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Abstract

Deployable morphing aircraft are gaining popularity in the academic and industrial world. Their deploya-
bility offer the possibility to be stored and takes less space. This is advantageous in volume limited applica-
tions like space explorations, where every cubic centimeter is important. Another field where this aircraft is
increasingly used is the military field. Deploying it in the battlefield directly from a carrier aircraft opens end-
less possibility to the operation of such aircraft. However, mid-air deployment is subjected to several internal
and external factors that could lead to the failure of the deployment.

In this study, a method to assess the safety of deployment of a deployable morphing UAV is constructed. To
do this, an aircraft test case is taken and a corresponding model of the aircraft is made using the Multibody
dynamics approach. This model is then verified and validated by two different methods. First, a comparison
of the stability derivatives of the created model and an off-the-shelf aerodynamic solver is performed. Sec-
ondly, the response of the created model is compared with actual flight test data, where the test case aircraft
performs a maneuver. For both validation methods used in this study, the created model is able to resemble
the output from the off-the-shelf aerodynamic solver and the flight test data. The validated model is then
used as to test the method developed in this study.

The method developed starts with the definition of a safe deployment of a deployable morphing aircraft,
where three different safety concerns are considered. The definition of a safe deployment also helps in de-
riving different categories of deployment which includes safe and various unsafe deployment depending on
what causes the deployment to be unsafe. This method is tested on two different deployment scenarios.

By using the method developed in this study, safety deployment spaces are constructed from the range of
input parameters determined for the two different scenarios. It is revealed from this safety deployment space
what combination of input parameters is favorable for a safe deployment, and what causes the different un-
safe deployments. Unsafe deployments are also categorized to understand which of the safety concern causes
the deployment to be unsafe.
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1
Introduction

1.1. Background

The development of morphing aircraft has seen a sharp increase in the past few decades. The current trend
suggest that there is room to improve with regard to aircraft size, flying range and flight performance envelope
[2]. The ability of changing a large portion of the aircraft’s geometry has been proven to benefit users in a lot
of ways. Flight envelopes, which are generally treated as the operation limits of an aircraft, can be potentially
extended due to morphing technologies [3]. Unlike the conventional way of thinking that an aircraft is created
for a specific purpose/role only, now a single aircraft can have multiple roles and performs different missions
due to its airframe being reconfigurable. This technology is also useful to reduce the storage capacity or the
overall mass of an aircraft [4]. When not operating, the aircraft can be contained in a smaller space and stored
and later be deployed when needed. In particular UAV designers are fond of utilizing morphing technology
to further reduce the size of the already small aircraft that they created. In such cases, morphing is not used
to extend the flight envelope, but rather to trim the amount of space the aircraft takes when unused.

Either by varying their sweep angle, dihedral angle, sectional airfoil camber, wing twist, or by even using
inflatable structures, all morphing aircraft can be said to have at least two configurations. This statement is
also true for morphing aircraft which are only used to reduce storage spaces, since they have a configuration
before operation and another during operation. This means that all morphing aircraft undergo a certain
transformation. When a morphing aircraft is not undergoing any transformation, the manoeuvres that it
performs can easily be analyzed by treating the aircraft as a single rigid body [5]. However, the interesting part
of morphing aircraft is its dynamics when transforming from one configuration to another and this analysis
cannot be performed by the method above. Here, multiple factors contribute to the dynamics of the aircraft
and all of them needs to be addressed simultaneously since the changes in parameters are interrelated. For
example during wing morphing, a shape change in the wing causes a change in the aerodynamics forces
which again could cause a deformation in the structure, therefore again changing the shape of the wing.

Emerging as a new and promising technology, currently morphing aircraft have been used mostly in two very
demanding fields, space exploration and the military. The challenges in both fields requires designers and
engineers to turn their heads and look for out-of-the box concepts that can only be provided by reconfig-
uring the aircraft. In the field of space exploration, a concept for a Mars exploration aircraft was proposed
to bridge between the low resolution but wide coverage data from Mars satellites and high resolution but
narrow coverage data of the Mars rovers [6]. This is the idea behind the Mars ARES (Aerial Regional-scale
Environmental Survey) aircraft and the concept was to transport a capsule containing the folded aircraft to
Mars atmosphere, reduce the speed of the capsule inside Mars atmosphere by means of a parachute, and re-
lease the aircraft mid-air so that the aircraft can unfold itself and directly operate [7]. However, the Mars ARES
aircraft project was not favoured over the MAVEN satellite project by NASA [8]. Other than using morphing
aircraft technologies to increase the compactness of an aircraft during transportation, hypersonic re-entry

1



2 1. Introduction

vehicles have also tried to utilize morphing aircraft technology to increase overall lift-to-drag ratio during
descend in Earth’s atmosphere. This is highly beneficial as compactness during re-entry is desired but dur-
ing descend, a relatively high lift-to-drag ratio is preferred to accommodate the aircraft to fly slowly for the
landing approach [9].

