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Abstract 
The importance of effective satellite attitude control system is that it can ensure both quality and reliability of data 

acquisition by a microsatellite. In this paper, an optimal controller is designed for microsatellite yaw-axis attitude control 

system. In order to achieve this, the dynamic models of microsatellite yaw-axis attitude are obtained. Then an optimal 

controller based on Linear Quadratic Regulator (LQR) is designed. The designed LQR is integrated into the closed loop 

network of the microsatellite yaw-axis attitude control system. A MATLAB/Simulink model, which is computer-based 

model, is developed using the mathematical models of the closed control system. The MATLAB/Simulink model was used 

to conduct computer simulation of microsatellite attitude with the LQR. The simulation analysis revealed that the proposed 

LQR improve the transient and steady-state performance of the system in terms of rise time, settling time, overshoot, and 

steady-state error. 
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I. INTRODUCTION 
 

Despite the fact that PID controllers are largely 

employed in many industrial process control operations 

because of the associated simple structure and function 

including ease of design, their performance are largely 

affected by mismatch or variation in system parameters 

[1]. Also, PID controller is considered a linear control 

system and has poor anti-interference ability, and with 

the disadvantage of depending on manual adjustment of 

its parameter [2]. Therefore, several other control 

techniques that have been implemented to address the 

shortcoming of the classical control methods. For 

instance, Linear Quadratic tracker (LQT) with the 

combination of integral compensator or Exponential 

Control Mapping (ECM) has been used to evaluate the 

performance of satellite ACS techniques with 4 Control 

Moment Gyroscopes (CMGs) configured in pyramidal 

pattern [3]. Software-in-the-loop (SIL) techniques has 

been used in the development of a microsatellite attitude 

determination and control system (ADCS) that 

implements thrusters in plus-wide modulation control 

technique to reduce the angular velocity of satellite [4]. 

The performance of fuzzy logic control algorithm, 

classical PID control scheme and modified PID control 

scheme was experimentally compared on a laboratory 

nanosatellite and its testing system to draw ascertain their 

effectiveness with respect to robustness, accuracy (based 

on steady state error), convergence time, and energy 

conservation with results obtained indicating that fuzzy 

controller outperformed the PID [5]. A control system 

based on maximum principle of Pontryagrin together 

with a full order estimator using linear state variable 

feedback was used in ACS of a space satellite [6]. A 

satellite attitude in three operating modes namely, 

detumbling after isolation from the launcher, nominal 

operation when the satellite attitude is subjected to slight 

or moderate perturbation, and momentum unloading 

following reaction wheel saturation, has been controlled 

using a generic model of nanosatellite with PID 

controllers with selectable gains [7]. Attitude control of 

under-actuated spacecraft that uses solar radiation 
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pressure has been achieved using integrated control 

technique based on dual-model predictive control [8]. 

The convergence rate and robustness of satellite attitude 

control system was achieved using a variable structure 

PID control technique [9]. Quick transient response and 

zero steady-state error for satellite ACS was achieved 

using a PID controller [10]. A three-axis attitude digital 

controller based on Linear Quadratic Gaussian (LQG) 

regulator method that was developed using digital signal 

processor has been used for satellite attitude control [11]. 

Performance comparison of PID controller and LQR 

control method in Low Earth Orbit (LEO) satellite 

attitude stabilization was conducted such that simulation 

result revealed PID algorithm was unable to stabilize the 

system after 500 s [12]. Control technique based on the 

Lyapunov stability control theory was used to achieve 

attitude reference trajectory [13]. Direct Torque Control 

(DTC) method that was designed using PID controller 

plus DTC on actuator was applied for stabilizing roll, 

pitch and yaw angles of satellite [14]. PID controller was 

used for nanosatellite to provide in improve transient 

response of attitude control system [15]. As spacecraft 

attitude control actuators control moment gyroscope 

(CMG) is considered suitable for three axes manoeuvring 

such as roll, pitch and yaw-axis and was implemented for 

three-axis attitude control for agile satellites [16]. The 

dynamic characteristics of a microsatellite have been 

enhanced using reference model based PID and discrete-

time PID in [17] and [18], respectively. 

 

The structure of a microsatellite with reference body 

coordinate frames in terms of pitch, roll and yaw-axis is 

shown in Fig. 1. 

 

 
Fig 1 Structure of Microsatellite System with Reference Coordinate Frames [19] 

 

In this paper, an optimal control based on Linear 

Quadratic Regulator (LQR) technique is proposed for 

microsatellite yaw-axis ACS to improve tracking and 

stability performance is proposed. This way, the system 

will be able to maintain reliable adjustment and stability 

during its flight operation. The primary goal of is to 

achieve fast convergence and improved overshoot around 

reference attitude. 

