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Abstract: The development of accurate simulators depends on experimental data and high-fidelity simulators used as a
benchmark. The methodology for the development of new simulators consists of successive refinements starting with low-
order models. Low-order models allow the overall parameters evaluation of a project in its early stages. This article
introduces a low-order simulator called Low-order Hypersonic Vehicle Trajectory Simulator (LHVTS). Its validation
consists of comparing the results with the program ROSI, a computational tool validated for decades with experimental
flight data. LHVTS is applied in a case study of a hypothetical hypersonic vehicle that must be accelerated by a Brazilian
VSB-30 rocket until reaching Mach 6.8 on atmospheric re-entry at a geometry altitude of 30 km. It is concluded that the
hypothetical hypersonic vehicle and its service module must weigh less than 400 kg to achieve these flight conditions.
Results like this illustrate the usefulness of low-order models in evaluating overall design parameters to determine
some of the key requirements of a hypersonic vehicle. In addition, the application of the LHVTS demonstrated a low
computational cost for determining the results of general design parameters of models with precision similar to the
results obtained through higher order models, such as ROSI, for example, which is one of the advantages of using
low-order models.
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INTRODUCTION

A hypersonic vehicle simulator is a computer program. Based on a set of mathematical models, the simulator calculates
position, velocity, and other object path parameters in one or more frames of reference. The simulator uses the model of a
particle, or a body, to represent the object. In the simulator, differential equations govern the movement of the object. The
result depends on the initial conditions, subject to the continuous actions of forces and moments. The simulator calculates
the object path in phases characterized by abrupt changes in the object’s properties. Depending on the intended fidelity of
the simulator, a particle, a rigid or flexible body can represent a hypersonic vehicle. The movement starts on a launch pad
and goes forward by propelled and ballistic phases, affected by Earth’s gravity and atmosphere, eventually interspersed
with abrupt changes in the object’s mass due to the separation of its parts.

There is a wide variety of trajectory simulators. However, few simulators have their mathematical models validated
by experimental data over decades, as the program ROSI (Rocket Simulator) is the case with, written in Fortran. For this
reason, ROSI can be used as a benchmark to validate other simulators. For example, as it is a high-fidelity program, ROSI
is used by Barbosa and Guimaraes (2012) in their MDO-SONDA tool, where it calculates the trajectory for optimizing
suborbital vehicles. A hypersonic vehicle is an object that moves at a speed greater than Mach 5, using a scramjet
engine, which operates exclusively in this speed range, requiring, for this reason, a conventional rocket to be accelerated
until reaching the endoatmospheric flight conditions for its activation (Fortescue et al., 2011, p. 198). Different from
conventional rockets, the scramjet engine sucks the oxidant from the atmospheric air to carry out a supersonic combustion.
A conventional rocket can reach hypersonic speeds, but it must carry the oxidant in its tanks. The two technologies’
combination is a way to take advantage of their features and produce an artifact that performs better than these technologies
take separately.

The 14-X, a project conducted by the Institute for Advanced Studies (IEAv), is an example of a hypersonic vehicle.
Its first launch took place in 2021. The VSB-30 is the Brazilian conventional rocket chosen to accelerate the 14-X until
it reaches its activation conditions. Palmerio et al. (2003) introduces the development of the VSB-30 in partnership
with the German Space Agency (DLR). The VSB-30 originates from technologies previously developed by the Institute
of Aeronautics and Space (IAE), combined with a payload module developed by the DLR. According to de Régo et al.
(2019), since 2015, the VSB-30 has been used for hypersonic flight tests. Garcia et al. (2011) provide details on the
performance of the VSB-30 by analyzing ten of its launches. The VSB-30 is composed of two stages. Both stages use
solid propellant motors, the S31, and the S30, respectively.

The development of accurate simulators depends on experimental data to validate the mathematical models used in
them. Generally, the validation considers the comparisons with scientific articles, more advanced computational tools, and
experimental data. An approach to advance in simulators is to drive their development through successive refinements
and tests. The development begins with low-order models, testing them before moving on to higher-order ones. This is
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a sequential refinement technique, one of the main concepts of structured programming, which reduces the occurrence
of errors during software development (Farrer, 1999, p. 175). Low-order models require less data than higher-order
models, can be as accurate as higher-order models in calculating overall design parameters, and can eventually add new
functionalities. Therefore, it is interesting to start the development with low-order models.

