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Abstract

Future concepts and key technologies for reusable launch vehicles are currently
investigated by the DLR project AKIRA, focusing on vertical takeoff and hor-
izontal landing (VTHL), as well as horizontal takeoff and horizontal landing
(HTHL) concepts. Dedicated developments of multidisciplinary frameworks for
launch vehicle modeling and preliminary design optimization have been pre-
sented in the relevant literature. These activities are often performed by several
independent and discipline-specific tools; such an approach can only account for
limited interactions of the involved disciplines with the overall system dynamics.

Therefore, the objective of this paper is to focus on a multidisciplinary
launch vehicle dynamics modeling, guidance, and control framework to sup-
port reusable launch vehicle design activities at DLR while taking into account
the highly interconnected disciplines involved and changing environmental con-
ditions. The modeling framework is based on the object-oriented, multidisci-
plinary, and equation-based modeling language MODELICA. Dedicated 3-DOF
and 6-DOF model implementations, covering the kinematics and dynamics for-
mulation, environmental effects, aerodynamics, and propulsion models are pre-
sented.

Within this framework, a method to obtain a direct connection between 3-
DOF and 6-DOF models is shown. This is done by considering results from
the trajectory optimization package ‘trajOpt’ in combination with nonlinear 6-
DOF inverse models obtained automatically by MODELICA. Angular rates and
resulting moments can be retrieved by this intermediate 6-DOF modeling ap-
proach for subsequent controllability studies. We discuss some of these benefits
in terms of nonlinear flight control simulations for an HTHL reusable launch
vehicle concept.
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1. Introduction

Future launch vehicle concepts and technologies for expendable and reusable
launch vehicles are currently investigated by the DLR research project AKIRA,
focusing on vertical takeoff and horizontal landing (VTHL), as well as horizontal
takeoff and horizontal landing (HTHL) launch vehicle concepts [I1 2} [3] [4, [5].

Within this context, preliminary design studies have to be performed, where
the overall launch vehicle system dynamics have to be investigated using a multi-
body approach for subsequent controllability and trimmability studies. The
multibody modeling of reusable launch vehicles can be a challenging task due to
multiple disciplines involved in the modeling and simulation process, such as en-
vironment, aerodynamics, propulsion, structural dynamics, separation dynam-
ics, and Guidance, Navigation and Control (GNC). Depending on the launch
vehicle design and its mission requirements, the launch vehicle configuration can
experience significant changes in its system structure and parameter database
which have to be accounted for within a modeling framework.

Dedicated developments of multidisciplinary frameworks for launch vehicle
modeling and preliminary design optimization have been presented for instance
in [6}[7, 8 (9] 10 [IT]. Moreover, it is common that each discipline-specific analysis
requires different types of models with appropriate level of detail and that these
activities are often performed by several independent, discipline-specific tools.
Depending on such an approach, the consistency between adequate models for
each simulation workflow can be difficult to ensure and only a limited amount
of interaction of the involved disciplines with the overall system dynamics can
be accounted for.

For this purpose, a multidisciplinary launch vehicle dynamics modeling,
guidance, and control framework has been developed at the German Aerospace
Center (DLR), Institute of System Dynamics and Control in support of the
above mentioned reusable launch vehicle design activities. We do this by taking
into account highly interconnected disciplines, changing environmental condi-
tions and the variable structure of the system due to time- and state-dependent
separation events or engine cutoffs [12] [13] 14, [T5], [16].

Dedicated three and six degrees of freedom (DOF) models for specific anal-
yses are presented based on the object-oriented, equation-based and acausal
modeling language MODELICA, including the kinematics and dynamics formu-
lation, environmental effects, aerodynamics, and propulsion dynamics. These
models support different levels of detail and can then be used consistently for
multi-objective and multi-phase trajectory optimization with Functional Mock-
up Units (FMU) [15] 7], for system dynamics analyses using nonlinear inverse
models [I8] [19], and for G&C design based on Nonlinear Dynamic Inversion
(NDI) [20, 21, 22, 23].



A brief overview on the main modeling methods is given in Section [2] This
includes an introduction into the modeling language MODELICA, the implemen-
tation of the multibody dynamics, and an overview on the nonlinear inverse
modeling supported by MODELICA. In Section [3] the launch vehicle model-
ing framework including the implementation of multidisciplinary components is
introduced. The consistent implementation of these components for different
applications, such as trajectory optimization and nonlinear inverse modeling,
is described in Section @] Some of the capabilities of the modeling framework
are demonstrated and discussed in Section [f] for a delta-winged reusable launch
vehicle concept. The main benefits of the modeling framework are summarized
in Section [Gl

2. Methods

The launch vehicle dynamics modeling, guidance, and control framework is
based on the modeling language MODELICA [I5], 23]. This modeling language
and its advantages in comparison to other modeling tools will be introduced in
the following sections. In particular, the modeling of multibody systems, as well
as the nonlinear inverse modeling approach will be presented.

2.1. MODELICA

The object-oriented modeling language MODELICA, introduced in [24} [25] [26]
277, 28], is well suited to model complex physical systems containing, e.g., me-
chanical, electrical, thermal, control, or process-oriented subsystems and com-
ponents from multiple physical domains.

Complex physical system models are described in MODELICA using differen-
tial, algebraic, and discrete equations which are mapped into hybrid Differential
Algebraic Equations (DAE). A DAE system in its implicit form can be expressed
as:

F (@(t), z(t), u(t), y(t), ¢, t) =0, (1)

where & contains the state derivatives, & the state variables, u the input vari-
ables, y the pure algebraic variables, ( the parameters and constants, and ¢
the time variable [27) 29]. The dimension of such a DAE system is dim(F) =
dim(x) + dim(y), where the derivatives of the algebraic variables don’t ap-
pear in the governing system of equations. These DAE systems of higher index
are reduced to lower index using the Pantelides algorithm which identifies the
equations to be differentiated and then solved directly by a DAE solver like
the differential and algebraic system solver DASSL included in the MODELICA-
based simulation environment DyMOLA [30]. Alternatively, the system can be
mapped to an explicit Ordinary Differential Equation (ODE) form by reorder-
ing the derivatives and algebraic variables, and then solved numerically by a
dedicated ODE solver.

