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ABSTRACT
This work presents the design, simulation, and validation of an embedded guidance, navigation, and control (GNC) system 

on a simulated onboard platform for the first stage of a microlauncher vehicle. The objective is to evaluate the performance 
and feasibility of an embedded control architecture throughout powered flight. The control strategy adopted is a proportional-
integral-derivative (PID) controller with gain scheduling, employing gains that are tuned by a linear quadratic (LQ) approach 
to counteract vehicle dynamics changes. The guidance unit supplies reference attitude angles, and the navigation unit estimates 
vehicle orientation based on inertial measurements in rotation matrices and Euler angles. The validation process involves software-
in-the-loop (SIL) and hardware-in-the-loop (HIL) simulations, with the GNC algorithms executed in real time on an embedded 
hardware platform. Results show excellent pitch stabilization, accurate tracking of the reference trajectory, and actuator commands 
within operational limits. The simulated vehicle response is well correlated with expected mission profiles. In addition, functional 
requirements and verification procedures for the GNC system are also formally stated. These findings justify the development of 
robust embedded avionics systems for microlaunchers and provide an experimentally verified methodological framework to be 
applied in the future in small satellite launch vehicles.

Keywords: Guidance, navigation, and control; Proportional-integral-derivative controllers; Gain scheduling; Hardware-in-the- 
loop simulation; Launch vehicles. 
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ORIGINAL PAPER 

INTRODUCTION

The space sector is experiencing exponential growth, approaching a stage of maturity as evidenced by Perondi (2023). Motta 
et al. (2024) address how this maturity also poses challenges for microlaunchers, pointing out that heavy-lift launchers continue 
to dominate the market despite the significant rise in launches. Microlaunchers in this situation need to be carefully designed to 
stay competitive in a consolidated and well-established market.

Numerous fields are undergoing a technological revolution because of the miniaturization of electronic components. Together 
with improved performance and dependability, this miniaturization has made it possible for satellites to become smaller, which 
has made it easier for businesses and academic institutions around the world to create small and microsatellites, whereas small 
satellites are those weighing under 500 kg. Beginning in the middle of the 1970s, the use of commercial off-the-shelf components 
in the development of small satellites grew to the point where the CubeSat standard was developed in 2001 (Wekerle et al. 2017). 
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Among the small satellites, there is a classification that divides them into subclasses. The subclass of minisatellites includes those 
with a weight (wet mass) between 101 and 500 kg, while microsatellites weigh between 11 and 100 kg (Wekerle et al. 2017). The 
potential market for CubeSats and other small satellites is estimated to be between 30 and 70 satellites per year (Bauer et al. 2010), 
or even about 100 satellites per year in 2024 (Crisp et al. 2014).

These days, microsatellites can be launched into orbit via shared flights or by riding on larger launch vehicles (LVs). They fall 
into one of two categories: secondary or tertiary payloads (Crisp et al. 2014). Despite being technically feasible, dedicated launches 
for small satellites remain uncommon due to the higher associated costs. Also, there were several worldwide efforts to create vehicles 
that can carry payloads under 500 kg into orbit. As of 2022, only ten micro LVs were commercially available (Motta et al. 2024).

The microlauncher development and design incorporate key problems and require careful balancing of trade-offs between 
various subsystems and performance characteristics, as presented in Bôas et al. (2020). The most significant fields of concern are 
cost-effectiveness, structural efficiency, aerodynamic design, propulsion systems, and trajectory optimization (Martínez et al. 2024; 
Silveira and Fernandes 2024). In an attempt to address such challenges, joint platforms for multi-objective and multidisciplinary 
optimization have been useful in enhancing efficient and iterative design processes (Afilipoae et al. 2018; Dupont et al. 2019).

Research and technological development in a variety of fields, such as materials science, mechanical design (Barbosa et al. 
2018; Lanre et al. 2014), propulsion engineering (Bozic et al. 2014; Wunderlin et al. 2018), avionics, and embedded electronics 
(Eramo et al. 2018), are necessary to construct a microlauncher, regardless of its configuration. Strengthening national research 
and training in these areas can contribute not only to technological progress but also to the creation of high-value jobs and the 
consolidation of a domestic space industry.

