearization controller without parameter 

estimation and in the presence of uncertainty 

 

Fig 8 : Tracking error of quaternions 

 eeeee qqqqQ 3210
 for feedback linearization 

controller without parameter estimation and in the 

presence of uncertainty 

 

Fig 9 : Tracking error of desired angular velocity for 

adaptive controller in the presence of uncertainty 

 

 

Fig 10 : Tracking error of quaternions 
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 eeeee qqqqQ 3210  for adaptive controller in the 

presence of uncertainty 

 

Fig 11 : Estimation of moment of inertia parameters by 

adaptive controller 

 

Fig 12 : Estimation of external disturbances by adaptive 

controller 

 

 

1) Fig 3 to Fig 6 show the result of feedback linearization 

controller without parameter estimation and uncertainty. As it 

is seen in Fig 6, the tracking error converge to zero and 

feedback linearization can track the desired angular velocity, 

properly. 

2) Fig 7 and Fig 8, show the result of feedback linearization 

controller without parameter estimation in the presence of 25 

percent uncertainty in the moment of inertia matrix and 

disturbances torque. The results show, the tracking error 

doesn’t converge to zero. Hence this attitude control 

algorithm doesn’t satisfy the attitude control requirements in 

the presence of uncertainty. 

 3) Fig 9 and Fig 10, show the result of adaptive controller 

(with parameter estimation) in the presence of 25 percent 

uncertainty in the moment of inertia matrix and disturbances 

torque. The results show that the adaptive controller improves 

the system performance and by estimating the parameters, 

tracking error converge to zero. Fig 11 and Fig 12 show the 

estimation of moment of inertia and disturbances torque 

respectively. 

6. CONCLUSION 
In this paper, an attitude control algorithm in the presence of 

twelve thruster as the satellite actuator is designed based on 

adaptive control. Then a Pulse Width-Pulse Frequency 

(PWPF) modulator is used for converting continuous 

controller signals into equivalent discrete one that are applied 

to nonlinear dynamics of satellite. Then, adaptive attitude 

control using feedback linearization controller with self-

tuning regulator in the presence of uncertainties in the 

moment of inertia matrix and disturbances torque has been 

designed. Finally, the simulation results in three different 

scenario, show that the designed adaptive attitude controller 

can decrease the tracking error and increase the accuracy of 

the system performance in the presence of uncertainty. 
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