Similar to the field of space exploration, the military has also been experimenting with morphing aircraft
technologies for a while now. Two of the most distinct implementation of morphing aircraft technologies
can be seen in the Bell Boeing V-22 Osprey tiltrotor or the variable-sweep wing of the General Dynamics F-
111 Aardvark aircraft. However, these aircraft are manned, and with the recent trend of unmanned aerial
systems, the military is also looking for possibilities of incorporating morphing technologies to unmanned
aircraft designs. Unmanned aircraft are generally, but not necessarily, small in size and are used for either
reconnaissance or to perform attacks on the battlefield. Since they are unmanned, UAVs are more expandable
and they are not bounded by the pilot’s physical and mental limitations that a manned aircraft is limited to.
Thus, more radical designs are possible and wild transformations can be implemented. Several examples
have been proposed and are currently under development to test the feasibility of morphing UAVs, some
of which are intended to be deployed in hostile zones by first transporting the UAVs in carrier aircraft. An
example of this type of UAV is the DARPA’s ambitious Gremlin program [10], in which the aircraft designed
will be deployed from a C-130 aircraft and, after performing their mission, can autonomously return to the
carrier aircraft and dock back for further missions. Another example is the Dash-X aircraft which has high
morphing rates and multiple morphing control surfaces.

Deployable morphing aircraft which are to be launched from carrier aircraft can be deployed in various ways.
No matter how different the deployment scheme is, there is still so much to investigate regarding the dynam-
ics of the aircraft during and after deployment. This is because different parameters of the deployment may
lead to different results of how the deployment will pan out. The dynamics of these aircraft are interesting as
they are unorthodox compared to conventional aircraft. Such an aircraft is also subjected to sudden forces
during transformation, since their deployments are generally quick to allow the aircraft to be operational as
soon as possible. But this also implies that the high morphing rates during the unfolding process of the air-
craft may influence the success of the deployment itself. And bearing in mind the field that these aircraft are
being used, there should not be any room for errors. Hence, a certainty that a deployment is successfully
performed and that it leads to a controllable flight is necessary. This means that the morphing process needs
to be quantified and analyzed properly before allowing the aircraft to be operated in the field.

To do this, a study that focuses on analyzing the safety of a deployable morphing aircraft needs to be con-
ducted. The study should be able to quantify which parameters are influential in the deployment of morphing
aircraft and what different causes might impact the different results in both successful and fail deployment.
Classification on different safety deployment types will also needs to be made, which can later be used as a
reference for further studies. The method developed here should also not only be limited to a specific deploy-
ment scheme, but should be universal enough to be used on various deployment schemes. Thus, a review
should also be made to correctly select and define the scenarios of deployment schemes to be assessed with
the method. This study will also allow designers and engineers to be more aware of the flight dynamic limi-
tations of a morphing aircraft and can help them test morphing aircraft designs before production.

1.2. Research Scope & Objectives

1.2.1. Research Scope

Deployable UAVs are seen as smart solutions in two main fields, which are space exploration and the military
field. Its ability to be folded to reduce storage space opens a whole new spectrum of possibilities. In the
current market, various deployment schemes are available and the extent to which these schemes can be
modeled are limitless. In this research however, to limit the scope, the phases of deployment being considered
focuses only from the time the aircraft starts to unfolds itself, until the time the aircraft is fully unfolded and
is able to control itself. This applies to all the deployment schemes considered in this research.

The methodology selected for this research considering available time and expense as well as safety is numer-
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ical. First, a test case will be selected and a corresponding model of the aircraft will be created. The decision
of using a test case here is to give the possibility to later validate the created model with available data and
make sure that the model actually represents the dynamics of a real aircraft. The validated model will then
be simulated in different deployment scenarios to check the behaviour of the aircraft when different deploy-
ment parameters are used in a deployment scheme. The selection of the various schemes will be performed
with the help of a literature review.