MODELICA is a declarative language, meaning that declarations are given
through equations in contrast to imperative languages, in which statements
and algorithms are assigned in explicit steps [I3] [15] 23], 27]. These declarations



usually describe the model’s first principles without explicit indication on how to
compute them. Therefore, MODELICA is an equation-based modeling language
which enables a better reuse of classes since equations do not specify a certain
data flow direction (acausal) in contrast to assignment statements (causal)
which only allow for a unidirectional data flow. This modeling capability is one
of the most important features of the chosen modeling language.

MODELICA has multi-domain modeling capability, meaning that model
components corresponding to physical objects from several different domains
can be described and connected to each other. The interaction between compo-
nents is defined by means of physical ports, called connectors, and the intercon-
nection is given according to their physical meaning. This physical meaning is
typically represented by flow variables, which describe quantities whose values
add up to zero in a node connection (Kirchhoff’s first rule), and by non-flow (or
potential) variables, which in contrast remain equal (Kirchhoff’s second rule).
For instance, in connectors of electrical components, a current is defined as a
flow variable, whereas a voltage is described by a non-flow variable according
to Kirchhoff’s circuit laws [27]. This modeling approach can also be applied
to multibody connectors in terms of position, orientation, cut-forces, and cut-
torques as explained in [I5].

Most important for the generation of a modeling framework is, that MoD-
ELICA is designed to be an object-oriented language. This helps to model
complex systems and their physical meaning within an object-oriented structure,
facilitating the modularization and reuse of component models and the evolution
of the structure itself. Object-orientation is primarily used as a structuring
concept which exploits the declarative feature of the language, the adaptiveness
of models to changes within the framework structure, as well as the reusability
of models in a modular fashion. Thus, the language is ideally suited as an
architectural description language for complex physical systems.

The Modelica Association provides the Modelica Standard Library (MSL)
containing multi-physical models including multibody components which can
be used as base components for individual modeling frameworks [29].

2.2. Multibody Modeling

Typically, a multibody system is described by a collection of so-called bodies
and their interactions. Generic body components, as defined in the Modelica
Standard Library, are represented by their physical properties such as constant
mass and moments of inertia, as well as some geometric quantities like position
of center of mass, shape, and density, for instance.

The translational and rotational dynamics of each body are described de-
pending on the physical nature of the system and their components. For rigid
body models, the Newton-Fuler equations of motion with respect to the body
fixed coordinate system (B) are implemented by default:
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Figure 1: Schematic Representation of Frames in MODELICA.

where F' is the external force vector resolved in the body fixed coordinate sys-
tem, m is the constant mass, ap the translational acceleration, M the external
moment vector, Ip the constant inertia matrix with respect to the center of
mass of the body, w the angular velocity and a the angular acceleration vector,
respectively. It is important to notice, that the Equation is based on a point
mass which coincides with the center of mass of the multibody, such that any
terms related to a certain mass distribution with a distance from the center of
mass are set to zero.

In MODELICA, the physical coupling between multibody components is de-
scribed by rigid connections between bodies, defined by frames and joints. A
frame connector is assigned to each multibody and contains information about
its resulting cut-force f and cut-torque t as flow variables, as well as its posi-
tion g and orientation R defined by a transformation matrix together with the
corresponding angular velocity vector as non-flow variables [29], respectively.
These variables are defined with respect to the global (world) coordinate sys-
tem given in Cartesian coordinates as shown in Figure [I] and can be resolved in
problem-specific coordinate systems for better usability or numerical efficiency.
Joints are used to model motion constraints between multibody frames, where
specific elements can be implemented to describe physical connections via auto-
matic computation of joint loads, or to describe stage separation dynamics where
some or all constraints are released, for instance. These aspects are discussed
in more detail in [12], 13} [16].

2.8. Nonlinear Inverse Modeling

Forces and torques that are applied directly to a rigid body using the frame
connector result in a change of its kinematic states. These kinematic states
can be obtained as outputs of the overall system dynamics by dedicated mea-
surements. In MODELICA, such a nonlinear direct model can be transformed
automatically into a nonlinear inverse model by simply exchanging the meaning
of the input and output variables given in Equation [I| as shown in Figure [2| and
under some assumptions, described in detail below.

In the direct multibody modeling approach, a torque 7 is applied to the
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Figure 2: Schematic Overview of Direct and Inverse Models.

multibody frame in order to exert a rotation with respect to the center of mass.
The kinematic states including the attitude o and the angular velocity w of the
system are then calculated by solving the corresponding DAE. However, if we
are interested in the torque required for a given reference angular velocity wr.y,
the nonlinear inverse modeling approach can be used. For that, the reference
angular velocity w,.s has to be provided as an input to the system and the
required or resulting torque T,s is then internally derived automatically from
the inverse multibody model.

Nonlinear inverse modeling can only be performed under certain assump-
tions. First of all, the direct multibody model itself must be invertible. Time
delays and hard nonlinearities such as backlash, friction, or hysteresis may ren-
der a direct multibody model non-invertible, and these must be approximated
or avoided for inverse modeling [I8] [19]. Moreover, an inverse model must be
a unique solution and it must be stable. Furthermore, the inverse model has
to be continuously differentiable up to the necessary order of differentiation. If
the inverse model is non-differentiable, for example due to externally provided
tabular data, the required derivatives have to be provided either manually, ap-
proximated, or obtained analytically instead of using MODELICA’s automatic
symbolic differentiation [19]. Additionally, high-order filters can be used to
smooth the inputs and to obtain the required derivatives provided by the filter
states as described in [18].

Nonlinear inverse models have been applied for model-based control of in-
dustrial robots, aircraft, and satellites, where the flexible multibody dynamics
are also considered [I8| 19]. In this paper, nonlinear inverse models are used
in the context of launch vehicle preliminary design studies and in terms of ob-
taining the required moments to follow a given reference trajectory. This step
helps to evaluate the capabilities of the launch vehicle in terms of controllability,
actuator sizing, and AV budgeting (e.g. for Reaction Control Systems).

3. Modeling

When modeling expendable or reusable launch vehicles, several disciplines,
design, and mission aspects must be considered. Furthermore, launch vehicles
operate under changing atmospheric conditions for altitudes ranging from the
planet’s surface up to its exosphere. These modeling aspects must be covered
by a consistent and highly accurate definition of environmental conditions.



