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Abstract: The present work proposes a thrust vector control (TVC) system for space launch vehicles, 
utilizing an optimal Linear-Quadratic-Gaussian (LQG) control framework. The proposed controller is 
synthesized by integrating a Linear-Quadratic Regulator (LQR) for optimal state feedback with a Kalman filter 
for states estimation. This combined architecture directly addresses system uncertainties and measurement 
noise. Simulation results demonstrate that the LQG-based TVC system achieves significant performance 
enhancements, including superior trajectory tracking accuracy, substantial reduction in attitude drift, and 
improved overall stability. The results demonstrate that optimal control strategies, namely the LQG approach, 
provide a more effective and reliable pathway to ensuring precision, stability, and ultimate mission success in 
demanding aerospace applications. 
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1. INTRODUCTION 
Thrust Vector Control systems are widely 
recognized as a fundamental component for 
ensuring trajectory tracking and stability of 
launch vehicles during the ascent phase. By 
modulating the orientation of the thrust 
generated by rocket engines, deviations from 
the nominal flight path are corrected and the 
overall stability and precision of the launcher 
are maintained. However, the design and 
implementation of effective TVC systems are 
confronted with significant challenges. These 
challenges are primarily associated with time-
varying mass properties throughout the flight, 
atmospheric perturbations, aerodynamic 
uncertainties, and the nonlinear vehicle 
dynamics. Consequently, the need for robust 
control strategies and advanced design 
methods has been extensively emphasized to 
ensure reliable mission performance. 
Over recent decades, a broad spectrum of 
control techniques has been investigated for 
TVC applications. Early studies demonstrated 
that thrust vector control schemes based on 
optimal control formulations, such as the 
Linear Quadratic Regulator (LQR), could be 
effectively applied to finless rockets, where 
the minimization of trajectory deviations 
including sensor and environmental noise 
was achieved through state-space 
representations [1,2]. Comparative analyses 

were subsequently conducted, in which 
optimal and classical PID controllers were 
evaluated, and the inherent trade-offs 
between tracking accuracy, robustness 
against external disturbances, and steady-
state error compensation were highlighted [3]. 
In parallel, increased attention was directed 
toward the modeling and control of TVC 
systems with structural flexibility. Flexible-joint 
configurations were modeled by introducing 
additional degrees of freedom, allowing the 
dynamic coupling between rigid-body motion 
and flexible dynamics to be captured. Within 
this framework, various control approaches, 
including classical control laws, computed-
torque methods, and an Investigated method 
of H  open-loop shaping (OLS) techniques 
for the design of thrust vector control systems 
during the atmospheric ascent of flexible 
launch vehicles (LVs) [4-5]. Furthermore, 
robust control methodologies based on H  
theory were proposed to mitigate the effects 
of atmospheric disturbances and improve the 
overall robustness of TVC systems. Both PID-
based H  formulations and state-feedback 

 control laws were investigated, 
demonstrating their capability to enhance 
disturbance rejection and tracking 
performance under uncertain operating 
conditions [6,8]. 
Beyond the context of launch vehicles, thrust 
vector control techniques have been 
extended to a wider range of aerospace 
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applications. Attitude Control Systems for 
sounding rockets were studied using optimal 
control approaches combined with adaptive 
navigation schemes [9]. A quaternion-based 
sliding-mode attitude controller is developed 
to ensure accurate tracking of the 
commanded attitude while robustly 
compensating for variations in the missile’s 
inertia, aerodynamic forces, and wind-gust 
disturbances [10-11]. Additionally, nonlinear 
gimbaled-thruster attitude control laws were 
designed for small spacecraft [12], where 
robustness against thrust misalignment and 
disturbances was successfully addressed. 
This work extends existing thrust vector 
control methodologies by focusing on the 
pitch-axis dynamics of a launch vehicle. A 
state-space model is developed for the TVC 
system, building upon prior work [13] which 
compared classical state-feedback (pole 
placement, Ackermann's method) and optimal 
control (LQR, LQI) strategies. 
This study advances the field by 
implementing a Linear-Quadratic-Gaussian 
(LQG) controller; an advanced optimal 
technique that synergizes LQR controller with 
a Kalman filter state estimator. The 
integration of the estimator significantly 
enhances the control framework, offering 
improved disturbance rejection, greater 
trajectory tracking precision, and reliable full-
state feedback despite measurement noise 
and model uncertainties. 

