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In this paper, the control of a three-axis rigid satellite attitude 

control system with a fractional order proportional-integral-

derivative (PID) controller is investigated in the presence of 

disturbance and parametric uncertainties. The reaction wheel 

actuator with the first-order dynamic model is used to control the 

attitude of the satellite. Uncertainties are considered in satellite 

moment inertia, actuator model, and amplitude and frequency of 

external disturbances. External disturbances are modeled with two 

fixed and periodic parts, and uncertainty is also considered in the 

disturbance model. The integer order controller is also used for the 

same conditions to compare the results with the fractional order 

controller. The usual Granwald-Letinkov definition is used to solve 

integrals and fractional order derivatives. The mean absolute of the 

pointing error of the satellite pointing maneuver has been selected 

as an objective function of the optimization problem. The controller 

gains in integer and fractional order are obtained by the particle 

swarm evolution algorithm (PSO) optimization method. The 

performance index has been studied in terms of the controller 

response time and the standard deviation of the mentioned 

uncertainties and external disturbance. The results show that the 

fractional order controller performs more accurately and more 

robust than the integer order controllers in the face of uncertainty 

and disturbance. 

Introduction 

Presently, many satellites with different missions 

and applications are orbiting the earth and 

providing various services. The attitude 

determination and control subsystem has the task 

of stabilization, pointing, appropriate orientation, 
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and maneuvers of the satellite. Reaction wheels, 

thrusters, and magnetic torques are used as 

actuators to control and stabilize the attitude of 

satellites [1]. Compared to other actuators, 

reaction wheels generate a continuous angular 

torque, causing stabilization and more accurate 

https://doi.org/10.22034/jast.2022.321251.1109


84/ 
 

 

 

A.R.Kosari, E.Khatonabadi,V.Bohlouri 

Journal of  Aerospace Science and Technology 
Vol. 15/ No. 2/ Summer- Fall  2022 

maneuvering of satellites. Reaction wheels have 

advantages over thrusters and magnetic torquers, 

which have led to more use in attitude control. 

Thrusters usually generate intense, fast, and 

discrete torques, and are less used in precise 

control of the satellite's attitude [2]. Magnetic 

torquers are dependent on the earth's magnetic 

field and the altitude of the satellite and generate a 

very small torque. The reaction wheel can generate 

an adequate continuous torque. This actuator is 

particularly efficient in the precise pointing mode 

of satellites, although saturation and the need for 

desaturation are also disadvantages of the reaction 

wheel [3,4]. 

In the satellite attitude control system, given the 

satellite's orbital conditions, many uncertainties 

can reduce the control efficiency and accuracy. 

Uncertainty has either an internal factor and 

originates from inside the spacecraft, or an 

external factor and returns to the space 

environment. Most of the external uncertainties are 

environmental disturbances, and most of the 

internal uncertainties are related to satellite 

parameters. Therefore, it is necessary to design the 

satellite control system in terms of uncertainty and 

disturbances [5]. 

Today, different controllers such as proportional-

integral-derivative (PID) are used for satellite 

attitude control. Despite their limitations, these 

controllers are widely used in the space industry 

[6]. In this regard, a lot of research has been done 

on these controllers in spacecraft attitude control, 

for example, references [7-10] can be mentioned. 

These researches can be separated in terms of the 

presence or absence of disturbances, single-axis or 

three-axis, rigid or elastic model, consideration of 

uncertainty, type of actuator, type of sensor and 

estimator, type of control law, and type of 

modeling. 

For example, in terms of robustness of the control 

in the face of disturbances, we can refer to [11], in 

which a PID controller is used for satellite attitude 

control and stabilize in the face of disturbances and 

changes in the moment of inertia. In reference 

[12], the three-axis satellite attitude control by 

combining two thruster actuators and a reaction 

wheel has been investigated. 

