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This study introduces a recent robust control method for attitude control of a rigid 

spacecraft using barrier function (BF) based integral sliding mode control (BFISMC). 

BFISMC scheme combines all the features of the classical integral sliding mode control 

(ISMC) with the continuity characteristic of BF to provide two major features, the first, 

the perturbation ultimate bound or its derivative is not needed to be known in advance, and 

secondly, eliminate the chattering phenomenon related to Conventional Sliding Mode 

Control (CSMC) and ISMC. The proposed method mechanism aims to ensure the system 

states in predefined vicinity to zero from the first instant. Comparison was performed with 

the conventional integral sliding mode control (CISMC) and adaptive sliding mode control 

based on BF (BFASMC) to demonstrate the strength of the proposed method against them. 

The results showed improved adaptability, robustness, smoother control input (CI) and 

minimum control effort. The effectiveness of the proposed approach is validated by 

simulation results of satellite attitude control with certain Moment of Inertia (MOI) and 

assumed external severe time varying disturbances. As the results, show the proposed 

controller tracks the states to desired trajectories accurately with steady sate error up to 

(2.8 × 10-3 rad) and minimize control effort down to (0.33 nm) with excellent adaptation,

disturbance reduction and chattering elimination. The stability of ISMC and BFISMC are 

confirmed by Lyapunov criteria. 
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1. INTRODUCTION

Spacecrafts often experience difficult conditions in space, 

represented by several forces that threaten their attitude and 

even their stability, such as gravitational force, aerodynamic 

drag, solar pressure, and others. In addition to this, there are 

the complexities of the nonlinear dynamics and Moment of 

Inertia (MOI) uncertainty. Given the importance of spacecraft, 

which have come to play a dominant role in several fields, such 

as communications, weather forecasting, monitoring, and 

guidance, the need to develop control over their positioning 

and stability has become indispensable. 

Over the past decades, several methods have been 

developed to deal with these problems. These methods include 

the adaptive control [1-3], Sliding mode control [4-6], back-

stepping control [7, 8], and fuzzy control [9, 10]. Through 

these approaches, the sliding mode control is one of the most 

effective strategies for attitude control of rigid spacecraft. 

The use of Sliding Mode Control (SMC) for attitude 

controlling of rigid spacecraft was originally introduced in the 

study [11], after which several types of SMC control were 

introduced by researchers such as Conventional CSMC where 

convergence is asymptotic [12-15]. Unlike CSMC, Terminal 

SMC (TSMC) was used to ensure convergence at a specific 

time [16-18]. Then a modified TSMC was used to avoid 

singularity while ensuring convergence in finite time called 

Fast (FTSMC) [19-22]. However, in both cases, despite 

ensuring the speed of convergence and avoiding the 

singularity, global robustness cannot be guaranteed due to the 

presence of the reaching phase. To eliminate this situation, 

ISMC was resorted to, which is characterized by no reaching 

phase. Therefore, TISMC was introduced to ensure global 

robustness and convergence in a finite time [23, 24]. A fixed-

time ISMC was introduced in the study [25] to eliminate the 

reaching phase operations and ensure convergence in a fixed 

time with global robustness.  

However, all of the above studies rely on prior knowledge 

of the upper bound of the disturbance and uncertainties. 

In the case where the upper bound of disturbance is 

unknown there are two main different ways for adaptive 

Sliding Mode Control (ASMC) [26]. The first method involves 

increasing the gain until the sliding mode (SM) is reached, 

after which the gain value stays stationary to ensure the ideal 

SM for a while. However, SM can be lost when disturbance 

increases and the gain value will increase to reattain the SM 

[27, 28]. Second method presented by the study [29] is based 

on the reference model and equivalent control to estimate the 

disturbances. A low pass filter was used for implementation, 
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however, the choosing the filter gain which must be 

considerably lower than the inverse of the highest value of the 

first derivative of the disturbance is so difficult. So, many 

strategies are suggested by researchers, the core of these 

strategies is the adaptation of the controller gain as in studies 

[30-34] where the ASMC is proposed for attitude tracking, 

while a FTSMC is proposed in the study [35] to ensure finite 

time convergence. ASM Fault tolerant control [36] is 

developed as a controller for nonlinear systems, in this 

approach even with adaptation algorithm the dynamics of 

perturbation may require. While in the study [37] dynamic 

sliding variable and adaptation law are used to design adaptive 

dynamic SMC. In the study [38] Finite time attitude tracking 

by designing passivity _ ASMC is proposed, in this method 

the full state feedback is assumed, where it is practically 

unavailable. In addition, disturbance observer can be used to 

reject the disturbance and combined with ASMC for UAV 

trajectory tracking as in the study [39], this approach depends 

on parameters tuning which makes the computational process 

large. Moreover, fuzzy logic and neural network (NN) also 

played a role in attitude control, where Tkagi-Sogeno Fuzzy 

Algorithm combined with ASMC for spacecraft attitude 

controlling, the limitations of this strategy are the high 

computational process, chattering issue, and the precise 

selection of the membership function of fuzzy model [40, 41], 

and an adaptive fuzzy – Neural PID-Like Controller for 

Nonlinear MIMO Systems is presented in the study [42]. 