For this research, the test case selected is the Dash-X aircraft, further explained in Chapter 3. At the time this
report was formulated, the first phase of the project has been completed. This phase includes the design and
construction of the aircraft. Flight tests of the aircraft have also been done to check its stability. However,
this tests does not include the deployment scheme, and is solely performed to check the performance of the
aircraft itself. The deployment comes in phase 2 of the project, and this is where this research comes in.
Before conducting experiments on the deployment and performing flight tests, this study is conducted to
give an overview of the allowable combination of deployment parameters which will result in a controllable
flight. The research here can also serve as a basis to select the deployment velocity, altitude, attitudes, etc.
used for the later flight tests, which will include the deployment of the aircraft.

1.2.2. Assumptions & Limitations

As with any other researches, this research has some limitations on its own, which are mainly caused by the
assumptions made in the model creation and execution of the deployment safety assessment. Below are a
few assumptions made that indirectly limits the scope of this research:

1. The lifting surfaces of the aircraft is considered to be rigid and not flexible during and after the deploy-
ment.

2. Each lifting surface of the model is divided into a finite number of strips with a uniform distribution.

3. The relationship between the additional lift and the control surface deflection angle is linear, and is
based on empirical data [11, 12].

4. The engine of the aircraft is represented by a point force.

5. Deployment actuator dynamics is not considered.

6. The deployment sequence of the lifting surfaces of the aircraft is predefined and not varied in this re-
search.

7. Aerodynamic interaction between lifting surfaces are not considered in the created model.

8. Aircraft weight reduction due to the burning of fuel is neglected.

9. Simulation is run with the aircraft at maximum payload.

1.2.3. Research Objective & Questions

Reflecting on the research background and the necessary work to be done, the research objective here is to de-
velop a method to assess the safety of deployment of a deployable morphing aircraft by testing a validated
model of a deployable morphing aircraft with varying deployment parameters in different deployment
schemes.

Following the research objective, several research question can be derived as follows:

1. What is the definition of a safe deployment of a deployable aircraft?

2. What different possible deployment results might appear from a deployment of a deployable aircraft?

3. Which input parameters are most/least critical to the safety of deployment?

4. For the case considered here, within what boundaries will the deployment of the aircraft result in a safe
deployment?



4 1. Introduction

1.3. Outline

This study starts with Chapter 1, which explains the background of the research as well as the definition of
the research scope and objectives. Then a chapter regarding the literature review follows, where the writer
explains the different important aspects of the research and what other researchers have been doing in the
same or similar field. The proceeding chapter introduces the test case used for this research, along with the
aircraft’s specifications and intended deployment scheme. Next comes the chapters that focuses on the three
main parts of the study, namely: model creation, model validation and deployment assessment. Each parts
is represented with Chapter 4, 5 and 6. After presenting the methods and ways to perform the study, results
of the studies are shown in Chapter 7 and finally, conclusions are drawn in Chapter 8.



2
Literature Review

In this section, the literature review performed as a prerequisite before starting this research is presented.
Here, a recapitulation of similar and contributing research done by other researchers is first shown, and the
chapter is concluded with a synthesis section, which describes the tools and methods selected in this research
and its reasons. The 4 main aspects investigated through a literature study here are the morphing aircraft
modeling, the aerodynamic model suitable for representing the aerodynamics of the morphing aircraft and
validating the created aircraft model, the various deployment schemes used in similar deployment cases, and
the method of assessing the safety of deployment.

2.1. Morphing Aircraft Modeling

Unlike a conventional aircraft, the configuration of a morphing aircraft experiences major shape change for
a specific purpose. This means that a morphing aircraft cannot be regarded as a single rigid body floating in
space [13? –15]. Generally, a morphing aircraft has multiple major components that are stowed prior to oper-
ation. For the case considered here, an important difference between the Dash-X aircraft and most morphing
aircraft research found in the literature is that the Dash-X aircraft utilizes both rotational & telescopic wing
deployment to unfold its lifting surfaces (main wing, vertical & horizontal tail). This is a big challenge as the
modelling is not only specific to one component, but to several components that may also interact during
the deployment. And unlike most deployable aircraft that deploys only the main wings, the Dash-X aircraft
has to deploy all of its lifting surfaces. This is also problematic because for most deployable wing aircraft, the
vertical and horizontal tail are used for counteracting the sudden forces and moment generated during the
wing deployment.