In terms of modifying the control law, reference 

[13] proposed a modified PID controller with the 

observer algorithm for single-axis satellite attitude 

control with a thruster actuator and and pulse-

width pulse-frequency (PWPF) modulation. In 

reference [14], by modifying the model and adding 

a reference model, it has been tried to improve the 

satellite attitude control with a PID controller in 

the presence of disturbances. Another approach 

has been to tune the control gains with 

optimization methods, in references [15] and [16], 

robust optimization with thruster actuator has been 

used for satellite attitude control while considering 

uncertainty. 

The evolution of the theory of fractional calculus 

and the development of its applications have led to 

the use of this method in the control loop, which 

mainly improves efficiency. This theory can be 

investigated from the two perspectives of 

improving the quality of modeling and increasing 

the efficiency of controllers. Fractional calculus 

has helped have more accurate modeling of 

processes by providing a wider platform for 

dynamic models. Considering that classic 

controllers are a special type of fractional 

controllers, their use can improve the performance 

of control systems [17]. The idea of designing the 

first fractional order control system goes back to 

Bode in 1945 [18].  In reference [17], fractional 

calculus and how to implement the fractional order 

integral and derivative are reviewed, also 

fractional order PID controllers are introduced and 

how to set them up is discussed. The study of 

fractional order PID controller by biquadratic 

approximation method in the design of derivative 

operator has been done in reference [19]. In 

reference [20], a new method for the design and 

analysis of the fractional order PD controller has 

been presented, where it is designed using the gain 

crossover frequency method and the desired phase 

margin. In reference [21], the tuning of fractional 

order controllers by constrained optimization 

methods and autonomous tuning methods has been 

investigated. Studies have also been done on the 

methods of tuning the control gains, for example, 

references [22,23] has used Ziegler-Nichols rules 

to tune the gains of the fractional order PID 

controller. 

One of the applications of fractional order PID 

controllers is in satellite attitude control. In this 

regard, in reference [24], a study has been done on 

fractional order and integer order PID controllers 

for satellites. As a result, the fractional order PID 

controller has a visible improvement over the 

integer order PID controller. In reference [25], the 

fractional order controller has been used in 

spacecraft rendezvous control.  In reference [26], 

the fractional order controller is used to control the 

stability of a satellite, where the response of the 
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fractional order controller is faster and has less 

overshoot.  In reference [27], the design of 

fractional order controllers for satellite three-axis 

stability has been investigated.  In reference [28], 

an integer-order and fractional-order PD controller 

with a sliding mode control algorithm is also used 

for the satellite attitude maneuver.  

In addition, in reference [29], an attempt has been 

made to implement a Fractional Order Sliding 

Mode Control (FOSMC) for a small satellite with 

reaction wheels. In this paper, a conventional 

sliding mode controller was initially considered to 

deal with the dynamic uncertainties of the satellite 

attitude. To improve the attitude control 

performance, a FOSMC was designed 

accordingly. In reference [30], a Fractional Order 

Non-singular Sliding Mode Control (FONTSM) 

was developed, which guarantees the desired 

deployment performance of the satellite system 

connected to space. 
As mentioned, some research has been done in the 

field of satellite attitude control with a fractional 

order controller, but it seems necessary to 

investigate the three-axis attitude control 

performance of a satellite with a fractional order 

controller in the presence of disturbances and 

uncertainty.  Therefore, in this article, the fractional 

order controller is investigated for the three-axis 

attitude control of a rigid satellite with the 

assumption of external disturbances and 

uncertainty. 

Satellite attitude control with reaction wheel 

Satellite Attitude Determination and Control 

Subsystem (ADCS) is responsible for pointing, 

orientation, and stabilization.  Usually, magnetic 

torquer, thruster, and reaction wheel are used as 

actuators in controlling satellites. The on-off 

thruster generates torque discretely and with 

nonlinear dynamics. The magnetic actuator is 

highly dependent on the earth's magnetic field to 

generate torque and is mostly used in low-altitude 

and close-to-earth orbits. By creating angular 

momentum, reaction wheels generate the 

necessary torque continuously and independently 

of the orbital height. The main problem of wheels 

is their saturation [2]. In this article, due to the 

appropriate characteristics of reaction wheels, they 

are used as control actuators. 