As an example, the German Aerospace Center (Deutsches Zentrum für Luft- und Raumfahrt [DLR]) and Brazil are now 
working in cooperation to create a microlauncher called the veículo lançador de microssatélites (VLM) (microsatellite launch 
vehicle). Although not the focus of this study, the VLM project serves as a source of technical inspiration. The general layout and 
main specifications of this three-stage, solid-propellant launcher, which is intended to deliver payloads into low Earth orbit at 
an altitude of roughly 300 km, are shown in Figs. 1 and 2. Brazil is in charge of the vehicle’s structure and propulsion modules in 
this collaboration, while Germany helps design the payload fairing and the onboard computer (OBC) system, which includes the 
guidance, navigation, and control (GNC) algorithms (Cás et al. 2019; Mata et al. 2017). 

Source: Adapted from Microlauncher (2017).

Figure 1. Microlauncher – VLM. IAE = Instituto de Aeronáutica e Espaço; S50/S44 = solid rocket motors; 
PIR/YOYO = yo-yo despin system.
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Source: Adapted from Mata et al. (2017).

Figure 2. Main dimensions of the model adopted in a 1:50 scale.

In this work, a GNC system is designed, simulated, and validated for the first stage of a microlauncher, using a configuration 
representative of solid-propellant LVs currently under development. To facilitate control system design, the study starts with a 
nonlinear model of the rigid body dynamics of the launcher, which is then linearized. A comprehensive onboard architecture 
with guidance and navigation algorithms incorporates a gain-scheduled proportional-integral-derivative (PID) controller, tuned 
using the linear quadratic (LQ) approach. Software-in-the-loop (SIL) simulations are used to validate the integrated system 
first, and then it is embedded on a real-time hardware platform for hardware-in-the-loop (HIL) testing. A more comprehensible 
assessment of the system behavior is made possible by the visualization of the vehicle’s trajectory in a three-dimensional (3D) 
simulation environment in addition to standard performance results. Although the launcher model used in this study is a reference 
configuration, the goal is to construct and illustrate a systematic framework for creating and evaluating embedded control systems 
for microlaunchers rather than to duplicate any particular project.

Onboard computer of a satellite launching vehicle and ground tests
Contemporary LVs are dependent on ever more advanced onboard electronic systems to guarantee mission success and safety. 

As noted by Bôas et al. (2020), the avionics of a rocket involve more than the control subsystem alone; they include telemetry, flight 
termination, power management, and data handling systems. Recent advancements in rocket instrumentation have surmounted 
fundamental challenges by way of diverse subsystems: from improvements in more energetic and lighter-weight power sources, as 
depicted in Simões et al. (2024), to the application of data compression technology in telemetry acquisition systems for improved 
telemetry efficiency, explored by Pinto et al. (2023; 2025). Additionally, novel onboard processing methods are making it possible 
to run machine learning algorithms in real time, as detailed by Moura et al. (2025).

Among such systems, the OBC plays a mission-critical role in supporting mission-critical activities such as GNC. In space 
exploration, safety-critical systems such as launchers, satellites, and aircraft, avionics are required to operate at high levels of 
reliability and integration (Horvath et al. 2009). The avionics structure typically comprises the OBC, GNC algorithms, and mission 
sequencing logic (Gupta and Suresh, 1988; Horvath et al. 2009; Samuel et al. 2013; Sankar et al. 2018). System robustness and 
flight failure minimization are achieved by conducting extensive ground-based validation campaigns. These include unit testing, 
integration testing, SIL, and HIL simulation (Ghorbani et al. 2018; Horvath et al. 2009; Mammen et al. 1990; Sankar et al. 2018), 
tests aimed at checking subsystem performance under flight conditions and verifying the integrity of the system before launch. 