2. SPACE LAUNCH VEHICLE MODEL 
Starting from the aerodynamic profile and 

equations of motion for a launch vehicle, a 
simplified dynamic model can be established. 
A conceptual representation of this model is 
described in Figure 1 [3,6,13]: 

 
Fig 1 Simplified launch vehicle model 

The relevant physical parameters for the 
system are defined in the below table: 

TABLE I.  LAUNCH VEHICLE PARAMETERS 

Parameter Signification 
 Pitch angle  
 Angle of attack 
 Derivative of the center of mass 
 Inertial drift velocity 
 Vehicle mass 
 Non-orbital sustainer thrust 
 Controllable (gimbaled) thrust 

=  Aerodynamic normal force (lift) 
 Aerodynamic axial force (drag) 
  Total force 
 Gimbal deflection angle 
 Wind disturbance velocity 
 Vehicle inertia moment 
 TVC inertia moment 
 Moment of inertia along the y-axis 

Newton’s second law, which states that 
force equals the rate of change of momentum 
(mass times velocity) [13-15], leads to the 
following relation of motion: 

=  
( ) ( )

       

=
( )

( ) 
( )  

    (1) 

with, F is the force applied on the launcher ,m 
is the launcher mass , and v is the launcher 
velocity 
For analysis involving short time intervals 
where mass can be approximated as 
constant, this relation simplifies to the familiar 
form: 

 
( )  

                   (2) 

Projecting these force balances onto the 
vehicle's longitudinal and lateral axes (Fig. 1) 
yields the following equations of motion: 

cos = ( ) cos                         (3) 

( ) sin cos
cos 2 cos                 (4) 

 Under the common assumption of small 
angles, these expressions can be reduced to : 

= ( )                                   (5) 

( )                             (6) 

The effective angle of attack  is defined 
as the combination of the vehicle’s pitch 
attitude , the wind-induced angle of attack 

, and the flight-path angle (drift) :  
                            (7) 
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Given that for small angles the lateral 
velocity can be expressed as , the 
flight-path angle is  = . Substituting this 
into (7) provides the expression for the angle 
of attack: 

+                              (8) 

Since   : 

                            (9)  

By defining the relevant coefficients and 
moments =   and    
where  and  are the centers of pressure 
and gravity, respectively. 

with:  =  and         
The system dynamics can be compactly 
represented in state-space form  [3,13,16]. 

=

0 1 0

0
( )

0

 

0

0

                                     (10) 

Equation (10) captures the core dynamics 
with the gimbal angle ( ) as the control input 
and wind shear ( ) as a disturbance. For the 
specific theoretical case where aerodynamic 
drag is negligible ( = 0), the state-space 
model can be written in a consolidated input 
form as [1,13,16]: 

       =    

0 1 0

0
( )

0

     

0 0

               (11) 

3. OPTIMAL LQG CONTROLLER 

Linear Quadratic Gaussian (LQG) control is a 
modern optimal control technique formulated 
in the state-space framework. It is used to 
design an optimal dynamic regulator for 
linear systems affected by disturbances and 
measurement noise. 
LQG control is an extension of the Linear 
Quadratic Regulator (LQR). While LQR 
assumes that all system states are available 
and noise-free, LQG enhances this approach 
by incorporating an optimal state estimator, 
namely the Kalman filter, which filters 
Gaussian noise commonly present in real 
physical systems. 
The system can be represented in state-
space form as: 

                        (12) 

Where: 
  : Control input 
 : System output 
  : System (plant) matrix 
  : Input matrix 
  : Output (measurement) matrix 

A fundamental concept underlying LQG is the 
Separation Theorem, also referred to as the 
certainty equivalence principle. According to 
this principle, the state-feedback controller 
and the state estimator can be designed 
independently without compromising overall 
optimality. Therefore, to obtain the optimal 
control signal , two gains must be 
computed: 

1. Controller gain   (LQR)  
2. Estimator gain  (Kalman filter) 

 
 

 
Fig. 2  LQG controller scheme
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The LQR controller minimizes the quadratic 
cost function [13,16]: 

( )            (13 ) 

Where: 
 0: State weighting matrix 
 > 0:: Control weighting matrix 

where matrix  is obtained by solving the 
Algebraic Riccati Equation (ARE). 

  +       + = 0             (14) 
 
The optimal feedback gain is: 

                          (15 ) 
The Kalman filter is an optimal estimator 
used to estimate the system states and 
suppress noise. It operates recursively and 
minimizes the error covariance. 
The estimator dynamics are: 

( )                  (16) 
The Kalman gain is given by: 

                              (17) 
where matrix  is obtained from the Riccati 
equation associated with the estimation 
problem. 

= 0             (18 ) 
 

 0 : Process noise covariance 
 > 0 : Measurement noise 

covariance 

Therefore, the optimal state-feedback control 
law is. 