Due to that, new concepts of modelling the aircraft is needed. Santoni & Gasbarri[16] investigated the case of
a deployable wing aircraft to support human landing on Mars and their focus was on the pull-up manoeuvre
after deployment of the aircraft in Martian atmosphere . Their method here is to derive equations of motion of
the aircraft and incorporating the swing-wing equations into it. With it, they created a cost function which is
related with the load factor of the aircraft, and optimized it. The aim here is to find the set of parameters which
result in the lowest possible load factor generated at the end of the pull-up manoeuvre. Hence, the focus is at
the end of the manoeuvre and any excessive load factor during the manoeuvre is not considered. Here, the
modelling is done by an analytic approach and optimizing the cost function created. However, their research
only considers the translational motion of the aircraft (angle of attack is assumed to be preserved during
pull-up) and the parameters being optimized only takes into account the time-frame between deployment to
steady level flight.

Kuchta et al.[9] took a different approach and tested models of multiple re-entry vehicles which transform
to increase overall lift-to-drag ratio inside a static subsonic wind tunnel. They then uses this experimental
data to estimate the dynamic stability of the vehicles and also run a piloted computer simulation to come up

5
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with the stability & performance analysis of different morphing re-entry vehicles. With their method, they are
able to observe that one of the aircraft experienced a pitch up moment during forward sweep motion. This
moment combined with a large increase in lift causes a flight path disturbance of considerable magnitude
which persists for several minutes due to it being lightly damped.

An et al.[13, 15] investigates the dynamic response of aircraft to variable sweep geometry in different morph-
ing rates. Both forward sweep motion and also backward sweep motion is investigated here. They defined
the relation between sweep angle change and the change of the aircraft aerodynamic characteristics by a
hysteresis basis. This means that the aerodynamic characteristics and aircraft responses is based on the time
history of the corresponding aircraft parameters. The investigation concludes that higher morphing rates
causes the dynamic response of the aircraft to settle longer. The response of the aircraft investigated is also
sensitive to sweep change rate and therefore the need for an autopilot is inevitable to make adjustments in
different sweep change rates. The research also underlines that the backward shift in centre of gravity due to
the change in wing position improves the aerodynamic characteristics of the aircraft.

Different to the researches above, Prabhakar et al.[16–18] initially computes the static stability derivatives of
a variable span, variable sweep aircraft by generating multiple meshes of the aircraft’s step-by-step sweep
and span change and simulating it in a medium fidelity off-the-shelf aerodynamic analysis tool. The solver
used here is called SURFACES, which is Vortex Lattice Method based solver developed by Flight Level Engi-
neering [19]. They then create a function which correlates the aerodynamic derivatives of the aircraft with
the aircraft’s span and/or sweep change. However, this means that the data obtained is only a function of the
position of the wing, and not a function of deployment rate of the wing. Once the aerodynamic values for
different morphing configurations have been obtained, it is used along the dynamic modelling tool to predict
the response of the aircraft during morphing. The aircraft is both simulated in an open and closed loop man-
ner and the aircraft stability is determined by checking the root locus plots of the system. The research also
incorporates the development of a controller to regulate the transient response due to morphing.

Niksch et al.[20] focuses on the creation of a simulation tool which is able to simulate a flying wing, where the
morphing degrees of freedom can be selected from the various set provided. The morphing degrees of free-
dom here includes the span, dihedral, sweep, twist, and even the airfoil’s camber, thickness, etc. Modelling
the aircraft is done by deriving the equation of motions of the aircraft, which incorporates different morphing
parameters. The aircraft is assumed to be a point mass object, where forces and moments are imposed upon
and the along with the aircraft’s mechanical properties, the aircraft’s response can be calculated. These forces
includes the aerodynamic forces, the propulsion forces as well as the body forces (gravitational). Unlike the
method used in other papers, in this paper the changes in forces distribution due to morphing is calculated
in the aerodynamic model, which is the emphasis of the work. This allows more allocation of computational
power to the aerodynamic section of the solver, since the dynamic model only calculates the equation of
motion of a point mass object.

