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Summary
Many new initiatives are started that aim to build a competitive small-sat launch vehicle. An important parameter
for these new launch vehicle designs remains weight optimisation. Higher thrust to weight ratios and smaller
diameters for lower aerodynamic drag result in more noticeable elastic dynamics for a launch vehicle. In previous
research, the necessity of non-rigid body simulators was stated to be a requirement for long, slender bodies.
Despite past research, it remains unclear for which vehicle design parameters non-rigid body effects become
destabilising.

A set of 2+N linearly independent equations of motions can be combined in a single matrix to determine the
motion of a flexible launch vehicle with N slosh masses. Three different motions are considered. These are the
rigid body motion, sloshing motion and flexibility motion. The flexibility of the vehicle is modelled by modelling
the vehicle as a mass-spring-damper system. This method of assumed modes is often used in literature when non-
rigid body models are designed. The sloshing motion is modelled by assuming that the slosh mass behaves like
a pendulum. To couple the different motions, a constraint matrix is used. This modular matrix allows fixing the
attachment point of the slosh mass to the deflected state of the vehicle. As a result, the slosh mass and flexibility
motion are directly coupled by this constraint. Since the matrix is modular, the model can be extended to allow
for any number N of slosh masses.

The model is developed in Matlab Simulink. Custom library blocks are used to allow for a modular set-up.
Additionally, a detailed environment model is created. Different models can be chosen to simulate the Earth
shape, gravity, atmosphere, wind and aerodynamics depending on the user requirements. For the launch vehicle,
a custommass model is created. The slosh mass parameters can vary, depending on the state of the vehicle. Using
simplified scenarios, both the rigid body and slosh mass constraint were verified with analytical equations. This
resulted in a difference of less than 0.1%. Using non-quiescent starting conditions with no external forces acting
on the vehicle except gravity, it was found that the energy of the system remained constant. Since the energy of
the system is conserved, it provides strong evidence that the equations of motion are implemented correctly. The
model is run using a fixed-step integrator with a time step between 1E-2 and 1E-3 seconds. These settings allow
the model to run faster than real-time. This means that the model can be used in embedded systems for future
NLR customers.

The flight data from the Stratos III launch vehicle was obtained and compared to the simulated non-rigid body
model data. It is speculated that this vehicle failed due to non-rigid body effects. It was found that slosh motion
can result in destabilisation when this vehicle experiences a sudden decrease in acceleration. For Stratos III, such
a decrease in acceleration could have occurred when the vehicle transitioned from the liquid to the gaseous burn
phase. The destabilisation that occurred could not be observed when rigid body equations of motion were used.
The non-rigid body model was able to accurately estimate the acceleration andMach number for most of the flight
but did show large inconsistencies in the roll rate.

Using ANOVA, it was found that the length, diameter, mass flow rate and fill ratio are launch vehicle design
parameters that significantly influence non-rigid body effects such as sloshing and flexibility. The length-diameter
interaction is also significant for flexibility. A slenderness ratio was found from which flexibility and sloshing
effects become prominent. Based on a sensitivity analysis over a range of vehicle parameters, it is recommended
for length over diameter (L/D) ratios above 20 to consider the use of non-rigid body models. From this ratio, the
maximum and total flexibility strongly increase. A maximum deflection sensitivity was found for an L/D of 27,
decreasing again for even larger ratios. This peak was attributed to an interaction between the limited sloshing
motion, vehicle flexibility and aerodynamics. For L/D ratios below 20, flexibility is negligible and sloshing
becomes the main perturbing factor. This suggests modelling flexibility is not required for accurate GNC models
for small-sat launch vehicles which generally have an L/D below 18. It was found that a PID controller that is
designed using a rigid body model is still able to stabilise the non-rigid body during flight. The error of the rigid
and non-rigid body model was equivalent and both negligible for the first stage burn. This is well after the point of
maximum dynamic pressure which occurred at 28 seconds. During the staging event, 2 seconds of microgravity
result in a tumbling slosh mass which increases the error for the non-rigid body. Regardless, the rigid body
controller was still able to correct this after second stage ignition. Oscillations occurred in both the rigid and
non-rigid body model when a single set of gains was used. For both models, the oscillations were removed by
introducing gain scheduling.
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1
Introduction

Over the past decade, the demand for dedicated small satellite launches has steadily increased. As a result, many
new initiatives are started that aim to build a competitive small-sat launch vehicle. Given the strong competition
from major players such as SpaceX, new designs are required to be cost-effective. To be cost-effective, different
strategies can be implemented. New, efficient engine designs, air-based launches and completely 3D printed
launch vehicles are currently in development [1, 2, 24].

To increase the technological readiness of cost-effective small-sat launch vehicles, fourteen European com-
panies and institutes have worked together on the Horizon2020 SMall Innovative Launcher for Europe (SMILE)
[27]. The goal of the project was to design a launch vehicle that is able to deliver a payload of 70 kg to a (near)
polar orbit and to design a launch facility in Andøya, Norway. Different vehicle designs have been considered.
Commercial off-the-shelve avionics are used and 3D printed subsystems such as injectors have been manufac-
tured and tested. Liquid and hybrid engine hot-fires have been conducted successfully. A three-stage liquid and
three-stage hybrid vehicle were proposed.

An important parameter for these new launch vehicle designs remains weight optimisation. Higher thrust to
weight ratios and smaller diameters for lower aerodynamic drag result in more noticeable elastic dynamics for a
launch vehicle [12, 15].

In previous research, the necessity of non-rigid body simulators was stated to be a requirement for long, slender
bodies. This suggest that there is a slenderness ratio from which non-rigid body effects become destabilising.
Multiple non-rigid body models have been developed that aim to model these effects to allow for a more robust
Guidance, Navigation and Control (GNC) system [7, 16, 30]. Generally a single vehicle is used for the non-
rigid body analysis. The definition of long and slender is unclear since analysed vehicle parameters are often not
presented. Mooij [17] makes use of the PacAstro launch vehicle which has a length-over-diameter (L/D) ratio
of 14.6 [8]. Cossette is expected to use a similar vehicle with an L/D ratio of approximately 14 based on the
Matlab visualisation. It is unclear how these vehicle would behave compared to an equivalent rigid body model
since this data was not presented. Stratos III, a suborbital sounding rocket developed by the student team Delft
Aerospace Rocket Engineering, had an L/D of 29.3 [9]. This vehicle is speculated to have failed due to non-rigid
body effects [29]. The L/D ratio of the SMILE vehicle is 14.5. Current and historical orbital vehicles have L/D
ratios between 9.4 (Ariane V) and 18.9 (Falcon 9). An overview of L/D ratios of 5 well-known orbital launch
vehicles is presented in Table 1.1. For newly developed launch vehicles it might be interesting to determine which
L/D ratios require extra attention due to non-rigid body effects. Despite current research, it remains unclear for
which vehicle design parameters non-rigid body effects become destabilising.

In this research, a non-rigid body model is developed based on existing models in literature. The rigid body
equations ofmotion are extended to include launch vehicle flexibility. Thismotion ismodelled using themethod of
assumedmodes [20]. Sloshmasses are included by adding pendulums. This results in a set of linearly independent
equations of motion that can be solved simultaneously. This model is equivalent to the implementation proposed
by Cossette [7]. The model is extended by including various environmental settings to determine the aerodynamic
loads on the vehicle during flight. The three-stage SMILE vehicle is modelled as a liquid bi-propellant with 6
slosh masses, one for each propellant tank. The model is also designed in a Simulink environment which allows
for rapid controller prototyping and easier hardware implementation.
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2 1. Introduction

Table 1.1: L/D ratios of past and current launch vehicles

Vehicle Developer Length [m] Diameter [m] L/D [-] Source
Falcon 9 SpaceX 70 3.7 18.9 [25]
Electron Rocket Lab 18 1.2 15 [23]
Ariane V ArianeGroup 50.5 5.4 9.35 [4]
Soyuz-2 Progress Rocket Space Centre 46.2 2.95 15.7 [5]
Saturn V NASA 110 10.1 10.9 [18]

This research aims to answer the following question:
Are non-rigid body models required to keep the SMILE small-sat launch vehicle stable during ascent?

Where the following sub-questions considered:

Q1 Which launch vehicle parameters play a significant role in determining the sensitivity for non-rigid body
motion?

Q2 For which values of the parameters from Q1 is the use of non-rigid body models recommended?

Q3 Can rigid body model controllers succesfully stabilise non-rigid body small-sat launch vehicles?

A sensitivity analysis is performed that aims to determine for which parameter values non-rigid body effects
become most prevalent. Simple PID controllers are used to determine the difference in control response between
rigid and non-rigid launch vehicles.

In Chapter 2, a summary of available non-rigid body models in literature is presented. In Chapter 3, an
overview of the Simulink model implementation is given. The model implementation is verified in Chapter 4.
The model validity for sounding rockets is determined using flight data in Chapter 5. Finally, the non-rigid body
sensitivity parameters and critical values are determined in Chapter 6.



2
Literature study summary

In [10], a modular mathematical model was derived that allowed for the propagation of a non-rigid launch vehicle.
The non-rigid body effects are estimated through mechanically equivalent modelling. Propellant sloshing effects
are approximated using a normal pendulum and flexibility effects are estimated with the method of assumed
modes. In this chapter, a detailed derivation of the equations of motion is presented. This derivation includes the
forces and moments acting on the different elements in the equations of motion.

2.1. Rigid body equations of motion
In this section, the equations of motion for a rigid body are derived. Although this derivation has already been
performed many times in literature, it is once more presented here to give a complete overview of the modular
equations of motion.

A body 𝐵 is assumed to be a rigid body with constant mass 𝑚𝐵 and centre of gravity 𝑧 in the body frame
𝐹𝑏 moving in an inertial frame 𝐹𝑖 with its origin located in point 𝑤. A graphical representation of the system is
given in Figure 2.1. Its kinetic energy is given by

𝐸𝑘𝑖𝑛 =
1
2𝑚𝐵(�̄�

𝑤𝑧)2 + 12�̄�
𝑏/𝑖𝐈𝐵�̄�𝑏/𝑖 (2.1)

where �̄�𝑏/𝑖 represents the angular velocity of frame 𝐹𝑏 with respect to 𝐹𝑖 . 𝐈𝐵 is the second mass moment of
inertia of body 𝐵 about point 𝑧. To use Lagrangian Mechanics to find the equations of motion of this rigid body,
it is assumed that at an initial point, the body has no potential energy and the generalized coordinate is chosen to
be

�̄� = ( �̄�
𝑧𝑤
𝑖
�̄�𝑏𝑖 ) (2.2)

where �̄�𝑧𝑤𝑖 represents the position vector from point w to point z, resolved in 𝐹𝑖 . Vector �̄�𝑏𝑖 represents the
generalized coordinates of the attitude parameters. It should be noted that this can be Euler angles, quaternions,
the nine elements of a Direction Cosine Matrix stacked in a [9𝑥1] vector or any other representation that the user
requires. The Lagrange Equation can be used to find

[ 𝑚𝐵 ̇�̄�𝑧𝑤/𝑖𝑖
𝐉𝐵𝑧𝑏 ̇�̄�𝑏𝑖𝑏 + �̄�𝑏𝑖

×
𝑏 𝐉𝐵𝑧𝑏 �̄�𝑏𝑖𝑏

] = [
̄𝑓𝐵𝑖

�̄�𝐵𝑧𝑏
] + 𝚲⊤𝜆 (2.3)

where the forces and moments on the rigid body are indicated by ̄𝑓𝐵𝑖 and �̄�𝐵𝑧𝑏 .
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4 2. Literature study summary

Figure 2.1: Free body diagram of the rigid body

The skew-symmetric matrix �̄�𝑏𝑖×𝑏 is defined as

�̄�𝑏𝑖×𝑏 = [
0 −�̄�𝑏𝑖𝑏 (3) �̄�𝑏𝑖𝑏 (2)

�̄�𝑏𝑖𝑏 (3) 0 −�̄�𝑏𝑖𝑏 (1)
−�̄�𝑏𝑖𝑏 (2) �̄�𝑏𝑖𝑏 (1) 0

] (2.4)

Matrix𝚲 represents a constraint matrix with Lagrangianmultipliers 𝜆 that is chosen such that, as shown by Forbes
[11]

𝚲�̄� = 0 ; �̄� = [ �̄�
𝑧𝑤/𝑖
𝑖
�̄�𝑏𝑖𝑏

] (2.5)

It should be noted that �̄� ≠ ̇�̄� as the derivative of the generalized coordinates is generally not equal to the angular
velocity of the body. The result of Equation (2.3) can be rewritten to a more familiar form

[ 𝑚ℬ1 0
0 𝐉ℬ𝑧𝑏

]
⏝⎵⎵⎵⏟⎵⎵⎵⏝

𝐌𝐁

[ ̇�̄�𝑧𝑤/𝑖𝑖
̇�̄�𝑏𝑖𝑏

]
⏝⎵⎵⏟⎵⎵⏝

�̇�𝐁

+ [
0

�̄�𝑏𝑖×𝑏 𝐉𝐵𝑧𝑏 �̄�𝑏𝑖𝑏
]

⏝⎵⎵⎵⎵⏟⎵⎵⎵⎵⏝
̄𝑓non,𝐁

[
̄𝑓𝐵𝑖

�̄�𝐵𝑧𝑏
]

⏝⎵⎵⏟⎵⎵⏝
𝑓𝐵

+𝚲⊤𝜆 (2.6)
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Which is shortened to

𝐌𝐵 ̇�̄�𝐵 + ̄𝑓non,B = ̄𝑓𝐵 + 𝚲�̄� (2.7)

where ̄𝑓non,𝐵 represent the addition of the Euler rotation equation due to the body frame being a non-inertial
frame. This set of equations can be considered a well-known set of equations for rigid body motion.

The external forces couple the rigid body motion with the motion of the flexibility and slosh masses. The
forces acting on the vehicle are the gravity, aerodynamic forces and thrust. The gravity also acts on the slosh
masses. If these masses don’t lie directly in line with the center of gravity of the vehicle, the slosh mass creates a
moment acting on the rigid body. The free body diagram can be seen in Figure 2.1. In Equation (2.6), the forces
are resolved in the inertial frame. The moments are resolved in the body frame.

Using Figure 2.1, it becomes clear that the force vector acting on the rigid body can be defined as the sum of
gravity, aerodynamic forces and thrust, resulting in

̄𝑓𝐵𝑖 = 𝑚�̄� + 𝐂𝑇𝑏𝑖𝐂𝑏𝑎 ̄𝑓aero + 𝐂𝑇𝑏𝑖𝐂𝑏𝑡�̄� (2.8)

Where the frame transformation from the inertial to the body frame is given by the Direction Cosine Matrix
(DCM) 𝐂𝑏𝑖 . The frame transformation from the aerodynamic frame to the body frame is given by 𝐂𝑏𝑎 . The
transformation from the engine (thrust) frame to the body frame is given by 𝐂𝑏𝑡.

The moment equation is given by

�̄�𝐵𝐵 = 𝑟𝑒𝑧𝐵 × �̄� + �̄�𝑎𝑒𝑟𝑜𝐵 (2.9)
The slosh masses do not contribute explicitly in the force and moment equation of the rigid body since this

interaction will be handled by the constraint that is applied in Section 2.4. Although it is not explicitly placed in
the moment equation for the rigid body, it can be seen that destabilising effects can occur due to propellant slosh.
The slosh masses will cause the center of gravity to move in the 𝑌𝐵 − 𝑍𝐵 plane. Assuming that the equivalent
thrust is generally pointing through the axis of symmetry of the vehicle, the thrust itself will cause a destabilizing
moment within the vehicle.

2.2. Flexibility equations of motion - Method of assumed modes
The equations of motion that describe the flexibility of the vehicle are described in this section. The flexibility
equations of motion make use of the method of assumed modes [20], which requires eigenmode analysis of a
given structure.

The method of assumed modes makes use of the natural vibration modes of a structure. Different node lo-
cations of the system are used. The actual displacement of this node can be described with a linear combination
of natural vibration modes at a given node. This is then summed to achieve the final deformation of this node.
The deformation itself is given with respect to the rigid body. A graphical representation of a rocket and its first
bending mode is given in Figure 2.2.

This method is often used when flexible rocket bodies are modelled [7, 14, 26, 30]. The deflections of rockets
are generally small and the axi-symmetry of most launch vehicles allow for relatively simple equivalent beam
models. Following the procedure as described by Li [14], an undeformed, rigid launch vehicle is considered. This
launch vehicle can be modelled as a simple beam. This beam is discretised in 𝑛 elements. The position of the
center of mass of the vehicle relative to the inertial frame is given by �̄�𝑤𝑧. Parameter �̄�𝑤�̃� represents the position
of the 𝑗𝑡ℎ mass element relative to the inertial frame. In Figure 2.2, it can be seen that �̄�𝑤�̃� = �̄�𝑤𝑧 + �̄�𝑧�̃�,
where �̄�𝑧�̃� = �̄�𝑧𝑎+ �̄� is the position of the mass element relative to the body-fixed coordinates. Position vector
�̄�𝑧𝑎 can be considered the position of the 𝑗𝑡ℎ mass element as if the body was modelled as a rigid body. Vector
�̄� is specifically of interest, as this defines the position of the mass element in its deformed shape. The method of
assumed modes calculates this vector according to

�̄� = (
0
𝛿𝑦
𝛿𝑧
) = (

0
∑𝑛𝑘=1 𝜂𝑘(𝑡)𝜑𝑘(𝑥)
∑𝑚𝑘=1 𝜁𝑘(𝑡)𝜑𝑘(𝑥)

) (2.10)
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Figure 2.2: Graphical representation for derivation of the equations of motion

where𝛿𝑦 and𝛿𝑧 are the local deformations of the mass element around the𝑦 and 𝑧 axis. The local deformation in
the 𝑌𝐵 and 𝑍𝐵 axis are considered to affect the aerodynamic properties of the vehicle. For axial deformation, this
effect is limited if no buckling occurs. Therefore, the local deformation in the 𝑥 axis is assumed to be negligible.
Parameters 𝜂𝑘(𝑡) and 𝜁𝑘(𝑡) can be considered the performance parameter of the 𝑘𝑡ℎ mode and are dependent
on time. As stated above, since most launch vehicles can be considered axisymmetric, the 𝑘𝑡ℎ mode shapes
around both axis are considered to be equal. Parameter 𝜑𝑘(𝑥) indicates the nodal deformation of the 𝑘𝑡ℎ mode
and is dependent on the axial location of the node.