In addition to environmental conditions, the launch vehicle design can have
major influence on the modeling approach. For instance, stability and control
aspects depend significantly on the chosen structural design. Typically, for
conventional launch vehicles the control elements are limited to Thrust Vector
Control (TVC) and Reaction Control Systems (RCS), whereas for winged launch
vehicle systems aerodynamic control surfaces have to be also included into the
modeling framework.

Based on requirements and constraints of the performed studies, like tra-
jectory optimization, controllability studies, as well as G&C design, the launch
vehicle modeling framework presented schematically for a 3-DOF model in Fig-
ure 3(a)| and a 6-DOF model in Figure has been developed using MoOD-
ELICA. The following modularized, replaceable, extendable and object-oriented
components shown in Figure [3] are used:

e world: The world component provides the global coordinate system and
functions to calculate the gravity acceleration of a body for a given inertial
position.

e geosphere: Within this component atmospheric parameters depending
on the chosen atmosphere models for a given inertial position can be de-
termined.

e current: In this component, wind forces are calculated with respect to
the body frame based on wind profiles depending on the altitude of the
body as well as atmospheric parameters.

e stage: The stage component is used for the calculation of the main stage
dynamics due to gravity acceleration as provided by the world component.
Whenever necessary, variable mass dynamics are considered by launcher-
specific variable mass models as described by Eke [31].

e kinematics: Kinematic variables, states and transformation matrices are
calculated in the kinematics component. This includes the definition of
frames for any attached components, such as aerodynamics or engines.

e aerodynamics: This component provides aerodynamic forces and mo-
ments with respect to the kinematic, stability or body fixed frame of the
launch vehicle system.

e engines: Within this component, thrust forces are calculated and applied
to the body frame with respect to its orientation or at a derived coordinate
system for TVC.

e userPar: This component provides a parameter interface for consistent
3-DOF and extended 6-DOF model parameters. For instance, multi-
dimensional tabular datasets for the interpolation of aerodynamic coef-
ficients can be implemented additionally.
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(b) Schematic Representation of a 6-DOF Model.
Figure 3: Overview of 3-DOF and 6-DOF Launch Vehicle Models.
e userOutput: This component provides launch vehicle specific parame-

ters, which can be obtained by measurements and used as outputs for
attached tools, like the trajectory optimization package ‘trajOpt’.



Except for the environment components world and geosphere, and the pa-
rameter datasets userPar and userOutput, all model components are connected
with each other through ‘acausal’ physical frames, providing the position and
orientation of the frame, as well as distinctive cut-forces and cut-torques acting
on the particular frame of each model component.

Furthermore, all model components are declared as replaceable models us-
ing MODELICA’s object-oriented architecture and can be substituted by lower
or higher fidelity model versions according to the related application, particular
requirements, and available data. In that sense, the 3-DOF kinematics compo-
nent required in Figure can be replaced by a 6-DOF kinematics component
shown in Figure which uses rotational flight dynamics states in addition
to the translational states already covered in the 3-DOF kinematics component,
and therefore, leads to the consideration of moments in the governing equations
of motion. For instance, while the aerodynamics component in Figure |3(a)
provides only 3-DOF related aerodynamic forces, its counterpart in Figure [3(b)
additionally provides aerodynamic forces and moments by multi-dimensional ta-
ble interpolation. The high fidelity aerodynamics component takes into account
the influence of the aerodynamic control surface deflections § while maintain-
ing consistency in the flight dynamics formulation compared to its low fidelity
alternative. This is possible because all models supporting several levels of de-
tail guarantee the same interface structure, identical parameter definitions, and
discipline-specific equations. Consequently, they can be replaced by correspond-
ing models with different level of detail, assuming the main interface structure
remains unchanged during the transition.

As shown in Figure [3] the connection interfaces between the frames of each
model component remain unchanged for the 3-DOF and the 6-DOF cases. Only
external inputs, such as aerodynamic angles {u,«, 8} or torques 7 and aero-
dynamic control surface deflections &, maintain a different connection with the
corresponding model components. If other vehicle- or analysis-specific inputs are
necessary, these can be extended accordingly. This leads to a highly modular,
numerically accurate, flexible, and most importantly consistent model behavior.

3.1. Environment

All components related to environmental conditions such as world, geosphere
and current are derived from the DLR Environment Library [14] and are defined
as replaceable models.

As described in [I5], the global and inertial coordinate system Farth Cen-
tered Inertial (ECI) denoted with I and the rotating Earth Centered Farth Fized
(ECEF) coordinate system denoted with F are provided by the world compo-
nent. The ECEF coordinate system is derived from the ECI coordinate system
by using the Earth’s angular velocity wg, and the Julian Date to determine the
Earth’s current rotation angle ap at a certain initialization time.

The DLR Environment Library allows for the modeling of spherical or ellip-
soidal planet shapes. Depending on the chosen planet shape, the position vector
of the launch vehicle with respect to the center of the global coordinate system



ECI can be significantly different for latitude, longitude and altitude formula-
tions. These changes have to be considered not only in the calculation of the
kinematic states of a launch vehicle, but also for the calculation of the gravity
acceleration vector, the altitude-dependent atmospheric parameters, and most
importantly, for the calculation of the orientation of the launch vehicle itself.

For example, if the planet is modeled as an ellipsoid, the altitude above the
surface is determined by transforming the inertial position of the launch vehicle
to its geodetic latitude A*, longitude ¢, and geodetic altitude h* representation,
using the following equation as defined by the World Geodetic System 1984
(WGS’84) [32]:

(N + h*) cos \* cos ¢
rE = (N +h*) cosA*sing | . (3)
(N(1+e?) +h*) sin \*

In this case, the reference position 7, of the launch vehicle with respect to the
ECEF coordinate system is calculated, where N represents the prime vertical
radius of curvature and e the eccentricity of the planet’s ellipse. Additionally,
a more accurate altitude formulation considering the geoid undulation of the
Earth based on the EGM geoid can be used. On the other hand, if the planet
is assumed to be spherical, the following equation is used:

(Rg + h)cos Acos ¢
rg=| (Rg+h)cosAsing |, (4)
(Rg + h)sin A

where Rp is the Earth’s mean radius as defined in WGS’84, h the geocentric
altitude and A the geocentric latitude.