Another team of researchers that have published extensive research that focuses on modeling and analyzing
the dynamics of deployable wing aircraft is Fujita et al. The team adopted Multibody dynamics to both easily
model different components of the aircraft and assign relationship between them. Although their research
case is the deployment of a Mars aircraft, the sequence and method of deploying is similar to the Dash-X air-
craft with an exception on the morphing method being an out-of-plane morphing. Their papers started with
a parametric study of a deployable wing aircraft for Mars, where they ended up with a design of the aircraft
[21]. Then continued with an analysis of the dynamics of the folded-wing aircraft during deployment. Here
they noticed that a pitching moment is generated during the out-of plane wing deployment and causes either
a positive or negative pitching to the aircraft depending on the deployment angle [22]. Later on, the research
continued with the development of an analysis method to quantify the most sensitive/critical parameter dur-
ing the deployment of the aircraft [6]. Successful deployment criteria are initially defined and the simulation
takes the time-frame between the nose-dive motion of the aircraft and the time when the aircraft reaches a
positive flight path angle value into account.

After being able to determine which parameter is most sensitive during the deployment of the folded-wing
aircraft, the research by Fujita et al. focuses on investigating the robustness of the deployment [5]. The two
sensitive parameters considered here is the wing unfolding torque and the difference in deployment time be-
tween the right and the left wing. Here, the interaction of flows between bodies are ignored and the method
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used to compute the robustness level is a modified sensitivity analysis, which based its deployment assess-
ment on the six-sigma principle. The deployment variables are monitored throughout the simulation and
compared with the allowable limits prescribed before. Then the margin between these variables with its lim-
its is calculated and from this, a sigma value which acts as a form of confidence rating is calculated for the
variable for that specific run. Multiple simulation is run by varying the drop velocity, surrounding gust, ini-
tial pitch angle and the deployment height of the deployment. This investigation also is directly followed by
the research to minimize the amount of actuator torque needed to fully deploy the wing by varying the wing
folding axis in both the pitch and the yaw direction [23, 24].

Other than Fujita et al., Multibody dynamics is also quite popularly used by other researchers in this field.
Yue et al. utilizes it as the basis for modelling of their morphing aircraft. In their research, a clear division
is made between the dynamic response during and after morphing of a tailless aircraft with an out of plane
morphing. The investigation concludes that higher morphing rates causes more violent oscillation of the
parameters observed and the dynamic response of the parameters did not deteriorate. Tong & Ji[25] also
modelled their aircraft with Multibody dynamics to investigate the possibility of using asymmetric variable
sweep for roll control. They used Kane’s method and deriving equations of motion of the aircraft. However,
the research neglects the shift in centre of gravity of the system and the coupling effect of roll and yaw is also
not considered.

Pons & Cirak[26] created a simulation model that effectively model a 3-parameter morphing aircraft (dihe-
dral, incidence angle and sweep) . Multibody dynamics is also used to model the motion of the aircraft. The
research also incorporates the Goman-Khabrov stall model[27] to accommodate for the 360 degree move-
ment capability of the incidence angle. Finally, to demonstrate that the aircraft is capable of multiple ma-
noeuvres, the aircraft is simulated to do multiple profiles including the Pogachev’s cobra.

Shi & Wan[14] investigated the flight dynamics of a large-scale morphing aircraft. On the contrary to most
researchers that uses Multibody dynamics, their method is to relax the rigidity by making the centre of gravity
and inertia functions of the morphing parameters. The case being evaluated here is a morphing aircraft that
have multiple configurations, including high-lift, cruise, climb, loiter and high-speed manoeuvre. Nonethe-
less, the simulation only evaluates longitudinal dynamics of the aircraft. In a way, it can be said that Shi
& Wan took the opposite approach from Niksch et al[20], who in their work, instead of varying the aircraft
mechanical properties, updates the aerodynamic calculation during morphing.