Equation (2.10) can be rewritten in matrix form to obtain

�̄� =
𝑛
∑
𝑘=1

�̄�𝑘(𝑡)𝚽𝑘 (2.11)

�̄� = �̄�′ =
𝑛
∑
𝑘=1

�̄�𝑘(𝑡)𝚽′𝑘 (2.12)

where 𝚽𝑘 is the modal deformation matrix. The matrix 𝚽′𝐤 is the spatial derivative of 𝚽𝐤, which is a direct
result the well-known Euler-Bernoulli beam theory. Euler-Bernoulli beam theory assumes small displacements.
For orbital launch vehicles, this is considered a valid assumption. If this is not the case, Timoshenko beam theory
[28] should be applied and the nodal rotation matrix described as𝚽′𝐤 should be determined separately.
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Applying Lagrangian mechanics to Equation (2.11) following Hang and Cossette [7, 30], the equations of motion
of the flexible body can be written as

̈�̄�𝑘 + 2𝐙𝛀 ̇�̄�𝑘 +𝛀𝐤
2�̄�𝑘 = ̄𝑓𝜂 (2.13)

where 𝐙 and 𝛀 correspond to the natural frequency and damping coefficient of the 𝑘𝑡ℎ mode, where the values
are placed in the diagonal of a 𝑘 × 𝑘 matrix. These values can be obtained by performing a modal analysis on
the design. This analysis can be performed by a variety of Finite Element Analysis programs such as ANSYS.
The result of this modal analysis is a mass-normalized nodal displacement of selected nodes, as well as the
eigenfrequency of each mode. The modal deformation matrices 𝚽𝐤 of the different nodes is given by these
displacements. The number of modes that is considered can be set by the program. A larger number of modes is
expected to increase the model accuracy at the cost of additional computational time.

Parameter ̄𝑓𝜂 represents the force that excites the flexible modes. For the model proposed by Cosette, this
includes only the thrust force. This is also used in this model. It is recommended to consider adding the aerody-
namic forces as well to increase the accuracy of this model.

To achieve this, a new coordinate system 𝑋𝑣𝑌𝑣𝑍𝑣 is defined. Equivalent to the aerodynamic coordinate
system, the 𝑋𝑣 axis is aligned with the velocity vector of the centre of gravity of the body. 𝑌𝑣 is orthogonal to
𝑋𝑣 in the 𝑋𝐵𝑌𝐵 plane and 𝑍𝑣 completes the right-hand system. The additional angle of attack over the vehicle
length due to vehicle deflection is given by

𝛼1(𝑥) =
𝑛
∑
𝑘=1

𝜑′𝑦𝑘𝑞𝑦𝑘 (2.14)

Next, Hang provides the aerodynamic damping angle caused by the rotation of the body and the elastic deforma-
tion velocity

𝛼2(𝑥) = −𝜔𝑧
𝑥

|𝑉𝑤𝑧| −
�̇�(𝑥, 𝑦, 𝑧, 𝑡)
|𝑉𝑤𝑧| (2.15)

where |𝑉𝑤𝑧| represents the magnitude of �̄�𝑤𝑧 and 𝑥 is the location along 𝑋𝐵 . This results in a total angle of
attack equal to

𝛼𝑇(𝑥) = 𝛼 +
𝑛
∑
𝑘=1

𝜑′𝑦𝑘𝑞𝑦𝑘
⏝⎵⎵⎵⏟⎵⎵⎵⏝

𝛼1

−𝜔𝑧
𝑥

|𝑉𝑤𝑧| −
�̇�(𝑥, 𝑦, 𝑧, 𝑡)
|𝑉𝑤𝑧|⏝⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⏝

𝛼2

(2.16)

Next, the vehicle is sub-divided into a set of infinitesimally small strips along the length of the vehicle. The lift
on each strip is modelled as if it had an infinite span. This method is called strip theory, and can be used to find
the lift coefficient 𝐶𝐿(𝑥) of the vehicle according to

𝐶𝐿(𝑥) =
𝑑𝐶𝐿
𝑑𝛼 𝛼(𝑥) = 𝐶

′
𝐿𝛼(𝑥) (2.17)

With this equation, the lift of an infinitesimally small body section can be written by rewriting the lift equation to

𝑑𝐿(𝑥) =
1
2𝜌𝑉

2∞𝑙(𝑥)𝐶′𝐴𝛼(𝑥)𝑑𝑥 (2.18)

where 𝜌 is the air density and 𝑉∞ is the free stream velocity. Integrating this over the length of the body, the total
lift on the vehicle is found to be

𝐿𝑖𝑓𝑡 = ∫
𝐿

0
1
2𝜌𝑉

2∞𝑙(𝑥)𝐶′𝐴(𝛼 +
𝑛
∑
𝑘=1

𝜑′𝑦𝑘𝑞𝑦𝑘 − 𝜔𝑧
𝑥

|𝑉𝑤𝑧| −
�̇�(𝑥, 𝑦, 𝑧, 𝑡)
|𝑉𝑤𝑧| )𝑑𝑥 (2.19)
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Figure 2.3: Definition of effective thrust angle due to deformations [7]

This integration can’t be solved analytically since the modal deformation is discretised in nodes. The lift per
node can be established and summed to obtain the total lift over the vehicle. Similar strategies can be applied to
obtain the drag and side loads.

For the thrust force, Figure 2.3 is considered. The thrust force can be defined as

̄𝑓𝑡ℎ𝑟𝐵 = | ̄𝑓𝑡ℎ𝑟𝐵 | [
cos(𝜇1) cos(𝜇2)
− sin(𝜇1) cos(𝜇2)

− sin(𝜇2)
] ≈ | ̄𝑓𝑡ℎ𝑟𝐵 | [

1
−𝜇1
−𝜇2

] = | ̄𝑓𝑡ℎ𝑟𝐵 | [
1

−(𝜇rigid,1 + 𝜇flex,1)
−(𝜇rigid,2 + 𝜇flex,2)

]

(2.20)
where small engine deflection angles are assumed. The engine deflection due to body flexibility is given by

𝜇flex =
𝑛
∑
𝑘=1

𝚽′
𝑘
𝜂𝑘 (2.21)

which is resolved at the engine connection point 𝑒. The induced moment also changes due to this deflection and
can be written as

�̄�𝑡ℎ𝑟𝐵 = (�̄��̃�𝑒 + �̄�𝑒𝑧)× ̄𝑓𝑡ℎ𝑟𝐵 (2.22)

2.3. Sloshing equations of motion
The sloshing motion of the liquid is approximated by using an equivalent mechanical representation. A normal
pendulum attached to the launch vehicle body is used. The sloshing propellant is lumped together in an equivalent
mass rigid body. Such a model has been proposed in multiple papers [3, 7, 19].

There are two elements that are considered. The first element is the lumped propellant mass that is close to
stationary. This propellant mass is modelled similarly to a full rigid body simulator where the mass, inertia and
center of gravity are calculated as if the propellant is a solid cylinder with uniform density. The second element is
the slosh mass itself. This is modelled as a moving normal pendulum. The angle of the pendulum is equivalent to
the portion of mass that sloshes for a given mode. As an example, a single pendulum for the first sloshing mode
is shown in Figure 2.4. Subscripts 𝑗 and 𝑘 represent the tank number and mode number respectively.
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Figure 2.4: Equivalent pendulum model for propellant sloshing.

Table 2.1: Parameter overview for the pendulum sloshing model

Fixed mass Sloshing mass
Represents Propellant mass that does not contribute to

sloshing forces
Propellant mass that contributes to sloshing
forces

Mass 𝑀𝑗0 𝑚𝑗𝑘
Inertia 𝐼𝑗0 𝐼𝑗𝑘
Location Origin 𝐻

A set of moveable masses𝑚𝑗𝑘 is distributed along the𝑋𝑏 axis when the tank is at rest, represented as pendulums
with a massless rod of length 𝐿𝑗𝑘 .

The liquid tanks are assumed to be spherical. From Roberts [22], an analytical solution can be found for the
parameters in the pendulum system. First, a new parameter 𝜅𝑗 is defined

𝜅𝑗 =
Ψ𝑘ℎ𝑗
𝑑𝑗

(2.23)

where ℎ𝑗 is the liquid height and 𝑑𝑗 is the tank diameter. The parameterΨ𝑘 represents the 𝑘𝑡ℎ root of the Bessel
function derivative of the first kind and order which values are tabulated by Roberts. The Bessel equation is given
as

𝐽𝑘(𝑥) = 𝑥2𝑦″ + 𝑥2𝑦′ + (𝑥2 − 𝑛2)𝑦 = 0 (2.24)
This equation has two linearly independent solutions for a fixed value 𝑛. For a circular liquid tank, the standing
wave solution can be expressed as the Bessel function of the first kind when 𝐽𝑘(𝑑𝑗/2) = 0. Only the first
sloshing mode will be analysed. For this sloshing model, it can be assumed that the first sloshing mode is the
most present, meaning that only 𝑘 = 1 needs to be considered. This results in a value for the Bessel function
parameterΨ1 = 1.84119. Subscript 𝑘 is dropped to increase clarity.
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Next, Roberts and Amani [3] find for the model elements that the slosh mass𝑚𝑗 in terms of total fluid mass
𝑚𝑡𝑜𝑡𝑗 is given by

𝑚𝑗 = 𝑚𝑡𝑜𝑡𝑗 [
2 tanh (𝜅𝑗)
(Ψ2 − 1)𝜅𝑗

] (2.25)

The total fluid mass𝑚𝑡𝑜𝑡𝑗 can be simply calculated when a spherical tank is assumed using

𝑚𝑡𝑜𝑡𝑗 =
𝑝𝑖
4 𝜌𝑗ℎ𝑗𝑑

2
𝑗 −∫

𝑡

0
(�̇�) (2.26)

where 𝜌𝑗 is the density of the propellant in tank 𝑗 and �̇� is the mass flow rate.
The length of the pendulum defines the natural frequency of the liquid. The natural frequency of the liquid

depends on the diameter of the tank and the liquid level. It can be calculated using

𝐿𝑗 =
𝑔
𝜔2𝑗

=
𝑑𝑗

Ψ𝑘 tanh 𝜅𝑗
(2.27)

where 𝜔𝑗 is the natural frequency of the liquid in tank 𝑗. Parameter 𝑔 is the acceleration on the pendulum. The
position of the mass on the pendulum with respect to the center of moment of the liquid is given to be

𝐻𝑗 = 𝐿𝑗 +
ℎ𝑗
2 − [

4ℎ𝑗
𝜅𝑗

tanh
𝜅𝑗
2 ] (2.28)

A portion of the propellant has no sloshing effect. This fixed mass is simply calculated using

𝑚𝑗0 = 𝑚𝑡𝑜𝑡𝑗 −
𝑗
∑
1
𝑚𝑗 (2.29)

The equations of motion can simply be added to the set of equations, since the pendulum can be considered
as a new rigid body. Using the parameters above, Equation (2.6) can be used for the slosh pendulum as well. The
mass will then be simply𝑚𝑗 for each sloshing mass that is considered. The inertia tensor is the inertia through
the body center of gravity. The inertia of the slosh mass is calculated by multiplying the inertia of the complete
tank with the fraction of the slosh mass to the total mass. The inertia calculation will be further explained in
Section 4.1.3.

The force acting on the slosh mass becomes more complex due to the interaction of the attachment point and
the rigid body. A slosh mass below the rigid body center of gravity is shown on the left in Figure 2.5 with the
corresponding free body diagram of the slosh mass on the right.

In Figure 2.5, the launch vehicle undergoes an angular and inertial acceleration. The angular acceleration of
the launch vehicle results in a displacement of the slosh mass from its neutral position. When the launch vehicle
rotates in the 𝑌𝐵+ direction, the slosh mass moves in the 𝑌𝑆− direction from the perspective of the sloshing
frame. The location of the slosh mass in inertial space is set by means of a constraint in the equations of motion,
which can be seen in Section 2.4.2. This constraint will take into account all interactions between the rigid body
and the sloshmass. Therefore, it is only required to apply the external forces andmoments, which can be expressed
as

∑𝐹𝑠 =
𝑁
∑
𝑖=1

𝑚𝑠𝑖 ∗ �̄�𝐼 + 𝐹𝑑𝑎𝑚𝑝𝑖𝐼 (2.30)

where the acceleration due to gravity is given by �̄�. This acceleration vector should be resolved in the inertial
frame, and can be determined by using different environment models. These models are further explained in
Section 3.2. 𝐹𝑑𝑎𝑚𝑝𝑖𝐼 represents the damping forces acting on the slosh mass.

The slosh masses are modelled as point masses. Therefore, the moments on the slosh mass simply become

∑𝑀𝑠 = 0̄ (2.31)
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Figure 2.5: Slosh mass below the body center of gravity [L] and free body diagram [R]

2.4. Combining the motions with constraints
In this section, the different equations of motion are combined in a single set of independent equations that can
be solved simultaneously. First, the equations of motion are combined in Section 2.4.1. In Section 2.4.2, the
constraints for the slosh mass are derived and implemented in the system. In Section 2.4.3, constraint propagation
is removed to eliminate constraint drift.

2.4.1. Combining the motions
In the previous sections, different equations of motion where derived. Since these equations of motion are linearly
independent, they can be combined in a single matrix notation. The rigid body motion is described by Equa-
tion (2.7). For each slosh mass that is added, the rigid body mass and orientation parameters in Equation (2.7)
are changed to the sloshing mass and orientation parameters. Combining Equation (2.7) and Equation (2.13), the
equations of motion for a single slosh mass become

[
𝐌𝐵 0 0
0 1 0
0 0 𝐌𝑆

] [
̇�̄�𝐵
̈�̄�
̇�̄�𝑆
] + [

0 0 0
0 2𝐙𝛀 0
0 0 0

] [
�̄�𝐵
̇�̄�
�̄�𝑆

] + [
0 0 0
0 𝛀2 0
0 0 0

] [
�̄�𝐵
�̄�
�̄�𝑆

]

+ [
̄𝑓non𝐵
0
̄𝑓non𝑆

] = [
̄𝑓𝐵
̄𝑓𝜂
̄𝑓𝑆
] + 𝚲�̄�

(2.32)

These equations can be extended for an arbitrary amount of rigid bodies and slosh masses if the constraints in 𝚲
are implemented correctly. For an arbitrary number of slosh masses 𝑛, the equations of motion can simply be
extended as shown in Equation (2.33).
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⎡
⎢
⎢
⎢
⎢
⎢
⎣

𝐌𝐵 0 0 ... 0 0
0 1 0 ... 0 0
0 0 𝐌𝑆11 ... 0 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋮
0 0 0 ... 𝐌𝑆𝑁−1𝑛−1 0
0 0 0 ... 0 𝐌𝑆𝑁𝑛

⎤
⎥
⎥
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

̇�̄�𝐵
̈�̄�
̇�̄�𝑆11
⋮

̇�̄�𝑆𝑁−1𝑛−1
̇�̄�𝑆𝑁𝑛

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

+
⎡
⎢
⎢
⎢
⎣

0 0 0 ... 0 0
0 2𝐙𝛀 0 ... 0 0
0 0 0 ... 0 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋮
0 0 0 ... 0 0

⎤
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎢
⎣

�̄�𝐵
̇�̄�

�̄�𝑆11⋮
�̄�𝑆𝑁𝑛

⎤
⎥
⎥
⎥
⎦

+ …

…

⎡
⎢
⎢
⎢
⎢
⎣

0 0 0 ... 0 0
0 𝛀2 0 ... 0 0
0 0 0 ... 0 0
0 0 0 ... 0 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋮
0 0 0 ... 0 0

⎤
⎥
⎥
⎥
⎥
⎦

⎡
⎢
⎢
⎢
⎣

�̄�𝐵
�̄�
�̄�𝑆11⋮
�̄�𝑆𝑁𝑛

⎤
⎥
⎥
⎥
⎦

+

⎡
⎢
⎢
⎢
⎢
⎣

̄𝑓non𝐵
0
̄𝑓non𝑆11 ⋮
̄𝑓non𝑆𝑁𝑛

⎤
⎥
⎥
⎥
⎥
⎦

=
⎡
⎢
⎢
⎢
⎢
⎣

̄𝑓𝐵
̄𝑓𝜂
̄𝑓𝑆11⋮
̄𝑓𝑆𝑁1

⎤
⎥
⎥
⎥
⎥
⎦

+ 𝚲�̄�

(2.33)

2.4.2. Slosh mass constraints
The matrix 𝚲 contains the constraints associated with the system. For this model, one constraint is applied. It is
obtained by the assumption that the attachment point of the pendulum (on the pendulum)𝑝 is fixed to the deformed
position of the actual attachment point on the vehicle �̂�, rather than the attachment point on the non-deformed
vehicle 𝑎. Similar to Cossette [7], the constraint can be written such that

�̄��̂�𝑤𝑖 = �̄�𝑝𝑤𝑖 (2.34)

�̄��̂�𝑎𝑖 + �̄�𝑎𝑤𝑖 = �̄�𝑝𝑤𝑖 (2.35)

which can be rewritten in terms of the elastic coordinates �̄�

𝐂𝑖𝑏𝚿𝑎𝑏 �̄� + �̄�𝑎𝑖𝑖 = 𝑟𝑝𝑖𝑖 (2.36)

where𝚿𝑎𝑏 is the modal matrix at the node which is fixed to 𝑎. This constraint is not yet in the form of 𝚲�̄� = 0.
To achieve this it is required to take the time-derivative. Making use of the Poisson equation �̇�𝑏𝑖 = −�̄�𝑏𝑖𝑏 𝐂𝑏𝑖 ,
the time derivative becomes

�̇�𝑖𝑏Ψ𝑎𝑏 �̄� + 𝐂𝑖𝑏Ψ𝑎𝑏 ̇�̄� + �̄�
𝑎𝑤/𝑖
𝑖 − �̄�𝑝𝑤/𝑖𝑖 = 0

(−�̄�𝑏𝑖×𝑏 𝐂𝑏𝑖)
⊤
Ψ𝑎𝑏 �̄� + 𝐂𝑖𝑏Ψ𝑎𝑏 ̇�̄� + (�̄�

𝑎𝑧/𝑖
𝑖 + �̄�𝑎𝑖/𝑖𝑖 ) − (�̄�𝑝𝑒/𝑖𝑖 + �̄�𝑐𝑖/𝑖𝑖 ) = 0

(2.37)

Next, the transport theorem is used. Using the definition of the transport theorem

̇�̄�𝐹1 = ̇�̄�𝐹2 + 𝜔𝐹1𝐹2 × �̄� (2.38)
results in

(𝐂𝑖𝑏�̄�𝑏𝑖
𝑥

𝑏 )Ψ𝑎𝑏 �̄� + 𝐂𝑖𝑏Ψ𝑎𝑏 ̇�̄� + (�̄�
𝑎𝑧/𝑏
𝑖 + �̄�𝑏𝑖×𝑖 �̄�𝑎𝑧𝑖 + �̄�𝑧𝑤/𝑖𝑖 ) − (�̄�𝑝𝑐/𝑠𝑖 + �̄�𝑠𝑖𝑥𝑖 �̄�𝑝𝑐𝑖 + �̄�𝑐𝑤/𝑖𝑖 ) = 0