In this section, the satellite three-axis attitude 

control with reaction wheel and fractional order 

controller is investigated. In Figure 1, the block 

diagram of the satellite three-axis attitude control 

with fractional order PID controller is drawn. In 

this figure, the input angles are applied to the 

controller and the dynamics of the satellite are 

changed by stimulating the reaction wheel. In this 

figure, φ, θ, and ψ are the angles of the first, 

second, and third axes, respectively. Also, 𝜔𝑥 , 𝜔𝑦 

and 𝜔𝑧 are the angular velocities of the first, 

second, and third axes. 

 
Figure 1. Block diagram of three-axis attitude control 

of the satellite 

The three-axis dynamic equations of the satellite 

are presented in equation (1) with the assumption 

that the multiplicative moment of inertia is zero. In 

these equations, the variables   𝑀𝑥, 𝑀𝑦 and 𝑀𝑧 are 

the generation moments around the first, second, 

and third axes, respectively. Also, 𝜔�̇�, �̇�𝑦 and �̇�𝑧  
are the angular accelerations of the first, second, 

and third axes, respectively. The moment of inertia 

of the first, second, and third axes is specified by 

𝐽𝑥, 𝐽𝑦 and 𝐽𝑧  respectively. 

(1) 

𝑀𝑥 = 𝐽𝑥�̇�𝑥 + 𝜔𝑦𝜔𝑧(𝐽𝑧 − 𝐽𝑦) 

𝑀𝑦 = 𝐽𝑦�̇�𝑦 + 𝜔𝑥𝜔𝑧(𝐽𝑥 − 𝐽𝑧) 

𝑀𝑧 = 𝐽𝑧�̇�𝑧 + 𝜔𝑦𝜔𝑥(𝐽𝑦 − 𝐽𝑥) 

In order to investigate more precisely and facilitate 

the writing of mathematical equations, the satellite 

single-axis attitude control with the fractional 

order PID controller and the actuator model are 

drawn in Figure 2. In this figure, the variable 𝜃 is 

the angle of the satellite, 𝜃ref is the desired input 

angle, ωy is the angular velocity, 𝐾𝑃 is the 

proportional gain, 𝐾𝐷 is the derivative gain, 𝐾𝐼 is 

the integral gain, 𝜇 is the fractional derivative  
exponent, 𝜆 is the fractional integrator exponent, 𝑢 

is the control signal, and 𝑀𝑐 is the control torque, 

𝑀𝑦 is the generation torque of the second axis, 𝑀𝑑 

is the disturbance torque and 𝑀 is the total torque 

applied to the satellite dynamics. In the modeling 

of the reaction wheel, sometimes the ideal model 

and sometimes the first-order dynamics are 

considered [22]. The more accurate model is the 

first-order dynamics along with the saturation 
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block, which is used in this article due to the 

limitations of practical implementation. It should 

be noted that due to the presence of the saturation 

block, the control system has become nonlinear. In 

the block diagram of Figure 2, 𝑇 is the time 

constant of the reaction wheel, 𝐾 is the wheel gain 

coefficient. 

 
Figure 2. Block diagram of satellite single-axis 

attitude control with fractional order PID controller 

and reaction wheel model 

In the block diagram of Figure 2, assuming 

that the exponent of the fractional 

derivative and the exponent of the 

fractional integral are units, the 

mathematical equations and relations are 

extracted as follows. 

