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1. Introduction
In recent years, sounding rockets developed by
university student teams are becoming more
complex. Despite this, the development life-
cycle of these rockets is much shorter than in
the industry, taking one to two years from con-
ception to launch, challenging students to per-
form rapid iterations in the design. Tools based
on causal modeling approaches are frequently
employed to evaluate the performance of the
various subsystems while keeping costs down,
but these models are usually difficult to imple-
ment, extend and reuse. For this reason, an
approach based on acausal and object-oriented
modeling using the Modelica language is evalu-
ated in this thesis, with the objective of simpli-
fying the model design process and increasing its
reusability and extendibility [1]. This model is
then employed in the development of guidance,
navigation and control algorithms with the ob-
jective of making the trajectory of the rocket
less susceptible to wind in the first instants of
the flight.

2. Object oriented approach
The development of a complete model to simu-
late the flight of a rocket is a multi-disciplinary
task, which includes systems spanning multiple

physical domains. The object-oriented model-
ing approach is well suited for this task: the
topology of the model is close to the one of the
real system, where different subsystems are con-
nected together using connectors representing
their physical interaction, while hiding the im-
plementation details through the concept of en-
capsulation. The systems are described by equa-
tions and not assignments, freeing the user from
the burden of performing manual symbolic ma-
nipulations to obtain an Ordinary Differential
Equations (ODE) system. Finally, the model
has a modular and hierarchical structure, tak-
ing advantage of object-oriented features such
as abstraction and inheritance. All these fea-
tures result in a model that is simpler to develop,
maintain and extend in the future with respect
to traditional causal approaches.

3. Model structure
The rocket model developed in this thesis con-
siders a modification of the “Lynx” rocket de-
veloped by Skyward Experimental Rocketry: a
solid-propellant rocket capable of reaching up to
3000 m of apogee to which 4 canards are added
to control its attitude and trajectory (Fig. 1).
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Figure 1: Subsystems and domains of a sounding
rocket

Fuselage The fuselage is modeled as a rigid
body using models provided by the Modelica
Multibody Library.

Propulsion An abstract model for a generic
propulsion system is extended to implement a
solid propellant motor based on commercially
available ones, where the mass flow rate is calcu-
lated from the thrust curve in order to describe
the evolution of the mass and inertia of the pro-
pellant during the burn.

Aerodynamics Two models for the aerody-
namics of the rocket during the ballistic phase
of the flight are provided.
A more accurate model interpolates multi-
dimensional aerodynamic coefficient tables ob-
tained from external software and CFD simula-
tions, indexing the tables based on the current
aerodynamic state of the rocket (angle of attack
and sideslip, Mach number, altitude and canard
deflection angles). Due to the high number of di-
mensions of the tables, this method is however
computationally expensive.
The second method is faster but less accurate,
linearizing the aerodynamic coefficients around
the equilibrium α = 0, β = 0, δ = 0 while
neglecting the dependence on the altitude and
Mach number of the coefficients (with the excep-
tion of the axial force coefficient, which is still
interpolated from a vector based on the Mach
number).

Parachutes The parachutes are approxi-
mated by applying the drag force directly on

their attachment point on the fuselage, and the
parachute surface during the opening transient
is assumed to increase linearly within a preset
time interval. The elasticity of the lines and
mass properties of the parachutes are neglected,
mainly to improve the performance of the simu-
lation.

Actuators The canard actuators are modeled
as a first order system.

Environment Due to the short duration of
the flight of the rocket and relatively small alti-
tudes reached, the roundness and rotation of the
Earth are neglected, and the world is assumed
flat.
The atmosphere is modeled up to an altitude
of 11 km using the International Standard At-
mosphere (ISA) model, and the wind force is
composed of two contributions: a static wind
speed that can change in magnitude and direc-
tion between a number of discrete layers, and a
colored noise representing the wind turbulence,
shaped through appropriate filters described by
the Dryden Wind Turbulence Model.
Finally, the Earth’s geomagnetic field is mod-
eled using the dipole approximation of the Inter-
national Geomagnetic Reference Field (IGRF)
model.