−𝐂𝑖𝑏 (Ψ𝑎𝑏 �̄�)
×
�̄�𝑏𝑖𝑏 + 𝐂𝑖𝑏Ψ𝑎𝑏 ̇�̄� − 𝐂𝑖𝑏�̄�𝑎𝑧

×
𝑏 𝜔𝑏𝑖𝑏 + �̄�𝑧𝑤/𝑖𝑖 + 𝐂𝑖𝑠�̄�𝑝𝑐

𝑥
𝑠 �̄�𝑠𝑖𝑠 − �̄�𝑐𝑤/𝑖𝑖 = 0

(2.39)

which can finally be put in the correct form
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[ 1 −𝐂𝑖𝑏(𝚿𝑎𝑏 �̄� + 𝐫𝑎𝑧𝑏 )× 𝐂𝑖𝑏𝚿𝑎𝑏 −1 𝐂𝑖𝑠𝐫𝑝𝑐
×

𝑠 ]⏝⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⏝
𝚲

⎡
⎢
⎢
⎢
⎢
⎣

�̄�𝑧𝑤/𝑖𝑖
�̄�𝑏𝑖�̄�
�̇�

�̄�𝑐𝑤/𝑖𝑖
�̄�𝑠𝑖𝑠

⎤
⎥
⎥
⎥
⎥
⎦⏝⎵⎵⏟⎵⎵⏝

�̄�

= 0 (2.40)

2.4.3. Eliminating constraint drift
Although the constraint of Equation (2.40) allows the user to solve the equations of motion, the Lagrangian
multipliers need to be integrated besides the rigid body equations of motion, which can induce constraint drift
over time. Therefore Cossette proposes the use of the null space method to remove the constraint integration.
First, a new set of coordinates is defined that follows

�̄� = 𝚼 ̂�̄� (2.41)
where �̂� is the new set of independent velocities and 𝚼 lies in the null space of 𝚲, meaning that

𝚲�̄� = 0 (2.42)
𝚲𝚼�̂� = 0 (2.43)
𝚲𝚼 = 0 (2.44)

(𝚼𝚲)𝑇 = 0 (2.45)

When the constraint is applied, the inertial velocity of the slosh mass becomes redundant since this velocity is
described as a function of the other state parameters. As a result, the new parameter 𝚼 becomes

⎡
⎢
⎢
⎢
⎢
⎣

�̄�𝑧𝑤/𝑖𝑖
𝜔𝑏𝑖𝑏�̇�
�̄�𝑐𝑤/𝑖𝑖
𝜔𝑠𝑖𝑠

⎤
⎥
⎥
⎥
⎥
⎦

=
⎡
⎢
⎢
⎢
⎣

1 0 0 0
0 1 0 0
0 0 1 0
1 −𝐂𝑖𝑏 (𝚿𝑎𝑏 �̄� + �̄�𝑎𝑧𝑏 )

𝑥
𝐂𝑖𝑏𝚿𝑎𝑏 𝐂𝑖𝑠�̄�𝑧𝑐𝑠

0 0 0 1

⎤
⎥
⎥
⎥
⎦⏝⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⏝

𝚼

⎡
⎢
⎢
⎢
⎣

�̄�𝑧𝑤/𝑖𝑖
𝜔𝑏𝑖𝑏�̇�
𝜔𝑠𝑖𝑠

⎤
⎥
⎥
⎥
⎦

(2.46)

This constraint matrix can also be adapted to include multiple slosh masses. For an arbitrary number of slosh
masses, the contraint matrix 𝚼 becomes

𝚼 =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

1 0 0 0 … 0
0 1 0 0 … 0
0 0 1 0 … 0
1 −𝐂𝑖𝑏 (𝚿𝑎𝑏 �̄� + �̄�𝑎𝑧𝑏 )

𝑥
𝐂𝑖𝑏𝚿𝑎𝑏 𝐂𝑖𝑠�̄�𝑧𝑐𝑠 … 0

0 0 0 1 … 0
⋮ ⋮ ⋮ ⋮ ⋮ ⋮
1 −𝐂𝑖𝑏 (𝚿𝑎𝑏 �̄� + �̄�𝑎𝑧𝑏 )

𝑥
𝐂𝑖𝑏𝚿𝑎𝑏 0 … 𝐂𝑖𝑠�̄�𝑧𝑐𝑠

0 0 0 0 … 1

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(2.47)

Knowing that

Υ𝑇Λ𝑇 = 0 (2.48)
̇�̄� = �̇��̂� + 𝚼 ̂�̇� (2.49)

the final equations of motion can be obtained by pre-multiplying Equation (2.32) with 𝚼𝑇, resulting in
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𝚼⊤𝐌𝚼 ̇�̂� + 𝚼⊤𝐌�̇��̂� + 𝚼⊤𝐃𝚼�̂� + 𝚼⊤𝐊�̄� + 𝚼⊤𝐟non = 𝚼⊤ ̄𝑓 (2.50)

In order to solve for ̇�̂�, Equation (2.50) is rewritten to

(𝚼⊤𝐌𝚼⏝⎵⏟⎵⏝
𝐴

) ̇�̂� = 𝚼⊤ ̄𝑓 − 𝚼⊤𝐌�̇��̂� − 𝚼⊤𝐃𝚼�̂� − 𝚼⊤𝐊�̄� − 𝚼⊤ ̄𝑓non⏝⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⏟⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⎵⏝
𝑏

(2.51)

which can be solved for ̇�̂� by multiplying the inverse of matrix 𝐴 with the vector 𝑏, resulting in
̇�̂� = (𝚼⊤𝐌𝚼)−1 ∗ (𝚼⊤ ̄𝑓 − 𝚼⊤𝐌�̇��̂� − 𝚼⊤𝐃𝚼�̂� − 𝚼⊤𝐊�̄� − 𝚼⊤ ̄𝑓non) (2.52)

which can be integrated using an integrator scheme such as Runge-Kutta-4 or ODE45 to obtain the values for �̂�
over time. More information on the accuracy of different integrators is given in Section 4.5.



3
Simulink model

In this chapter, the implementation of the equations of motion that are presented in Chapter 2 is given. The entire
model is built using Matlab Simulink blocks. The blocks are placed in separate libraries to allow for easy version
control of the model. In Section 3.1, the main blocks and their links are explained. Section 3.2 shows the different
environment model options.

3.1. Equations of motion implementation
The Simulink model consists of a variety of library blocks, with up to 7 layers per block. A total of 6910 blocks
are used in this model. A flow diagram is created that shows the interaction between different model elements.
This also shows the flow of the different signals in the model. This block diagram is nearly equivalent to Simulink,
since Simulink code also consists of blocks with signal lines that indicate the flow of parameters.

The model is built to resemble a standard Controller-Plant layout and can be seen in Figure 3.1. The controller
choice is arbitrary to the lay-out of the model if a linear control algorithm is considered. For this model, a PID
controller is used. The control signal can consist of the mass flow rate (throttle) and engine deflection angle
(Thrust Vector Control / Reaction Control System).

The environment is taken out of the plant model such that it can be modelled as a disturbance to the input
in the controller design. The environment itself is discussed further in Section 3.2. The launch vehicle model
performs three basic actions

• Determine the instantaneous mass parameters

• Determine the sum of forces and moments

• Use this information to integrate the state parameters

Figure 3.1: Top-level overview of the Simulink model
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Figure 3.2: Launch vehicle model

Figure 3.3: Schematic overview of the multi-stage mass model

The graphical overview of the flow between these items is given in Figure 3.2. The state parameters integration
is a loop which takes the previous state, mass parameters and the resultant forces and moments to determine the
next state. The mass model requires the current state to determine the inertia and center of gravity of the launch
vehicle. Summing the forces andmoments requires information from both the state, environment andmass model.

The mass model can be seen in more detail in Figure 3.3. The mass model consists of three stages, equivalent
in set-up. If the user requires less than 3 stages, all other stages are set to have zero mass and inertia such that they
do not contribute to the vehicle. The aerodynamic properties of different stages are handled in the environment
block. The mass parameters are calculated with respect to the top of each stage. The origin of the system is the
nose tip of the vehicle. The mass parameter calculation block calculates the center of gravity, inertia and mass of
the multi-body with respect to this origin. This includes all the parameters for the slosh masses.

It is possible for a user to specify a hybrid propellant stage. When this happens, a separate model is used to
calculate the inertia of the propellant, and all slosh parameters are set to zero.

The integrator block is the main difference from a rigid body model, as it includes calculations for the slosh
parameters. An overview can be found in Figure 3.4. Parameters 𝜈 and 𝑞 are the two state vectors that are also
described in Chapter 2. Each of these state vectors is determined based on the current state. Using the current
state vectors, the derivatives are calculated. A constraint matrix is used to combine the motions as discussed in
Section 2.4.3. Since the constraint matrix depends on the state, it needs to be calculated at each time step as well.
All this information is used to calculate the 𝐴 matrix and 𝑏 vector, from which the state derivative vector can be
calculated using

𝐀�̄� = �̄� → �̄� = 𝐀−1�̄� (3.1)
This result is integrated. By default, Runge-Kutta-4 with a time-step of 1E-2 seconds is chosen. More details

on the integrator can be found in Section 4.5. An example of the implementation in Simulink is given in Figure 3.5.
The black dots on the left are separate strands of a bus signal and represent an input. A complete overview of
the launch vehicle model can be found in Figure 3.6. Each signal line in the block diagrams can contain multiple
individual values.
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Figure 3.4: Schematic overview of the integrator block

In this case, the rigid body orientation, mode performance, node performances and distance from each node to
the body C.G. are required. For the slosh section of the constraints, the orientation of each slosh mass as well as
the slosh rods are required. The computation that is presented here is equivalent to Equation (2.47) when 6 slosh
masses are considered.

3.2. Environment model
The environmental parameters such as pressure, wind speed and gravity change rapidly throughout the flight of
a launch vehicle. A schematic overview of the environment model is given in Figure 3.7. Simulink blocks from
the Aerospace Toolbox are used, unless specified otherwise.

In the wind block, 4 different options can be selected.

• Horizontal Wind Model

• Wind profile

• Discrete wind gust (custom)

• No wind (Default, custom)

The atmosphere selector is included in the aerodynamics block. The different options for the atmosphere
model are

• Exponential atmosphere (custom)

• NLRMSISE-00

• COESA / US76-Standard (Default)

The models are selected using embedded subsystems and a multiport switch. In the initialisation file, the
model settings are defined. A similar set-up is used for the gravity models. The available gravity models are

• Central gravity (custom)

• WGS84 gravity

• EGM2008 Spherical Harmonics [21] degree and order N (Default, N=4)

Aerodynamic coefficients are required to determine the aerodynamic forces and moments acting on the vehi-
cle. The user has two options to supply the aerodynamic coefficients, depending on the available data. If wind
tunnel data is used, this generally consists of 3D data with 2 orthogonal parameters such as 𝐶𝐿 and 𝐶𝐷 and one
pitching parameter such as 𝐶𝑚. The model expands this 3D data to the 6DOF model by assuming that the vehicle
is axi-symmetric. If available, it is also possible to use 6DOF aerodynamic coefficients. These can be obtained
using empirical programs such as DATCOM. For both models, lookup tables are used to determine the current
coefficient value. The lookup parameters are angle of attack and Mach number (3DOF) and can include angle
of sideslip (6DOF). If required, altitude can also be added as a lookup parameter. The simulink implementation
of the aerodynamic forces and moments is shown in Figure 3.8. For more details on the different environmental
options, the reader is referred to [10].
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Figure 3.5: Constraint matrix calculation in Simulink. The left hand side is the model tree, and shows the current
level in the model
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Figure 3.6: Complete overview of Figure 3.1

Figure 3.7: Schematic overview of the environment model
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Figure 3.8: Simulink implementation of the aerodynamic forces and moments calculations



4
Model verification

The equations of motion that are established in Chapter 2 are implemented in a Matlab Simulink environment.
The implementation is shown in Chapter 3. This implementation needs to be verified to ensure correct operation
of the code. This is achieved by comparing the propagated results to analytical results for simplified scenarios. It
is expected that the equations of motion conserve energy. An energy check is used to further verify the system.

The motion of the vehicle is described by three independent motions. Although these motions can be verified
independently, it is chosen to adapt the final code to only show the effect of the motion of interest. This means
that when, for example, the rigid body motion is verified, the slosh mass and flexibility is set to zero. This is
chosen to ensure that the final implementation of a given motion is correct. The modifications to the final code
are given in each section.

For the verification, the Runge-Kutta-4 integrator is selected with a fixed time-step of 1E-2 seconds unless
specified otherwise. This fixed-step solver is chosen to allow for easy debugging and because of its good accuracy
for a given computational time. It also proved to be more stable than a variable-step integrator such as ODE45.
This integrator choice is verified at the end of this chapter.

First, the custom variable mass model is verified in Section 4.1. Next, in Section 4.2 the rigid body motion
is verified for both a simple, straight trajectory as well as a more complex Multi Degree of Freedom trajectory.
In Section 4.3 the slosh mass motion is verified. The combined equations of motion are verified by performing
an energy check on the complete system in Section 4.4. Using the results from the verification, an integrator
trade-off is performed in Section 4.5.

4.1. Custom mass model verification
In this section, the variable mass model for a two-stage rocket is considered. The tanks are assumed to be cylin-
drical and the structures are assumed to have a constant mass.

4.1.1. Liquid tank mass depletion model
The depletion of mass has a major impact on the mass parameters of the launch vehicle. The liquid propellant
tanks are initialised by setting the density, tank fill ratio, tank diameter and tank height. The Oxidiser-to-Fuel
(O/F) ratio and total mass flow are required to determine the mass depletion for both tanks over time. The mass
flow rate is negative and integrated to calculate the instantaneous propellant mass. The mass flow can be directly
coupled to the thrust of the vehicle using the well-known thrust equation

𝑇 = |�̇�|𝐼𝑠𝑝𝑔0 + 𝐴𝑒(𝑝𝑒 − 𝑝0) (4.1)
If one of the tanks is empty, the total mass flow rate is set to zero.

For the verification of the model, a simplified two stage liquid propellant launch vehicle is considered. Two
cylindrical tanks are stacked on top of each other. For this simulation, two arbitrary liquids with a density of 800
kg/m3 (fuel) and 1400 kg/m3 (oxidiser) are used. The denser propellant is tank placed on top of the lighter tank.
The structure and engine are added separately and are given a constant mass and centre of gravity location with
respect to the top of the structure. The inertia of the structures is calculated with respect to the centre of gravity
of the structure and is assumed to be constant.

21
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Figure 4.1: Graphical representation of the simplified massmodel at initial conditions

The table with all initialisation data can be found in Table 4.1 and Table 4.2. A figure representing this model
can be seen in Figure 4.1.

4.1.2. Centre of Gravity location
The total mass of the vehicle decreases linearly for a constant mass flow. The final mass is higher than or equal to
the dry mass of the stage since not all propellant might be used. In Figure 4.2, the centre of gravity of both tanks
can be seen.

With the given initialisation data, it can be calculated that at 𝑡 = 0, the centre of gravity should lie at

𝐶.𝐺𝑜𝑥 =
ℎ𝑡𝑎𝑛𝑘
2 − �̇�𝑜𝑥𝑡

2𝜋𝑅2𝜌𝑜𝑥
= −5𝑚

where the fill ratio is given by 𝐹, the height of the propellant tank is given by ℎ, the inner radius of the propellant
tanks is given by 𝑟 and the density of the propellant is given by 𝜌. For the bottom tank, here represented by the
lighter fuel tank, the centre of gravity with respect to the reference point is given by

𝐶.𝐺𝑓𝑢𝑒𝑙 = ℎ𝑜𝑥 +
ℎ𝑓𝑢𝑒𝑙
2 −

�̇�𝑓𝑢𝑒𝑙𝑡
2𝜋𝑅2𝜌𝑓𝑢𝑒𝑙

= −10 − 4 = −14𝑚

With an oxidiser-to-fuel ratio of 2, it can be calculated that the fuel tank will run out before the oxidiser tank.
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Table 4.1: Initialisation data for the custom mass model - Propellant tanks

Propellant parameters
Tank inner radius 2.00 [m]
O/F ratio 2.00 [-]
Distance top to Ox. Tank 0.00 [m]
Bessel parameter 1.84119 [-]
Oxidiser tank
Height of tank 10.00 [m]
Tank fill ratio 1 [-]
Propellant density 1400 [kg/m3]
Slipping factor 0.95 [-]
Fuel tank
Height of tank 8.00 [m]
Tank fill ratio 1 [-]
Propellant density 800 [kg/m3]
Slipping factor 0.95 [-]

Table 4.2: Initialisation data of custom mass model - Structure and engine

Structural parameters
Total structure mass 1000 [kg]
Total structure inertia [100,0,0; 0,10000,0; 0,0,10000] [kgm2]
Total structure centre of gravity [-9; 0; 0] [m]
Engine parameters
Engine location [-18; 0; 0] [m]
Engine mass 100 [kg]
Engine inertia 0.01*Total structure inertia [kgm2]
Engine centre of gravity wrt engine top [-1,0,0] [m]

The time required to empty both tanks is given by

𝑡𝑒𝑚𝑝𝑡𝑦𝑜𝑥 =
𝜋𝑟2𝜌𝑜𝑥ℎ𝑜𝑥𝐹𝑜𝑥
�̇� ∗ 𝑂𝐹/(𝑂𝐹 + 1) = 263.89𝑠

𝑡𝑒𝑚𝑝𝑡𝑦𝑓𝑢𝑒𝑙 =
𝜋𝑟2𝜌𝑓𝑢𝑒𝑙ℎ𝑓𝑢𝑒𝑙𝐹𝑓𝑢𝑒𝑙

�̇�/(𝑂𝐹 + 1) = 241.27𝑠

This means that both tanks should stop expelling mass once the fuel tank is empty, meaning that the linearly
decreasing line should flatten at 𝑡 = 241.27 s, which is shown in Figure 4.2.

The slosh rod length is of important influence for the centre of gravity of the slosh mass. It is calculated based
on Roberts [22]. The length of this rod is limited to the fluid height of the tank. In other words, if the calculated
slosh rod length exceeds the fluid level, the rod length is set equal to the fluid level. This method gives a more
accurate representation of a depleting tank since the analytical result converges to a slosh rod with an infinite
length for low fluid levels. The slosh rod length is used to calculate the natural frequency of the motion of the
slosh mass and the mass parameters such as inertia for the vehicle.
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Figure 4.2: 𝑋𝐵 component of the centre of gravity of both propellant tanks. Vertical line corresponds with
𝑡 = 241.27 s

The centre of gravity of both propellants at 𝑡 = 241.27𝑠 is

𝐶.𝐺𝑜𝑥 =
ℎ𝑡𝑎𝑛𝑘
2 − �̇�𝑜𝑥 ∗ 241.272𝜋𝑅2𝜌𝑜𝑥

= −9.571𝑚

𝐶.𝐺𝑓𝑢𝑒𝑙 = ℎ𝑜𝑥 +
ℎ𝑓𝑢𝑒𝑙
2 −

�̇�𝑓𝑢𝑒𝑙 ∗ 241.27
2𝜋𝑅2𝜌𝑓𝑢𝑒𝑙

= −18𝑚

The centre of gravity of the complete vehicle can simply be calculated by using the additive property of mass.
The centre of gravity of the complete vehicle is

𝐶.𝐺 =
∑𝑚𝑖𝑑𝑖
∑𝑚𝑖

(4.2)

where𝑚𝑖 represents the 𝑖𝑡ℎ mass with a centre of gravity with respect to the top of the structure 𝑑𝑖 . The total
center of mass for the full tanks becomes

𝐶.𝐺 =
𝐶.𝐺𝑜𝑥𝑚𝑜𝑥 + 𝐶.𝐺𝑠𝑙𝑜𝑠ℎ1𝑚𝑠𝑙𝑜𝑠ℎ1 + 𝐶.𝐺𝑓𝑢𝑒𝑙𝑚𝑓𝑢𝑒𝑙 + 𝐶.𝐺𝑠𝑙𝑜𝑠ℎ2𝑚𝑠𝑙𝑜𝑠ℎ2 + ...