Most of Previously mentioned  studies involve complex 

computational, in addition to reducing, rather than eliminating, 

the chattering. This has encouraged researchers to develop 

effective and simple strategies to cope with these problems,  

while   ensuring  robustness   theof without knowing the details   

perturbation   dynamics . 

However, CSMC and adaptive SMC are the most effective 

method for controlling nonlinear systems, especially those 

suffering from disturbances and uncertainty, but through the 

reaching phase, the robust stability and performance may not 

be ensured. The ISMC is a special type of SMC, which is 

unique in that there is no reaching phase, which means the SM 

will be achieved from the beginning, meaning that the control 

system will be in nominal and full order from the first moment. 

However, like CSMC, it also suffers from chattering [43-46]. 

To cope these problems, BF based ISMC (BFISMC) has 

been proposed.  In addition to  exploiting characteristics of 

ISMC, the features of the presented method are:   

1- The knowledge of the ultimate limit of perturbation and 

model uncertainties or their derivative are not required in 

advance. 

2- There is only one control parameter to be tuned to 

improve the steady state error. 

3- Chattering elimination because BF is continuous. 

The structure of this study is organized as follows: Section 

2 explains the mathematical model  of a rigid spacecraft, 

Section 3 provides the details of ISMC, BF with ASMC 

(BFASMC) and the proposed BFISMC. The results and 

comparison will be presented in Section 4, while the 

conclusions will be in the Section 5. 

 

 

2. RIGID SPACECRAFT MATHEMATICAL MODEL 

 

In this paper a Satellite motion is described by the rotation 

about principal axis of rigid body, but first, there are some key 

assumptions about rigid spacecraft: 

- No part of the spacecraft can be affected or deformed by 

any external force or disturbance. 

- The flexibility of the structure, fuel flow, and vibrations 

are neglected. 

- The total mass does not change over time, nor does its 

distribution. 

- The MOI is constant.  

Then the equation of motion will be extracted by Euler’s 

equations [47-49]. 

 

T=dL/dt (1) 

 

L=Iω (2) 

 

where: 

T = Net external torque vector (3 × 3)in (n.m.) 

L = Angular momentum vector (3 × 3) in ((kg.m2/s) 

I = Satellite MOI matrix (3 × 3) in (kg.m2) 

ω = Angular velocity vector (3 ×1) in (rad/s) 

In this paper a body-fixed frame (rotating with satellite) is 

used to avoid the complexities of the variation of I with 

direction in an inertial frame. 

For a body – fixed frame Eq. (1) becomes: 

 
dL

dt
|
inertial

=
dL

dt
|
body 

+ω×L (3) 

 

So, the rotational equation becomes: 

 

T=Iω̇+ ω ×L (4) 

 

T=Iω̇+ ω ×(Iω) 

 

Ti= ui+ di (i=1,2,3) (5) 

 

where, T is the applied torque, u is the control input, d is an 

external disturbance, and X is cross product. For principal axis 

& diagonal certain MOI: 

 

I= [

J1 0 0

0 J2 0

0 0 J3

], ω= [

ω1

ω2

ω3

], ω̇= [

ω̇1

ω̇2

ω̇3

] 

 

the expanding Euler’s equations become: 

 

T1 = J1 ω̇1 + (J3 − J2)ω2 ω3
T2 = J2 ω̇2 + (J1 − J3)ω1 ω3
T3 = J3 ω̇3 + (J2 − J1)ω1 ω2

} (6) 

 

And 

 

ω̇1 = 
1

J1
 [ (J2 − J3)ω2 ω3 + T1 ]

ω̇2 = 
1

J2
 [ (J3 − J1)ω1 ω3 + T2 ]

ω̇3 = 
1

J3
 [ (J1 − J2)ω1 ω2 + T3 ]}

  
 

  
 

 (7) 

 