Samareh et al. developed a quick analysis integrated tool that incorporates the aerodynamics, structural and
dynamics of a morphing aircraft [28]. Their methodology is to use off-the-shelf tools for the aerodynamics,
dynamics and the structural analysis tools, and make it loosely coupled so that it can be easily improved
and interchanged. For the aerodynamics, the potential flow aerodynamic code CMARC[29] program is used.
Virtual Lab & DYMORE [30] (Finite-element-based tool to analyze non-linear Multibody systems) are used for
the dynamic analysis. The analysis starts with the parameterization of the wing shape and later connecting
the different analysis tools together in a single framework. Here, Multibody dynamics is used to compute
the dynamics of the aircraft and a finite element method is used to compute the amount of deformation and
forces distribution in the aircraft’s structure. During evaluation of the tool with 3 different morphing flying
wing aircraft, the morphing rate is taken to be much lower than the flow of the air around the aircraft.

An investigation on the aerodynamics forces generated during span extension is investigated by Fincham et
al. [31]. The main focus of the the paper is to analyze the axial forces generated during span extension and
whether or not it is possible to use it for a quick actuated roll control. The investigation is performed by using
AVL[? ], which is a vortex lattice method based solver, & OpenFoam[? ], an open source CFD software where
RANS calculations is possible to be performed. Both medium and high fidelity aerodynamic analysis tools
are used here to see the impact of the high-rate span extending wings on the aircraft, which is shown to be
negligible as compared to the lift & drag forces produced by the wing.

2.2. Aerodynamic Model

For a deployable aircraft which has to deploy its lifting surfaces as soon as possible, the aerodynamics of the
aircraft needs to be evaluated differently from an aircraft at a steady level flight. A deployable aircraft under-
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goes unfolding at mid air and during this short but critical time, the aircraft can experience sudden moments
and forces which may lead the aircraft to an uncontrollable state. Thus, the modelling of the aerodynamics
is critical as this will determine whether or not the transient effects of the aerodynamics are considered and
whether or not the forces generated are in the right value, times, and magnitude.

In the literature found, there are a lot of researchers that uses the quasi-steady assumption for the aerody-
namics of the lifting surfaces [14], and for most of it, the assumption is justified by the low morphing rate
of the wings. In some cases, even steady aerodynamic models are also used with the assumption that the
wing morphs slower compared to the flow of air running over the wing [28? ]. As demonstrated by Fincham
et al. by using a high-fidelity unsteady RANS aerodynamic analysis tool, there exist transient behaviour of
the aerodynamic forces at high morphing rates (deployment time : 0.875s). The case investigated here is the
span extension and it is observed that the aerodynamic forces generated took some time before reaching a
steady-state. It is also concluded here that the force in the span-wise direction is negligible compared to the
lift and drag forces, and thus implementing high speed actuators to extend the span of the wings is possible.
Another research team that uses a high-fidelity unsteady aerodynamic analysis tool are Han et al, who also
stated that quasi-steady model undermines the forces generated [32]. In their research the team stated that
there is a significant difference between the forces during forward sweeping and backward sweeping motion.

Important to bear in mind is that to model the aerodynamics, the lifting surfaces needed to be finitely divided
into strips/panels. Pons & Cirak[26] did this by incorporating the Goman-Khabrov dynamic stall model[27]
into the generalized blade element model in their 3-parameter morphing wing aircraft. The blade element
model used divides the main wing of the aircraft into several panels and for an efficient division of the lifting
surfaces. Niksch et al. also explained the division of the lifting surface in their paper [20]. Cosine spacing of
the lifting surface division is implemented to increase the effectiveness of the surface division. As the flow is
more dynamic at the wing root and tip, more panels are placed at these positions. The research utilizes poten-
tial flow elements (constant strength source doublet) and validates the result of this method with an existing
software (TRANS3DNS) that was home-built. The model assumes that the flow is inviscid and incompress-
ible (aircraft flying slower than Mach 0.3) and therefore, to get the profile drag forces, DATCOM is used. In
a technical report by W.J. Vink[33] which focuses on the evaluation of strip theory and doublet-lattice aero-
dynamics, it is concluded that the plunge mode aerodynamic lift distribution of both methods outputs very
little difference in result at low frequencies. However, the results are significantly different at high frequen-
cies. The strip theory method here has been supplemented by a representation for unsteady aerodynamic
effects in the form of Theodorsen (Wagner) and Sears (Küssner) functions. These comparisons are done in
symmetrical conditions with a Fokker 100-like aircraft model with rigid & flexible wings.