Lift-off, attitude control, stage separation, and payload injection into the target orbit are all critical mission phases for an 
avionics system of a typical microlauncher-class solid-propellant satellite LV. The mission phases must be precisely coordinated 
between several different subsystems, particularly the OBC that executes the GNC routines. The principal flight phases of the 
vehicle are represented in Fig. 3, and given for each are the corresponding order of ignitions, cutoffs, separations, and maneuvers 
along the ascent trajectory. For each, the corresponding flight time (T), altitude (h), and velocity (V) are tabulated, providing a 
detailed temporal and kinematic profile of the mission. The sequence concludes with satellite separation and orbital injection at 
around 540 seconds, 750 km altitude, and 7,480 m·s-1 velocity. 

Figure 4 presents a schematic diagram of the vehicle’s control system architecture. The OBC is shown in block (a), where the 
GNC algorithms operate in an integrated manner: the guidance function processes position and velocity data and issues trajectory 
correction commands in pitch and yaw; the navigation system reads the inertial and GNSS sensors (block d) and estimates the 
vehicle’s attitude and angular velocity; and the control function tracks the guidance commands while maintaining vehicle stability 
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under dynamic conditions and uncertainties (Silva 2014). The commands computed by the control algorithm are transmitted to 
the actuation systems (block b), which include thrust vector control (TVC) mechanisms used in the first and second stages and 
the reaction control system (RCS), or tilting system, applied in the final stage using auxiliary thrusters.

Block (c) models the vehicle dynamics in terms of how the launcher responds to control inputs as well as external forces. These 
are components of a closed-loop system required for precise vehicle attitude management in flight.

Attitude control of VLMs has been a challenging and hectic research domain over the past three decades because these vehicles 
are aerodynamically unstable and nonlinear. Large and time-varying inertia and aerodynamic coefficient changes also occur 
during flight, and therefore, real-time compensation is essential. Numerous control techniques have been proposed to address 
such issues (Ansari and Bajodah, 2015; Nair et al. 2016; Sun et al. 2010). Among the most commonly implemented actuation 

Source: Adapted from Silva (2014).

Figure 3. Flight stages of a VLM. 

Source: Adapted from Silva (2014).

Figure 4. General diagram of an LV control system. (a) Onboard computer; (b) Actuators; (c) Dynamic vehicle; (d) Sensors. 
GPS = Global Navigation Satellite System; IMU = inertial measurement unit. 
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Table 1. Functional requirements and ground verification tests for a microlauncher OBC.

Functional requirement Description Verification method

Attitude stabilization (pitch and yaw) Maintain vehicle stability under 
disturbances SIL and HIL simulations

Tracking of reference trajectory Follow pitch/yaw angles generated by the 
guidance algorithm

Comparison with a reference trajectory 
generated by a validated trajectory 

optimization tool

Gain scheduling response Adjust control gains according to flight 
phase and dynamic pressure Time-varying gain analysis

Actuator command within limits Ensure nozzle deflection stays within ±3° 
operational range Actuator saturation analysis

Response time and overshoot Rise time ≈ 1 s and overshoot ≤ 20% Step response test

Robustness to modeling simplifications Tolerate neglected dynamics 
(e.g., sensors, actuator delays) Full model validation

Real-time execution capability Run GNC algorithms on a hardware 
platform in real time

Real-time HIL execution using a prototyping 
embedded platform

Sensor data integration Process data from IMU and GNSS 
systems for state estimation Navigation module performance

Command computation latency Ensure low-latency generation of control 
outputs HIL timing evaluation

Source: Elaborated by the authors.

Table 2. Summary of GNC subsystems within the OBC.

Function Description Literature review

Guidance
Processes position and velocity data to generate 

trajectory correction commands in pitch and 
yaw

Based on Silva (2014), which defines guidance as the 
element responsible for commanding pitch/yaw corrections 

from position and velocity inputs.

Navigation Estimates attitude and angular velocity from IMU 
and GNSS sensor data

According to Silva (2014), navigation handles sensor reading 
and estimation of vehicle orientation and angular velocity.

Control Tracks guidance commands and ensures system 
stability under uncertainties

As discussed by Silva (2014) and further explored in Ansari 
and Bajodah (2015), Nair et al. (2016), and Sun et al. 