Euler’s angles ( φ, θ, ∅ ) are often describe the satellite 

orientation where, Roll Angle (∅) is the rotation around x-axis, 

Pitch Angle (θ) is the rotation around y-axis and Yaw Angle 

(φ) is the rotation around z-axis. 
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The body _ frame angular velocities (ω1, ω2, ω3) related to 

Euler angle are: 

 

[

𝜔1
𝜔2
𝜔3
] = [

1 0 − sin 𝜃
0 cos∅ sin∅ cos 𝜃
0 − sin∅ cos∅ cos 𝜃

] [
∅̇

𝜃̇
𝜑̇

] 

 

For small angles (simplified dynamics): 

 

𝜔1 ≈ ∅̇, 𝜔2 ≈ 𝜃̇, 𝜔3 ≈ 𝜑̇ (8) 

 

by substituting Eqs. (5) and (8) in Eq.(7) 

 

∅̈ =
1

𝐽1
[(𝐽2 − 𝐽3)𝜃̇𝜑̇ + 𝑇1 ] (9) 

 

𝜃̈ =
1

𝐽2
[(𝐽3 − 𝐽1)𝜑̇∅̇ + 𝑇2 ] (10) 

 

𝜑̈ =
1

𝐽3
[(𝐽1 − 𝐽2)∅̇𝜃̇ + 𝑇3] (11) 

 

Let 𝑥1 = ∅, 𝑥2 = ∅̇ , 𝑥3 = 𝜃, 𝑥4 = 𝜃̇, 𝑥5 = 𝜑, 𝑥6 = 𝜑̇ 

then: 

 

𝑥̇1 = 𝑥2 (12) 

 

𝑥̇2 =
1

𝐽1
[(𝐽2 − 𝐽3)𝑥4𝑥6 + 𝑇1] (13) 

 

𝑥̇3 = 𝑥4 (14) 

 

𝑥̇4 =
1

𝐽2
[(𝐽3 − 𝐽1)𝑥6𝑥2 + 𝑇2] (15) 

 

𝑥̇5 = 𝑥6 (16) 

 

𝑥̇6 =
1

𝐽3
[(𝐽1 − 𝐽2)𝑥4𝑥2 + 𝑇3 ] (17) 

 

This is a 6th order nonlinear, coupled dynamical system 

governing the Euler’s equation of motion around principal axis. 

 

 

3. CONTROLLER DESIGN 

 

In this section ISMC and BFASMC will be introduced 

which are both robust controllers for the purpose of 

comparison and proving the superiority of the proposed 

controller which will be presented in the last part of this 

section. 

 

3.1 Integral Sliding Mode Controller (ISMC) 

CSMC consist of two phases, the reaching phase, which is 

the trajectory of the system from its initial state to the moment 

it reaches the sliding surface, at which point it enters the 

sliding phase, as illustrated in Figure 1. The property of 

robustness against disturbances or parameters variation is achieved 

only through the SM. Therefore, robustness cannot be guaranteed 

over the reaching phase [50]. The removal of the reaching phase in 

the CSMC is done by using the ISMC, in which the states are in the 

sliding phase from the first moment [51]. In ISMC the order of system 

dynamic in sliding mode does not change, therefore it’s also called 

full order SMC (FOSMC), while in CSMC the order reduction of the 

system is due to numbers of control signals. 

 

 
 

Figure 1. Sliding surface [52] 

 

To design the ISMC, the error equations are: 

 

𝑒1 = 𝑥1 − 𝑥1𝑑 (18) 

 

𝑒2 = 𝑥3 − 𝑥3𝑑 (19) 

 

𝑒3 = 𝑥5 − 𝑥5𝑑 (20) 

 

where, x1d, x3d and x5d  are the desired Roll, Pitch and Yaw 

rotation angles and will be chosen later as constants  . The time 

derivative of the error equations are: 

 

𝑒̇1 = 𝑥̇1 − 𝑥̇1𝑑 = 𝑥2 (21) 

 

𝑒̇2 = 𝑥̇3 − 𝑥̇3𝑑 = 𝑥4 (22) 

 

𝑒̇3 = 𝑥̇5 − 𝑥̇5𝑑 = 𝑥6 (23) 

 

The sliding surfaces corresponding to three control inputs 

are designed as: 

 

𝑠1 = 𝑒̇1 +  𝜌𝑒1 (24) 

 

𝑠2 = 𝑒̇2 + 𝜌𝑒2 (25) 

 

𝑠3 = 𝑒̇3 + 𝜌𝑒3 (26) 

 

where, 𝜌  > 0 is convergence rate. The time derivative of 

sliding surface equations are:  