𝑒(𝑡) = θref − θ () 

𝑢(𝑡) = 𝐾𝑃𝑒(𝑡) + 𝑋𝐷 + 𝑋𝐼 () 

𝑀 = 𝑀𝑦 + 𝑀𝑑 () 

My = {

𝑀𝑐𝑚𝑎𝑥
      for                   Mc > 𝑀𝑐𝑚𝑎𝑥

𝑀𝑐              for     𝑀𝑐𝑚𝑖𝑛
≤ 𝑢 ≤ 𝑀𝑐𝑚𝑎𝑥

𝑀𝑐𝑚𝑖𝑛
       for                     Mc < 𝑀𝑐𝑚𝑖𝑛

 () 

In this regard, the equations 𝑀𝑐𝑚𝑎𝑥
  and 𝑀𝑐𝑚𝑖𝑛

 are 

the maximum and minimum torque generated by 

the control actuator, respectively. Also, the state 

equations of the block diagram in Figure 2 are as 

follows. 

(6) �̇� = 𝜔𝑦 

(7)                 �̇�𝑦 =
𝑀

𝐽
 

(8) �̇�𝐼 = 𝐾𝐼𝑒 

(9) �̇� =
𝑋𝐷

𝐾𝐷
 

(10) 𝑀𝑐
̇ =

𝐾𝑢 − 𝑀𝑐

𝑇
 

Satellite attitude control with fractional order 

controller 

Classic calculus has been developed over time 

according to human needs, and after that, 

fractional calculus has been established.  Fractional 

order derivative and fractional order integral are 

generalizations of the classic derivative and classic 

integral.  In fractional calculus, Gamma  functions, 

Beta functions, and Mittag-Leffler functions are 

the main and widely used functions, which are 

presented below [17]. 
(11) 

Γ(𝑧) = ∫ 𝑒−𝑡𝑡𝑧−1𝑑𝑡   
∞

0

  𝑧

∈ ℝ+ ∪ {0} 
(12) β(𝑧 . 𝜔)

≜ ∫ 𝜏𝑧−1(1
1

0

− 𝜏)𝜔−1𝑑𝜏          𝑅𝑒(𝑧)
> 0. 𝑅𝑒(𝜔) > 0 

(13) 

𝐸𝛼(𝑧) ≜ ∑
𝑧𝑘

Γ(𝛼𝑘 + 1)

∞

𝐾=0

.     𝛼

> 0 
The fractional order integral is a generalization of 

the integer order. According to the definition of the 

fractional order integral of the function 𝑓(𝑡) of 

order 𝛼 in the interval from 𝑎 to 𝑡, it can be 

obtained by rewriting Cauchy’s formula based on 

the gamma function as a generalization of the 

factorial function as follows. 

(14) 

𝐼𝑎
𝑅𝐿

1
𝛼𝑓(𝑡)

≜
1

Γ(𝛼)
∫ (𝑡 − 𝜏)𝛼−1𝑓(𝜏)𝑑𝜏.     𝛼

𝑡

𝑎

∈ ℝ+ 

The symbol 𝐼𝑎
𝑅𝐿

1
𝛼𝑓(𝑡)   means Riemann-Liouville 

fractional integral operator. The function 𝑓(𝑡) 

from 𝑎 (lower limit of integral) to 𝑡 (upper limit of 

integral) for 𝑡 > 𝛼 and 𝛼 is the order of 

integration. To define the fractional order 

derivative, the generalized concept of fractional 

order integral is used. In this way, the operator 

derived from the fractional order of 0.7 is defined 

as an integral with the fractional order of 0.3 of the 

function, along with the first-order derivative of 

that function. This definition is called Riemann-

Liouville fractional order derivative.  In this way, 

the derivative of order 𝛼 of function 𝑓(𝑡) is 

defined as follows. 