(2010), the control system follows guidance commands and 
compensates for model uncertainties and flight dynamics 

variations.

Source: Elaborated by the authors.

methods worldwide are TVC and RCS systems (Sun et al. 2010). In particular, the control algorithm embedded in the OBC is 
responsible for generating precise commands, which are then executed by the actuators to maintain pitch and yaw stability (Duret 
and Fabrizi 1999; Sun et al. 2007).

Several OBC tests must be performed on the ground during its development to ensure correct operation under all flight 
conditions. The purpose of these tests is to confirm that the embedded control logic operates correctly while also demonstrating 
stability and robustness. Among these, attitude stability, precision in trajectory tracking, and response to dynamic perturbations 
of the system are essential requirements (Ghorbani et al. 2018; Nair et al. 2016; Sun et al. 2007; 2010).

A common and effective method to validate the algorithms of the OBC before flight is to apply the HIL technique. HIL allows 
embedded hardware to interact with a simulation environment in real time to reproduce conditions faced by the system during 
the mission. The more components replaced by actual hardware, the more representative – and expensive – the test becomes 
(Sarhadi and Yousefpour 2015).

In this work, the validation of the OBC of a microlauncher’s first stage with a rigid-body dynamic model is focused on. The control 
strategy is based on a gain-scheduled PID controller with gains optimized through LQ methods. Validation is carried out using both 
SIL and HIL platforms. The GNC algorithms are embedded on a real-time hardware platform, and results are analyzed both graphically 
and in a 3D simulated environment. Table 1 summarizes the key functional requirements of the OBC for a microlauncher and the 
corresponding ground test strategies used to verify them, while the role of the GNC subsystems described throughout this section is 
summarized in Table 2 with a concise overview of their respective functions, operational responsibilities, and supporting references. 

https://creativecommons.org/licenses/by/4.0/deed.en


J. Aerosp. Technol. Manag., v18, e3626, 2026

Tavares Júnior AJA, Freitas MJS, Silva PRP, Oliveira NMF6

Mathematical modeling
The reference systems used during this work are defined before carrying out the mathematical modeling of the vehicle, thus 

describing its position and movement in space. As the duration of the flight is short, the rotation of the Earth can be considered 
negligible; consequently, any position on its surface can be described by an inertial frame of reference having as its origin the point 
of interest (Greensite 1970). In this work, the selected point of interest is the launch pad, defined by a set of vectors ,  and 

, where the x-axis is normal to the tangent plane passing through the launch center (local vertical), the y-axis lies within the 
tangent plane and points toward geographic north, and the z-axis points east. On the other hand, the reference system fixed to the 
body describes the relative attitude of the LV and has, as its origin, its center of gravity, also called the center of mass, where the 
x-axis is aligned with the vehicle’s longitudinal axis (one of the principal axes of inertia), the y-axis is perpendicular to the x-axis 
and points to one of the other principal inertia axes of the vehicle, and the -axis completes the trihedron, as depicted in Fig. 5.

Source: Adapted from Silva (2014).

Figure 5. Reference systems. 

For the transformation between the inertial reference system and the body system, a Y-Z-X rotation sequence (2-3-1) was 
employed, as follows:

                                                      	 (1)

where C and S denote the cosine and sine trigonometric functions, respectively, and θ denotes the pitch angle, ϕ denotes the roll 
angle, and ψ denotes the yaw angle.

The relationship between the two reference systems is obtained as:

                                                               	 (2)

where p, q, and r represent the angular velocities about the x, y, and z-axis, respectively.
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The LV dynamics are described according to six degrees of freedom (6-DOF) and can be seen in Cornelisse et al. (1979). To 
obtain the equations that govern the rigid body dynamics, it is necessary to derive them in the inertial frame, which in this case, 
as stated above, is the launch pad. The six rigid-body vehicle equations are nonlinear, coupled, time-varying, and are found in 
the work of Tavares (2019).