 

𝑠̇1 = 𝑥̇2 + 𝜌𝑥2 (27) 

 

𝑠̇2 = 𝑥̇4 + ρ𝑥4 (28) 

 

𝑠̇3 = 𝑥̇6 + 𝜌𝑥6 (29) 

 

by substitution Eqs. (13), (15), and (17) in Eqs. (27-29) the 

following equations are obtained: 

 

𝑠̇1 =
1

𝐽1
[(𝐽2 − 𝐽3)𝑥4𝑥6 + 𝑢1 + 𝑑1] + 𝜌𝑥2 (30) 

 

𝑠̇2 =
1

𝐽2
[(𝐽3 − 𝐽1)𝑥6𝑥2 + 𝑢2 + 𝑑2] + 𝜌𝑥4 (31) 
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𝑠̇3 =
1

𝐽3
[(𝐽1 − 𝐽2)𝑥4𝑥2 + 𝑢3 + 𝑑3] + 𝜌𝑥6 (32) 

 

Let the control law taken as: 

 

𝑢𝑖 = 𝐽𝑖(𝑢𝑛𝑖 + 𝑢𝑠𝑖) 𝑖 = 1,2 𝑎𝑛𝑑 3 (33) 

 

𝑢𝑛𝑖 is the nominal control to make a stabilization to system 

nominal dynamics, while the disturbance term will addressed 

by switching control law 𝑢𝑠𝑖 [50]. 

 

𝑢𝑛1 = −
1

𝐽1
(𝐽2 − 𝐽3)𝑥4𝑥6 − 𝜌𝑥2 − 𝛽1𝑠1 (34) 

 

𝑢𝑛2 = −
1

𝐽2
(𝐽3 − 𝐽1)𝑥6𝑥2 − 𝜌𝑥4 − 𝛽2𝑠2 (35) 

 

𝑢𝑛3 = −
1

𝐽3
(𝐽1 − 𝐽2)𝑥4𝑥2 − 𝜌𝑥6 − 𝛽3𝑠3 (36) 

 

𝛽1,2𝑎𝑛𝑑3  are positive gains to be designed according to 

required performance. For ISMC the auxiliary sliding variable 

is designed as:  

 

𝜎𝑖 = 𝑠𝑖 + 𝑧𝑖 (37) 

 

𝑠𝑖 , 𝑧𝑖are conventional sliding manifold and integral term 

(auxiliary sliding variable) respectively such that 𝜎𝑖, 𝑠𝑖 , 𝑧𝑖 ∈
R1 with z(0) = −s(0) which leads to 𝜎𝑖(0) = 0 from the first 

instant. 

 

𝜎̇𝑖 = 𝑢𝑛𝑖 + 𝑢𝑠𝑖 + 𝑑𝑖 + 𝑧̇𝑖 (38) 

 

let 𝑧̇𝑖 = −𝑢𝑛𝑖 and this leads to 

 

𝜎̇𝑖 = 𝑢𝑠𝑖 + 𝑑𝑖 (39) 

 

by applying equivalent control to Eq. (39) yields 

 

𝜎̇𝑖|𝑒𝑞 = 0 = 𝑢𝑠𝑖|𝑒𝑞 + 𝑑𝑖 

𝑢𝑠𝑖|𝑒𝑞 = −𝑑𝑖 

 

This means, the disturbance will be eliminated by 

discontinuous control in equivalent mode from the first 

moment (t ≥ 0). 

Consequently, the equivalent close loop control systems in 

Eqs. (13), (15) and (17) can be given by: 

 

𝑥̇2 =
1

𝐽1
[(𝐽2 − 𝐽3)𝑥4𝑥6 + 𝑢𝑛1] = −𝛽1𝑠1 (40) 

 

𝑥̇4 =
1

𝐽2
[(𝐽3 − 𝐽1)𝑥6𝑥2 + 𝑢𝑛2] = −𝛽2𝑠2 (41) 

 

𝑥̇6 =
1

𝐽3
[(𝐽1 − 𝐽2)𝑥4𝑥2 + 𝑢𝑛3] = −𝛽3𝑠3 (42) 

 

It can be noticed that all control systems are nominal model 

systems with nominal control uni  which can be designed to 

satisfy the desired performance for all (t ≥ 0).  