𝑚𝑜𝑥 +𝑚𝑠𝑙𝑜𝑠ℎ1 +𝑚𝑓𝑢𝑒𝑙 +𝑚𝑠𝑙𝑜𝑠ℎ2 + ...

= −5 ∗ 159937.11 − 2.17 ∗ 15992.08 − 14 ∗ 71286.45 − 12.2 ∗ 9138.32 − ...
159937.11 + 71286.45 + 15992.08 + 9138.32 + ... = −7.593𝑚

Similarly, at 𝑡 = 241.27 s, the centre of gravity can be calculated to be C.G.

𝐶.𝐺 = −9.571 ∗ 4558.403 − 9.96 ∗ 10520.785 − 9 ∗ 1000 − 19 ∗ 100
4560.154 + 10522.367 + 1000 + 100 = −9.8469𝑚

The comparison between the analytical and propagated results for the center of gravity can be found in Table 4.3
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Table 4.3: Verification results for custom mass model

Parameter Analytical result Propagated result Difference [%]
Centre of gravity [m] (𝑋𝐵)
𝐶.𝐺𝑜𝑥 @ 𝑡 = 0 -5 -5.00 0.000
𝐶.𝐺𝑜𝑥 @ 𝑡 = 241.27 -9.571 -9.57144 0.005
𝐶.𝐺𝑓𝑢𝑒𝑙 @ 𝑡 = 0 -14 -14.00 0.000
𝐶.𝐺𝑓𝑢𝑒𝑙 @ 𝑡 = 241.27 -18 -18.00 0.000
𝐶.𝐺𝑡𝑜𝑡 @ 𝑡 = 0 -7.593 -7.5918 -0.016
𝐶.𝐺𝑡𝑜𝑡 @ 𝑡 = 241.27 -9.8469 -9.85 -0.011

4.1.3. Variable inertia
The inertia of the structure, engine and propellant are calculated with respect to their respective centre of mass.
For the propellant tanks, the inertia of the fluids is estimated by assuming that the propellant is a solid cylinder
with a density equivalent to the density of the propellant. As a result, the inertia at any given time can simply be
calculated using the standard equation for inertia of solid cylinders

𝐼𝑥𝑥 =
1
2𝑚𝑟

2 ∗ (1 − 𝐾𝑠𝑙𝑖𝑝) (4.3)

𝐼𝑦𝑦 = 𝐼𝑧𝑧 =
1
12𝑚(3𝑟

2 + ℎ2) (4.4)

where 𝑟 represents the radius of the cylinder with mass 𝑚. Parameter ℎ represents the height of the cylinder,
here considered to be the fluid height. The propellant influences the inertia of the vehicle around the 𝑋𝐵 axis
only when there is friction between the walls and the propellant. This friction is represented by the slipping factor
𝐾𝑠𝑙𝑖𝑝 and chosen to be approximately 0.95, meaning only 5% of the inertia around𝑋𝐵 contributes to body inertia
due to limited slipping. In reality, this value is highly dependent on the propellants that are used, as well as wall
roughness of the tank. The slipping factor is a variable in the model, but is given a fixed value. If a viscosity
model is available for the chosen propellant, minor model changes are required to make this value variable. It is
assumed that a fixed value for the slipping coefficient is sufficient for this analysis. Rewritten to parameters that
describe the propellant flow, the following result is obtained

𝐼𝑥𝑥 =
1
2(ℎ𝑡𝑎𝑛𝑘𝜋𝑟

2
𝑡𝑎𝑛𝑘𝐹𝜌𝑓𝑙𝑢𝑖𝑑 +∫

𝑡

0
�̇�𝑓𝑙𝑢𝑖𝑑)𝑟2𝑡𝑎𝑛𝑘 (4.5)

𝐼𝑦𝑦 =
1
12(ℎ𝑡𝑎𝑛𝑘𝜋𝑟

2
𝑡𝑎𝑛𝑘𝐹𝜌𝑓𝑙𝑢𝑖𝑑 +∫

𝑡

0
�̇�𝑓𝑙𝑢𝑖𝑑)(3𝑟2𝑡𝑎𝑛𝑘 + (ℎ𝑡𝑎𝑛𝑘 ∗ 𝐹 +

∫𝑡0 �̇�𝑓𝑙𝑢𝑖𝑑
𝜋𝑟2𝑡𝑎𝑛𝑘𝜌

)2) (4.6)

𝐼𝑧𝑧 = 𝐼𝑦𝑦 (4.7)

In this model, the slosh mass is calculated based on the total remaining mass. The calculated slosh mass is
subtracted from the total mass. Since the inertia is linearly dependent on mass, the inertia of the slosh mass and
fixed propellant mass are calculated based on the fraction between the two masses. Therefore, the inertia of the
propellant is calculated according to

𝐼𝑓𝑖𝑥𝑒𝑑 = 𝑓(𝑚𝑓𝑖𝑥𝑒𝑑) ; 𝑚𝑓𝑖𝑥𝑒𝑑 = 𝑚𝑡𝑜𝑡 −𝑚𝑠𝑙𝑜𝑠ℎ (4.8)

𝐼𝑠𝑙𝑜𝑠ℎ = 𝑓(𝑚𝑓𝑟𝑎𝑐) ; 𝑚𝑓𝑟𝑎𝑐 =
𝑚𝑠𝑙𝑜𝑠ℎ
𝑚𝑓𝑖𝑥𝑒𝑑

(4.9)

The moment of inertia of the structure and engine are considered constant. The inertia of each element is
calculated with respect to its own center of mass.
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Table 4.4: Verification results for custom mass model

Inertia Analytical result Propagated result Difference [%]
𝐼𝑥𝑥𝑜𝑥 @ 𝑡 = 0 15993.71 15992.711 -0.006
𝐼𝑥𝑥𝑜𝑥 @ 𝑡 = 241.27 456.0154 456.015 0.000
𝐼𝑥𝑥𝑓𝑢𝑒𝑙 @ 𝑡 = 0 7128.644 7128.644 0.000
𝐼𝑥𝑥𝑓𝑢𝑒𝑙 @ 𝑡 = 241.27 0 0 0.000
𝐼𝑥𝑥𝑡𝑜𝑡 @ 𝑡 = 0 25591.03 25590.1 -0.004
𝐼𝑥𝑥𝑡𝑜𝑡 @ 𝑡 = 241.27 874.88127 874.851 -0.003
𝐼𝑦𝑦𝑜𝑥 @ 𝑡 = 0 1492149.268 1492149.268 0.000
𝐼𝑦𝑦𝑜𝑥 @ 𝑡 = 241.27 4837.518 4837.517 0.000
𝐼𝑦𝑦𝑓𝑢𝑒𝑙 @ 𝑡 = 0 451300.25 451300.25 0.000
𝐼𝑦𝑦𝑓𝑢𝑒𝑙 @ 𝑡 = 241.27 0 0 0.000
𝐼𝑦𝑦𝑡𝑜𝑡 @ 𝑡 = 0 6825044.22 6825044 0.000
𝐼𝑦𝑦𝑡𝑜𝑡 @ 𝑡 = 241.27 27880.50 27881.2 0.003

The center of mass of each item is calculated with respect to a common reference. In this model, the top of the
vehicle is used. As a result, the inertia of the entire model can be calculated by using the additive properties of
inertia. The well-known parallel axis theorem is used to calculate the total body inertia. The theory is rewritten
to allow for better model implementation according to

𝐈 = 𝐈𝑐 +𝑚(|�̄�|𝛿𝑖𝑗 − �̄�𝑇�̄�) (4.10)

Parameter �̄� indicates the difference between the multi-body centre of gravity and the mass of interest. 𝛿𝑖𝑗
represents the Kronecker delta, which is expressed as an identity matrix. 𝐈𝑐 represents the inertia of the body
around its centre of gravity. For example, the inertia of the slosh mass is calculated using

𝐈𝑠 = 𝐈𝑠𝑐 +𝑚(|�̄�𝑧𝑠|2𝛿𝑖𝑗 − (�̄�𝑧𝑠)𝑇�̄�𝑧𝑠) (4.11)
Using the equations above with the data from Table 4.1 and Table 4.2, the analytical results for the inertia can

be calculated. The comparison between the analytical and propagated results can be seen in Table 4.4. Since the
mass model calculations are exclusively based on analytical equations, it is expected that the only error that exists
between the analytical and propagated solution are rounding errors. This can be seen in the table. Therefore, the
custom mass model implementation can be considered verified.

4.2. Rigid body motion verification
The rigid body motion is the main component of the equations of motion and determines the inertial position of
the vehicle over time. For a simplified simulator, this is the only motion that is considered. The motion is verified
by comparing the simulated results to an analytical solution. In order to mitigate the effects of flexibility and slosh
mass, the following modifications are performed.

• The slosh mass is set to a value of≈ 0 kg1

• The rigid body moment due to slosh masses is forced to zero.

• The motion of the slosh masses is not integrated.

• The mode performances of the different nodes of the vehicle are set to zero.

• The mode performance is not integrated.
1Setting the slosh mass to zero would result in a zero division when solving for ̂�̄�.
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Figure 4.3: Simulated rigid body motion for constant acceleration

4.2.1. Straight trajectory in vacuum
The propellant tanks are initialised with 10,000 kg of propellant. The engine mass is set to 100 kg and the dry
mass of the vehicle is set to 1000 kg. This results in a total rigid body mass of 21,100 kg. The mass flow rate is
set to zero, and a constant acceleration of 1 m/s2 is applied to the +𝑋𝑏 axis of the rigid body for a time of 10
seconds. Analytically, this would result in an altitude of

ℎ = ℎ0 + 𝑣0𝑡
1
2𝑎𝑡

2 = 0 + 0 + 12 ∗ 1 ∗ 10
2 = 50 m

with a velocity of

𝑣 = 𝑎𝑡 = 1 ∗ 10 = 10 m/s
The simulated motion can be seen in Figure 4.3. The data labels of the final value are indicated in the figure.
Next, the simulation is extended to change the acceleration over time. The acceleration profile is now simu-

lated as follows

• Accelerate in the+𝑋𝑏 direction with 1𝑚/𝑠2 for 5 seconds

• No acceleration for 5 seconds

• Accelerate in the−𝑋𝑏 direction with 1𝑚/𝑠2 for 5 seconds

Analytically, this would result in a velocity of

𝑣1 = 𝑣0 + 𝑎𝑡 = 0 + 1 ∗ 5 = 5 m/s at time 𝑡 = 5
𝑣2 = 𝑣1 + 𝑎𝑡 = 5 + 0 ∗ 5 = 5 m/s at time 𝑡 = 10
𝑣3 = 𝑣2 + 𝑎𝑡 = 𝑡 + −1 ∗ 5 = 0 m/s at time 𝑡 = 15
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Figure 4.4: Simulated rigid body motion for varying acceleration

The corresponding altitude can be calculated to be

ℎ1 = ℎ0 + 𝑣0𝑡 +
1
2𝑎𝑡

2 = 0 + 0 + 12 ∗ 1 ∗ 10
2 = 12.5 m

ℎ2 = ℎ1 + 𝑣1𝑡 +
1
2𝑎𝑡

2 = 12.5 + 5 ∗ 5 + 0 = 37.5 m

ℎ3 = ℎ2 + 𝑣2𝑡 +
1
2𝑎𝑡

2 = 37.5 + 5 ∗ 5 + −12 ∗ 1 ∗ 5
2 = 50.0 m

The simulated results can be seen in Figure 4.4. Due to the instantaneous change in acceleration, the result dif-
fers a negligible amount (25 mm) from the analytical solution. This difference can be further reduced by changing
the integrator settings at the cost of the required CPU time. This trade-off is further discussed in Section 4.5.

4.2.2. Complex trajectory in vacuum
The propellant tanks still both contain 10,000 kg of propellant. The inertia of these tanks are calculated according
to Section 4.1.3. The structure and engine are given an arbitrary fixed inertia of

𝐼𝑒𝑛𝑔𝑖𝑛𝑒 = 0.01 ∗ 𝐼𝑟𝑖𝑔𝑖𝑑 = 0.01 ∗ [
100 0 0
0 10000 0
0 0 10000

] kgm2

This results in a total inertia of

𝐼𝑡𝑜𝑡 = [
2101 0 0
0 446509.3249 0
0 0 446509.3249

] kgm2

which remains fixed for the entire simulation.
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A pure torque is applied to the rigid body according to

𝑀𝑦𝑦 = 0𝑁𝑚 for 0 ≤ 𝑡 < 5𝑠
𝑀𝑦𝑦 = 10, 000𝑁𝑚 for 5 ≤ 𝑡 < 6𝑠
𝑀𝑦𝑦 = −10, 000𝑁𝑚 for 6 ≤ 𝑡 < 7𝑠

𝑀𝑦𝑦 = 0𝑁𝑚 for 7 ≤ 𝑡 < 21𝑠
This applied torque results in an angular displacement of the rigid body. For this simplified scenario, this

displacement can be calculated analytically. For the given rigid body inertia and applied torque, the angular
acceleration becomes

𝛼1 = 𝛼4 = 0 rad/s2

𝛼2 = −𝛼3 =
𝑀𝑦𝑦
𝐼𝑦𝑦

= 10, 000
446509.3249 = 0.0223959 rad/s2

At time 𝑡 = 5𝑠, this results in an angular velocity and displacement of

𝜔1 =��>
0𝜔0 + 𝛼1 ∗ 𝑡 = 0 rad/s

𝜃1 =��7
0

𝜃0 +
1
2��>

0𝛼1𝑡2 = 0 rad

At time 𝑡 = 6 s, the torque is applied, resulting in an angular velocity and displacement of

𝜔2 =��>
0𝜔1 + 𝛼2 ∗ 𝑡 = 0.0223959 rad/s

𝜃2 =��7
0

𝜃1 +��>
0𝜔1 ∗ 𝑡 +

1
2𝛼2𝑡

2 = 0.01119795 rad

At time 𝑡 = 7 , the torque is applied in the opposite direction, resulting in

𝜔3 = 𝜔2 + 𝛼3 ∗ 𝑡 = 0 rad/s

𝜃3 = 𝜃2 + 𝜔2 ∗ 𝑡 +
1
2𝛼3𝑡

2 = 0.0223959 rad

Finally, it can be confirmed that the vehicle maintains this orientation since no torque is applied any more. There-
fore, the final angular velocity and displacement at 𝑡 = 21 s becomes

𝜔4 =��>
0𝜔3 +��>

0𝛼4 ∗ 𝑡 = 0 rad/s

𝜃4 =��7
0

𝜃3 +��>
0𝜔3 ∗ 𝑡 +

1
2��>

0𝛼4𝑡2 = 0.0223959 rad

The results can be compared by plotting the angular velocity and displacement of the rigid body with respect
to time. This plot can be seen in Figure 4.5. As can be seen, the simulated accuracy is within 25 mm from the
analytical result. It can therefore be stated that the rigid body motion is correctly implemented in the equations
of motion.

4.3. Slosh mass motion verification
The flexibility of the vehicle is described based on the modal deformation at given points in the vehicle. These
points are chosen to coincide with the attachment point of the slosh pendulum. As a result, a flexible motion of
the vehicle will influence the motion of the slosh mass. Furthermore, an acceleration of the vehicle, angular or
inertial, will result in a displacement of the slosh mass from the neutral position. To verify the motion of the slosh
masses, these effects have to be mitigated in the final code.
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Figure 4.5: Simulated rigid body motion with constant acceleration and varying torque

To achieve this, the following changes are made to the model:

• Flexibility motion is not integrated.

• Nodal flexibility is set to zero.

• Motion of slosh mass 2 is not integrated.

• Slosh mass 2 is set to≈ 0 kg.

The motion of the slosh mass in inertial space is predominantly determined by the motion of the rigid body
through the constraints described in Section 2.4.2. This constraint is first checked by comparing the inertial
location of the slosh mass with respect to that of the rigid body. The trajectory from Section 4.2.1 is considered
here.

The slosh mass is given an initial offset of 5 degrees. The rod length is set to a fixed value of 2 m. The inertial
location of the slosh mass and the rigid body are given in Figure 4.6. The 𝑌 and 𝑍 component of this location
are shown separately in Figure 4.7.

The initial offset can easily be calculated as

𝑌𝑠𝑖 = sin 5∘ ∗ 2 = 0.174311𝑚 (4.12)
which can also be seen in Figure 4.7. The motion of the sloshmass is undamped. As can be seen, the trajectory
is identical to the rigid body, with a small bias. This bias is the distance from the rigid body centre of gravity to
the slosh mass. With a slosh rod length of 2 meters, this results in a distance in the 𝑋𝑏 axis of

𝑥𝐵 = cos 5∘ ∗ 2 = 1.9929𝑚 (4.13)

when the slosh mass is at its maximum offset of 5∘.
The period of the motion can’t be easily calculated analytically, since the motion of the rigid body is forcing

a movement on the slosh mass and vice versa. Therefore, the inertia of the rigid body is now set to a value of
1E20 times its original value. This ensures that the motion of the slosh mass doesn’t affect the rigid body attitude.
Furthermore, the forces and moments acting on the rigid body are forced to zero, fixing the vehicle in inertial
space. The same slosh mass is set to an offset of 5 degrees. The inertia of the slosh mass is set to zero.
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Figure 4.6: Inertial location of the rigid body and slosh mass 1. Blue indicates 𝑋𝐼 location. Yellow and red
indicate 𝑌𝐼 and 𝑍𝐼 respectively.

Figure 4.7: Inertial 𝑌𝑠 and 𝑍𝑠 components
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Figure 4.8: Verification of slosh mass motion. Vertical line indicates t = 2.8375 s

With these assumptions, the slosh mass is equivalent to a normal pendulum, for which the period can simply be
calculated using

𝑇 = 2𝜋√𝐿𝑔 = 2𝜋
√ 2
9.80665 = 2.8375𝑠 (4.14)

In figure Figure 4.8, the motion of the slosh mass can be seen. The period is similar to the analytical period.
Therefore, the motion of the slosh mass, as well as its constraint, are verified.

4.4. Energy Check
All motions can be verified individually by making adjustments to certain parts of the code. However, the inter-
action between the motions is too complex to calculate analytically. Therefore, the accuracy of the full system is
checked by calculating the total energy in the system. Combined with the results of the individual movement ver-
ification, a constant system energy gives a solid indication of correct implementation of the equations of motion.