  

 

 / 87 

 

Three-Axis Satellite Attitude Control with Fractional-Order PID Controller 

in the presence of Uncertainty and Disturbance  

 

Journal of  Aerospace Science and Technology 

Vol. 15  / No. 2/ Summer- Fall  2022 

(15) 

                                      
𝐷𝑎

𝑅𝐿
𝑡
𝛼𝑓(𝑡) ≜

𝑑𝑚

𝑑𝑡𝑚
{ 𝐼𝑎

𝑅𝐿
𝑡
𝑚−𝛼𝑓(𝑡)}.    𝛼 ∈

ℝ+ 
In the above equation, ⌈𝑚⌉ = 𝛼, or in other words, 

𝑚 is equal to the smallest integer greater than 𝛼. 
The symbol used for the Riemann-Liouville 

fractional derivative operator is the symbol 𝐷𝑎
𝑅𝐿

𝑡
𝛼.  

Fractional order derivative has other definitions, 

and one of these definitions is Grunwald-Latinkov 

fractional order derivative.  This definition is 

mostly used for calculation purposes.  This 

definition is as follows. 

(16) 

𝐷𝑎
𝐺𝐿

𝑡
𝛼𝑓(𝑡)

= lim
ℎ→0

∑ (−1)𝑟(𝛼
𝑟

)𝑓(𝑡 − 𝑟ℎ)𝑁
𝑟=0

ℎ𝛼
 

Here, according to the generalization of the 

concept of integral and derivative, it is possible to 

consider the fractional order integral and 

derivative in the structure of the PID controller and 

obtain a generalized structure as follows. 

(17) 𝐶(𝑠) = 𝐾𝑝 +  
𝐾𝑖

𝑠𝜆
+ 𝐾𝑑𝑠𝜇 

In the above structure, λ specifies the order of 

integral and μ specifies the order of derivative. The 

controller described by the above function is called 

a fractional order PID controller or FOPID or 

𝑃𝐼𝜆𝐷𝜇  controller. This controller is actually a 

generalized form of the classic PID controller. In 

this controller, the relation between input e(t) and 

output u(t) will be as follows [3]. 
(18) 𝑢(𝑡) =  𝐾𝑝𝑒(𝑡)

+ 𝐾𝑖 𝐼0
𝑅𝐿

𝑡
𝜆𝑒(𝑡)

+ 𝐾𝑑 𝐷0
𝐶

𝑡
𝜇

𝑒(𝑡) 
PID controller is used as the most practical 

controller in the industry to control different 

systems. The fractional order PID controller has 

five tunable control parameters 𝐾𝑝, 𝐾𝑑, 𝐾𝑖, 𝜆  and 

𝜇. Therefore, compared to the classic PID 

controller, it has two more degrees of freedom, 

which can increase the capabilities of this 

controller.The fractional calculus tool improves 

the efficiency of control loops by improving the 

efficiency of controllers. For this reason, the use of 

fractional order controllers has attracted the 

attention of engineers all over the world in recent 

years and many studies have been done in this 

field. Due to the popularity of the fractional order 

controller and its control features, in this article, 

the fractional order PID controller is used to 

improve the satellite attitude control, and its 

controllability compared to the integer order 

controller is investigated. 

Attitude control optimization with fractional 

order controller 

In this section, optimization with an evolutionary 

algorithm based on the Particle Swarm 

Optimization (PSO) method is used to select the 

most appropriate control gains for the satellite 

attitude control system. The PSO algorithm is 

inspired by the collective behavior of birds or fish, 

which is specifically related to evolutionary 

strategy. The particle swarm algorithm searches 

through a series of factors. These factors, known 

as particles, travel along paths that are statistically 

or precisely determined. Each particle is affected 

by its best position and the best position of the 

whole group. But it should move randomly. Each 

particle (i) is defined by its position vector (xi) and 

its velocity vector (vi). In each iteration of this 

algorithm, each particle obtains a new location 

based on its new velocity vector. In Table 1, PSO 

optimization parameters and their numerical 

values are given. 