Linearization of the rigid body model
For the application of the 6-DOF model equations in the control design, the nonlinear system was linearized around an 

operating point defined along the reference trajectory, following the assumptions presented in Tavares (2019). The linearization 
assumes small perturbations about nominal flight conditions and adopts a gravity-turn trajectory, in which gravity gradually 
changes the direction of the velocity vector. Accordingly, the equilibrium point is chosen as ψ = 0. 

The longitudinal linear velocity U is treated as a time-varying parameter, and no significant disturbance torques are assumed 
to act about the body x-axis. Furthermore, the pitch maneuver about the y-axis is assumed not to involve longitudinal motion, 
allowing the approximation p ≈ θ. Small-angle assumptions are adopted for the angle of attack and sideslip angle, and the 
time derivatives of the pitch and yaw angles are assumed to be small. Under these assumptions, the following system of linear 
equations is obtained:

                                 	 (3)

and the coefficients are defined as:

                                                          	 (4)

With the linearized system, different control techniques can be used in the controller design. Therefore, it is convenient 
to find the transfer function that governs this system, where the nozzle deflection angles are the inputs and the states of 
the system are the outputs. Hence, for the nozzle deflection angle, δy and pitch angle, θ, the following transfer function 
is obtained:

                                          	 (5)

and after some simplifications (Campos 2004; Greensite 1970; Silva 2014), which include assuming a forward velocity high enough 
for the terms proportional to 1· U-1 to be neglected, and considering the actuator dynamics to be significantly faster than the vehicle 
dynamics ( ), a reduced-order transfer function is obtained as:

                                                                               	 (6)
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Actuator dynamics
The correction of the microlauncher trajectory during the powered flight phase is due to TVC. The system is composed of a 

movable nozzle (divergent) and an electro-hydraulic actuator, as illustrated in Fig. 6. In this work, it is assumed that the inertia 
of the nozzle and its mass are negligible for the rocket.

Source: Adapted from Greensite (1970).

Figure 6. Mobile nozzle and electro-hydraulic actuator schematic.

In this work, the first-order actuator model of Silva (2014) is used, defined as:

                                                                               	 (7)

where Ka is the passband of the actuator.

GNC system design and validation
The functional requirements and the respective verification meaning in Tables 1 and 2 are a guide to the design and validation 

of the GNC system of the first body of a microlauncher. These requirements are the cornerstone of guaranteeing that the embedded 
control system accomplishes its mission goals in the powered flight phase with stability, responsiveness, and robustness. Two 
significant milestones were passed in the development process. In the first, a pitch stabilization control strategy was developed and 
tested using MATLAB simulations, in which the objective was to validate controller performance and theoretical assumptions. 
To enable HIL simulations and conduct real-time performance analysis under representative flight conditions, the second stage 
involved implementing the verified control logic on an embedded hardware platform.

Attitude control
In this work, PID control is employed owing to its universality and widespread use, e.g., in LV attitude control (Campos 2004; 

Lustig 2016; Silva 2014). The focus is on gain calculations for pitch stabilization, since the derivation for other axes would be 
analogous. The controller design employs a reduced rigid-body model, retaining the primary dynamics and facilitating calculations. 
Actuator and sensor dynamics are initially neglected because they are fast in comparison to rigid-body dynamics and are addressed 
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through gain and phase margins (Campos 2004). Gain scheduling is employed to modify Kp, Ki, and Kd as a function of time 
to make adjustments for vehicle parameter variations. Because the system is quasi-invariant over small time intervals, stability 
analysis is conducted at an instant through the LQ method.
LQ method for gains calculations

The LQ method aims to minimize the cost function:

                                                             	 (8)

where Q and R are weight matrices that change the relative weight of states (x(t)) and control effort (δ(t)). Their values are chosen 
empirically. This technique is based on finding a reference model of the closed-loop system for an instant of greater aerodynamic 
influence, varying the matrices Q and R (Campos 2004).