To check if the total energy of the system is constant, no external forces except gravity are applied to the
system. All the motions are given an arbitrary nonquiescent initial condition. The initial conditions for the
energy check for a body with two slosh masses is given in Table 4.5. For this system, the total kinetic energy is
calculated according to

𝐸𝑘𝑖𝑛 =
1
2𝑚𝑏(�̄�

𝑧𝑤/𝑖
𝑏 )2 +

𝑁
∑
1

1
2𝑚𝑠𝑁(�̄�

𝑐𝑁𝑤/𝑖
𝑠𝑁 )2 + 12𝐉𝐛(�̄�

𝑏𝑖
𝑏 )2 +

𝑁
∑
1

1
2𝐉𝑠𝑁(�̄�

𝑠𝑁𝑖
𝑠𝑁 )2 (4.15)

With the notation from Equation (2.40) for the equations of motion, several vehicle states are written as a single
vector. This vector 𝜈 is given by

�̄� = [�̄�𝑧𝑤𝑖 , �̄�𝑏𝑖𝑏 , ̇�̄�, �̄�
𝑠1𝑤
𝑖 , �̄�𝑠1𝑖𝑠 , �̄�𝑠2𝑤𝑖 , �̄�𝑠2𝑖𝑠 ]𝑇 (4.16)

This means Equation (4.15) can be conveniently rewritten as a function of the state 𝜈

𝐸𝑘𝑖𝑛 =
1
2(𝚼�̂�)

𝑇𝐌𝚼�̂� (4.17)
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Table 4.5: Initial conditions of (state) parameters for energy check

Rigid body
𝐂𝑏𝑖 𝟏 Identity 3x3
�̄�𝑏𝑖𝑏 [0, 0, 0]𝑇
�̄�𝑧𝑤𝑖 [6379137, 0, 0]𝑇 1000 meters altitude
�̄�𝑧𝑤𝑖 [500, 0, 0]𝑇

Slosh masses

𝐂𝑠1,𝑖 (
0.9962 0.0872 0
−0.0872 0.9962 0

0 0 1
) + 5 degrees around 𝑍𝑠1

�̄�𝑠1,𝑖𝑠1 [0, 0, 0]𝑇

𝐂𝑠2,𝑖 (
0.9962 −0.0872 0
0.0872 0.9962 0
0 0 1

) - 5 degrees around 𝑍𝑠2

�̄�𝑠2,𝑖𝑠2 [0, 0, 0]𝑇

Elasticity
�̄� [0.2, 0.5]𝑇
̇�̄� [0.1, −0.25]𝑇
�̄�𝑎1,𝑧𝑏 [3, 0, 0]𝑇
�̄�𝑎1,𝑐𝑠1 [1.09, 0, 0]𝑇

𝚿𝑎1𝑏 (
0 0

−0.32 0
0 −0.32

)

�̄�𝑎2,𝑧𝑏 [−3, 0, 0]𝑇
�̄�𝑎2,𝑐𝑠2 [1.09, 0, 0]𝑇

𝚿𝑎2𝑏 (
0 0
0.16 0
0 0.16

)

𝐙 (0 0
0 0

) Undamped for energy check

𝛀 (15 ∗ 2𝜋 0
0 15 ∗ 2𝜋

)
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Next, the elastic potential energy is calculated. This potential is acquired similarly to the potential energy of a
spring

𝐸𝑓𝑙𝑒𝑥 =
1
2𝐾𝑥

2 ≡ 1
2�̄�
𝑇𝛀2�̄� (4.18)

Finally, the gravitational potential energy is calculated. To avoid errors in the calculation, a simple constant
gravitational acceleration of [−9.81, 0, 0]𝑇 is considered. The potential energy is then calculated as

𝐸𝑝𝑜𝑡 = −𝑚𝑏 ∗ �̄�𝑇 ̄𝑟𝑧𝑤𝑖 +
𝑁
∑
1
−𝑚𝑠𝑁�̄�𝑇 ̄𝑟𝑐𝑁𝑤𝑖 (4.19)

The slosh mass constraint made the inertial slosh velocity redundant as explained in Section 2.4.3. This means
that the inertial slosh position needs to be calculated explicitly for the gravitational potential energy. The inertial
slosh position is expressed in terms of the calculated state parameters following

𝑟𝑐𝑤𝑖 = −𝐂𝑇𝑠𝑖 ∗ 𝑟
𝑝𝑐
𝑠⏝⎵⎵⏟⎵⎵⏝

1
+𝐂𝑇𝑏𝑖 ∗ Ψ𝑎𝑏 ∗ �̄�⏝⎵⎵⎵⏟⎵⎵⎵⏝

2
+𝐂𝑇𝑏𝑖 ∗ 𝑟𝑎𝑧𝑏⏝⎵⎵⏟⎵⎵⏝

3
+𝑟𝑧𝑤𝑖⏟

4
(4.20)

This equation describes the sum of the position of the slosh mass w.r.t. its attachment point (1), the attachment
point w.r.t. its undeflected state (2), the undeflected attachment point w.r.t. the centre of gravity of the vehicle (3)
and the location of the centre of gravity of the vehicle (4), all expressed in the inertial frame.

With these parameters, the total system energy can be calculated

𝐸 = 𝐸𝑘𝑖𝑛 + 𝐸𝑝𝑜𝑡 + 𝐸𝑓𝑙𝑒𝑥 (4.21)
where the relative change in total energy is calculated according to

Δ𝐸 ≡ 𝐸(𝑡) − 𝐸(𝑡 = 0)
𝐸(𝑡 = 0) (4.22)

The RK-4 fixed-step integrator is used with a time step of 1E-3 seconds and the model is propagated for 15
seconds. This smaller time step is chosen to allow for more accurate results. The validity of this assumption is
discussed in Section 4.5.

To ensure a correct implementation of the equations of motion, conservation of energy is required. The initial
conditions for the energy check are given in Table 4.5. The total and relative change in energy of the system can
be seen in Figure 4.9. The error or relative change in energy is in the order of O(E-16), which is the limit of the
double floating point precision of Matlab. This means that the energy of the system is conserved throughout the
propagation. With the verification of the separate motions, as well as the verification of conservation of energy,
the model is considered verified.

4.5. Integrator selection
To validate the results and ensure accurate results in later simulations, a proper analysis of the different integrator
settings is required. In this section, the error of different integrators are compared. A trade-off is made for the
most suited integrator for further model analysis.

4.5.1. Error estimation
The error of each integrator can be easily determined using the energy check since the relative change in energy
should be zero. As a result, different integrators can be directly compared to each other when the energy check
initial conditions are used.
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Figure 4.9: Total and relative change in energy of elastic sloshing launch vehicle

For this analysis, four integrators are considered.

• Runge-Kutta-4 (fixed step)

• Dormand Prince RK8(7) (fixed step)

• Explicit Runge-Kutta (4,5) (variable step)

• Adams-Bashfort-Moulton PECE (variable step)

For the Runge-Kutta-4 (ODE4) and Dormand Prince RK8(7) (ODE8), five different step sizes are considered
ranging from 1E0 to 1E-4 seconds. For the Explicit Runge-Kutta (4,5) (ODE45) and Adams-Bashfort-Moulton
PECE (ODE113) integrators, the absolute and relative tolerances are set between 1E-10 and 1E-14. The run times
are also measured and used for the trade-off. For larger step sizes or less strict tolerances, it is possible that any
of the state derivatives become non-finite. If this occurs, the error in the relative change in energy is considered
to be 100%. The propagation error is considered to be the absolute value of the relative change in energy at the
end of a 15 second simulation. A simulation time-out of 100 seconds is considered. The required 3.4 seconds for
compilation are subtracted from the simulation time. The results can be seen in Figure 4.10 and Figure 4.11.

For the fixed-step integrators there was unstable behaviour for step-sizes larger than 5E-2 and 2E-2 seconds for
the ODE8 and ODE4 integrator respectively. These time steps caused some state parameters to become infinite.
The trend of decreasing global truncation error can still be observed in the first 3 steps of the ODE4 solver where it
seems to level off for time steps smaller than 1E-2 seconds. A similar minimum for the global truncation error can
be observed for the ODE8 solver. A small increase in error can be observed for increasingly smaller step-sizes.
Random rounding errors due to floating point precision become more dominant for these smaller time steps.

The variable step solvers all timed out, regardless of the chosen tolerance settings. It was observed that this
effect mainly occurred at the start of the simulation where time-steps as small as 1E-5 seconds were required. This
effect is attributed to the variable step integrators not being able to handle the non-quiescent starting conditions
that are used. As a result of the time-out, the error estimates are only based on less than a second of computational
time and should be dismissed.

A launch vehicle generally does not start with large (angular) accelerations, slosh mass offsets and bending.
A different set of simulations is performed with different starting parameters than those in Table 4.5. The mode
performance �̄� and its derivative ̇�̄� are set to 0. The initial inertial velocity of the vehicle is also set to 0 with an
altitude of 0 m. A non-zero massflow rate of �̇� = −1000 kg/s is introduced to the vehicle which produces a
constant thrust of 2.936𝐸6 N.

The energy of a mass-varying system is not constant. This means that the error needs to be estimated based
on simulated data.
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Figure 4.10: Maximum simulation error of 10 second simulation for different integrators and settings using energy
check starting parameters

Figure 4.11: Simulation time of 10 second simulation for different integrators and settings using energy check
starting parameters. Time of 100+ indicates simulation time-out
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From Figure 4.10, it can be seen that minimum global truncation error is obtained with the ODE4 solver, at a
time-step of approximately 1E-2 seconds. The simulation is ran for 10 seconds and the final altitude is stored.
The error of this value is considered to be negligible. Knowing that random errors become more apparent for
smaller step sizes, the minimum allowed step size for the variable step integrators is also set to 1E-3. The results
can be seen in Figure 4.12 and Figure 4.13.

4.5.2. Trade-off
One of the requirements from NLR is the ability to run the code in a hard real-time environment. This allows for
model implementation on the flight hardware for future NLR customers. As a results, the simulation time shall
be lower than the runtime. For realistic simulation scenarios, fixed step integrators with step sizes smaller than
1E-3 are not feasible for this simulator. A similar pattern can be observed as with the energy check, where these
smaller step sizes also introduce significant random rounding errors to the solution. The ODE8 solver shows no
improvement in accuracy at the cost of a higher simulation time and is therefore discarded.

The minimum step-size setting of 1E-3 seconds allows the ODE45 integrator for very accurate and fast results,
mostly independent of the tolerance setting. A different trend can be observed with the ODE113 solver, which
shows a significant decrease in accuracy for tolerances below 1E-11. This is expected, since ODE113 generally
requires more strict tolerances due to its large step sizes. It can be seen in Figure 4.12 that the error of the ODE45
solver is approximately 25 nm, which is considered to be well within run-to-run variance. The simulation time is
similar to the ODE4 solver at time-steps equal to or larger than 1E-2 seconds.

It is recommended to use the simulator with either a fixed step Runge-Kutta-4 integrator using time-steps of
1E-2 seconds, or Explicit Runge-Kutta (4,5) with tolerance settings of approximately E-10 for both the relative
and absolute, with a minimum allowed time-step of 1E-3 seconds.

Figure 4.12: Maximum simulation error of 10 second simulation for different integrators and settings during
ascent
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Figure 4.13: Simulation time of 10 second simulation for different integrators and settings during ascent



5
Model validity for sounding rockets

In this chapter, the validity of the non-rigid body model is determined using flight data from the Stratos III sound-
ing rocket. The Stratos III sounding rocket is built by the student team Delft Aerospace Rocket Engineering
(DARE) from the TU Delft. The launch of Stratos III took place on July 25, 2018 at 3.30 AM CEST. Approxi-
mately 20 seconds into the flight, an anomaly occurred which resulted in a loss of the vehicle.

This vehicle is chosen to determine the model validity since the anomaly was hypothesised to be a result of
non-rigid body effects [29]. Specifically the flexibility of the vehicle is considered to be a potential cause of
failure. By comparing a traditional rigid body simulation with the verified non-rigid body model, these effects
can be further analysed, providing more information for solving the problem for future Stratos launches.

In Section 5.1, the general input parameters are given for the Stratos III rocket, including flight data. In
Section 5.2, the flight data is compared to both a rigid body, as well as the developed non-rigid body model. A
discussion on the results is given in Section 5.3.

5.1. Stratos III available data
Stratos III is a launch vehicle with a length of approximately 8.2 meters and made mostly from carbon fibre. A
picture of Stratos III before launch can be seen in Figure 5.1.

It uses a hybrid propellant system: the oxidiser is Nitrous Oxide (𝑁𝑂2), which is stored at 60 bars before
launch. The oxidiser is self-pressurising to approximately 40 bars, discarding the need for any additional pres-
surants. The fuel is a self-made mixture of sorbitol and paraffin. The thrust of the vehicle changes significantly
over the burn time, consisting of 2 distinct phases. In the first phase, the oxidiser tank mostly consists of liquid
nitrous, resulting in a high (peak) thrust. Over the burn, the Oxidiser-To-Fuel (O/F) ratio changes significantly.
The thrust decreases, with a sharp drop at approximately 20 to 25 seconds. At this point, the engine runs out of
liquid nitrous and burns in the gaseous phase until the tank is empty. The solid fuel is cast in a cylindrical grain,
slowly burning outwards towards the walls of the tank. For the model, the mass flow is purely estimated based on
the change in mass in the payload manual of Stratos 3, and a constant O/F ratio is assumed. The thrust curve from
one of the static engine tests, as well as the estimated curve used for input of the model is given in Figure 5.2.

Just before launch, during the filling procedure, the load sensor that was supposed to measure the fluid level
was defective. As a result, it was uncertain how much oxidiser was present in the tank at launch. For this analysis,
it is estimated that the tank was filled for 70%.

Using the information for the different vehicle dimensions from the Stratos III payloadmanual, approximations
can be made for the mass parameters of the vehicle. The inertia for the model was obtained by performing the
analytical calculations from Section 4.1.3. The values that are used to determine the mass parameters are given
in Table 5.1.

The inertia around the roll-axis was approximately 2 times as high in the model, likely attributed to propellant
slipping being considered here. Other differences, specifically the difference in the rate of change of these pa-
rameters, is mostly attributed to the assumption of a fixed O/F ratio. The modelled values are of the same order of
magnitude and are considered to be sufficiently accurate to model the Stratos III flight. The modelled and payload
manual values can be found in Figure 5.3.

For the flexibility of the vehicle, the eigenmode frequencies and mass-normalised deflection were not avail-
able. ANSYS was used to estimate the natural frequency of the first bending mode of Stratos III.

39
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Figure 5.1: Stratos III in the launch tower

Figure 5.2: Test data and estimated thrust curve for Stratos III
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Figure 5.3: Mass parameters based on approximations (L) and payload manual parameters (R). Area of interest
from the payload manual is before 20 seconds, indicated by the red line
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Table 5.1: Assumed vehicle parameters for Stratos III simulation

Structure mass 94 [kg]
Engine mass 10 [kg]
Structure inertia (𝐼𝑥𝑥 , 𝐼𝑦𝑦) 4 , 1400 [kgm2]
Engine inertia (𝐼𝑥𝑥 , 𝐼𝑦𝑦) 0.112 , 0.088 [kgm2]
Inner radius 0.28 [m]
Vehicle length 8.2 [m]
Oxidiser tank height 4.15 [m]
Fuel tank height 1.4 [m]

Due to restrictions in the TU Delft ANSYS license, only uniform materials such as aluminium or titanium could
be used for the modal analysis. Stratos III is largely manufactured with carbon fibre which could not be used
with the available ANSYS license. Aluminium was used for this analysis. Therefore a very conservative model,
a hollow aluminium beam with equivalent length to Stratos III, was implemented. In reality, the carbon fibre will
likely have a detrimental influence on themass-normalised deflection compared to this model. When performing a
free-free modal analysis on this model, it was found that the natural frequency of the first mode was approximately
33 Hz, with a maximum mass-normalised deflection of 0.27 m. This natural frequency is assumed to be constant
throughout the flight.

5.2. Determining model validity using using Stratos III
With the parameters from Section 5.1, the validity of the non-rigid model for sounding rockets can be determined.
A variety of O/F ratios were considered to see the effect on the flight of the Stratos III rocket. The modelled data
from Figure 5.3 is the result of a constant O/F of 2.2. This results in an empty fuel tank at around 20 seconds,
causing a large decrease in thrust at that time. When any of the tank empties, the thrust is quickly decreased to
approximately half of its original value and decreasing to zero in approximately 10 seconds. This behaviour is
equivalent to the engine moving from the liquid to the gaseous phase.

5.2.1. Comparing Mach number
To get a first estimate of the validity of the simulator, the simulated Mach number is compared to the estimated
Mach number from the flight data. This comparison gives insight in the validity of the velocity calculations and
atmosphere model (speed of sound). The comparison between the estimated and modelled Mach number can be
seen in Figure 5.4.

The Mach number shows a good similarity over the flight time for the Stratos III rocket. In the final phase,
the thrust of the vehicle seems to increase just before the anomaly. The estimated thrust curve from Figure 5.2
underestimates the thrust between 20 and 25 seconds. Furthermore, it was speculated that the mass flow rate and
therefore thrust was higher than the ground tests, likely due to the acceleration acting on the vehicle. Both effects
could’ve caused a higher thrust late in the flight, explaining the difference between both models.

5.2.2. Comparing body acceleration
Next, the acceleration acting on the vehicle is compared to the modelled acceleration in Figure 5.5. As stated
before, the thrust drops significantly at approximately 20 seconds. In reality, it is unlikely that the fuel tank runs
out of fuel before the oxidiser tank empties. This would result in a burn-through since the fuel itself acts as an
insulation between the hot combustion gasses and the tank walls. Nonetheless, such a decrease in thrust is likely
to have occurred due to a transition from the liquid to the gaseous phase. The measured and modelled acceleration
can be seen in Figure 5.5.

A few interesting observations can be made from this figure. First of all, the heavy vibration at the start of
the burn is shown in both datasets. Although it cannot be explained with certainty for the flight data due to the
absence of wind data, in the model this occurred due to wind hitting the vehicle just after leaving the tower. This
resulted in an aerodynamic disturbance that was damped out over time due to the static margin of the vehicle.
At approximately 15 seconds, the vehicle starts to wobble. When the thrust decreases at 20 seconds, the vehicle
starts to oscillate heavily. The magnitude of this oscillation increases when the rate of change in acceleration or
the slosh mass increases. The slosh mass over time can be seen in Figure 5.6. The slosh mass at the time of
decreasing thrust was approximately 15 kg.
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Figure 5.4: Estimated and modelled Mach number

Figure 5.5: Estimated and modelled body acceleration



44 5. Model validity for sounding rockets

Figure 5.6: Calculated oxidiser slosh mass

This results becomes especially interesting when comparing it to the rigid-body data. As can be seen in
Figure 5.7, the rigid body simulator does not destabilise for large changes in axial acceleration. This means that
the destabilising either occurs due to the sloshing liquid, or due to the flexibility of the vehicle. Although not
considered in the non-rigid body model, it is likely that a large portion of the liquid remains in the tank due to
the rotational speed of the vehicle. This could result in a sloshing motion. The flexibility remains within margin
when comparing it to the beginning of the flight as seen in Figure 5.8, providing strong evidence that the sloshing
motion can have a destabilising effect on Stratos III.