Table 1 - Optimization conditions by PSO method 

Parameter Numerical value 

Number of particles 50 

Number of  iteration 400 

Error goal 10−6 

Stopping criteria Number of   
iteration 

In order to compare the performance of the fractional 

order controller, the integer order controller is also 

optimized with the same conditions. To show the 

performance of the PID controller, the PD controller 

is also examined and its control gains are selected 

from the optimization process. The absolute value of 

the pointing error in the point to point attitude 

maneuver is determined as the optimization objective 

function.  In this optimization, 𝐾𝑝 and 𝐾𝑑 for classic 

PD controllers and 𝐾𝑝, 𝐾𝑑 and 𝜇 for fractional PD 

controller was considered as optimization variables.  
Also, for the classic PID controller, 𝐾𝑝, 𝐾𝑑, and 𝐾𝑖 

gains, and for the fractional order PID controller, 𝐾𝑝, 

𝐾𝑑, 𝐾𝑖 gains, 𝜆 and 𝜇  were considered as 

optimization variables.  Uncertain optimization 

parameters are the moment of inertia, reaction wheel 
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model, disturbances and reference input angle.  The 

optimization equation is as follows. 

(19) 

Find (𝐾𝑃.  𝐾𝐷.  𝐾𝐼 .  𝜇.  𝜆) 

Minimizing 𝑃𝐼 

Subject to (Max(|Err|) −

0.5) ≤ 0     

0.1 ≤ 𝐾𝑃.  𝐾𝐷 .  𝐾𝐼 ≤ 200 

 0 < 𝜇. 𝜆 < 2 

where the performance index is equal to 

(20) 𝑃𝐼 = {√|𝑒1
2 + 𝑒2

2 + 𝑒3
2|} 

(21) 

𝑒1 = |𝜑𝑟𝑒𝑓 − 𝜑| 
𝑒2 = |𝜃𝑟𝑒𝑓 − 𝜃| 
𝑒3 = |𝜓𝑟𝑒𝑓 − 𝜓| 
Simulation and numerical solution as well as 

optimization have been done according to the 

values in Table 2.  Control gains for PD and PID 

controllers for two cases of integer order and 

fractional order and for three axes x, y, and z of the 

satellite are obtained from the optimization 

process and are presented in Table 3.  The 

optimization process continues using the particle 

swarm method (PSO) until the stopping criterion 

is reached. 

Table 2- Numerical values of parameters in 

optimization and numerical solution 

deg 30 𝜑𝑟𝑒𝑓 .  𝜃𝑟𝑒𝑓 . 𝜓𝑟𝑒𝑓 
𝐾𝑔 𝑚2⁄  7.9 𝐽𝑥 
𝐾𝑔 𝑚2⁄  10 𝐽𝑦 
𝐾𝑔 𝑚2⁄  8.9 𝐽𝑧 

𝑑𝑒𝑔 𝑠𝑒𝑐⁄  0 𝜔𝑥0. 𝜔𝑦0.  𝜔𝑧0 
deg 0 𝜑0.  𝜃0.  𝜓0 

- 1 𝐾 
sec 0.2 𝑇 
sec 0.001 ℎ 

Nm 0.01 sin(0.1 𝑡)
+ 0.0002 

𝑀𝑑 

Table 3- Control gains obtained from optimization 

Axis Controller type 
Proportional 

gain  
Integral gain 

Derivative 
gain 

Fractional 
derivative 
exponent 

Fractional 
integral 

exponent 

 
 
x 

PD 0.60 - 3.44 - - 

FOPD 2.42 - 15.83 1.12 - 

PID 1.59 0.04 17.08 - - 
FOPID 2 0.50 16.18 0.97 0.36 

 
 
y 

PD 0.38 - 2.65 - - 

FOPD 2.31 - 17.16 1.15 - 

PID 1.51 0.05 18.13 - - 
FOPID 2.17 0.45 19.01 0.95 0.52 

 
 