This article presents a computational program for trajectory calculation in two-dimensional space called Low-order
Hypersonic Vehicle Trajectory Simulator (LHVTS), written in Python, within the scope of the National Developments in
Aspired Hypersonic Propulsion, with a focus on Access to Space and Defense (PROCAD-DEFESA), for academic use.
This tool has only two degrees of freedom (2-DoF), so it is a low-order simulator in this sense. The model used in LHVTS
allows simulating turning maneuvers. In the ascending flight, aerodynamically stable rockets fly in the atmosphere with
an angle of attack around zero due to their fins. When the lift force increases due to the opening of an angle of attack, the
rocket restores its stability, generating an aerodynamic moment that reduces the angle of attack again. The turning is only
due to gravity, being called gravity turn (Cornelisse et al., 1979, p. 255). Applying a turning maneuver in the descending
phase of the trajectory due to the resultant between gravity and lift force, it is possible to predict the general behavior of a
hypersonic vehicle in atmospheric re-entry.

Here is a contextualization of relevant aspects of trajectory simulators and hypersonic vehicles. The following sections
describe the mathematical model that covers the motion equations described for the dynamic models inserted in LHVTS.
Then, in LHVTS’ features, it is presented on the working process and the parameters calculated by the simulator. Finally,
before concluding, the results obtained with validation and re-entry simulation of a hypersonic vehicle are shown and
discussed.

MATHEMATICAL MODEL

Unlike ROSI, LHVTS only works with a particle model in a two-dimensional space, which cannot predict the aerody-
namic stability of the VSB-30. However, the turning maneuver formulation is inserted in LHVTS, artificially reproducing
the behavior of an aerodynamically stable vehicle on its propelled flight (Cornelisse et al., 1979, p. 255). In this way,
it is possible to calculate the trajectory profile of a hypersonic vehicle in the ascending and re-entry phase considering
only 2-DoF. The fundamentals of the turning maneuver are in the rotational mechanics of a particle. When the turning
maneuver is on, the radial velocity of the particle is not affected by the radial and tangential acceleration. Only the tan-
gential velocity is affected by the acceleration components. Its magnitude is affected by the tangential acceleration. And
its direction is affected by the radial acceleration. The turning maneuver due to gravity is called gravity turn, which is
performed to reduce the aerodynamic forces found in the densest layers of the atmosphere by the vehicle on the ascending
flight, where the angle of attack tends to zero. The equations of motion, described below, consider the generic formulation
of the turning maneuver in Eq. (3), which includes the gravity, drag and lift forces.
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In the above equations, v,» and vy are the velocity components in the vehicle’s reference frame; 0 is the vehicle’s axis
elevation angle; E is the thrust force; m is the mass of the vehicle; g, and g,/ are the components of the gravitational accel-
eration in the vehicle’s reference frame; D, and D, are the components of the drag force in the vehicle’s reference frame;
L, and Ly are the components of the lift force in the vehicle’s reference frame; v, and vy are the velocity components
in the inertial reference frame; and x and y are the position components in the inertial reference frame. The equations
of motion that consider the turning maneuver are one of the models present in LHVTS. Two other dynamic models are
present in order to calculate the trajectory profile during the flight on the ramp and without taking into account the turning
maneuver. During the flight on the ramp, the vehicle is supported on it and, therefore, moves only along its longitudinal
axis. As the ramp is fixed at a point on the Earth, the vehicle rotates along the ramp with a constant velocity equal to the
rotation velocity of the Earth, Eq. (7). The equations of motion Eq. (1), Eq. (2), Eq. (4), Eq. (5) and Eq. (6), together with
the equation described below, describe the vehicle movement on the ramp (Fig. 1).
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Figure 1: Vehicle movement on the ramp.
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In Eq. (7), Q is the angular velocity of Earth’s rotation. When turning maneuvers are not considered, the vehicle flies
freely in space and can be represented by a model based on the Tsiolkovsky’s rocket equation. The equations of motion
Eq. (1), Eq. (4), Eq. (5) and Eq. (6), together with the Eq. (8) and Eq. (9), consider the free flight.
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In the Eq. (9), g is the constant pitch rate at which the vehicle can be subjected. It can represent a residual angular
velocity arising from a maneuver performed before, from the gravitational rotation, for example, or related to an input
data inserted according to the needs of the simulated case in order to tilt the vehicle frame. In this case, it does not mean
that there is an additional degree of freedom in rotation, as the rotation is not caused by the dynamics of a rigid body.
The aerodynamic forces are calculated as a function of the vehicle’s relative velocity to the stationary atmosphere. The
equations of motion describe the trajectory in free space with a gravitational field varying along the curvature of the Earth,
considering the thrust force and the variable mass along the trajectory, the aerodynamic drag and lift forces, the Earth’s
rotation, and the atmospheric model (Fig. 2).