Such an anomaly also occurred for different scenarios. When a sudden gust of wind hit the vehicle late in the
flight, the quick change in resulting aerodynamic forces would cause the vehicle to tumble. This occurred for both
the rigid and non-rigid body model, making it unlikely that this was the main cause of the Stratos III anomaly.
More information on the different failure modes and their likelihood can be found in [29].

5.2.3. Comparing body angular velocity
The results can be further analysed by looking at the angular rates. The angular velocity shown here is the angular
velocity between the rocket frame and the world frame, or ECI and BODY in the model. The results can be seen
in Figure 5.9.

The anomaly can be clearly observed in the flight data, but is not as clear in the modelled data. First, the pitch
and yaw rates from the flight data are taken separately and compared to the model data between 0 and 20 seconds.
The results can be seen in Figure 5.10.

The pitch rate shows a similarity for a large part of the flight, diverging at around 12 seconds. This is a similar
divergence that can be observed in the acceleration data. The yaw rate starts to diverge from 9 seconds, while still
showing an osculating behaviour later in the flight. These differences can be partially explained by the difference
in inertia between the flight data and model. However, it is more likely that the aerodynamics were different from
the model. No recent wind data was available before launch. Small gusts of wind could have caused the yaw and
pitch rate to increase. As discussed earlier, these gusts also caused a divergences of the body rates.

The roll rate, which is shown in Figure 5.11, also shows similar behaviour from 6 seconds onward, flattening
out for most of the flight. The oscillation in the flight data for the first 6 seconds is not observed in the model.

The modelled roll rate is about 5 times smaller than the estimated roll rate from 7 seconds. This can be
partially attributed to the higher inertia of the model which takes into consideration propellant slip. However, it
is more likely that the aerodynamic properties of the vehicle were different than modelled. Fin-offset and other
manufacturing tolerances can have a large influence on the aerodynamic properties of the vehicle which could
have induced a higher roll rate. Fin flexibility also might have caused the roll rate of the vehicle to increase. The
modelled aerodynamic coefficients are purely based on empirical relations and can also differ from the actual
vehicle.
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Figure 5.7: Flight, non-rigid model and rigid model acceleration data

Figure 5.8: Modelled Stratos III deflection
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Figure 5.9: Angular rates of Stratos III during flight (L) and in the model (R). Stratos III shows higher rates as
can be seen in the difference in Y-axis scaling

Figure 5.10: Pitch and Yaw rate of Stratos III
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Figure 5.11: Roll rate of Stratos III

Several mitigation strategies are designed for the Stratos IV launch vehicle. These effects, such as a roll-
control system, were also analysed. Stratos IV is planned to include a roll-control systemwith a bang-bang control
algorithm that should reduce the roll-rate of the vehicle. This controller is added to the model to look at the effect
that it has on the trajectory in this specific scenario of decreasing thrust. Even for very small rotational rates (<= 2
∘/s), the roll-control system was not able to stabilise the vehicle for the decrease in thrust and wind gust scenario.
It was able to successfully reduce the roll rate of the vehicle, but the sudden decrease in thrust still caused the
remaining slosh mass to tumble. It should be stressed that this does not mean that the roll-control systemwill have
no effect on Stratos IV. The roll-control system did seem to have a stabilising effect on the trajectory in general.
The roll rate with and without roll control are given in Figure 5.12. This figure shows that the controller is able to
effectively decrease the roll rate of the vehicle. The pitch and yaw rate are given in Figure 5.13. Regardless, the
pitch rate still shows a destabilising behaviour when the thrust is decreased. However, by only controlling the roll
rate, the pitch and yaw rate also seem significantly more stable during flight. Future research into this behaviour
is recommended in Section 7.2.2.

5.3. Conclusion
Although the dataset is limited, Stratos III flight data was chosen to compare to the modelled data. Specifically, as
stated before, because it is likely that non-rigid body effects caused the anomaly of the vehicle. This suggests that
a non-rigid body simulator is required to observe this effect. Indeed, it was shown that a non-rigid body model
is able to model effects that can’t be observed in a rigid body model. However, the Stratos III launch vehicle was
also chosen because the model requires complex aerodynamic information which is not readily available for other
vehicles. Although this data was also available for the NLR SMILE launch vehicle, no flight data was available to
compare with the model. Since the dataset is limited, and the flight can’t be modelled exactly, it cannot be stated
with certainty that the model is validated for flight.

Nonetheless, the model shows very promising results for the Stratos III launch vehicle. It can provide more
insight into the non-rigid body effects of this sounding rocket. Important flight parameters, such as body velocity,
environment and accelerations can be estimated with decent accuracy. Therefore, it can be concluded that the non-
rigid bodymodel is valid to be used to estimate the Stratos III flight. More detailed data, specifically aerodynamic,
wind, mass flow rate and O/F ratio over time, is required to fully validate the model for flight. A more detailed
analysis on the non-rigid body effects is performed in Chapter 6.
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Figure 5.12: Comparison of roll rate with and without roll control

Figure 5.13: Comparison of pitch and yaw rate with and without roll control



6
Sensitive parameters for non-rigid body

models
From Chapter 5, it was found that non-rigid body effects can potentially play an important role for sounding
rockets. It was suggested multiple times that the slenderness of the vehicle, combined with the lack of slosh
mitigation strategies, caused severe non-rigid body effects to occur in the Stratos III launch vehicle. In this chapter,
a statistical analysis is performed on these suggested parameters to determine which variation of parameters shows
significant changes in the body flexibility and sloshing motion. In Section 6.1, the key design parameters that
are analysed are discussed and an N-way ANalysis Of VAriances (ANOVA) is performed. In Section 6.2, the
sensitivity for changes in these key parameters is measured. Section 6.3 discusses the controller design process
for non-rigid bodies using rigid-body models. The results are summarised in Section 6.4.

6.1. Key design parameters for non-rigid body effects
Based on the equations from Chapter 2, as well as knowledge from the launch of Stratos III, key parameters are
determined that may cause a large disturbance to the rigid body due to non-rigid body effects. The effects that
will be considered are

• Vehicle length (𝐿)
• Vehicle diameter (𝐷)
• Slosh damping (𝐷𝑎𝑚𝑝)
• Mass flow rate (�̇�)

• Tank fill ratio (𝐹)
These parameters are hereafter called the analysis parameters. The length of the vehicle largely determines the

eigenfrequency of the vehicle, if all other parameters are kept the same. As a result, the frequency of the sloshing
motion will also change. The diameter is the main driving parameter for the slosh mass, where a larger diameter
results in a higher slosh mass. Increasing the diameter also causes an increase in natural frequency, which will
change the flexible motion as well. The damping rate of the slosh mass determines how quickly a disturbance
in the slosh pendulum is damped out. A higher damping ratio will cause less overall sloshing and is expected to
result in a smaller disturbance. The mass flow rate is directly correlated to the thrust, which is the main driving
force for the flexibility motion. Changing it can therefore dramatically change the flexibility and sloshing motion
of the vehicle. It also directly influences the change in slosh mass over time. Finally, the tank fill ratio also has an
influence on the slosh mass, where a smaller tank fill ratio (smaller fluid level) will result in a smaller slosh mass.
Furthermore, it directly influences the relation between stationary and sloshing propellant mass. The expected
effects are summarised in Table 6.1.

Parameters such as the stiffness are not considered. Stiffness generally can’t be varied arbitrarily since it is
material dependent. The choice of material is non-trivial and is not considered in this research. It is expected that
this parameter only affects the flexibility.

49
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Table 6.1: Expected effects in non-rigid body effects for an increased analysis parameter

Increased parameter Expected effect on flex Expected effect on C.G.
Length Increase Increase
Diameter Decrease Increase
Damping Decrease Decrease
Mass flow rate Increase Decrease
Fill ratio Neutral Increase

Table 6.2: Representation of Design of Experiments

Analysis parameters
Run Length Diameter Damping Mass flow rate Fill ratio
1 High High High High High
2 High High High High Low
3 High High High Low High
… … … … … …
32 Low Low Low Low Low

Non-rigid parameters
𝜂𝑡𝑜𝑡 𝜂𝑚𝑎𝑥 C.G.𝑡𝑜𝑡 C.G.𝑚𝑎𝑥

1 𝐴1 𝐵1 𝐶1 𝐷1
2 𝐴2 𝐵2 𝐶2 𝐷2
3 𝐴3 𝐵3 𝐶3 𝐷3
… … … … …
32 𝐴32 𝐵32 𝐶32 𝐷32

This means that the mass-normalised deflection is purely based on length and diameter for this analysis. Different
propellants are also not considered. The non-rigid slosh parameters that are considered for this analysis are
normalised with respect to mass and the slosh mass ratio is independent of density. Therefore, it is expected that
different propellants will result in negligible differences in non-rigid body effects on the total vehicle.

A Design of Experiments approach is chosen to determine which independent variables are significantly con-
tributing to the non-rigid body effects of the vehicle. The analysis parameters are given a high and low value. By
considering all combinations of variables, an analysis can be performed that gives the sensitivity of each param-
eter on the non-rigid body effects. An overview of this method can be found in Table 6.2. The variables that are
considered to define the non-rigid body effects are the maximum and total mode performance 𝜂, as well as the
maximum and total C.G. offset in the 𝑌−𝑍 plane. These parameters are hereafter considered to be the non-rigid
parameters. The mode performance is chosen because it provides a good representation of the flexibility of the
entire vehicle over time. Since mode performance can be considered the normalised deformation of the vehicle,
𝜂 is considered equivalent to vehicle flex. The 𝑌−𝑍 C.G. offset is chosen as it gives a good representation of the
slosh motion of the slosh masses, while directly normalising the motion to each sloshing mass. The C.G. offset
will directly influence the moment that is induced on the vehicle due to sloshing effects. It is chosen to consider
both the cumulative as well as the maximum values of these parameters as both can provide valuable insight to
this analysis. The total flex is calculated using

𝜂𝑡𝑜𝑡 = ∫
𝑡

0
(|𝜂𝑦| + |𝜂𝑧|)𝑑𝑡 (6.1)

The maximum flex is calculated by simply taking the maximum of �̄� over the simulation time. An equivalent
approach is used to calculate the maximum and total C.G. offset. In order to avoid differences in simulation time
due to tanks running empty, the simulation is run for 𝑡 = 12 s.

6.1.1. N-way Analysis of Variance (ANOVA)
In order to determine the dependency of these variables on the non-rigid parameters, ANOVA is used. ANOVA
is a test of the statistical significance of differences between several groups [13].
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Table 6.3: ANOVA analysis parameters

Parameter High Low
Length 8.5 [m] 7.5 [m]
Diameter 0.3 [m] 0.26 [m]
Damping 0.8 [-] 0.5 [-]
Mass flow 30 [kg/s] 20 [kg/s]
Tank fill 1 [-] 0.8 [-]

Table 6.4: ANOVA analysis parameters

L - D [m] 𝜔𝑁 [Hz] Deflection [m]
8.5 - 0.26 28.43 0.286
8.5 - 0.3 32.13 0.266
7.5 - 0.26 36.4 0.305
7.5 - 0.3 41.16 0.283

For this study, each analysis parameter is one group which can have a value high and low. These values are given
in Table 6.3.

With 5 parameters, and 2 options per parameter, the total number of required runs is 25 = 32. For each of
these 32 runs, the set of parameters that is considered is unique. For a changing length, diameter and tank fill,
other vehicle parameters besides those considered here are also changed. Specifically for the length and diameter,
the inertia and eigenfrequency of the vehicles will change. For this subset of 4 different options, a finite element
analysis was performed to determine the eigenfrequency and maximum deflection of the first two bending modes.
Since the vehicle is symmetric, these have the same frequency and deflection in orthogonal directions. A simple
hollow beam with a thickness of 2 mm was considered for the analysis. The results are given in Table 6.4 and can
be directly implemented in the model.

An input file is created which contains all of the 32 model variations. All non-rigid parameters are saved. The
change in total and maximum flex for all different runs is shown in Figure 6.1. This figure shows 32 bars, each
for one of the 32 settings for this analysis. The length of the bar represents the vehicle flex at the end of the run.
Both the total flex and maximum flex are shown. Similar results can be presented for the C.G. offset, as shown
in Figure 6.2. Although the absolute value differs only slightly, the variation between runs shows that there are
some significant differences between each run.

This dataset can also be visualised per group. As an example, the total and maximum flexibility for different
lengths are given in Figure 6.3. The figure shows two box-whisker plots. The first represents all the 16 results that
have a high length setting (8.5 m). The second shows all the results for the low length setting (7.5m). This shows
the variation within a specific group. A clear difference can be observed between the two plots, suggesting that the
length is a relevant parameter since changing the length significantly changes the flex of the vehicle for otherwise
identical settings. The total and maximum flex for different damping ratios are given in Figure 6.4. These values
are almost identical, suggesting that damping has a negligible influence on the non-rigid body effects.

6.1.2. Parameter significance
Using Matlab, all groups as well as their interactions are analysed. The results of the 4 non-rigid parameters are
considered to be the 4 response vectors. All analysis parameters are grouped. The analysis of variance of the total
and maximum flexibility are given in Table 6.5 and Table 6.6.

Parameter 𝐹 indicates the between-groups mean square divided by the within-group mean square. A large
value of 𝐹 suggests a large difference between the variation within a group as compared to the overall varia-
tion. The final column represents 𝑝. If this value is smaller than 0.05, the analysis parameter has a statistically
significant influence on the non-rigid parameter.

For each of the non-rigid parameters, a table can be created which shows the significance of changing each
analysis parameter. This means four tables are created: two for flexibility and two for C.G. offset. This is done
since certain parameters might increase the frequency of a certain motion, but not necessarily the amplitude
(maximum). This can be an important trade-off parameter if certain levels of flexibility are allowed. This is
similar for the C.G. offset.
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Figure 6.1: Variation in resulting flex for different model parameters

Figure 6.2: Variation in resulting slosh for different model parameters

It can be seen in Table 6.5 that the length (𝑝 = 0.0008), fill ratio (𝑝 = 0), mass flow rate (𝑝 = 0) and diameter
(𝑝 = 0.0006) have a significant influence on the total flexibility of the vehicle. The interaction of the length
and fill ratio also has a significant (𝑝 = 0.028) influence. Similar to the mass flow, this is attributed to the total
slosh mass at a given time.

A smaller slosh mass oscillates at a higher frequency and is more likely to cause flexibility within the vehicle.
Even for an equivalent simulation time, this can result in an overall larger total flexibility of the vehicle. The
damping has no significant influence on the total flexibility of the vehicle.
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Figure 6.3: Variation in total and max flexibility for different lengths

Figure 6.4: Variation in total and max flexibility for different damping ratios

The interaction between length and diameter has a significant (𝑝 = 0.0007) influence on the maximum
flexibility of the vehicle as shown in Table 6.6. This was expected, since this is also considered to be one of the
main causes of failure for the Stratos III rocket. The diameter itself has no significant (𝑝 = 0.054) influence on
the maximum deflection of the vehicle.
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Table 6.5: ANOVA for total flex

Parameter Sum of squares D.o.F Mean square F p
Length 8.56709E-08 1 8.56709E-08 17 0.0008
Fill ratio 2.81970E-07 1 2.81970E-07 55.96 0
Mass flow rate 1.62025E-07 1 1.62025E-07 32.16 0
Damping ratio 2.07600E-12 1 2.07600E-12 0 0.9841
Diameter 9.22071E-08 1 9.22071E-08 18.3 0.0006
Length*Fill 2.94316E-08 1 2.94316E-08 5.84 0.028
Length*Mass flow 1.15392E-08 1 1.15392E-08 2.29 0.1497
Length*Damping 2.66887E-13 1 2.66887E-13 0 0.9943
Length*Diameter 9.65534E-09 1 9.65534E-09 1.92 0.1853
Fill*Mass flow 8.80533E-09 1 8.80533E-09 1.75 0.2048
Fill*Damping 3.00460E-12 1 3.00460E-12 0 0.9808
Fill*Diameter 1.03678E-08 1 1.03678E-08 2.06 0.1707
Mass flow*Damping 2.27041E-12 1 2.27041E-12 0 0.9833
Mass flow*Diameter 6.02253E-12 1 6.02253E-12 0 0.9728
Damping*Diameter 2.14107E-12 1 2.14107E-12 0 0.9838
Error 8.06174E-08 16 5.03859E-09 - -
Total 7.72305E-07 31 - - -

Table 6.6: ANOVA for maximum flex

Parameter Sum of squares D.o.F Mean square F p
Length 4.83567E-08 1 4.83567E-08 29.26 0.0001
Fill ratio 3.44632E-07 1 3.44632E-07 208.51 0
Mass flow rate 3.42420E-09 1 3.42420E-09 2.07 0.1693
Damping ratio 8.51292E-14 1 8.51292E-14 0 0.9944
Diameter 1.67280E-08 1 1.67280E-08 10.12 0.0058
Length*Fill 9.27134E-09 1 9.27134E-09 5.61 0.0308
Length*Mass flow 7.88954E-09 1 7.88954E-09 4.77 0.0441
Length*Damping 3.24942E-15 1 3.24942E-15 0 0.9989
Length*Diameter 2.86295E-08 1 2.86295E-08 17.32 0.0007
Fill*Mass flow 1.61295E-10 1 1.61295E-10 0.1 0.7588
Fill*Damping 9.27508E-14 1 9.27508E-14 0 0.9941
Fill*Diameter 7.82003E-10 1 7.82003E-10 0.47 0.5014
Mass flow*Damping 1.13291E-16 1 1.13291E-16 0 0.9998
Mass flow*Diameter 4.96042E-09 1 4.96042E-09 3 0.1024
Damping*Diameter 1.68937E-14 1 1.68937E-14 0 0.9975
Error 2.74447E-08 16 1.65280E-09 - -
Total 4.91280E-07 31 - - -

For the slosh motion, the interaction between parameters become more pronounced. The results for the total
and maximum C.G. offset are given in Table 6.7 and Table 6.8. The damping has still no significant (𝑝 = 0.2)
influence on the non-rigid motion, suggesting that the motion is forced by other effects. The length-diameter
interaction is still very significant for the maximum C.G. offset (𝑝 = 0.0129). The interaction between fill
and mass flow also causes significant changes (𝑝 = 0.0001). This is expected since both largely influence the
available mass at a given point in time. It can be seen that all interactions with the diameter, except the damping,
are significant. This is attributed to the analytical equations that are used to calculate the slosh mass, which are a
function of diameter and fluid level.
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Table 6.7: ANOVA for total C.G. offset