                                     (19) 

4. RESULTS AND DISCUSSIONS 

The preliminary simulations were performed 
using MATLAB/Simulink to analyze the 
launch vehicle's open-loop dynamics, 
meaning without active thrust vector control. 
As illustrated in Fig. 4, the pitch angle exhibits 
a continuous increase over time, resulting in a 
substantial divergence from the intended flight 
path. This behavior demonstrates the 
system's intrinsic instability and underscores 
the critical need for a control system to 
achieve stability and ensure precise trajectory 
tracking. 

 
Fig 3  Evolution of the pitch angle in open loop 

Figures 4-5 illustrate the behavior of the 
launch vehicle under closed-loop control after 
implementing the Linear-Quadratic-Gaussian 
(LQG) regulator The weighting matrices were 
tuned as: 

(3) 
0.1 0
0 0.1  

The obtained results starkly contrast the 
divergent open-loop response previously 
observed. 

 
Fig. 4 Evolution of Pitch angle via LQG control 

 
Fig. 5 Evolution of angular rate via LQG control 
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Fig. 6 Evolution of drift via LQG control 

Figure 4 shows the pitch angle converging to 
zero with well-damped transients, confirming 
effective attitude control. The corresponding 
angular rate in Figure 5 exhibits similar stable 
convergence, demonstrating properly tuned 
damping from the LQR design. Most 
significantly, Figure 6 reveals that the 
previously divergent lateral drift is now driven 
to equilibrium, proving successful trajectory 
correction. 
These results collectively validate the LQG 
controller's efficacy. The chosen weighting 
matrices achieve an optimal balance 
between response speed and control effort, 
producing a stable yet responsive system. 
The controller robustly fulfills its dual 
objectives: stabilizing the inherently unstable 
dynamics while maintaining precise path 
tracking, even under initial perturbations. 

 
Fig. 7 Pitch Estimation 

 
Fig. 8 Angular rate Estimation 

 
Fig. 9 Drift Estimation 

The estimation capability of the Kalman filter 
is evaluated in Figures 7–9, comparing true 
states against their estimates. 
Pitch angle estimation (Fig. 7) exhibits nearly 
perfect alignment with the true signal after a 
brief transient, confirming minimal steady-
state error even under noise. Angular rate 
estimates (Fig. 8) closely match true 
dynamics in both transient and steady-state 
phases, enabling reliable full-state feedback 
for damping control. 
Drift estimation (Fig. 9) converges to the true 
trajectory, though slightly slower—likely due 
to reduced observability. This is critical, as 
lateral drift is not directly measured but 
estimated for trajectory correction. 
This reliable estimation allows the LQR 
controller to operate effectively, forming the 
core of the successful LQG strategy. 

TABLE II.  PERFORMANCE ERRORS IN RMSE 

 RMSE 
Pitch 
Angle 

RMSE 
Angular 

Rate 

RMSE 
Drift 

Control Error 0.0046 0.0059 0.0127 

Estimation 
Error 
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The low Root Mean Square Error (RMSE) 
values for control errors (pitch: 0.0046, 
angular rate: 0.0059, drift: 0.0127) confirm 
the effectiveness of the LQG control system 
and demonstrate its precision in stabilization 
and trajectory tracking. 
Similarly, the small estimation errors 
demonstrate the Kalman filter's effectiveness 
in reconstructing system states from noisy 
measurements. Although these errors are 
slightly higher than the control errors -
reflecting the inherent challenge of real-time 
state reconstruction- they remain sufficiently 
low to support optimal closed-loop control 
without degrading performance. 
Overall, the results validate the optimal 
tuning of both the LQR controller and Kalman 
filter, ensuring stability, accurate state 
estimation, and precise control throughout 
the mission. 

5. CONCLUSION 
In this study, a simplified dynamic model 
representing the launch vehicle's pitch axis 
was developed and subsequently used in the 
thrust vector control by applying the optimal 
Linear-Quadratic-Gaussian technique. This 
approach combines Linear-Quadratic 
Regulator control with a Kalman filter for 
state estimation. The integration of an 
optimal estimator and controller enhances 
the system's robustness and performance in 
the presence of uncertainties and noise. 
Simulation results demonstrate the feasibility 
and effectiveness of the applied method, 
leading to significant improvements in control 
performance, stability, precision, and 
trajectory tracking accuracy. Future work 
could be directed toward extending this study 
to a complete three-axis TVC system, 
employing a more comprehensive and 
precise wind disturbance model, and 
integrating guidance and navigation modules 
into the control architecture. 
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