Depending on the required accuracy, the gravity acceleration can be calcu-
lated assuming either a point gravity formulation, or applying more accurate
gravity models such as the GPS-based gravitational models given in the down-
direction of the North-FEast-Down coordinate system or the Farth Gravitational
Model 1996 (EGM96). However, it is important to use the appropriate defini-
tion of geodetic and geocentric parameters for the computation of the gravity
acceleration vector to avoid significant deviations between trajectories [33].

For the calculation of atmospheric parameters, the geosphere component
provides several planet-dependent atmospheric models, like the International
Standard Atmosphere (ISA) or the NRL-MSISE-00 model based on experimen-
tal data. The geosphere model supplies (amongst others) the absolute pressure
p, absolute temperature 7', atmospheric density p and the corresponding speed
of sound a from which the Mach number of the launch vehicle can be extracted
using the current relative velocity of the vehicle.

The global wind vector as provided by the geosphere component, is computed
by using a logarithmic boundary layer approach based on the current inertial
position of each vehicle. Alternatively, the global wind vector can be substituted
with vehicle-specific local wind profiles provided by the current component.
The wind velocity calculated in this component is based on the North-FEast-
Down coordinate system and resolved in the vehicle’s body fixed coordinate
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Figure 4: Overview of Flight Coordinate Systems.

system. The wind effects as described in [14] are especially important for 6-DOF
launch vehicle models, since they are used for the calculation of the effective
aerodynamic angles as well as the wind force W provided by the equation:

1
W = §p5rcf1]12/Va (5)

where p is the atmospheric density provided by the geosphere component, Sy.¢
is the aerodynamic reference area and vy is the wind velocity vector resolved in
the body fixed coordinate system. Furthermore, the current component consid-
ers turbulence models such as the Dryden Wind Turbulence Model [34], accurate
wind data based on experiments or common wind profiles superposed with white
noise.

3.2. Kinematics & Transformations

Kinematic dependencies between flight coordinate systems used for launch
vehicles are schematically shown in Figure ] In general, the launch vehicle
modeling framework has to provide functions and methods to represent the
basic dependencies between these coordinate systems, especially with respect to
the definition of appropriate model states.

The North-FEast-Down coordinate system, denoted as IV, can be derived from
the inertial coordinate system ECI by using the Earth’s rotation angle ap and
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appropriate geodetic or geocentric latitude, longitude, and altitude formulation,
as described by the transformation matrices Tg; and Ty g:

[ cosag sinag 0
Ter = —sinag cosag 0 |, (6a)
i 0 0 1
[ —sinAcos¢ —sinAsing cos A
Tne = —sing oS ¢ 0 |. (6b)
—CcOoSACoS¢p —cosAsing —sinA

From this local horizontal and body centered coordinate system, the kinematic
coordinate system, denoted as K, can be calculated using the flight path angle
~ and the flight path azimuth angle x in correlation with the relative velocity
V' of the launch vehicle by using the transformation matrix Tk y:

cosycosx cosysiny —sinvy
Ty = —siny cos x 0 |. (7)
sin-ycosy sin-ysiny cos 7y

In the next step, the launch vehicle is rotated around its longitudinal axis
using the aerodynamic bank angle p. This new coordinate system is known as
the intermediate kinematic coordinate system and denoted as K. Subsequently,
the transformation into the body fixed coordinate system B can be performed
using the aerodynamic angle of attack o and the aerodynamic sideslip angle .
The corresponding transformation matrices are given as:

1 0 0

Tzr=1 0 cosp  sinp |, (8a)
0 —sinpg cosp
cosacosfS —cosasinfS —sina

Tsr = sin 3 cos 3 0 1. (8b)
sinacos S  —sinasin g cos «

For general 3-DOF models, these transformation matrices are sufficient for
defining the overall launch vehicle orientation. The flight path parameters are
directly derived from the velocity vector and describe the relationship between
the North-Fast-Down coordinate system and the kinematic coordinate system.
The aerodynamic angles {u, a, } are retrieved directly from the trajectory op-
timization results, where they are defined as the control inputs of the launch
vehicle system. For instance, the thrust direction can then be defined with
respect to the body fixed coordinate system.

The orientation of the launch vehicle with respect to the North-East-Down
coordinate system can then be calculated using the Fuler angle formulation as
defined by the body rotation angles ¥ (yaw), © (pitch) and ® (roll) as defined

12



in [35]:

cos ¥ cos ©
Ten[,1]=| —cos®sinV¥ +sinPcosPsin® |, (9a)
sin ® sin ¥ + cos ® cos ¥ sin ©

sin ¥ cos ©
Tsn[;,2] = cosWcos®P +sin®sinUsin® |, (9b)
—cosV¥sin® + cos @ sin ¥ sin ©

—sin©
Tsn[:,3]=| sin®cosO |. (9¢)
cos ® cos ©

Aerodynamic forces within 6-DOF models are typically applied with respect
to the so-called stability frame defined by the rotation from the body fixed coor-
dinate system using the effective angle of attack a*. The effective angle of attack
differs from the control inputs given by 3-DOF based trajectory optimization
by also considering the influence of the wind velocity vector. This influence on
the overall calculation of the aerodynamic angles is covered by subtracting the
wind velocity vector vy present at the vehicle’s current location resolved in the
body fixed coordinate system from the vehicle’s relative velocity vector vg:

Vgir = VB — VW, (10)

and by using the effective velocity vector v,;;,, the effective aerodynamic angles
can be calculated as [36}, B7]:

o = arctan (M), (11a)
Vair,1
B* = arcsin (M>7 (11b)

air
with Vi = |vair| being the effective relative speed of the launch vehicle. Finally,
by using the effective aerodynamic angles o* and 8*, the wind coordinate system
based on the effective velocity vector v,;, can be determined.

3.3. State Selection

In MODELICA, state variables are derived from equations describing the sys-
tem states as discussed in [38]. These state variables have to be differentiable
at least once within the given model equations. Typically, the selection of
state variables for multibody systems is done automatically by DyMOLA. For
instance, the absolute position and velocity vectors are used as translational
states, while the absolute angles and angular velocities with respect to the in-
ertial coordinate system are typically used as rotational states.