Considering the reduced model in Eq. 6, the transfer function of the controlled system is given by:

                                             	 (9)

When writing Eq. 9 in the form of a differential equation, in the time domain, the following is obtained:

                   	 (10)

The next step is to integrate Eq. 10, as:

        	 (11)

and writing it in matrix form, as:

                                	 (12)

Analyzing Eq. 9, it can be correlated with an equation of the type:

                                                        	 (13)

Thus, by analogy, one gets the values of Kp, Kp, and Kd scaled in time (Campos 2004)
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                                                                 	 (14)

RESULTS

The microlauncher controller was validated with a comprehensive “full” model that included features omitted in the gain 
calculation procedure. Validation outcomes were scrutinized utilizing a 3D trajectory simulation, augmented by traditional 
performance plots. 3D visualization was presented using the FlightGear simulator, with the interface between the simulator and 
Simulink handled using MATLAB’s Aerospace Toolbox.

The vehicle data were taken from Silveira (2014), and reference trajectory angles were generated using Aerospace Trajectory 
Optimization Software (ASTOS), which is a commercial simulation and optimization software for space vehicle trajectories. The 
analysis focuses on pitch and yaw control during the first-stage flight. Simulations were run at a 100 Hz sampling frequency so 
that the controller would be approximated as continuous.

Attitude control

LQ method
Before calculating the Q and R matrices, some performance requirements were defined as follows:
Rise time ≈ 1 s;
Overshoot ≈ 20%.
The control design was based on system dynamics at the time of maximum dynamic pressure, as this represents the point of 

highest aerodynamic loading on the vehicle. This critical instant occurs approximately 60 s into the flight. The weighting matrices 
Q and R were selected according to standard LQR design guidelines, following state normalization and Bryson’s rule to balance 
state regulation accuracy and control effort while ensuring closed-loop stability. The resulting weighting matrices are given by:

                                                                    	 (15)

Consequently, the values of the variables of the scaling of gains when using Eq. 14 are given as:

                                                                	 (16)

Gains evaluation performance for the instant of maximum dynamic pressure
With the Q and R matrices corresponding to the instant of maximum dynamic pressure, gains ,  and  are obtained. The controlled 

system step response for the instant of maximum dynamic pressure is shown in Fig. 7. Analyzing the graph, the response satisfies 
the established parameters for rise time and overshoot, approximately 1 s and 20%, respectively.
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Gain scheduling
With the scaling variables (ωn, α, and ζ), the values of Kp, Ki, and Kd were calculated for the entire duration of the flight, which 

can be seen in Fig. 8.

Source: Elaborated by the authors.

Figure 7. Step response for the rocket reduced model in the MATLAB simulation.

Source: Elaborated by the authors.

Figure 8. Kp, Ki, and Kd gains along the rocket’s trajectory.

Controller validation
For the validation of the full model, the complete nonlinear model was used, where U is a time-varying parameter. Regarding 

the actuator dynamics, Ka was set to 28 (Silva 2014). The numerical integration method chosen was the fourth-order Runge-Kutta.

Simulations
Next, the complete simulation results for the proposed launcher using the calculated control gains are presented. It is important 

to note that, in the yaw plane, the angle values remained zero throughout the flight, meaning no attitude correction was required. 
As a result, plots of angles and control commands are shown only for the pitch plane.

Figure 9 shows the simulation result for the nozzle deflection. As per the design specifications, the nozzle deflection angle 
is limited to three degrees. It can be seen that the actuator was far from saturation for almost the entirety of the flight. Actuator 
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saturation is observed only near the end of the burn, which corresponds to a flight phase in which the thrust level rapidly decreases, 
and the attitude control system is typically deactivated in real flight conditions. In this phase, alternative control strategies are 
commonly adopted to limit angular rates and lateral acceleration, preventing excessive growth of the angle of attack prior to 
stage separation and second-stage ignition. A detailed description of these strategies is beyond the scope of this work. With the 
requirement fulfilled, the results of the simulations in MATLAB and HIL are presented for the pitch angles, trajectory traveled, 
and longitudinal velocity of the microlauncher. 

Source: Elaborated by the authors.

Figure 9. Nozzle deflection in pitch over flight time in MATLAB simulation.

Figure 10 displays the pitch attitude control response over time. The rocket’s pitch data are relative to the inertial system. The 
designed attitude control managed to correct the pitch throughout the flight.