For the discontinuous control, it’s the same of CSMC and 

it’s given by: 

 

usi = −ksign(σ) (43) 

 

Substituting in Eq. (39) 

σ̇i = −ksign(σ) + di (44) 

 

To obtain k for globally symptomatically stability, the 

Lyapunov candidate function: 

 

V =
1

2
σ2 > 0 (45) 

 

V̇ = σσ̇ = σ(−ksign(σ) + d) (46) 

 

V̇i ≤ −|σi|(ki − |di|) 
V̇i ≤0, when (ki − |di|) > 0 

|di| ≤ dmax 
(ki − dmax) > 0 

 

For negative definite, ki > dmax. 
 

3.2 Adaptive SMC based on Barrier Function (BFASMC) 

 

This approach is introduced by Obeid et al. [26], in this 

method, and based on the magnitude of sliding manifold which 

is affected by disturbances and uncertainties, the increasing 

and decreasing of the gain is allowed. Unlike the CSMC and 

ISMC, the BFASMC, the knowledge of the maximum value 

of uncertain parameters and external disturbances is not 

requested in advance.  

 

3.2.1 BF 

Definition [26]: Assume that there is ϵ > 0 can be selected 

and reformed. 

BF is defined as even continuous function such as: 

𝐵 ∶  𝑋 ∈  [−𝜖, 𝜖] → 𝐵(𝑋) ∈ [𝑁,∞] and strictly increasing 

on [0, ϵ] 
 

𝑙𝑖𝑚|𝑥|→𝜖𝐵(𝑥) = +∞ 

 

B(x) has a unique minimum at zero and B (0) =N ≥0 

There are two types of BF: 

1- Positive definite BF (PBF), Bp=
ϵN

ϵ-|x|
 , such as Bp(0) =N >0 

2- Positive semi definite BF (PSBF), Bps(x)=
|x|

ϵ-|x|
 , such as 

BPS(0) =0 

 

3.2.2 Adaptation algorithm 

The adaptive algorithm of this method is partitioned into 

two stages or phases [26]. The first phase, the gain will 

increase to a pre-determined time t*, at which time the gain 

value becomes equal to the maximum value of the disturbance 

to ensure a finite time convergence of sliding variable to 

neighbourhood of zero. Then it turns into the second phase, 

which is the BF. 

Phase 1 (Constant gain Adaptation t < t*) 

Let’s consider the control law as: 

 

usi=- kcisign(s) 

 

and the adaptive gain law as: 

 

kci=kci+α|si| (47) 
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kci  is directly increasing to |si|  to ensure rapid initial 

adaptation, and α is the adaptation rate. 

Phase 2 (BF gain t ≥ t∗)  
A positive semi-definite BF will be used in this paper 

 

kci =
|si|

ϵ−|si|
 PSDBF (48) 

 

𝑘𝑐𝑖 adapt to counteract disturbance and ensures 𝑠𝑖 to stay in 

(|𝑠𝑖| < 𝜖).  

When 𝑠 approaches zero and 𝜖 > 0 them exist 𝑡∗ which is 

the smallest root of inequality |s(t)| ≤
ϵ

2
 such that for all 𝑡 ≥

𝑡∗, the inequality the |𝑠| < 𝜖 is satisfied [52]. 

 

3.3 The proposed BF based Integral SMC (BFISMC) 

 

In an integral sliding controller, unlike CSMC, there is no 

reaching phase , but there is still a need to know the maximum 

value of the disturbance in advance. On the contrary, when 

using BFASM the advanced knowledge of the ultimate limit 

of the disturbance is not required, but at the same time there is 

a time to reach the region close to zero (reaching phase). In 

contrast, the proposed method, illustrated in Figure 2, provides 

a solution by utilizing the ISMC with the use of the BF as 

explained below:  

From Eq. (43) the discontinuous control law for ISMC: 

 

usi = -sign(σ) 

 

Using positive semi definite continuous BF as a controller 

gain such as: 

 

usi = -
|σi|

ϵ-|σi|
sign(σi) = -kb

σi

ϵ-|σi|
 (49) 

 

where, 1 ≫ ϵ > 0 represents the boundary layer thickness and 

kb > 0 is the gain of the controller that could be chosen for 

steady state error regulation and robustness improvement. The 

advantages of the proposed approach could be outlined as 

follows: 

- No knowledge of the maximum value of the disturbance is 

to be known in advance. 

- No reaching phase. 

- Chattering is eliminated or (attenuated for smaller ϵ), and 

this is due the continuity feature of the BF within boundary 

layer |s | < ϵ. 