LHVTS’ FEATURES

The simulator integrates the equations of motion. The integration occurs in phases starting with the vehicle on the
ramp, followed by propelled and ballistic flights in ascending and descending trajectory, and ending with the vehicle’s
re-entry into the atmosphere. The trajectory calculation in phases come from abrupt changes in the vehicle’s properties as
the separation of stages, the ignition and interruption of the engines, and the changes in the flight dynamics. An example
is the trajectory change of the vehicle from the movement on the ramp to the turning maneuver. Each change in flight
dynamics is described by a mathematical model with specific equations of motion as shown in the previous section.

There are different ways to model the turning maneuver. For example, if the equations are written in the vehicle’s
frame system, as in the LHVTS, the component of the velocity in the direction of the thrust vector is the tangential
velocity of the vehicle. The velocity normal to that direction is the radial velocity of the vehicle. When performing an
integration step, the magnitude of the tangential velocity and the rotation angle of this velocity are updated. However,
before performing the next integration step, it is necessary to apply the rotation to the tangential velocity. After rotating,
there are two components based on the previous tangential velocity, a component in the thrust direction and a normal one
that is added to the previous radial velocity (Fig. 3). Therefore, the implementation of the turning maneuver consists of
two operations. First, by updating the magnitude of the tangential velocity and its angle of rotation, the elevation angle 6,
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Figure 2: Free body diagram.

performing an integration step. Second, after executing the integration step, by applying the rotation angle to update the
velocity components in the vehicle’s frame system.

LHVTS uses the 4th Order Runge-Kutta method to solve the system of differential equations of the vehicle motion.
After an integration step, the Eq. (10) calculates the inertial velocity once the Eq. (3) updates the vehicle’s axis elevation.
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InEg. (10), vy, , and vy, are the velocity components in the inertial reference frame after the i-th integration step; 6; is
the vehicle’s axis elevation at the i-th integration step; Ve, and vy, are the velocity components in the vehicle’s reference

frame after the i-th integration step; and A6 is the increment of the vehicle’s axis elevation after the i-th integration step
(Fig. 3).

Vehicle frame
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Figure 3: Velocity correction after a step integration.

Different trajectories can be analyzed by inserting more mathematical models according to flight requirements. The
complete trajectory is made up of the flight phases. Therefore, it is possible to obtain parameters such as velocity,
position, dynamic pressure, Mach number, elevation, trajectory, and attack angles, all as a function of time, among other
performance features. In addition to the LHVTS’s mathematical models, it is also possible to incorporate models from
different areas of knowledge. Routines can be performed before, during, and after the integration of the equations of
motion. For example, structural routines can provide input data for trajectory calculation. Control systems and flexible
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body models act in a way that is coupled to flight dynamics. Thermal routines are performed on the resulting flight
parameters.

Table 1 shows the features comparison with ROSI. In order to compare the results with the ROSI, some of its mathe-
matical models are adopted. The world geodetic system used is the WGS 84, and the calculation of the two-dimensional
trajectory is related to the equator plane. The standard model of the atmosphere is from 1962. In the initial conditions, a
launch point is adopted at sea level, given as the origin of the coordinate system.

Table 1: Comparison of the main differences between ROSI and LHVTS.