Source: Elaborated by the authors.

Figure 10. Pitch angle comparison over flight time between ASTOS, MATLAB, and HIL.

Figure 11 refers to the longitudinal velocity of the vehicle over time, and Fig. 12 presents the result of the trajectory in the x, 
y, and z axes being represented in the East-North-Up (ENU) system.
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Flight path presentation with the FlightGear simulator
To improve the visualization of the flight path in the simulations, providing an alternative to the graphical option, the FlightGear 

Flight Simulator was used for a 3D visual approach.
The software allows various configurations, from changing the physics of the simulator to choosing aircraft and locations 

around the world. MATLAB, via Aerospace Toolbox, provides a good interface for communicating with FlightGear.
For the simulations carried out in this work, the Russian rocket Vostok K was chosen to represent the microlauncher and the 

Alcântara Launch Center (Centro de Lançamento de Alcântara) as the take-off location, through the choice of the SNCW airport. 

CONCLUSION

The launch industry into space is undergoing intensified development, driven by the increased demand for responsive 
deployment concepts and small satellite missions. In these highly competitive circumstances, the development of LVs, particularly 

Source: Elaborated by the authors.

Figure 11. Longitudinal velocity comparison over flight time between ASTOS, MATLAB, and HIL. 

Source: Elaborated by the authors.

Figure 12. 3D flight path comparison over flight time between ASTOS, MATLAB, and HIL.
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microlaunchers, must be based on optimized, cost-effective, and reliable system designs to remain attractive in the marketplace. 
In this context, reliable and cost-effective onboard systems play a central role in ensuring competitiveness.

This work presented the simulation and validation of a control architecture for the first stage of a microlauncher, focusing on 
the integration of GNC algorithms in a real-time embedded system. The system design took into account the flight dynamics and 
operating constraints of a solid-propellant LV to provide reliable performance over the powered flight phase. To facilitate control 
system synthesis, a nonlinear rigid-body model of the vehicle was developed and then linearized. A gain-scheduled PID controller 
was designed using an LQ-based procedure, and the controller design was carried out at the maximum dynamic pressure condition, 
which occurs at approximately 60 s of flight, resulting in gains of Kp = 16.15, Ki = 8.63, and Kd = 2.43. At this operating point, the 
closed-loop response satisfied the specified design requirements, with approximately 1 s rise time and 20% overshoot. Actuator 
dynamics were also modeled and included in the simulation environment for greater realism in the embedded implementation.

Validation was performed through HIL and SIL simulations for the first-stage powered flight. The comparisons with the ASTOS 
reference trajectory showed consistent pitch response behavior in MATLAB and HIL, indicating satisfactory trajectory tracking 
and attitude stabilization. The nozzle deflection remained within the ±3° design limit for almost the entire flight, with actuator 
saturation observed only near the end of the burn. Furthermore, real-time execution at 100 Hz demonstrated the computational 
feasibility of the proposed embedded implementation. The hardware implementation of the GNC design enhances the integrity 
of the integration test and fills a gap present in most previous research. In addition, the use of a 3D simulation environment to 
depict the flight trajectory, alongside conventional two-dimensional plots, complements the quantitative analysis by offering a 
more intuitive qualitative interpretation of the vehicle motion. 

Despite these encouraging results, some limitations of this study should be acknowledged. The analysis and validation are 
restricted to the first-stage powered flight of the microlauncher, the actuator dynamics are represented by a simplified model 
suitable for control design purposes, and the HIL platform employed corresponds to a laboratory prototype intended for functional 
verification rather than flight-qualified hardware. These assumptions are appropriate for early-stage development and integration 
testing, but further refinement and validation are required for full mission-level and flight-ready applications.

In addition to the simulation and validation results, this study also proposed functional requirements and verification tables 
for the microlauncher OBC to synthesize system requirements and guide validation activities. These structured definitions both 
serve the design process and the ultimate qualification methods for small LV avionics. Overall, the methodology and results 
presented here provide a solid and adaptable foundation for the development of onboard systems for microlaunchers and other 
small satellite LVs.
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