However, in order to improve accuracy and user-friendliness of the model,
these states can be reformulated to enable the calculation of states with respect
to dedicated flight coordinate systems. The DLR Environment Library [14]
provides modularized drag & drop models to enable individual state selection
depending on the specific task.

13



3.3.1. Translational States

For a generic point mass model, these transformations and associated coor-
dinate systems can be derived as follows. We begin with the definition of the
position of the launch vehicle with respect to the inertial frame of the planet.
Considering the transformation matrix Ty, we transform the inertial position
r1 of the launch vehicle into its reference position rg or r},, respectively. Con-
sequently, the kinematic position states with respect to the ECEF frame can be
denoted as (shown here for the geocentric case):

rg = qb . (12>
h G

Denoting V as the relative velocity of the launch vehicle, x as the flight path
azimuth angle and ~ as the flight path angle; we may consider the definition of
the following velocity state vectors:

\%
Vi = v . (13)
X 1k

However, for the translational state definition, the launch vehicle modeling
framework uses the relative velocity vy of the point mass resolved in the North-
East-Down coordinate system instead of velocity state vector defined by flight
path parameters vg. The velocity state vector vy is given as:

Unorth
UN = Veast . ( 14)
Vdown N

This approach results from the constraint that conventional launch vehicles
take off vertically. For vertical takeoff and/or landing, the flight path state
definition vk is singular, since the flight path angle points 90° upwards with re-
spect to the North-Fast-Down coordinate system at a relative velocity of 0 m/s.
Using these initialization parameters, the flight path azimuth angle y remains
undefined until the start of the pitch over maneuver of the launch vehicle. More
importantly, state variables have to be differentiable. The declaration of the
vector vk as states could lead to a potential division by zero in the derivatives.

Therefore, the launch vehicle modeling framework uses the relative veloc-
ity vector of the point mass with respect to the coordinate system ECEF and
transforms it into a velocity vector vy. Using this method, the singularity con-
dition at initialization of vertical takeoff launch vehicles can be avoided and a
user-friendly and easily understandable velocity representation is obtained. The
flight path parameters can then be algorithmically calculated using vy .

For a 3-DOF point mass model of a launch vehicle, we consider only the
translational degrees of freedom. Since multibody models within MODELICA as
used in the stage component are represented by 6-DOF models with transla-
tional and rotational degrees of freedom by default, the rotational degrees of
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freedom — in particular prescribed by the orientation object R — have to be con-
strained such that only translational degrees of freedom appear in the equations
of motion. For this purpose, the kinematics component as shown in Figure
uses state constraint models provided by the DLR Environment Library, which
allow for automatic reduction of 6-DOF to 3-DOF models, where the rotational
degrees of freedom are removed by constraining the corresponding equations.
This is accomplished by explicitly setting the angular velocity of the original
6-DOF model to zero and creating new unknown variables defined by a default
orientation parameterization. The model interrupts the usual flow of the calcu-
lation — conceptually a double integration, first from torques to rates and then
to attitude angles, as described in [I4]. As a result, external forces acting on the
modified 3-DOF point mass model are imposed immediately to the body dy-
namics without considering the influence of rotational variables and parameters
(e.g. moments of inertia) in the resulting equations of motion.

3.3.2. Rotational States

In addition to the previously shown translational states, rotational states
can be defined by models provided in the DLR Environment Library. For the
attitude states o, we use Fuler angles. Basically, we obtain the kinematic
states by application of a chain of transformations from the North-East-Down
coordinate system to the body fixed coordinate system:

d
op = © . (].5)

volg

Obviously, in the 6-DOF case, special care has to be taken in terms of singu-
larities occurring at © = 90°, which cannot be avoided in the same way as
described for the flight path parameters. For this reason, the quaternion ap-
proach can be preferable if the numerical integration can be guaranteed to be
accurate using higher-order integration methods. The relationship between the
attitude kinematics and the quaternion formulation is described in [35]:

P S v BN SN C I
cos5(3055(3055+sm5sm551n§
sin 2 cos € cos L — cos 2 sin & sin
— 4 2 2 2 2 2 2 (16)
1= cos 2sin € cos L + sin L cos L sin ¥ ’
2 2 2 2 2 2
< Ocin¥ _ gin 24in © v
COS 5 COS 5 Sin 5 — sin 5 sin 5 cos 5

where ¢ = [qo, ¢z, 4y, ¢-]7 is the Euler-Rodrigues quaternion, relating its four

elements to the Fuler angles, and which requires the quaternion g to be a unit
quaternion as defined by

BHe+a+e¢=1 (17)
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Using the quaternion q as rotational states, the singularity can be avoided and
the Fuler angles can then be retrieved algorithmically as described in [35] by

atan2 (2(goqx + 4y9-), (65 + 42 — 43q;))
op = arcsin (Q(qoqy — qqu)) . (18)
atan2 (2(qoq= + ¢=qy), (68 + 45 — ¢242))

Since the reusable launch vehicle presented in Section [f] is mainly analyzed
in design regimes where the Fuler angles are not expected to be singular, the
quaternion modeling approach can be avoided and is therefore out of scope of
this paper.

Complementing the attitude states, the angular velocity state vector is de-
fined using the angular rates wp resolved in the body fixed coordinate system
(B):

p
wp=| ¢ . (19)

LA 1

The kinematic relationship between the angular velocity vector wp and the
FEuler angle rates is automatically derived using the kinematic equations defined
in [35], 39):

P 0 0
wp=| 0 | +Ts O |+Ts| ©
0 0 W
! 0 —sin® P
=] 0 cos® sind®cosO e |, (20)
| 0 —sin® cosPcos®© I

where Ty is the rotation matrix by the angle ® around the z-axis, and Tg is
the rotation matrix around the y-axis using the angle ©.