Parameter Sum of squares D.o.F Mean square F p
Length 7.78385E-11 1 7.78385E-11 9.1 0.00082
Fill ratio 4.77117E-10 1 4.77117E-10 55.77 0
Mass flow rate 2.64925E-09 1 2.64925E-09 309.66 0
Damping ratio 5.15294E-12 1 5.15294E-12 0.6 0.449
Diameter 2.21037E-09 1 2.21037E-09 258.36 0
Length*Fill 1.68091E-13 1 1.68091E-13 0.02 0.8903
Length*Mass flow 3.07645E-11 1 3.07645E-11 3.6 0.0761
Length*Damping 1.48595E-13 1 1.48595E-13 0.02 0.8968
Length*Diameter 5.52850E-11 1 5.52850E-11 6.46 0.0217
Fill*Mass flow 1.18031E-10 1 1.18031E-10 13.8 0.0019
Fill*Damping 9.77766E-13 1 9.77766E-13 0.11 0.7397
Fill*Diameter 1.39046E-10 1 1.39046E-10 16.25 0.001
Mass flow*Damping 1.58224E-12 1 1.58224E-12 0.18 0.6729
Mass flow*Diameter 4.60876E-10 1 4.60876E-10 53.87 0
Damping*Diameter 8.69594E-13 1 8.69594E-13 0.1 0.754
Error 1.36883E-10 16 8.55522E-12 - -
Total 6.36436E-09 31 - - -

Table 6.8: ANOVA for maximum C.G. offset

Parameter Sum of squares D.o.F Mean square F p
Length 7.38965E-12 1 7.38965E-12 25.79 0.0001
Fill ratio 1.39960E-10 1 1.39960E-10 488.55 0
Mass flow rate 1.02663E-09 1 1.02663E-09 3583.61 0
Damping ratio 5.11082E-13 1 5.11082E-13 1.78 0.2003
Diameter 1.36064E-09 1 1.36064E-09 4749.52 0
Length*Fill 5.92633E-13 1 5.92633E-13 2.07 0.1696
Length*Mass flow 2.95539E-13 1 2.95539E-13 1.03 0.3249
Length*Damping 2.98568E-14 1 2.98568E-14 0.1 0.751
Length*Diameter 2.24249E-12 1 2.24249E-12 7.83 0.0129
Fill*Mass flow 8.08862E-12 1 8.08862E-12 28.23 0.0001
Fill*Damping 3.33740E-13 1 3.33740E-13 1.16 0.2964
Fill*Diameter 1.34309E-11 1 1.34309E-11 46.88 0
Mass flow*Damping 4.87697E-15 1 4.87697E-15 0.02 0.8978
Mass flow*Diameter 9.16553E-11 1 9.16553E-11 319.94 0
Damping*Diameter 5.58018E-15 1 5.58018E-15 0.02 0.8907
Error 4.58369E-12 16 2.86480E-13 - -
Total 2.65640E-09 31 - - -

6.1.3. Interactions
Significance of certain parameters, or interaction between parameters, only provides half the information. Further
discrimination of interaction can be obtained by performing multiple one-way ANOVA’s for certain significant
parameters. It was found that the length and diameter ratio has a significant influence on the maximum flex, and
the maximum and total C.G. offset. The analysis for the flexibility is shown in Figure 6.5.

It can be seen that the group that contains the larger length and diameter is significantly different from the
rest.
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Figure 6.5: One-way ANOVA for Length and Diameter on maximum flex. Three groups (red) have population
marginal means significantly different from Length=8.5m and Diameter=0.3m (blue)

The maximum deflection is the lowest of all four scenario’s and the natural frequency is average compared to the
other values. This effect is further discussed in Section 6.2.

The effects of the diameter and length are more pronounced for the C.G. offset. It can be clearly seen that the
larger diameters have a significant influence on the total and maximum C.G. offset, or mass-normalised sloshing
motion. The maximum and total values are several orders higher for the variation of parameters that contains
the larger diameter. Vehicle length seems to have a marginal influence when the diameter is small enough, but a
significant influence (𝑝 = 0.0059) when the diameter increases. This effect also provides further insight to the
maximum flex, as the coupling of flexibility and sloshing likely caused an increase in the maximum flexibility of
the vehicle.

From these results we can conclude that length, diameter and mass flow rate are key parameters for non-rigid
body effects. Flexibility strongly depends on the length-diameter interaction or slenderness of the vehicle. High
thrust to weight ratios also influence both the flexibility and sloshing of the vehicle.

6.2. Sensitivity analysis for key design parameters
In Section 6.1.3, the effects of increasing or decreasing certain parameters on the non-rigid body effects are anal-
ysed. However, it remains unclear when non-rigidity becomes destabilising. More data is required to determine
for which analysis parameter values non-rigid body effects becomemost prevalent. Using the same launch vehicle
model as Section 6.1, two parameters are considered one by one. For a fixed length, mass flow rate and fill ratio,
the diameter is incrementally increased.

The simulation is run for 12 seconds and the non-rigid parameters are saved. The diameter is ranged from
0.2 to 0.5 m. This allows to determine the severity of the non-rigid body effects as a function of Length over
Diameter (L/D) ratio. For a fixed diameter, length and fill-ratio, the mass flow rate is altered between 10 and 30
kg/s. The aerodynamic coefficients are assumed constant.

First, the diameter is considered. The diameter not only chances the value for the total propellant in the
tank but also the natural frequency and maximum deflection. Therefore, 4 different ANSYS models are used to
determine the trend line of the required parameters. The 4 data points are 0.1, 0.2, 0.3 and 0.4 m. The diameter
0.5 m is also measured in ANSYS and used as verification for the equation.
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Figure 6.6: One-way ANOVA for Length and Diameter on total C.G. offset. Three groups (red) have population
marginal means significantly different from Length=8.5m and Diameter=0.3m (blue)

Figure 6.7: One-way ANOVA for Length and Diameter on maximum C.G. offset. Three groups (red) have pop-
ulation marginal means significantly different from Length=8.5m and Diameter=0.3m (blue)

Table 6.9: Natural frequency and mass-normalized maximum deflection for different diameters. Length is fixed
at 8.5 m

Diameter Real Freq Est Freq Dif [%] Real Def Est Def Dif[%]
0.1 15.00 14.80 1.30 0.47 0.47 -0.09
0.2 23.26 23.48 -0.93 0.33 0.33 0.00
0.3 32.00 32.15 -0.48 0.27 0.27 -0.02
0.4 41.00 40.83 0.42 0.23 0.23 -0.07
0.5 50.71 49.50 2.39 0.20 0.20 -0.25
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Figure 6.8: Maximum and total offset in C.G. for a given L/D ratio. Vertical line indicates L/D of the Stratos III
rocket

From the four data points, it was found that the natural frequency for a fixed length can be described with an
accuracy of±2% as

𝜔𝑛 = 86.738𝐷 + 6.131 ; 0.1 ≤ 𝐷 ≤ 0.5 (6.2)
The maximum mass-normalized flex can be calculated with an accuracy of±0.2% with

𝚽 = 0.1438𝐷−0.511 ; 0.1 ≤ 𝐷 ≤ 0.5 (6.3)
The results from the 4 runs are summarized in Table 6.9. This includes the differences between the estimated

value from Equation (6.2) and Equation (6.3).
A more detailed analysis can be performed on the effect of the diameter on the non-rigid parameters of the

model. The model is run for 12 seconds, increasing the diameter each run with 1 mm. Similarly to Section 6.1,
the non-rigid parameters can be plotted based on the change in diameter. For the flexibility, it was found in the
previous section that the length-diameter interaction plays a significant role in the maximum flexibility of the
vehicle. The non-rigid parameters are plotted with respect to the Length over Diameter (L/D) ratio. The variation
in maximum and total C.G. are given in Figure 6.8. The variation in maximum and total flexibility are given in
Figure 6.9.

In Figure 6.8, the effects of sloshing become exponentially worse for smaller L/D ratios. For small L/D ratios,
the diameter becomes significantly larger. The sloshmass is proportional to the square of the diameter. This means
that the total and maximum offset will significantly increase for larger diameters. Figure 6.9 shows a different
result, where the total and maximum mode performance reach a maximum at an L/D ratio of approximately 27,
decreasing again when the L/D increases further. This seems counter-intuitive, since a more slender beam will
have a larger deflection at the eigenfrequency as seen in Table 6.9. Therefore, it is likely that the combination
of slosh, eigenfrequency and aerodynamic forces causes resonances in the vehicle, significantly increasing its
flexible motion.

Stratos III shows to be close to the worst-case value of L/D for the slosh-flex-aero interaction. This further
validates the claim that Stratos III likely failed due to non-rigid body effects as stated in Chapter 5. It would
therefore be recommended for future Stratos missions to analyse slosh-flex-aero interaction for different vehicle
configurations. Increasing the fin size increases static margin, changing the aerodynamic properties of the vehicle.
As a result, the maximum flexibility can potentially occur at a different L/D ratio. Slosh dampers showed to have
a minimum influence within the considered slosh regime for slender vehicles. Stiffening connections will change
the natural frequency and therefore decrease the flexibility of the vehicle. Finally, active control systems can be
considered. In Section 7.2.3, these mitigation strategies are discussed in more detail.



6.2. Sensitivity analysis for key design parameters 59

Figure 6.9: Maximum and total flexibility for a given L/D ratio. Vertical line indicates L/D of the Stratos III
rocket

This effect is further investigated by analysing the data from specific L/D ratios. The slosh (pitch) angle,
body (pitch) angle and mode performance are shown for an L/D of 21.25, 28.3 and 42.5. This corresponds to a
diameter of 0.2, 0.3 and 0.4 m respectively. The results are shown in Figure 6.10 to Figure 6.12. All axes are equal
to illustrate the difference. Although the slosh and body angle are about twice as high for an L/D of 21.25, the
frequency is significantly lower, resulting in lower (peak) flexibility. The opposite is the case for the high L/D of
42.5. The damping ratios of the fluids seem different for the three plots. This is because the damping coefficient
is chosen as a scalar value that determines the damping based on the current velocity of the fluid. Since the
forces acting on a lighter slosh mass are smaller, the damping is more significant, resulting in a larger damping
ratio. Although the ANOVA showed that damping has no significant effect on any of the non-rigid body effects,
the same three values are considered when no damping is applied to the slosh mass. The results are shown in
Figure 6.13 to Figure 6.15. Again, all axes are equal to illustrate the difference.

The same pattern can be observed for the undamped scenario. It also shows the interaction between the
flexibility and the slosh angle. Although the model is undamped, the slosh angle loses approximately 60% of
its amplitude for an L/D of 28.3. Simultaneously, the flexing strongly increases. Based on the sensitivity data,
it can be observed that orbital launch vehicles such as the Horizon 2020 SMILE will experience a very small
destabilising effect due to flexibility. With an L/D of 16.6 [6], the vehicle is expected to suffer mainly from
sloshing effects.

The mass flow rate is directly coupled to the thrust, meaning it is indirectly coupled to the flexibility. The
mass flow rate is directly coupled to the slosh mass over time. From Table 6.5 to Table 6.8, it was found that the
mass flow rate has a significant influence on the total and maximum C.G. offset. It also has a significant influence
on the total flex of the vehicle. It has no significant effect on the maximum flex. The mass flow rate is varied
linearly with 0.1 kg/s increments and simulated for 12 seconds. An L/D of 30 is considered. The results can be
seen in Figure 6.16 and Figure 6.17.
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Figure 6.10: Slosh angles, body angle and mode performance for D=0.2 (L/D=42.5)

Figure 6.11: Slosh angles, body angle and mode performance for D=0.3 (L/D=28.3)

Figure 6.12: Slosh angles, body angle and mode performance for D=0.4 (L/D=21.25)
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Figure 6.13: Undamped slosh angles, body angle and mode performance for D=0.2 (L/D=42.5)

Figure 6.14: Undamped slosh angles, body angle and mode performance for D=0.3 (L/D=28.3)

Figure 6.15: Undamped slosh angles, body angle and mode performance for D=0.4 (L/D=21.25)

The mass flow rate is converted to (initial) thrust to weight to further generalise the results. The observations
from the ANOVA are confirmed here. The initial thrust to weight has no clear effect on the maximum flex of the
vehicle. It does have an effect on the total flex of the vehicle. A larger mass flow rate simply means that there is
less time for the slosh mass to slosh. As a result, the C.G. offset decreases for an increasing thrust to weight ratio.
Again, Stratos III shows to be close to the worst case thrust to weight ratio for flexibility.
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Figure 6.16: Maximum and total change in C.G. for different Thrust to Weight ratios

Figure 6.17: Maximum and total change in flex for different Thrust to Weight ratios

6.3. Controller design for non-rigid body models
Based on the data from Section 6.2, it can be assumed that flexibility is negligible for small-sat launch vehicles
such as Horizon 2020 SMILE. However, sloshing still poses a challenge. The large diameter will result in large
slosh masses and therefore larger variations in body angles. To see if this effect can be destabilising for small-
sat launch vehicles, the endo-atmospheric phase of the SMILE launcher is considered. This includes first stage
separation. In this section, a PID controller is designed around the rigid body equivalent of the SMILE launcher
for the first 60 seconds of the flight. The equations of motion for the rigid body are implemented using the Matlab
Custom Variable Mass (ECEF) block. The same environmental model is used for both simulators. The gains for
the PID controller are placed in the non-rigid body model without changing any values. The cumulative control
input (error) is measured to determine the effectiveness of the controller.

Maximum dynamic pressure occurs at 28.8 seconds, meaning that any destabilisation due to slosh-flex-aero
interaction is expected to occur around this time. The first stage burns out at 43 seconds. The second stage ignites
at 45 seconds. For the first 2 seconds of the flight and for the staging event, the controller is set to zero. The
staging can have a large influence on the slosh mass due to the low gravity environment. In this environment,
the slosh mass can move much more freely, potentially destabilising the vehicle when the second stage engine
is turned on. An under-damped slosh mass is considered. The COESA atmosphere model is used, combined
with the Horizontal Wind Model. Spherical Harmonics with degree and order 4 is used for the gravity model.
The controller is designed around the rigid body model. Both a single set of gains, as well as gain-scheduling is
considered. The gains are determined using the Matlab PID tuner.
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Figure 6.18: Body attitude over time

6.3.1. Rigid body based controllers
Three scenarios are considered for this analysis. First, an uncontrolled model is considered to determine if a
control system is required for an aerodynamically stable vehicle with 6 slosh masses. Next, a single set of PID
gains is determined and used on the non-rigid body model with under-damped slosh masses. Finally, a gain-
scheduled controller is created. For this simplified analysis, the vehicle is instructed to fly up while maintaining
a zero body rate. A rate controller is used to avoid anomalies since the conversion from DCM to Euler angles
around the starting position of 90 degrees can cause large jumps in the calculated angles. If the controller is able
to keep the rate at zero, the euler angles will be constant.

Uncontrolled non-rigid body
The SMILE vehicle that is considered for this analysis is a three-stage liquid vehicle. It is aerodynamically stable
(𝐶𝑀 < 0). The vehicle flies uncontrolled for 60 seconds. The body attitude can be seen in Figure 6.18. The
dynamic pressure over time can be seen in Figure 6.19.

It can be seen that the vehicle experiences significant destabilisation near the point of maximum dynamic
pressure. A controller is required to stabilise the vehicle during flight, even if it is aerodynamically stable.

Single gain PID
To control the vehicle, a PID controller with 1 set of gains is designed around the point of maximum dynamic
pressure. From Figure 6.19, it can be seen that this occurs at 28.8 seconds. Using the matlab PID tuner block,
the rigid-body model is linearised around this time. The actuators that control the engine deflection angle are
modelled as a linear second order actuator. The parameters for the actuators are chosen equivalent to Mooij [16].
The natural frequency of the actuator is 15 rad/s with a damping ratio of 0.7.

The estimated bandwidth and phase margin are 75 rad/s and 35 deg respectively. This results in the following
gains

𝐾𝑝 = 8.98 ; 𝐾𝑖 = 3.92 ; 𝐾𝑑 = 4.57
Since the vehicle is axi-symmetric, the gains are assumed the same for the pitch and yaw direction. The controller
error for the rigid and non-rigid body can be seen in Figure 6.20. This figure shows the instantaneous error during
the 60 second simulation. The insert shows a zoomed-in plot of the first 40 seconds to show the error before the
staging event. The staging event itself can be clearly seen in the large error spike between 43 and 45 seconds.
Before the staging event, the error is close to zero in both the rigid and non-rigid body model.

The cumulative error can be seen in Figure 6.21. The cumulative error is the integral of the absolute signal
represented in Figure 6.20 and gives a good indication of the controller performance.
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Figure 6.19: Dynamic pressure over time

The error shows similar behaviour for both models. During first stage separation, the error significantly increases.
This is expected since no control input is given during this time. After second stage ignition at 45 seconds, an
oscillation occurs in the controller. This is attributed to a high derivative gain for the controller and can be solved
with gain-scheduling. The non-rigid body shows this oscillation earlier than the rigid body. The cumulative yaw
error has a negligible difference between the two models. The pitch error is slightly higher in favour of the non-
rigid body model. The slosh mass can damp sudden changes in movement due to the slosh-rigid interaction. From
these results, it can be determined that a simple rigid body controller is able to effectively control a non-rigid body
model.

Gain-scheduled PID
To remove the oscillations later in flight, gain-scheduling is considered. The scheduling parameter needs to
be monotonically increasing or decreasing to ensure that lookup tables can be used. This means that dynamic
pressure can’t be used to schedule the gains.

Figure 6.20: Comparison between rigid and non-rigid body body rates (control error)
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Figure 6.21: Comparison between rigid and non-rigid body cumulative control error

The control angle and inertia of the vehicle directly influences the rigid body motion. Therefore the mass is
considered as a scheduling parameter. This value is monotonically decreasing and can take into account staging
events if interpolation is performed appropriately.

Using the Matlab tuner block, a stabilising set of gains can be found for given vehicle masses according to
Table 6.10.

The derivative gain is strongly decreased after the point of maximum dynamic pressure to reduce the observed
oscillations from Figure 6.20. Since a filtered derivative is used, the value for N is increased to increase the filter
derivative accuracy. The resulting rate errors can be seen in Figure 6.22. It can be seen that the error spike during
stage separation is significantly higher for the non-rigid body. Before stage separation, the error is very close to
zero. Again, a zoomed-in view of the first 40 seconds is given in the figure as well. In this section of the flight,
the vehicles show an almost identical behaviour.

The cumulative control error can be seen in Figure 6.23. It can be clearly seen that with this set of gains, the
error significantly increases for the non-rigid body model compared to the rigid body model. Up to 20 seconds,
the error is almost identical, diverging just after stage separation. From this behaviour we can conclude that for
nominal flight trajectories, the rigid body controller is able to stabilise the non-rigid body. However, when the
controller is turned off for stage separation, the more complex non-rigid body model destabilises faster, resulting
in larger errors.