Calling Eqs. (45) and (46) of  Lyapunov candidate function: 
 

V = 
1

2
σ2 

V̇ = σσ ̇ = σ (-sign(σ) + d) 

 

V̇ = σσ̇ = σ(-kb

σi

ϵ-|σi|
+d) (50) 

 

V ̇ ≤ -|σ| (kb

|σi|

ϵ-|σi|
 - |d|) (51) 

 

For negative definiteness 

 

(kb
|σi|

ϵ-|σi|
-|d|) > 0 (52) 

 

let |d|≤dmax 

|σi|

ϵ-|σi|
> dmax (53) 

 

kb|σi| > (𝜖 - |σi|) dmax (54) 

kb|σi| + dmax|σi| > dmax 𝜖 (55) 

|σi|(kb+dmax) > dmax 𝜖 (56) 

 

|σi|>
dmaxϵ

kb+dmax

→V̇<0 (57) 

 

Which means the ultimate bound of |σ
i
| is less than 

dmaxϵ

kb+dmax
 

which is less than ϵ, [51, 53]. 

 

 
 

Figure 2. Block diagram of BFISMC 

 

 

4. SIMULATION RESULT 

 

The simulation will be implemented by applying three 

methods, ISMC, BFASMC and BFISMC, and that to 

demonstrate the superiority of this method over the other two 

methods with regard to chattering elimination and the value of 

the input control effort required to achieve robust stability and 

performance, and that   is considered the most importan  

element in spacecraft, which are strictly limited in energy  

consumption. Therefore, reaching the desired path with the  

least energy consumption is an important issue.  MATLAB 

R2023a / m. file is used for simulation of the proposed 

controller and the other methods with variable magnitude time 

varying disturbances. Figure 3 represents the assumed 

increasing disturbance starts as time varying disturbance till 

time = 5 s with upper bound 0.3 and then changed to constant 

value of 0.7 until t = 12 s then after that the maximum absolute 

value will be 1.7 with same frequency, and that is to test the 

ability of the controller to adapt to the unexpected variation in 

forces affecting the system. The system parameters are 

introduced in Table 1 and parameters of controller are 

represented in Table 2. 
 

 
 

Figure 3. Applied disturbances 
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Table 1. Assumed system parameters 

 
Initial Conditions 

(∅, 𝛉, 𝛗) 

and Their Angular 

Velocities 

[0; 0; 0; 0; 0; 0]𝑇 

Desired Values (∅, 𝛉, 𝛗) [0.8; 0; 0.5; 0; −0.8; 0]𝑇 

Disturbances (𝒅𝟏,𝟐,𝟑) 

0.3𝑠𝑖𝑛(2𝜋𝑡)        0 ≤ 𝑡 < 5 

0.7            5 ≤ 𝑡 < 12 

−1.7𝑠𝑖𝑛(2𝜋𝑡)           𝑡 ≥ 12 

MOI 

(Diagonal certain matrix) 

𝐽1 = 𝐼𝑋𝑋 = 0.16 

𝐽2 = 𝐼𝑌𝑌 = 0.311 

𝐽3 = 𝐼𝑍𝑍 = 0.311 

 

Table 2. Controller parameters 

 
ISMC BFASMC BFISMC 

𝑘𝑖 = 2 > 𝑑𝑚𝑎𝑥 

𝛽𝑖 = 6 

𝑘𝑖𝑛𝑖𝑡 = 0.1 

𝑘𝑏 = 0.2 

ϵ = 0.05 

𝑡∗ = 1.7𝑠 

𝑘𝑖𝑛𝑖𝑡 = 0.0 

𝑘𝑏 = 0.2 

ϵ = 0.05 

𝑡∗ = 0 

 

 
(a) BFASMC 

 
(b) ISMC sliding vvariables 

 
(c) BFISMC 

 

Figure 4. Sliding variables 

Figure 4 represents the convergence of the sliding variable 

to a region close to zero. It can be seen from Figure 4(a) that 

the sliding variables of BFASMC converge to a 

neighbourhood of zero which is defined in advance in finite 

time through the reaching phase, during this phase the 

controller gain increases due to the adaptive law to reach the 

upper bound of disturbances which in turn increases the 

control effort and may cause chattering.  In Figure 4(b) and (c), 

it can be observed that there is no reaching phase, this is a 

result of using the ISMC, the sliding variable starts from the 

first instant. For ISMC method, the sliding variable is almost 

zero from the first moment, but with a small error rate which 

is inversely proportional to the controller gain as shown in 

Figure 4(a). As for Figure 4(c), which represents BFISMC 

methodology, it can be noted that the sliding variable is within 

the boundary layer from the first moment, and also that there 

is no chattering due to the use of the BF. 