Alternatively, the reference angular velocity wpg can be obtained by resolv-
ing the derivatives of the aerodynamic angles and flight path parameters with
respect to the body fixed coordinate system, following [22] for a flat Earth ap-
proach:

cosacosfS 0 sin o [
wp = sinfg 1 0 16"
sinacosS 0 —cosa B
—x sinvy
+TprTrk gl (21)
X COS Y

In particular, the launch vehicle modeling framework can additionally consider
the influence of a rotating spherical or ellipsoidal planet. The cross-couplings
between translational and rotational degrees of freedom are contained in the
derivatives of the flight path parameters.
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3.4. Dynamics

For modeling of variable mass systems, the standard Newton-Fuler equations
of motion are augmented with additional terms related to and described by
Kane’s equations as obtained in [31], 40]. Assuming that the particle movement
and whirling motion within the body are neglected and that the mass distri-
bution as well as mass loss is axis-symmetric, the forces and moments can be
extended as follows:

mag = F + Foo + Fr, (22&)
Tw+wxITw=M+ Mci1+ Mcs. (22b)

In these equations, the force Fgo is referred to as the Coriolis force of the
particles and Fr represents the thrust vector which is calculated using the rate
at which the relative linear momentum is lost across the boundary of the body.
Thus, the simplified thrust vector Fr is defined by the propellant mass flow rate
which is the derivative of the time-dependent mass m:

dm
Fr = *E’Ur ) (23)
with v, being the relative velocity vector. Additionally, M¢o is related to jet
damping as part of the Coriolis Effect and M; contains the contribution of

the time-dependent inertia matrix Iz defined in:
Mo = ——F—w. (24)

If the mass of the system remains constant, the variable mass dynamics are ne-
glected. Consequently, the additional forces and moments above are set to zero,
and the Newton-Fuler equations of motion for a rigid body are recovered. In
general, depending on the nature of the propulsion system and its corresponding
burn profiles, these terms can be further simplified and implemented in closed
form as described in [I3] 19} [31].

Regarding 3-DOF point mass models used for trajectory optimization, for
instance, it can be sufficient to model variable mass systems based on the mass
derivative as provided by the launch vehicle propulsion components’ specifi-
cations [I5]. In terms of 6-DOF models, the full influence of variable mass
dynamics can be considered.

3.4.1. Translational Dynamics

For translational dynamics, the external forces consist of the gravity vector
F¢ applied to the bodies’ center of mass, the aerodynamic forces F4 containing
drag D, side force Y, and lift L, and the thrust Frp:

F=Fz+ Fs+ Fr. (25)

More explicitly, the forces resolved in the indicated coordinate systems are de-
fined as:

myy -D T
FG = mgy 5 FA = Y 5 FT = O N (26)
mg. | v —L s 0 B
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where g = (92, gy, g-]T is the gravity acceleration vector provided by the world
component. The gravity acceleration vector is defined by the gravity models de-
scribed in Section[3.1] If the gravity acceleration is assumed to point downwards
with respect to the North-Fast-Down coordinate system, then the elements in
x and y direction are set to zero (see [15] [33]).

Equation shows the simplified equations of motion for the translational
dynamics of a 3-DOF point mass defined for the derivatives of the flight path
parameters without considering the effect of side forces and aerodynamic sideslip
angle [4T] :

V =—[Tcosa— D — Gsinn], (27a)
m

. 1 :

i = W[(TsmonrL) cos it — G eos ], (27b)

X = ﬁwsv [(Tsina + L)sin p]. (27¢)

8.4.2. Rotational Dynamics

For rotational dynamics, we consider the aerodynamic moments M 4 applied
to the bodies’ center of mass as external moments including the roll moment I,
the pitch moment m, the yaw moment n, and additional moments M provided
for example by the Reaction Control System. These generic additional moments
are applied directly to the bodies’ center of mass. Obviously, if the thrust vector
is not aligned with the z-axis of the body fixed coordinate system (B), then the
external moments also consider a thrust moment My which corresponds to the
cross product of the thrust force with its lever arm.

M =My + Mg + My (28)

Consequently, the simplified rotational equations of motion are given by an
extended version of [39] without considering the Coriolis Effect, as mentioned

in Section [3.4}

_Iwwlzz + Iny:vz - IzzIa:z)pq + (Iyylzz - Igz - Iz;)qr""
l+MC,z)Izz - (n+MC,z) Ia:za (293‘)

(

(

(
dyg =(m+ Mcy) — Lyq+ (I, — Lo)pr + (p* — %) L., (29h)
dyi =(I

(

(

n+MC,z)Iz:c - (l+MC,z)Izza (29C)
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with Ip being the inertia matrix with respect to the body fixed coordinate
system assuming that I, = I,, = 0 and I, = L;:

Ig=| 0 I, 0 |, (30)
IZZD O IZZ

and the coefficients of the determinant of the inertia matrix defined as:

dm = ImrIzz - 1327 (31&)

8.4.8. Aerodynamics

The aerodynamic forces and moments acting on a launch vehicle during flight
are considered as external forces and moments, which are calculated using the
following equations [36]:

-D 1 —CD
FA = Y = fpVQSTef Cy 5 (32)
cL
and
l 1 lrepci
M,y = m = §pV25Tef brefcm . (33)
n lrefcn

Here, p is the atmospheric density provided by the geosphere component, V'
the relative velocity of the vehicle, S,.; the aerodynamic reference area, l,.f
the aerodynamic reference length, and b,y the aerodynamic reference width or
chord length. If wind effects are considered, the relative velocity is substituted
by the effective relative velocity.

The aerodynamic coefficients denoted by c(.y can be calculated based on
either multi-dimensional look-up tables or approximate analytical expressions.
The aerodynamic coefficients used for the studies presented in this paper were
provided by the Space Launcher System Analysis (SART) department of DLR
Institute of Space Systems (DLR-RY) using internal tools such as Cac [42] and
HoTsoSE [43], which share similarities to the tool DATCOM as described in [44].
These coefficients are obtained for the overall launch vehicle operating regime
depending on the current Mach number, aerodynamic angle of attack o and the
aerodynamic control surface deflections é:

da
o= o |, (34)

where J, is the aileron deflection angle, . the elevator deflection angle, and 4,
the rudder deflection angle.
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Usually, the full aerodynamic coefficient matrix covering all dependencies
between the aerodynamic angles, angular velocities and aerodynamic control
surface deflections should be provided for accurate 6-DOF analyses. However,
in preliminary design studies, this is not possible due to limitations of the tools
used or simplifying assumptions, so that the available coefficients in this paper
reduce to:

cD CD,a T ¢Ds, T CDs. +CDs,
cy Cy,s,
cn = cL _ CL.a tCLs, TCLs5, ’ (35)
Cl Cl,5,
Cm Cm,a + Cm,é, + Cm,5,
Cn Cn,s,

where the coefficients cp q,cr,q, and ¢, o are given for the whole launch ve-
hicle and depend solely on the angle of attack  and the Mach number. The
other coefficients depend on the angle of attack «, the Mach number, and the
corresponding aerodynamic control surface deflection angles.