From Figure 6.21 it can be observed that the pitch and yaw error are 0.125 and 0.038 rad for the rigid body.
The pitch and yaw error from Figure 6.23 are 0.042 and 0.06 rad. With gain-scheduling, the error significantly
improves in the pitch direction and worsens in the yaw direction. More yaw control effort is required to stabilise
the vehicle after first stage separation.

For the non-rigid body, the errors for the pitch and yaw rate in Figure 6.21 are 0.115 and 0.039 rad. In
Figure 6.23, these are 0.165 and 0.15 rad. Both directions show a larger error during stage separation. Because
of the lower gains, the model responds more robustly to the acquired error during stage separation. This results
in a slower response and larger cumulative error.

In both the rigid and non-rigid model it can be observed that no oscillation occurs after stage separation. A
more aggressive set of gains can be chosen to decrease the cumulative error, at the cost of more oscillations.

Even though the error increases for gain-scheduling, oscillations that were observed for the single set of gains
can be successfully removed by designing the PID controller around the rigid body plant model. The control
algorithm is able to stabilise both the rigid and non-rigid body model with the same set of gains.
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Table 6.10: Used gains for gain-scheduled PID controller

Time [s] Mass [kg] 𝐊𝐩 𝐊𝐢 𝐊𝐝 N
3 10165 3.63 5.46 0.58 500
15 8389 5.26 4.74 3.54 500
28.8 6347 8.98 3.92 4.57 500
40 4689 2.30 0.58 0.41 1900
46 1867 1.39 0.36 0.23 2100

Figure 6.22: Comparison between rigid and non-rigid body body rates (control error)

Figure 6.23: Comparison between rigid and non-rigid body cumulative control error



6.4. Discussion on the results 67

6.3.2. Non-rigid body controller conclusion
It can be seen that, for a small-sat launch vehicle such as SMILE or Electron, non-rigid body effects cause a
disturbance to the model. Even when the model is aerodynamically stable, the vehicle can still destabilise during
flight due to sloshing effects. Nonetheless, simple PID control algorithms that are designed for a rigid body model
are still able to stabilise the non-rigid body model at the cost of a higher controller error in some situations.

For a single set of gains, oscillations occur for both models around stage separation. This oscillation occurs
earlier in the non-rigid body model. These oscillations can successfully be avoided in both models by designing
a gain-scheduled PID controller around the rigid body model at the cost of a larger cumulative control error for
the non-rigid body model.

PID control is not an optimal control algorithm. No optimal set of gains exists for a given launch vehicle.
Other control algorithms, such as 𝐻∞, find an optimal set of gains for a chosen weighting function. Therefore it
is expected that optimal control algorithms such as𝐻∞ can further decrease the control error. Alternatively, a non-
linear controller such as (incremental) non-linear dynamic inversion can be used. These non-linear controllers
show less controller error for elastic launch vehicles [16]. Incremental non-linear dynamic inversion requires
knowledge of the equations of motion of the vehicle. This research focusses on the effect of rigid body controllers
on non-rigid body models. It is expected that for this scenario, non-linear controllers that require knowledge
of the state equations are at an inherent disadvantage. Given the different equations of motion, the non-linear
controller will likely behave significantly different between the two models. If there is sufficient knowledge of
the system (rigid or non-rigid), it is recommended to design a non-linear controller around this system. However,
if the equations of motion are unknown, it can be shown that simple linear rigid-body controller can effectively
control small-sat launch vehicles with average slenderness ratios.

6.4. Discussion on the results
In this chapter, an analysis was performed on the necessity of non-rigid body models. In Section 6.1, it was
found that vehicle length, diameter, mass flow rate and fill ratio have a significant influence on the non-rigid body
effects. The length over diameter (L/D) ratio showed to be an important parameter when considering the use
of non-rigid body models. In Section 6.2, an L/D of 27 was found to result in a maximum destabilising effect
due to the interaction between sloshing, flexibility and aerodynamics for the Stratos III aerodynamic coefficients.
This lies close to the L/D ratio of 29.2 for Stratos III, which is speculated to have failed due to non-rigid body
effects. Sloshing itself is negligible for L/D ratios above 20, but can still be destabilising for larger values due to
this slosh-flex-aero interaction. Flexibility itself is negligible for L/D ratios below 20. This means that small-sat
launch vehicles generally do not require the use of non-rigid body models to estimate the flight path. This is
confirmed in Section 6.3, where a rigid body PID controller is directly implemented in the non-rigid body model.
The controller still was able to successfully stabilise the vehicle at the cost of a slightly larger controller error.
Oscillations that occured in both models, although at different times, were removed by designing a rigid body
gain-scheduled controller. This resulted in a larger error for the non-rigid body model. Further tuning or other
controller algorithms are expected to decrease this error.
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Conclusion and recommendations

In previous research, the necessity of non-rigid body simulators was stated to be a requirement for long, slender
bodies. This suggests that there is a slenderness ratio from which non-rigid body effects become destabilising. In
this research, a length-over-diameter ratio was found from which non-rigid body effects become most apparent.
This research aimed to examine the necessity of non-rigid body models for small-sat launch vehicles such as the
Horizon 2020 SMILE.

In this final chapter, the results from the previous chapters are concluded. In Section 7.1, the research con-
clusions are presented. In Section 7.2, recommendations for future research are given.

7.1. Research conclusions
Three linearly independent motions are coupled using a constraint matrix to simulate a non-rigid launch vehicle.
These are the rigid body motion, sloshing motion and flexibility motion. The flexibility motion is modelled using
the method of assumed modes. The sloshing motion is modelled by assuming that the slosh mass behaves like
a pendulum. To couple the different motions, a constraint matrix is used. This modular matrix allows fixing the
attachment point of the slosh mass to the deflected state of the vehicle. As a result, the slosh mass and flexibility
motion are directly coupled by this constraint. This means that the slosh motion will cause flexibility in the vehicle
and vice versa. Since the matrix is modular, the model can be extended to allow for any number of slosh masses.
If the constraints are rewritten, other rigid bodies such as stages could also be added to the system. Additionally,
a detailed environment model is created. Different models can be chosen to simulate the Earth shape, gravity,
atmosphere, wind and aerodynamics depending on the user requirements. The model is run using a fixed-step
integrator with a time step between 1E-2 and 1E-3 seconds. These settings allow the model to run faster than
real-time. This means that the model can be used in embedded systems for future NLR customers.

For the launch vehicle, a custom mass model is created. In this research, the custom mass model makes use
of analytical equations to estimate the rigid body and slosh mass parameters at any moment in time. This means
that the slosh mass parameters can vary, depending on the state of the vehicle. Since analytical equations are
used, the difference compared to the analytical solutions is negligible. Using simplified scenarios, both the rigid
body and slosh mass constraint were verified with analytical equations. This resulted in a difference of less than
0.1%. To further verify the equations of motion, the model energy was determined. Using non-quiescent starting
conditions with no external forces acting on the vehicle except gravity, it was found that the energy of the system
remained constant. Since the energy of the system is conserved, it provides strong evidence that the equations of
motion are implemented correctly.

The flight data from the Stratos III launch vehicle was obtained and compared to the simulated non-rigid body
model data. The model was adapted to a single-stage with 1 slosh mass. Mass parameters were determined using
the custom mass model and compared to the available data from the Stratos III payload manual. This vehicle is
especially interesting since it is speculated that this sounding rocket failed due to non-rigid body effects. Different
settings for thewind and oxidiser to fuel ratio were used to analyse the anomaly that resulted in the failure of Stratos
III. It was found that slosh motion can result in destabilisation when the vehicle experiences a sudden decrease in
acceleration. For Stratos III, such a decrease in acceleration could have occurred when the vehicle transitioned
from the liquid to the gaseous burn phase. Due to the rotational velocity of the vehicle, it is likely that some liquid
propellant still resided in the oxidiser tank.

69
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Table 7.1: L/D ratios of past and current launch vehicles

Vehicle Developer Length [m] Diameter [m] L/D [-] Source
Falcon 9 SpaceX 70 3.7 18.9 [25]
Electron Rocket Lab 18 1.2 15 [23]
Ariane V ArianeGroup 50.5 5.4 9.35 [4]
Soyuz-2 Progress Rocket Space Centre 46.2 2.95 15.7 [5]
Saturn V NASA 110 10.1 10.9 [18]

This propellant is free to slosh around in a microgravity environment. This effect is similar during staging events
for large launch vehicles. The non-rigid body model was also compared to an equivalent rigid body model. The
destabilisation that occurred could not be observed when rigid body equations of motion were used. The non-
rigid body model was able to accurately estimate the acceleration and Mach number for most of the flight. It did
show inconsistencies in the body rates later in the flight. The roll rate of Stratos III was significantly higher than
simulated.

Using ANOVA, it was found that the length, diameter, mass flow rate and fill ratio are launch vehicle design
parameters that significantly influence non-rigid body effects such as sloshing and flexibility. The length-diameter
interaction is also significant for flexibility. This is in line with current research, which states that long, slender
bodies are more susceptible to non-rigid body effects. In previous research, no slenderness ratios were presented
from which non-rigid body effects become apparent. In this research, a slenderness ratio was found from which
flexibility and sloshing effects become prominent. Based on a sensitivity analysis over a range of vehicle param-
eters, it is recommended for length over diameter (L/D) ratios above 20 to consider the use of non-rigid body
models. From this ratio, the maximum and total flexibility strongly increase. A maximum deflection sensitivity
was found for an L/D of 27, decreasing again for even larger ratios. This peak was attributed to an interaction
between the limited sloshing motion, vehicle flexibility and aerodynamics.

With this sensitivity analysis, it was also determined that for L/D ratios below 20, flexibility is negligible
and sloshing becomes the main perturbing factor. Most launch vehicles have an L/D ratio which is well below
this value as shown in Table 7.1. This suggests modelling flexibility is not required for accurate GNC models
of small-sat launch vehicles. The slosh motion still perturbs the vehicle during flight. It was found that even for
passively stable launch vehicles, the slosh motion destabilises the vehicle when dynamic pressure increases. A
simple PID controller was designed to stabilise this vehicle. The controller was designed using the Matlab PID
tuner block. The gains were tuned using a rigid body model with equivalent mass, inertia and environment to the
non-rigid body model. It was found that a PID controller that is designed using a rigid body model is still able
to stabilise the non-rigid vehicle during flight. It was found that the error of the rigid and non-rigid body model
was equivalent and both negligible for the first 43 seconds of the flight. This is well after the point of maximum
dynamic pressure which occurred at 28 seconds. During the staging event, 2 seconds of microgravity result in a
tumbling slosh mass which destabilises the non-rigid body. Regardless, the rigid body controller was still able to
correct this after second stage ignition. Oscillations occurred in both the rigid and non-rigid body model when a
single set of gains was used. These oscillations occurred earlier in the non-rigid body model. For both models,
the oscillations were removed by introducing gain scheduling. A set of gains was scheduled based on the vehicle
mass. By strongly decreasing the derivative gain at the point of stage separation, the oscillation could be avoided.
This did result in larger errors for the non-rigid body model, meaning more tuning or better control algorithms
might be required to increase the performance.

To summarise, this means that non-rigid body models are not required to keep the SMILE small-sat launch
vehicle stable during ascent. With the L/D ratio of the SMILE launch vehicle, which is comparable to most other
launch vehicles, the flexibility is negligible. Sloshing effects can be accounted for by simple linear controllers
designed completely around rigid body models. The launch vehicle parameters that play an important role are
the length, diameter, mass flow rate and fill ratio. Especially the length over diameter and thrust to weight ratio
plays an important role. From an L/D 20, it is recommended to use non-rigid body models.

7.2. Recommendations for future improvements
In this section, several recommendations regarding this research are given. The recommendations are split into
three sections. Potential Simulink model improvements are given in Section 7.2.1. In Section 7.2.2, recom-
mendations to improve this research are given. Finally, Section 7.2.3 presents the recommendations for future
research.
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7.2.1. Model improvements
Although the model takes into consideration a lot of different effects, some of the assumptions used for this model
require further investigation.

The aerodynamics model is equivalent to that of a rigid body model. In reality, flexibility will likely result
in local angles of attack that are larger than the angle of attack that the vehicle experiences in this model. A
node-wise lift model could improve this model at the cost of more computational time. The required equations
for such a model are presented in Section 2.2. It was found in Section 6.2 that flexibility plays only a small role for
orbital small-sat launch vehicles. It is therefore recommended to only consider this more detailed aerodynamic
model for sounding rockets such as Stratos III.

The propellant viscosity is currently modelled using a propellant slipping factor, as discussed in Chapter 4.
In reality, the contribution of the propellant to the (rotational) inertia of the vehicle is highly dependent on the
propellant viscosity and wall roughness of the propellant tank. One model addition for the propellant tanks could
be to add different viscosity models for often used propellants such as liquid oxygen (LOX) and refined kerosene
(RP-1). Another addition to the propellant tanks could be to refine the slosh rod length calculations. For low
fluid levels, the slosh rod equation converges to infinity. To avoid this, the slosh rod length is set equal to the
fluid height for low fluid levels. However, this still results in zero divisions when the tank is completely emptied.
Saturations, or other models, could be used to model this appropriately. Finally, most of the slosh parameters
change dynamically over time. This includes the slosh mass, inertia and natural frequency. The location of the
attachment point does not change over time. This was chosen since a fixed attachment point allows for easier
finite element analysis. The deflection of the attachment point defines the interaction of the flexibility and the
slosh mass. This means that a moving attachment point would require a more detailed analysis of the deflection
at each mode.

Currently, the controller is assumed to have complete knowledge of its state. In reality, this knowledge is often
limited to a small set of sensors such as GPS and accelerometers. Creating proper sensor (fusion) models would
allow for a more accurate representation of the launch vehicle during flight.

Finally, it is recommended to add stage separation through constraints. Currently, once a stage is separated,
the mass of the stage is set to zero. Effectively this means that that part of the vehicle has staged. However, it
does not allow for tracking of the dropped stage. This might be especially interesting when re-entry profiles are
being considered. One way to achieve this within the model would be to apply a constraint between two rigid
bodies which is removed once a staging event occurs. Although possible in the current configuration, it would
require further extension of the environment model as well to allow for different forces and moments acting on
the vehicle.

7.2.2. Research recommendations
In this research, several assumptions have been made. In chapter 6, the aerodynamic coefficients were assumed to
be constant for different vehicle configurations. This was mainly done since obtaining detailed aerodynamic coef-
ficients was considered to be outside the scope of this research. The effect of changing aerodynamic coefficients
on the slosh-flex-aero interaction was not considered. If the coefficients are available for different configurations,
it is recommended to reassess the sensitivity for all the different configurations.

Another assumption was the constant eigenfrequency for a given vehicle. In reality, the eigenfrequency
changes over time depending on the fill rate of the vehicle. This requires a more detailed finite element analysis.
Although it is assumed that this change in eigenfrequency does not influence the conclusion, it is recommended
to validate this claim further.

Finally, it is recommended to further evaluate the effectiveness of optimal control algorithms such as 𝐻∞.
It is expected that optimal control algorithms can further decrease the control error. It was shown that gain-
scheduled PID controllers showed a significant difference in controller performance between both the rigid and
non-rigid body model during stage separation. If an optimal control algorithm designed around a rigid body can
increase controller performance, it would further validate the claim that non-rigid body models are not required
for small-sat launch vehicles.

7.2.3. Future research
The first recommendation for future researchwould be to determine the effect of non-rigidity on the orbit insertion.
Since the focus would be on orbital launch vehicles, it is recommended to only consider the effect of sloshing in
this analysis. Although it was shown that a rigid body PID controller can stabilise the vehicle, large periods of
microgravity combined with the slosh masses might decrease the orbital insertion accuracy.

Another recommendation would be to optimise the payload capacity of a given launch vehicle by decreasing
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its dry mass and increasing its thrust to weight ratio. One way to achieve this is by decreasing the thickness of
the vehicle walls. The would increase the flexibility of the vehicle. Since the non-rigid body model is available,
this increase in flexibility can potentially be controlled using more sophisticated (non-linear) control algorithms.
It is expected that this would marginally increase the payload capacity of a vehicle.

It was found that flexibility effects become apparent for launch vehicles with length over diameter ratios
above 20. Stratos III, with its ratio of 29.3, was well above this value. No flexibility analysis was performed for
the complete vehicle. All Stratos III simulations assume a rigid body model. For this vehicle, it is recommended
to perform a more detailed analysis of the eigenmodes of the entire vehicle. Limited data was available meaning
significant assumptions were required to determine the mass normalised deflection and eigenfrequency of the
vehicle. The divergence of the angular rates and body acceleration near the anomaly suggests that there are other
effects at play besides sloshing and flexibility. Potentially, this divergence is caused by the deflection of the vehicle,
causing the local angle of attack to change, changing the aerodynamic properties of the vehicle. This effect could
be checked by performing a more detailed modal analysis on the vehicle, using these values to validate this claim.
However, the increase in acceleration compared to the model might suggest that one of the fins sheared off before
the anomaly. This would have decreased the drag, resulting in higher acceleration and quick destabilisation of the
vehicle.

Another effect might be the unstable combustion, causing an effective thrust that is not pointing through the
centre of the vehicle. This could be modelled by applying a random control signal as input to the model, which
gives the engine a random offset in the 𝑌𝐵 and 𝑍𝐵 direction. Multiple runs are required to analyse the effect of
this combustion instability. It is expected that, combined with the slosh mass, this would (further) destabilise the
vehicle.

Stratos III uses no slosh mitigation strategies such as slosh dampers. It was expected that the small diameter of
the vehicle wouldmean that sloshingwould have a limited effect on the vehicle. The sloshmass is calculated based
on the diameter of the vehicle, as well as the fill ratio of the tank. For Stratos III, the slosh mass can be calculated
to be approximately 38 kg for the full tank. In this scenario, the slosh mass at the moment of decreasing thrust
was approximately 15 kg. Since this is approximately 10% of the mass of the entire vehicle, it is not unlikely
that sloshing contributed to the destabilisation of the vehicle. It was shown in Section 6.2 that slosh damping
has no significant influence. It was also shown that the slosh-flex-aero interaction is largely independent of slosh
damping in the linear slosh regime that is considered here. For larger changes in body angles, sloshing can become
more pronounced than modelled in this non-rigid body simulator. Therefore, it is proposed to consider the use of
slosh dampers for future Stratos launch vehicles. In itself, this is expected to have a limited effect. But despite its
small tank diameter, a slosh mass of 30-35 kg will otherwise be free to slosh around, causing a maximum shift
in C.G. of 3 to 3.5 cm. For a peak thrust of 21 kN, this results in an applied moment of 630 Nm around the pitch
and yaw axis.

Finally, it was found in Section 5.3 that the roll control system was not able to stabilise the vehicle in the
scenario of a sudden decrease in acceleration. However, an interesting behaviour was observed when this analysis
was performed. It was found that the bang-bang roll control system was able to successfully stabilise the roll,
pitch and yaw rate. This means that by only controlling one axis of the vehicle, the body becomes significantly
more stable. It is therefore recommended for future Stratos vehicles to include the roll control system if no other
method of active stabilisation can be used. It is recommended to further research this behaviour.
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