LHVTS ROSI
Body model Particle Rigid body/Particle
Space Two-dimensional  Three-dimensional
Degrees of freedom 2-DoF 6-DoF/3-DoF
Turning maneuver In pitch Not available
Re-entry Drag and lift Drag

The LHVTS calculates the trajectory with just 2-DoF, approaching the vehicle by a particle, considering its translations
in two-dimensional space. However, the LHVTS is capable to execute a turning maneuver, allowing to simulate an
aerodynamically stable vehicle and making it possible to maneuver the vehicle in the re-entry considering the resultant
between the force of gravity and lift. Thus, it is noted that the LHVTS does not need a rotational degree of freedom
to simulate an aerodynamically stable vehicle in two-dimensional space, making it computationally faster. On the other
hand, ROSI does not have the turning maneuver among its features and calculates the trajectory, in the ascending phase,
considering the translation and rotation of the vehicle in 6-DoF with rigid body model. The program was developed
to simulate an aerodynamically stable vehicle in three-dimensional space. In the descending phase, ROSI calculates the
trajectory considering only the vehicle’s translation in 3-DoF with particle model, including only the drag force. Generally,
the stability condition does not occur in the descending phase of the trajectory. The following section demonstrates the
application of LHVTS versus ROSI in assessing the capability of a VSB-30 to accelerate a hypothetical hypersonic vehicle
to achieve its endoatmospheric flight conditions.

RESULTS AND DISCUSSION

The validation methodology consists of LHVTS and ROSI comparison, referring to the flight of the VSB-30 V07 in the
Maracati II operation, performed in 2010 (Garcia et al., 2011). Among the available input parameters, both simulators use
the thrust curves of the rocket engines, the rocket mass curve, and the drag coefficients of that specific flight. In addition,
for demonstration purposes, it is assumed that the hypothetical hypersonic vehicle’s aerodynamic coefficients are that one
of the payload carried by the VSB-30 V07. In a complementary way, the mass curves are determined since their variation
occurs due to the propellant consumption. Static firing tests are essential to describe the behavior of engines. However,
the aerodynamic coefficients are established through mathematical models. As the VSB-30 has a geometry with axial
symmetry, these models can accurately determine the aerodynamic coefficients. The Missile Datcom software is used
to compute the aerodynamic parameters in a project quickly and economically (Rosema et al., 2011). Its mathematical
models are exhaustively compared to wind tunnel tests for validation. With respect to the hypersonic vehicle, the generic
operating conditions, described in Toro et al. (2018), are assumed. The study focused on designing a scramjet engine
configuration based on a full-scale generic geometry. Given this, the vehicle must be accelerated to Mach 6.8 at the
geometric altitude of 30 km before it can be activated.

Figure 4 shows the parameters obtained with the validation process of the LHVTS through its comparison with the
ROSI. According to the trajectory profile in Fig. 4a, the VSB-30 reaches an apogee of 252.9 km and travels a distance
of 153.6 km. It is also noted that total velocities above 2000 m/s are reached in atmospheric flight in the ascending and
re-entry phases (Fig. 4b). Even the LHVTS having 2-DoF during the entire trajectory, results were obtained similar to
those calculated by the ROSI, which considers 6-DoF during the ascending atmospheric flight phase and 3-DoF for the
rest of the trajectory. In the ascending phase, there are two dynamic pressure peaks, but the vehicle suffers greater stress
during the re-entry flight, as expected, with a maximum dynamic pressure of 862.8 kPa (Fig. 4c). It is important to be
aware of the dynamic pressure on re-entry so that the hypersonic vehicle can be designed to support it, avoiding possible
damage to its structure or deviations in flight dynamics. Analogous to the total velocity, there are Mach number peaks in
the ascending and re-entry phases of atmospheric flight greater than 6 (Fig. 4d). These intervals present the possibility
of activating the hypersonic vehicle. Therefore, it is needed to analyze them together with the altitude to verify if the
operational conditions are reached.

After validation, a simulation was performed using LHVTS in order to analyze the activation of the scramjet engine
present in the hypersonic vehicle. In addition to the aforementioned input parameters, lift coefficients were also used as
input parameters. As the turning maneuver used for reentry of the hypothetical hypersonic vehicle starts from the instant
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Figure 4: LHVTS’s validation.

of 460 seconds, when the vehicle reaches the densest layers of the atmosphere, the main differences between the results
are seen after this instant. The parameters obtained with the simulation of the hypothetical hypersonic vehicle re-entry
using LHVTS are compared to the tracings by ROSI during the validation in Fig. 5. The VSB-30 maintained its apogee of
252.9 km and, as shown in Fig. 5a, the distance traveled increased to 170.4 km, due to the turning maneuver performed on
the hypersonic vehicle’s re-entry. The total velocity, in the turning maneuver, remained identical to that simulated in the
validation, having only an extension of the curve in time, since the vehicle had its trajectory slightly extended (Fig. 5b).
There were no changes in dynamic pressure in the ascending phase, as expected. However, there was a reduction in the
value of the maximum dynamic pressure on vehicle re-entry, reducing to the value of 745.59 kPa (Fig. 5d). This result
suggests that the turning maneuver can be used to generate less aggressive conditions for the hypersonic vehicle’s flight,
and to reduce its project cost. The Mach number behaved similarly to total velocity, remaining the same as the validation
simulation with an extension of the curve due to the increase in the distance traveled (Fig. 5c).