For the winged reusable launch vehicle in Section [5lonly two types of acrody-
namic control surfaces are considered: wing flaps for pitch and roll control with
a limited deflection angle range and winglet-type fins for yaw control. Within
the launch vehicle modeling framework, the direction of these deflection angles
are designed using common sign conventions.

Since the wing flaps are considered as ailerons and elevators simultaneously,
the corresponding deflections have to be superimposed. Thus, two additional
parameters are defined, representing the resulting deflections at the left flap .
and the right flap d¢p:

0f, = 0 + 0a s (36a)
Sfp =0 — 04 . (36D)

For each flap position the total aerodynamic coefficients can be retrieved sepa-
rately so that the superimposed aerodynamic coefficients can be defined using

their average values:
1

L = 5( L,(SfL +CL,5fR) ) (37)

where the coefficients cy, s L and cr, s g are interpolated using multi-dimensional
tables considering angle of attack, Mach number and the corresponding deflec-
tion angles.

The roll moment coefficient depending on the aileron deflection angles has to
be calculated using the resulting lift coefficients for each flap deflection because
they cannot be obtained directly by the available preliminary design aerody-
namic tools. Since lift coefficients are defined with respect to the aerodynamic
reference length of the vehicle, the resulting roll moment coefficient has to be
divided by the aerodynamic reference length /,.; and multiplied with its aero-
dynamic reference width b,.; defined by the distance from the center of the
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Figure 5: Intermediate 6-DOF Modeling Approach with Nonlinear Inverse Models.

vehicle to the position of the flaps. The resulting equation is:

_ 1 bref

= §ﬁ((CL,5fL —crs,) + (CLspn —CLs.))- (38)

Cl,6,
The aerodynamic forces are applied with respect to the stability coordinate
system at the center of pressure. The aerodynamic moments are applied at the
center of gravity of the body with respect to the body fixed coordinate system.

4. Implementation

This section presents the launch vehicle modeling and simulation frame-
work, including trajectory optimization and an intermediate 6-DOF modeling
approach with nonlinear inverse models for preliminary design studies of ex-
pendable and reusable launch vehicles.

4.1. Trajectory Optimization

The 3-DOF launch vehicle model shown in Figure can be translated
into a so-called Functional Mock-up Unit (FMU), which can then be imported
into DLR-SR’s Trajectory Optimization Package ‘trajOpt’ [15] [I'7, [45] 46]).

As results of the trajectory optimization, the translational states, flight path
variables and aerodynamic control parameters can be obtained directly. The re-
sults depend highly on problem-specific optimization goals, requirements, and
constraints. These goals can include maximizing the payload to a desired orbit
or maximizing the downrange for the descent vehicle while minimizing accel-
erations and dynamic pressure, and thus mechanical and thermal loads, for
instance.

The acquired reference trajectory can be used to provide guidance commands
in terms of position and flight path variables, which have to be tracked by the
attitude control subsystem. Some aspects related to G&C in terms of guidance
command generation and nonlinear dynamic inversion attitude control are dis-
cussed further in [23]. This paper focuses more on an intermediate modeling
and simulation approach for actuator budgeting and sizing within preliminary
design studies, by providing the moments Mg required in order to follow the
reference attitude 4.
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4.2. Nonlinear Inverse Model

In preliminary design studies control efforts are of major importance for the
sizing of actuators. This applies particularly to the moments that have to be
delivered by the Reaction Control System (RCS), Thrust Vector Control (TVC),
and the aerodynamic control surfaces. To estimate the required moments, we
propose an intermediate 6-DOF modeling approach based on nonlinear inverse
models, which uses the reference attitude commands obtained by the trajectory
optimization based on a simplified 3-DOF model considering only thrust, lift
forces, and drag forces. From a consistent 6-DOF model a nonlinear inverse
model is derived as discussed in Section [2.3] and used to identify the moments
required by the launch vehicle system to follow the requested reference attitude
commands. It is important to notice, that this approach does not consider any
control allocation algorithm to assign the moments to appropriate actuators.
The simplified workflow for such an approach is displayed in Figure [5]

First, a trajectory optimization as described in the previous section is per-
formed offline, resulting in optimal guidance commands y,.s represented by the
desired aerodynamic angle of attack «, the sideslip angle 8 and the bank angle
i. These angles are used as reference values for the subsequent computations.
The thrust throttle factor cg is not included in the control structure and thus,
is provided to the 6-DOF inverse model directly without any modification.

Subsequently, the desired angular rates wges = {p, ¢, 7 }des With respect to
the body fixed coordinate system are calculated using a feedback control loop
(prescribing desired dynamics) together with a kinematic inversion of Equa-
tion 21| as discussed in [22], 23]. In particular, classical linear control is used for
the desired error dynamics

fu ’ % @
B E B

where K is a diagonal matrix containing the controller gains. In that sense, the
inverse kinematics in Equation [21] can be reformulated as

P cosacosB 0 sin v [
q = sinfg 1 0 &
L sinacosfS 0 —cosa B
—x sin~y
+TprTrk ¥ ; (40)
X COS 7Y

where the aerodynamics angles, flight path parameters, and flight path accelera-
tions result from the nonlinear inverse model in the feedback loop. For instance,
the flight path accelerations can be obtained by using

1

X 0 COs 0
[7 ]:[ o 0 1 ]TKRTRBG& (41)
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where ap is the measured acceleration of the vehicle with respect to the body
fixed coordinate system, and where the transformation matrices T g and Tz g
are the transposed transformation matrices given in Equations [Ba] and [BD] as
discussed in [22].

Finally, a low-pass second-order filter is used to smooth the angular rates
wyes provided by the inverse kinematics and to obtain the angular accelerations
Wyes Which are required by the nonlinear 6-DOF inverse model to obtain the
desired moments Mp as explained in [I8] (see Section [2.3). Using such a filter
implies imposing a certain cut-off frequency or bandwidth which can be related
to the limits of actuators or performance requirements.