z 

PD 0.35 - 2.49 - - 

FOPD 3.01 - 16.16 1.11 - 

PID 1.62 0.05 18.79 - - 
FOPID 1.98 0.30 17.18 0.93 0.62 

Discussion and results 

The results of the simulation and numerical 

solution of the satellite three-axis control block 

diagram have been studied and analyzed in this 

section. To study the time response, Figures 3 and 

4 are drawn. In these two figures, the angle and 

angular velocity of the satellite's three axes are 

plotted for fractional and integer order controllers, 

while the control gains are obtained from the 

optimization process in the presence of 

disturbances. 
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Figure 3- Time response of satellite three-axis attitude control with classic and fractional order PD controller 

 

Figure 4- Time response of satellite three-axis attitude control with classic and fractional order PID controller

 

 

The results of these two figures show that both the 

integer and fractional order controllers performed 

well, but in comparison between the two 

mentioned controllers, the fractional order 

controller has better accuracy and less overshoot. 

In addition, the angular velocity diagrams are also 

drawn. A large increase in angular velocity during 

the maneuver of the satellite is not desirable, so the 

angular velocity graph has also been checked. To 

check the accuracy of attitude and angular velocity 

more precisely, the limit cycle diagrams for three 

axes of the satellite, two types of PD and PID 

controllers, and integer order and fractional order 

control have been drawn in figures 5 and 6 in the 

presence of external disturbances.   According to 

the figure, the amplitude of the limit cycle in the 

fractional-order controller is less than the integer-

order controller.  This error reduction shows the 

more appropriate performance of the fractional 

controller in this problem.  Also, comparing the 

two control algorithms PD and PID, it is clear from 

the two figures that the PD algorithm has better 

accuracy than PID. 

 

 
Figure 5- Limit cycle diagram of classic and fractional 

order PD controller 
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Figure 6- Limit cycle diagram of classic and 

fractional order PID controller 

For a fair comparison of the results, it is necessary 

to check the performance index in terms of 

uncertainties and disturbances.  For this purpose, 

Figures 7 to 10 study the satellite single-axis 

performance index for fractional and integer order 

controllers with PD and PID algorithms. In these 

figures, the vertical axis is the absolute mean value 

of the pointing error of the satellite attitude, which 

is considered in degrees. The horizontal axes are 

also the changes in the moment of inertia, reaction 

wheel time constant, input angle, and disturbances. 

In Figure 7, classic and fractional order PD and 

PID controllers are drawn under the efficacy of the 

uncertainty of the moment of inertia of the satellite 

in the range of -20% to +20%. As can be seen from 

the figure, the changes in the absolute value of the 

satellite pointing error relative to the uncertainty of 

the moment of inertia in the fractional order 

controller are much less than the changes in the 

absolute value of the error in the classic controller. 

  
 b-PID  a-PD 

Figure 7- Performance index according to the uncertainty of the moment of inertia 

In Figure 8, the performance indexes in terms 

of uncertainty in the time-constant model of the 

reaction wheel for two controllers of integer 

order and fractional order have been studied. 

The uncertainty of the time constant model of 

the reaction wheel is in the range of -20% to 

+20% of the nominal value. According to this 

figure, the performance index is not very 

dependent on the time constant of the wheel, 

and the fractional order controller has less error 

than the integer order controller. 

  
b-PID a-PD 

Figure 8- The performance index according to the uncertainty of the time constant of the reaction wheel 

In Figure 9, the performance index is checked according to the uncertainty of the disturbance amplitude for 

the integer order and fractional order controller. The uncertainty of the  amplitude of disturbances is in the 

range of -20% to +20% of the nominal value. According to this figure, with the increase in the  amplitude  
of disturbances, the pointing error has increased. Although fractional order controller performance is more 

suitable than integer order. 