Figure 6 presents the behavior of the angle of attack during the ascending phase of atmospheric flight and in the
turning maneuver used for reentry of the hypersonic vehicle. In ascending flight, there are differences between the curves
reproduced by the simulators due to the difference between their dynamic and body models, but the gravity turn maneuver
caused the angle of attack calculated by LHVTS to tend to zero as expected (Fig. 6a). To perform the re-entry maneuver,
it was necessary to reduce the angle of attack to values below 8 degrees (Fig. 6b). Note that, from that moment on, the
angle of attack decreases more gradually, tending to zero. Thus, the lift can act on the vehicle and provide its glide during
the execution of the maneuver and activation of the scramjet engine.

Figure 7 shows the VSB-30 capability to accelerate a hypothetical hypersonic vehicle weighting less than 400 kg.
Both simulators calculate the maximum Mach, of 6.9, at the altitude of 21.7 km on the atmospheric re-entry (Fig. 7b).
According to Fig. 7a, the VSB-30 does not reach the maximum value of Mach in the ascending flight. The simulators do
not match in the descending flight from the altitude of 12 km due to the lift effect took into account in LHVTS’s flight
dynamic model. The deviation is caused by an angle of attack less than 8 degrees. Since the general flight condition for
the hypothetical hypersonic vehicle is fulfilled by the VSB-30, in the range from 29.9 km to the geometric altitude of 17
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km, providing a Mach greater than 6.8, the lift effect caused by small angles of attack do not have influence in the scramjet
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Figure 7: VSB-30’s performance.

Since the model and input data are very accurate, the results of the hypothetical hypersonic vehicle can be used to
establish the trends for a true project using the VSB-30 acceleration capability. For example, it can be inferred, if no
optimization is considered, that the weight of a hypersonic vehicle and its service module cannot exceed 400 kg if it has
to reach Mach 6.8 on atmospheric re-entry at an altitude of 30 km. This case illustrates the importance of low-order
simulators like LHVTS. LHVTS requires less input data than ROSI, gives a very accurate result like ROSI, and predicts
the lift effect on atmospheric re-entry beyond ROSI.

In view of the relevance of the application of the LHVTS, it is intended to develop further studies taking advantage
of the features of this simulator in the future. In order to evaluate the optimization of stages, or even of the hypersonic
vehicle, it is planned to couple the LHVTS to the LEV optimization framework (LOF), presented by Saba (2017), and
with an optimization method based on Lagrange’s multipliers, presented by Oliveira and Barbosa (2021). Furthermore,
it is intend to develop dynamic models considering a planar rigid body model to deal with the control system of the
hypersonic vehicle in the re-entry phase. Finally, it is also intend to model the equations of motion to deal with aeroelastic
phenomena in the trajectory calculation using a flexible body model. The experience gained with this simulator allows the
development and testing of more complex mathematical models to calculate a larger set of path parameters for hypersonic
vehicles, in three-dimensional space, considering 6-DoF in the ascending and descending phases of flight.

CONCLUSION

The objective of this article was achieved by demonstrating the usefulness of low-order models in the determination
of general parameters of hypersonic vehicles. A mathematical model was presented including the turning maneuver in
the equations of motion, which allows evaluating the influence of lift on the vehicle’s performance in the atmospheric
re-entry phase. Thus, evidencing the implementation potential for new features in low-order models. It was concluded
that, for the hypothetical case analyzed, the lift does not affect the moment of flight in which the accelerator rocket
reaches the conditions of activation of the scramjet engine. This example illustrates the application of low-order models
in determining eventual design requirements for hypersonic vehicles. These models can accurately reproduce project
results at low computational cost, compared to higher order models. This also offers opportunities to add more routines
from other disciplines, such as control and flexible body, to coupling optimization frameworks, and to introduce more
complex mathematical models to calculate trajectories with 6-DoF.
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