5. Results

The reusable launch vehicle concept AURORA shown in Figure [6] has been
investigated at DLR-RY [4l 5], including iterative studies regarding mass bud-
get, propulsion, aerodynamics and structural optimization. It has been further
studied at DLR-SR [I5], 23] regarding trajectory optimization and G&C de-
sign. AURORA is based on a delta-winged, two stage to orbit (TSTO) concept
providing a high lift-to-drag ratio for horizontal takeoff and horizontal landing
maneuvers (HTHL). The proposed propellant combination is LOX /Kerosene al-
lowing placement of the kerosene tanks in the wing structure. The upper stage
(US) is located inside the main stage (MS) and is released at separation time
for further ascent to the target orbit.

The mission phases are defined in Table [I, where Phases 1 to 3 represent
the ascent phase of the overall launch vehicle, Phase 4 the ascent of the upper
stage including payload, and finally Phase 5 the unpowered return maneuver
and subsequent flight of the main stage to the landing site. Phase 5 can further
be subdivided into three characteristic flight phases based on the overall control
strategy:

e Phase 5a: Reaction Control System
e Phase 5b: Combined Control
e Phase 5c: Aerodynamic Control Surfaces

This paper focuses mainly on Phase 5a and 5¢ for the single actuator type
control strategies mainly to avoid control allocation issues not considered in the
intermediate modeling approach using nonlinear inverse models. Since the flight
in Phase 5 is completely unpowered, the mass and inertia of the overall system
are both assumed to be constant, so that the variable mass dynamics as defined
in the Equations [22a] and 22b] can be neglected.

The mass and inertia matrix, propulsion specifications, and the aerodynamic
database used within our studies were provided by DLR-RY using internal tools,
like CACc and HOTSOSE. The reference trajectory was obtained by the trajectory
optimization package ‘trajOpt’ using 3-DOF models.
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Figure 6: Overview of the Reusable Launch Vehicle AURORA.

Table 1: Overview of the Mission Phases of AURORA.

Phases Stages Description

Phase 1 US+MS Horizontal liftoff

Phase 2 US+MS Ascent phase (rocket engines)
Phase 3 US+MS Ballistic phase & separation
Phase 4 US Ascent of the upper stage
Phase 5 MS Unpowered flight to landing site

5.1. Discussion

In this paper, the required moments needed for subsequent controllability
studies are presented in terms of 3-DOF and 6-DOF inverse models. The in-
termediate modeling approach using nonlinear inverse modeling described in
Section [ is discussed to obtain the required moments for the Reaction Control
System used in Phase 5a. The same modeling approach is applied to Phase
5c in order to estimate the required moments while assuming the aerodynamic
surface deflection angles to be zero. The internally calculated aerodynamic mo-
ments and the additional moments obtained by the nonlinear inverse model are
compared with the ones obtained by the trajectory tracking using nonlinear
dynamic inversion control as described in [23]. Finally, the influence of wind
effects on the system dynamics of the winged reusable launch vehicle AURORA
are shown for Phase 5c.

Even though AURORA is located within the atmospheric design regime at
the end of Phase 5a, it is assumed for this paper, that the re-entry maneuver
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Figure 7: Phase 5a: Flight Parameters based on the Nonlinear Inverse Modeling Approach
(inv) and its Reference Trajectory (ref).

is completely performed using only its Reaction Control System. In Figure [7]
the results for Phase 5a obtained by the nonlinear inverse modeling approach
presented in Figure [5| are shown. The reference trajectory is depicted by the
black dotted lines, while the output of the nonlinear inverse model is given by
the colored solid lines. As can be seen for the altitude, flight path velocity, flight
path angle, aerodynamic angles, and load factor; the reference trajectory can be
tracked by the inverse model accurately. The angular velocities with respect to
the body fixed coordinate system are calculated by the inverse kinematics and
applied directly to the nonlinear inverse model. The state derivatives required
for the internal DAE index reduction used in the inverse model are taken from
the filter.

The required moments needed to follow the reference trajectory provided by
the offline trajectory optimization results are obtained by the nonlinear inverse
model. These moments can be further considered for sizing and positioning
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Figure 8: Phase 5c: Comparison between Moments obtained by the Nonlinear Inverse Mod-
eling Approach (inv) and Nonlinear Dynamic Inversion Control (aero).

of the Reaction Control System. For instance, the required propellant mass of
the Reaction Control System can be calculated, which in turn can be used in
subsequent trajectory optimization within iterative mission analyses.

In Phase 5c¢, the winged launch vehicle AURORA is controlled by its aerody-
namic control surfaces per definition. However, in the nonlinear inverse model-
ing approach, we assume that the aerodynamic control surfaces are inactive —
and thus, the aerodynamic control surface deflections remain at zero. In that
sense, we basically obtain the required moments for the overall launch vehicle
without aerodynamic control surfaces while still considering the influence of the
full 6-DOF aerodynamic coefficient matrix.

For the control allocation approach presented in [23], the externally required
moments in Phase 5c are set to zero and instead the aerodynamic control surface
deflections are controlled in order to generate the corresponding aerodynamic
moments to track the reference trajectory. In that sense, the nonlinear inverse
model provides information about the aerodynamic moments (§ = 0) and the
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Figure 9: Phase 5c: Wind-Dependent Flight Parameters based on the Nonlinear Inverse
Modeling Approach (inv).

required moments assumed to be provided by additional actuators. If both of
these values are superimposed as depicted by the diamond shaped green line in
Figure 8 ( My), these values result in the aerodynamic moments realized by
the controller in [23].

Even though the aerodynamic multi-dimensional look-up tables might not be
invertible per de nition, they are still considered in the computation of the aero-
dynamically required moments using the nonlinear inverse modeling approach.
Consequently, the actuators can be sized to ful | the additional aerodynamic
moments using a reverse engineering approach based on the aerodynamic coe -
cients given by the multi-dimensional look-up tables. The resulting aerodynamic
de ections to generate these aerodynamic moments are shown in Figure 8 based
on [23].

Figure 9 presents the results obtained by the nonlinear inverse models con-
sidering wind e ects. The wind velocity is given by using standard wind pro les
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