Sensors Models for various sensors are im-
plemented: accelerometers, gyroscopes, mag-
netometers, barometers and Global Navigation
Satellite System (GNSS) modules. At first,
“true” sensors without errors are modeled, finally
extending them adding errors such as biases,
discretization, quantization and noises. The
measurement model for the gyroscopes and ac-
celerometers takes into account the presence of
both constant bias and bias instability (modeled
as a first order random walk) as well as thermo-
mechanical noise (Eq. 1):

f(t) =f true(t) + βf

+ ηfV RW
(t) +

∫ t

0
ηfBI

(t)dt
(1)

The magnetometer model accounts for errors in
the calibration of the Hard Iron and Soft Iron
effects introducing a misalignment term, and the
GNSS modules present a sinusoidal bias in both
the position and velocity measurements.
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Blocks for low cost sensors commonly used in
student-developed sounding rockets are finally
provided, ready to use in the model.

Avionics Bus The outputs of the sensors are
made available to the rest of the model (and in
particular the Guidance, Navigation and Con-
trol systems) through an expandable connector,
where signals can be added on the go without
needing to declare them beforehand.

4. Navigation
The navigation system uses the output of the
sensors corrupted with errors to estimate the
state of the rocket: the position, velocity and
attitude, as well as the biases of the gyroscope.
An integrated inertial navigation approach is im-
plemented: measurements from gyroscopes are
integrated to obtain the attitude of the rocket,
while accelerometers are used to obtain the iner-
tial velocity and position [2]. Due to the use of
low cost MEMS sensors this approach is suscep-
tible to drift already after a few seconds of oper-
ation, that can however be corrected using mea-
surements from the magnetometer and GNSS
module. The navigation solution is produced
using a Multiplicative Extended Kalman Filter
(MEKF) for the estimation of the attitude, that
is then fed into a linear Kalman Filter for the
estimation of the velocity and position. The
MEKF was chosen over the Extended Kalman
Filter in order to maintain the unitary norm of
the attitude quaternion estimate [3]: the MEKF
estimates in fact the attitude error, which is then
propagated into the global attitude quaternion
through a reset operation that maintains its uni-
tary norm. The filter is updated using a sin-
gle vector measurement from the magnetometer,
leaving the drift uncorrected around its direc-
tion: this was shown to be acceptable for the
short flights considered, as the direction of this
vector changes with respect to the body frame
due to the rotation of the rocket (Fig. 3). The
navigation algorithm was also tested using flight
data from the first flight of Lynx as an input,
and its output was compared, through a 3D ani-
mation based on the estimates of the filter, with
the recording from the on-board camera (Fig.
2). The full comparison video can be found at
https://youtu.be/15U2QjJIRWA.

Figure 2: Still from virtual flight recreation
video
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Figure 3: Attitude estimation error during a
flight

5. Guidance
The guidance algorithm outputs body angular
rates commands to be used by the control sys-
tem with the objective of tracking a predefined
analytical parabolic trajectory, which approxi-
mates the trajectory that the rocket would take
in the absence of wind. At each instant, the
desired direction of the inertial velocity vector
of the rocket (dref ) is obtained from the ana-
lytical reference trajectory, and the angle error
between the current and desired velocity direc-
tion is computed (Eq. 2). The angular velocity
command is then computed to be proportional
to this error, perpendicular to the two vectors in
order to rotate the current velocity vector into
the target direction (Eq. 3).

χ = acos

(
V · dref

∥V ∥

)
ω̄ref =

V × dref

∥V × dref∥
kχ

(2)

(3)

The roll angle of the rocket is then commanded
in a similar fashion with the objective of making
the rocket point into a specific direction.
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6. Control
The angular rate commands from the guidance
algorithms are finally tracked by the control al-
gorithm using a Linear Quadratic Integral (LQI)
controller. The nonlinear equations of motion of
the rocket, expressed in the body frame (Eq. 4),
are linearized in the equilibrium condition with
zero angle of attack and sideslip and null angular
rates [4].