 

 
(a) ISMC 

 
(b) BFASMC 

 
(c) BFISMC 

 

Figure 5. Control inputs 

 

Figure 5 represents the control input torque required applied 

by the reaction wheels to bring the rotation angles (∅, θ and φ) 

to the desired value despite the presence of disturbances. In 

ISMC, the value of the controller  gain is constant and higher 
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than the maximum value of the disturbance (ki = 2 > |d | = 1.7) 

which must be known in advance. As a result, the actuators 

(reaction wheels) will be exposed to the negative effect of 

chattering. In this simulation, the sign function was replaced 

by the tanh function to reduce the chattering and this is clear 

in Figure 5(a). While when using BFASMC method as 

explained in Figure 5(b) it can be seen that the control input 

follows the path of the disturbance completely to overcome it 

with no chattering except in transition from phase 1 to phase 2 

(transit p1-p2) at time t* = 1.7s. In contrast in Figure 5(c) the 

control inputs of BFISMC compensate the disturbances from 

the first instant with minimum continuous control effort 

compared to other two methods as explained in Table 3. 

 

Table 3. Comparison between ISMC, BFASMC and 

BFISMC 

 
Metrics Angle ISMC BFASMC BFISMC 

Steady 

State Error 

(rad) 

∅ 8 × 10−6 5.9 × 10−3 2.6 × 10−3 

θ 8 × 10−6 5.9 × 10−3 2.8 × 10−3 

φ 8 × 10−6 6.0 × 10−3 2.8 × 10−3 

Root Mean 

Squar Error 

(rad) 

∅ 0.1492 0.1447 0.3437 

θ 0.0933 0.1005 0.2146 

φ 0.1493 0.2015 0.3439 

Integral 

Squar Error 

(𝑟𝑎𝑑2) 

∅ 0.4648 0.4187 0.4637 

θ 0.1815 0.2017 0.1807 

φ 0.4640 0.8117 0.4632 

Mean 

Control 

Effort 

(n.m) 

∅ 1.99 0.7235 0.1632 

θ 1.98 0.7233 0.2773 

φ 1.97 0.7291 0.3320 

Max. 

Control 

Effort 

(n.m.) 

∅ 2.9 1.711 2.4 

θ 3.16 1.721 1.5 

φ 2.4 1.711 2.4 

Max. Perturbation 

(𝑑𝑚𝑎𝑥) 
Required 

Not 

Required 

Not 

Required 

Chattering Effect 
Reduced 

(due to tanh 

function) 

Transit 

(p1-p2) 

No 

Chattering 

 

Figure 6 observes the response of system states (rotation 

angles ∅,θ and φ) for the three methodologies with different 

high relative accuracy. As in Figure 6(a), the error of states 

response when using ISMC is very low and lower than other 

two methods because in ISMC the value of error is indirectly 

inversely proportional to the controller gain and this means 

that the higher the gain value, the lower the error but that will 

be on the account of chattering. However, when using 

BFASMC or BFISMC the states response error depends on the 

thickness of the boundary layer (|ϵ|) as shown in Figures 6(b) 

and (c), which means that the response accuracy can be 

increased by decreasing this thickness, but more decreasing 

may cause chattering, therefore, a  kind of balance between 

high precision and chattering must be taken into 

consideration.This will be more clearly illustrated in Figure 7. 

Table 3 demonstrates the superiority of the proposed 

method over the other two methods. SSE can be observed to 

be reduced by more than 50% compared to BFASMC for each 

rotation angle, but it is larger for ISMC, with minor differences 

in RMSE and ISE. However, the most significant advantage of 

this method is the reduction in control effort by more than 70% 

compared to BFASMC, which is a critical issue in spacecraft 

design due to power consumption limitations. While in ISMC, 

the control effort is relatively high and constant due to the 

controller gain overestimation. In addition, there is no 

chattering in control input and no need for prior knowledge of 

the upper bound of the disturbances for the proposed approach, 

in contrast, in BFASMC a chattering exist in transition stage 

between phase 1 and phase 2 (transit p1-p2). 

 

 
(a) ISMC 

 
(b) BFASMC 

 
(c) BFISMC 

 

Figure 6. States response 

 

 
(a) States response with 𝜖 = 0.1 

2411



 

 
(b) States response with 𝜖 = 0.01 

 
(c) Control inputs with 𝜖 = 0.01 

 
(d) Control inputs with 𝜖 = 0.1 

 
(e) Sliding variable with 𝜖 = 0.1 

 
(f) Sliding variable with 𝜖 = 0.01 

 

Figure 7. States response, sliding variable and control inputs, 

with 𝜖 = 0.1 and 0.01 

It has been stated that the accuracy of the system's response 

is inversely proportional to the thickness of the boundary 

layers, therefore, the choice of Epsilon value is very crucial. 