 

II. SYSTEM DESIGN AND SPECIFICATIONS 
 
 System Description 

The block diagram description of microsatellite 

yaw-axis ACS is shown in Fig. 2 with its subsystem 

dynamics presented as transfer functions for the amplifier 

, actuator  and the satellite structure 

 as defined by (1) to (3). 

 
Fig 2 Microsatellite Yaw-Axis ACS Block Diagram 
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Hence, from the block diagram the following 

parameters are defined [20]: 

 

                                    (1) 

 

                                               (2) 

 

                                                (3) 

 

In Fig. 1,  represents the transfer function for 

PID controller as [20], which will be replaced with a 

LQR in this paper. Thus, the closed loop transfer function 

of the system without the PID controller is given by: 

 

                    (4) 

 

The system will hence forth be evaluated in state 

space form rather than transfer function. This is because 

to design LQR, the system has to be represented in state 

space form. 

 

 State Space Modelling 

The state space modelling of microsatellite yaw-axis 

ACS is described in this subsection section. State space 

model is a mathematical expression that is used to relate 

the input variable(s), the state variables and the output 

variables of a system. This is achieved by carrying out 

the mathematical modelling of a system which, together 

with the output, provides information regarding the state 

of the system variables at a certain fixed points along the 

flow of signals [21]. State variable design provides the 

basis for modern control theory and system optimization 

and it is directly a time domain technique [21,22].  In 

addition, it is considered an influential technique for 

analysis and design of linear, nonlinear, and time 

invariant or time varying multiple input multiple output 

system [3].  The general form to represent a linear time 

invariant single input single output system in state space 

form [21, 23] is given by: 

 

                                                 (5) 

 

                                                             (6) 

 

Where is the state matrix, is the input matrix, is 

the output matrix, and is the direct transition matrix 

(which is zero in this case). Hence, using the MATLAB 

syntax (>>sys = ss (G)) transforms the closed loop 

transfer function in (4) to state space equation given by: 

 

(7) 

 

(8) 

 

Where, 

 

 
 

Equations (7) and (8) conform to (5) and (6). 

 

 Design Specifications 

The design specifications of the system given unit 

step input are presented in Table 1. The system peak 

overshoot (PO) is taken as a measure of the damping, 

while the settling time ( ) is the time for the response of 

the system to remain within 2% of the final value. 

 

Table 1 Performance Specifications [20] 

Parameters Values 

Percentage overshoot (PO)  
Settling time ( ) for 2% criterion  

Steady state error 0 

 

 Design of LQR Control System 
The proposed microsatellite yaw-axis ACS using 

LQR algorithm is presented in this section. The LQR 

technique is employed in modern optimal control theory 

and has been extensively used besides PID controller in 

many control applications due to its stability [24]. The 

main aim of LQR as an optimal state feedback controller 

is to minimize the quadratic cost function given by [25]: 

 

       (9) 

 

Where and  are weighting 

factor of control variables and state variables, which are 

positive definite matrix and positive semi-definite matrix 

respectively. Equation (9) ensures that the controller 

provides optimal response. In order to achieve this, the 

design of LQR is carried out considering three steps. 

However, to start the design of LQR, the following is 

assumed: the model of the plant is perfectly known and 

all states are directly measurable (i.e. available for 

feedback) [24]. 

 

The first step involves selecting the state and control 

law matrices, and respectively. The control law 

guarantees that the output is maintained as close as 

possible to the desire value with minimum cost. 

Generally,  is varied while fixed during the design, 

which is performed based on the performance 

specifications defined the designer. 

 

In step two, the algebraic Riccati equation is solved. 

In order to determine the optimal gain matrix of the 
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control law, the designer first obtains the Riccati 

coefficient matrix  which is the unique, symmetric 

matrix of the Riccati equation given by [26]: 

 

                 (10) 

 

The values for were obtained in this paper 

using appropriate MATLAB syntax. Hence the following 

were obtained: 

 

,  

 

 
 

The third step involves obtaining the optimal control 

law gain matrix  Therefore, given a system 

 with a non-zero initial state  the input 

 is determined by minimizing the cost function. The 

input takes the system to zero state in optimal manner 

and it is regarded as the feedback control law of the 

optimal controller (LQR) that minimizes the cost 

function. It is given by:

 

 

                                                (11) 

 

Where, 

 

                                                           (12) 

 

The values of can be obtained using appropriate 

MATLAB syntax based on (12) or using the MATLAB 

syntax . The obtained gain matrix 

from the software computation is: 

 

(13) 

 

Hence, the designed optimal control law substituting 

(13) into (11) is given by: 

 

(14) 

 

The Simulink model of the proposed LQR based 

microsatellite yaw-axis ACS is shown in Figure 3. The 

Simulink diagram for the comparison of the proposed 

system and various PID-based control techniques 

implemented in previous study by [20] is shown in Fig. 4. 