  

 

 / 91 

 

Three-Axis Satellite Attitude Control with Fractional-Order PID Controller 

in the presence of Uncertainty and Disturbance  

 

Journal of  Aerospace Science and Technology 

Vol. 15  / No. 2/ Summer- Fall  2022 

  
b-PID  a-PD 

Figure 9- Performance index according to the uncertainty of the amplitude of disturbances 

 

In Figure 10, it is possible to compare the 

performance of the integer order and fractional 

order controllers in terms of changes in the 

absolute value of the satellite pointing error in the 

presence of the uncertainty of the input angle from 

10 to 50 degrees. As can be seen from Figure 10, 

the performance of the fractional controller is 

preferable to the integer order controller. 

  
b-PID a- PD 

Figure 10- Performance index according to reference input uncertainty 

In the following of this section, the results of the 

three-axis satellite couple control with classic and 

fractional order PD and PID controllers are 

presented.  In figures 11 and 12, the three-axis 

performance index of the satellite in terms of the 

uncertainty of the moment of inertia of the 

satellite, the time constant of the actuator, the 

frequency of disturbances, and the amplitude of 

disturbances in the range of -20 % to +20% of the 

nominal value are checked and compared by 

classic and fractional order controllers. According 

to these two figures, the performance of the 

fractional order controller is more suitable than the 

integer order controller. 
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(b) (a) 

Figure 11- Performance index of three-axis according to uncertainty (a) moment of inertia, (b) time constant of the 

actuator 

 

 

 
b- Frequency of disturbances  a-Amplitude of disturbances 

Figure 12- Performance index of the three-axis according to the uncertainty of disturbances 

The three-axis and single-axis satellite attitude 

control performance index for integer and 

fractional PD and PID controllers were 

investigated in the presence of uncertainties of 

amplitude and frequency of disturbances, reaction 

wheel model, the moment of inertia, and reference 

input amplitude. The graphs generally show less 

pointing errors on the satellite attitude maneuver 

with the fractional order controller. Also, the PD 

controller has improved the time response 

characteristic of the satellite attitude control 

system compared to the PID controller. 

By the study on the performance index, it is 

obtained from the drawn figures that the 

uncertainty in the parameters of the moment of 

inertia and the amplitude of disturbances have a 

greater effect on the pointing accuracy. One of the 

results obtained from this study is the 

improvement of the accuracy of attitude control in 

the presence of uncertainty and disturbance, which 

is achieved by the fractional order controller. 

Fewer changes in the performance index in terms 

of parameter changes in attitude control with 

fractional order controller have also been another 

achievement of this study. 

Conclusion 

In this paper, the three-axis attitude control 

performance of a rigid satellite with a fractional-

order proportional-integral-derivative controller 

has been improved in the presence of disturbances 

and by considering parametric uncertainties. A 

reaction wheel with a first-order dynamic model 

and a maximum torque limitation has been used as 

a satellite attitude control actuator. Uncertainty in 
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the moment of inertia of the satellite, actuator 

model, and reference input is considered. External 

disturbances were modeled with fixed and periodic 

parts, and the uncertainty of the amplitude and 

frequency of the disturbances was considered. To 

validate and compare fairly, in addition to the 

fractional order controller, the integer order 

controller was also checked for the same 

conditions.  The absolute mean error of the 

pointing maneuver on the satellite attitude was 

selected as the objective function of the 

optimization, and the optimization constraints 

were added to the objective function by the penalty 

method to tune the gains of the integer and 

fractional order controllers by the particle swarm 

evolution algorithm (PSO). Comparison of the 

results by studying time response graphs, limit 

cycle, performance index graphs in terms of 

disturbance uncertainties, actuator model, the 

moment of inertia, and change of reference input 

for integer and fractional order PD and PID 

controllers has been done separately. The obtained 

results indicate less satellite pointing error with the 

fractional order controller and its higher 

robustness performance than the integer order 

controllers in the presence of uncertainty and 

disturbances. Also, the results show the high 

impact of the uncertainties of the moment of 

inertia and the amplitude of disturbances on the 

performance index in both controllers. 
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