To demonstrate this importance, several Epsilon values were 

used (0.1, 0.05 which has already been used, and 0.01), as 

shown in Figure 7. 

Figure 7 illustrates the effect of the boundary layer width on 

performance metrics. It can be observed that the upper value 

of the error in Figure 7(a) is significantly larger compared to 

the error in Figure 7(b), indicating less accuracy. This is due 

to the boundary layer width used in both figures which is 0.1 

and 0.01 respectively as shown in Table 4. 

However, this can lead to real chattering problems in control 

input, as shown in Figure 7(c) while when using epsilon 0.1 

the control is smooth with no chattering as represented in 

Figure 7(d). Figures 7(e) and (f) introduces the sliding 

variables within the boundary layer with maximum value of 

sigma 0.09 and 0.008 respectively.   Therefore, careful  

attention must be paid to selecting the epsilon value to  make  

a balance between accuracy and the probability of chattering . 

 

Table 4. Metrics VS 𝜖 (Channel 1) 

 
ϵ 

Metrics 
0.1 0.05 0.01 

SSE 0.004616 0.0027 0.00067 

Max_E 0.007323 0.004539 0.00106 

Chattering No No Yes 

 

 
 

Figure 8. Bounded random disturbance 

 

 
(a) Sliding variables within the boundary layer 
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(b) Control inputs 

 
(c) States response 

 

Figure 9. Sliding variables, control inputs and states 

response with bounded random disturbance 

 

On the other hand, to highlight the validity of the 

hypothetical controller to counter unexpected disturbance and 

not requiring prior knowledge of the disturbance dynamics, a 

bounded random disturbance with ultimate bound = 2 was 

applied, as shown in Figure 8. Figure 9(a) represents the 

sliding variables  within the predefined boundary layer, while 

Figure 9(b) introduces the control inputs which follow is the 

profile of the disturbance to overcome it with the least possible 

effort to guide the states to their required values with the 

highest possible accuracy, as presented in Figure 9(c). 

Despite the good features of the proposed BFISMC method, 

its real-world implementation needs improvement, such as the 

mathematical representation of the complete nonlinear system, 

consideration of MOI uncertainty due to mass variation, good 

representation of constraints for actuators bandwidth, 

saturation, and execution fault. 

 

 

5. CONCLUSION 

 

This paper presents robust BF based Integral Sliding Mode 

Control (BFISMC) strategy  for Attitude controlling of rigid 

spacecraft, the proposed method has no reaching phase 

because of the use of the  ISMC, which is known for this 

property, and no need for prior knowledge of disturbance 

limits, making it more practical and effective in real-world 

applications. This method ensures robustness and eliminates 

chattering under varying conditions by using BF to regulate 

the gain smoothly. Moreover, this approach is effective in 

reducing the effect of disturbance, which makes the control 

system able to behave as nominal full order system from the 

beginning. In addition, the stability has been proven by 

Lyapunov criteria, which provides strong theoretical 

guarantees for the effectiveness of this method. A comparative 

simulation has been performed, explained that BFISMC 

outperforms ISMC and BFASMC in terms of adaptability, 

smoothness and control effort, whereas robust stability and 

performance were achieved with a steady state error of 0.0026 

(rad) and control effort of 0.33 (nm). 
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NOMENCLATURE 

 

𝑇 Net external torque, N.M 

𝐿 Angular momentum, kg.m2/s 

𝐼 Moment of Inertia, kg.m2 

𝑤 Angular velocity, rad/s 

𝑢 Control Input, N.M 

𝑢𝑠 Discontinuous control input, N.M 

𝑢𝑛 Nominal control input, N.M 

𝑑 Disturbance, N.M 

𝑑𝑚𝑎𝑥 Maximum disturbance N.M 

𝑘 Discontinouos control gain 

𝑥 State (angle), rad 

𝑥𝑑 Desired position (angle), rad 

𝑒 Error, rad 

𝑠 Sliding surface 

𝑉 Candidate Lyapunov function 

𝑧 Integral term 

  

 

Greek symbols 

 

𝛼 Gain adaptation rate 

𝛽 Nominal system gain 

𝜙 Roll angle, rad 

𝜃 Pitch angle, rad 

𝜓 Yaw angle, rad 

𝜌 Sliding surface convergence rate 

𝜎 Auxiliary sliding surface 

𝜖 Boundary layer thikness 
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