 

 
Fig 3 LQR Based Microsatellite Yaw-Axis ACS 

 

The mathematical models of ITAE based PID 

controlled system without pre-filter (PID), PID controlled 

system with pre-filter (PIDf), PD controlled system 

without pre-filter, and PD controlled system with pre-

filter (PID) as in [20] are given by: 

 

                                                                          (15) 

 

                     (16) 

 

                                                                                                                       (17) 

 

 

                                                                                                   (18) 
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Fig 4 Simulink Block Diagram for Comparison of LQR and Classical PID Techniques 

 

III. RESULTS AND DISCUSSION 

 

In order to analyse the transient and steady state 

characteristics of the proposed system, simulations were 

conducted basically for three different scenarios to justify 

and validate significance of the study. Simulation based 

on unit step input was initially conducted for closed loop 

response of the microsatellite yaw-axis ACS without 

incorporating any controller in the loop to compensate for 

system performance as shown in Fig. 5. This regarded as 

uncontrolled or uncompensated system. In the next 

approach, the designed LQR was considered as part of 

the closed loop and simulation was performed for unit 

step input as shown in Figure 6. Lastly, simulation for 

performance comparison was carried out with LQR and 

previous schemes based on PID and its versions 

implemented in the study carried out by [2] for the same 

microsatellite yaw-axis ACS as shown in Figure 7. The 

numerical analysis of the system the various step 

responses obtained from the simulations conducted are 

summarized in Table 2. 

 

 
Fig 5 Step Response for Uncompensated System 
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Fig 6 Step Response for LQR Controlled System 

 

 
Fig 7 Step Responses for Performance Comparison 

 

Table 2 Numerical Analysis of System Performance 

System condition  
(s) 

 
(s) 

 
(%) 

 

 

 

Un-comp. system 1.865 3.366 0 5 0 

PID 0.135 1.305 48.05 0.370 0 

PIDf 0.365 1.175 1.075 0.760 0 

PD 0.287 0.814 4.726 0.595 0 

PDf 0.332 0.887 3.663 0.707 0 

LQR 0.403 0.668 0.508 0.897 0 

 

Note regarding Figure 6 and Table 2: PIDf means 

Proportional Integral and Derivative (PID) with pre-filter, 

PD means Proportional Derivative (PD), and PDf means 

Proportional Derivative (PD) with pre-filter, is the rise 

time, is the settling time, is the peak overshoot,  is 

the peak time, and is the steady-state error. 

 

The explanation of the performance of the system is 

better understood considering the design specifications 

provided in subsection 2.2. It can be seen from the 

simulation analysis looking at Table 2 that the only 

condition of the system when the performance 

specifications were not met was the uncompensated state. 

Thus, the need for sub-unit that will act as a controller to 
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compensate for the weakness associated with the 

uncontrolled microsatellite yaw-axis ACS. The addition 

of the various control algorithm shows that design 

specifications were achieved in almost all the cases 

except for the PID system that resulted in peak overshoot 

of 48.0477%. Hence, of the five scenarios with controller 

to compensate for system performance and to met design 

specifications only four satisfy the system design 

requirement defined as settling time less than or equal to 

2 s ( ), peak overshoot less than or equal to 5% 

( ), and  These are PID with pre-filter 

(PIDf) control system, PD control system, PD with pre-

filter (PDf) control system, and LQR control system. 

From the numerical analysis considering the design 

specifications, the LQR offers the best performance with 

settling time of 0.6676 s and overshoot of 0.5083%. It 

suffices to say that the proposed LQR system will 

provide the best stable and reliable performance compare 

with the other controllers. 

 

IV. CONCLUSION 
 

An optimal controller based on LQR has been 

designed as a sub-unit for microsatellite yaw-axis ACS. 

The dynamic characteristics of microsatellite yaw-axis 

ACS was established as transfer functions for amplifier 

circuit, actuator device, and satellite structure 

respectively. These transfer functions were combined and 

implemented with unity feedback network to give the 

closed loop dynamic behaviour of the system as transfer 

function, which is a complex frequency domain (s-

domain) representation. The resulted closed loop transfer 

function model was transformed into equivalent state 

space dynamic characteristics, which is a time-domain 

representation. Then a LQR was designed and integrated 

into the system to compensate for its performance. The 

results from the simulation indicated the LQR improves 

the system performance in terms of rise time, settling 

time, overshoot, and steady-state error; and outperformed 

other control structure based on PID, PIDf, PD, and PIDf 

controllers. 
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