V̇ = −ω × V +
F

m
Jω̇ = (Jω)× ω +M

(4)

The aerodynamic forces are modeled as in the
simplified model described in Sec. 3, with the
additional simplification that the axial force co-
efficient doesn’t depend on the Mach number.
The dynamics of the canard actuators are also
included in the system, as well as the integral
of the errors of the angular rates with respect
to the guidance output. Due to the great range
of velocities that the rocket reaches during the
flight, the equations of motion cannot be lin-
earized around a single condition, and the re-
sulting linear system depends on the velocity of
the rocket, making it time varying: a Discrete-
time Algebraic Riccati (DARE) equation must
thus be solved at each step in order to synthe-
size the gain-scheduling controller. To improve
performance, this operation could be performed
offline over a range of velocities, storing the con-
troller gains into a table that can be then inter-
polated online.
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Figure 4: Control loop diagram

7. Results
The model has been validated comparing it
with flight data obtained from two launches of
the Lynx rocket in 2021, providing results that
closely match reality (Fig. 5).
The two aerodynamic models perform similarly
on the longitudinal dynamics of the rocket, but
present some differences in the canard actuator
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Figure 5: Flight data vs simulation altitude plot
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Figure 6: Canard actuation step response (t =
4 s, δp = 3 deg)

response (Fig. 6). The simplified aerodynamic
model is however 30 times faster than the inter-
polated model and it is suitable when fast iter-
ations are needed or when multiple simulations
need to be performed. Finally, the GNC system
is proven effective in maintaining the intended
trajectory in presence of wind: Fig. 7 shows the
flight path angle of the rocket subject to a 10
m/s wind, in the cases where the controller is
activated 1 or 3.5 seconds after lift-off.

7.1. Monte Carlo Analysis
A Monte Carlo analysis has been performed,
simulating the model with a large number of
wind conditions in the cases of a non-nominal
ballistic flight and with a nominal descent un-
der parachutes. In the case of a ballistic flight,
the impact position ellipse area is reduced by
about 99% when the controller is activated both
1 and 3.5 s into the flight, with the ellipse be-
ing slightly larger in the latter case due to more
aggressive maneuvers needed to steer the rocket
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Figure 7: Closed loop flight path angle

into the desired trajectory after it was already
affected by wind. In the case of a nominal flight,
however, the landing point dispersion is larger
when the controller is active: the reason being
that in an uncontrolled flight the rocket flies into
the wind when ascending due to it being aero-
dynamically stable, but travels in the direction
of the wind while descending under parachutes,
partially negating the two effects and making
the landing location uncertainty smaller.
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Figure 8: Ballistic flight impact location, 95%
confidence ellipses (N = 360)

8. Conclusions
The use of an object-oriented approach to the
simulation of the flight of a sounding rocket has
proven to have clear advantages in terms of mod-
ularity, as different models can be implemented
and modified with ease, and in the integration
of different domains in the same model, allow-
ing a complete description of the dynamics of
the rocket and its subsystems. Another advan-
tage, that however can also be a drawback, is
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Figure 9: Nominal parachute descent landing lo-
cation, 95% confidence ellipses (N = 360)

that the symbolic manipulation of the system of
equations is performed by the compiler, reduc-
ing the workload on the user but also making it
difficult to debug problems that may arise in the
compilation process.
The implemented model has been shown to be
able to represent reality by comparing the simu-
lation with flight data. The implemented GNC
algorithm is capable of making the trajectory
less susceptible to wind disturbances and to re-
duce the uncertainty in the impact location in
case of a ballistic flight, but does not achieve
the same results in the case of a nominal descent
under the parachutes, where additional control
systems like guided parachutes may be needed
to control the rocket also in the descent phase.
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