Other researchers also tried different methods to model the aerodynamics of the morphing aircraft. An et al.
self derived the unsteady aerodynamics equation based on the distribution of the unsteady vortex rings on
the lifting surfaces of the aircraft [13, 15]. Fujita et al. uses experiment data of a flat plate and treated the
lifting surfaces of the aircraft as flat plates [5, 6, 21–24, 34]. This method is also efficient and computationally
inexpensive. Kuchta et al. estimates the dynamic stability derivatives from subsonic wind tunnel data of the
aircraft. Vortex Lattice method is also used by several researchers to compute the aerodynamic characteristics
of their morphing aircraft cases [17, 18].

However, as the emphasis of this research is on testing the proposed method to evaluate the safety of deploy-
ment of a morphing aircraft, the selection of the aerodynamic model here is mainly backed by its simplicity,
easiness to incorporate and its low computational power & time requirement. This is essential as the flight
dynamics model created will be used in multiple cases and run thousands of times. Thus a selection of a
simple aerodynamic model that sufficiently represents the response of the aircraft is highly preferred than
the selection of a sophisticated model that accurately predicts the aerodynamic behaviour of the aircraft but
requires a lot of computing power. In other words, a low fidelity aerodynamic solver is favored than a high
fidelity one.

A comparison will also be made here between the performance of the aerodynamic model selected for the
model and the performance of the morphing UAV, modeled in a different aerodynamic solver. This compari-
son will serve as a validation of the aerodynamic model selected. However, it is difficult and time consuming
if the validation process is to be done by comparing the dynamic parameters of the aircraft during its de-
ployment. Hence, the decision is to compare the flight dynamics properties of the aircraft during steady level
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flight. This decision is also made considering not all solvers are able to evaluate a morphing aircraft during its
morphing process. In other words, not all solvers is able to calculate the transient effects of the morphing by
means of a dynamic mesh. Unlike the method used by Prabhakar et al [17, 18], which evaluates the dynamic
properties of the aircraft for every timestep of morphing statically, in this research the comparison will be
done to show that the model here is representative enough of the real aircraft.

In the market right now, there exist several off-the-shelf aerodynamic solvers which can be selected and used
for the validation process. Some of the solvers are listed below:

ANSYS Fluent1 is a Computational Fluid Dynamics (CFD) tool that is capable of simulating various fluid flow
problems, with various fluid models available. To use the software, a mesh needs to be created which will
define the space by which the flow problem is going to be simulated. Then, boundary conditions and fluid
model will need to be specified before running the software. Generally, taking into account that the fluid flow
model used is appropriate for the problem, results from CFDs are accurate but computationally expensive.
This is the trade off that will needs to be made when using a CFD tool assess the dynamics of an aircraft. Other
CFD tool that are also available in the market includes OpenFoam2, which is an open source CFD tool with a
lot of open source backing from its community.

Athena Vortex Lattice3 (AVL) is a vortex lattice method based solver which is able to calculate aerodynamic
forces as well as static & dynamic stability derivatives as well as control derivatives of the aircraft evaluated.
The solver is considered to use little computational power, though this depends highly on the panel density in
the aircraft case file. It is also a windows-command-prompt-based software and thus is very easy to integrate
with general mathematical solver such as MATLAB.

Digital DATCOM4 is an USAF program which in essence is a database of empirical data of various aircraft
configurations. The program calculates static stability, high lift & control, and dynamic derivatives of various
aircraft configurations. Since the validation of the flight dynamics of the UAV considered here will only be
evaluated after it is fully deployed, DATCOM could be an option. This is because after it has unfolded, the
UAV generally has a conventional shape and could be its flight dynamics properties could be predicted with
an empirical database like DATCOM.

2.3. Deployment Schemes

To show that the method proposed in this research is not specific to one case only, several other deployment
schemes are considered to be simulated. Here, the literature review focuses on the available deployment
schemes of other morphing deployable UAVs, which are frequently used.

ALTIUS5 (Air-Launched, Tube Integrated, Unmanned Systmes) as a project by Area-I, is a high endurance
airframe that is initially stored and launched from the Air Force’s Common Launch Tube. Its main purpose
is to conduct Information, Surveillance and Reconnaissance missions. The deployment of the the aircraft is
similar to the Dash-X aircraft, but is different in one way. The carrier aircraft here is a rotorcraft which carries
the UAV to mid-air, where it will be deployed. However, since the UAV is deployed from a rotorcraft which
flies in a low altitude, the UAV will need to be launched and not dropped from the carrier aircraft [35]. Thus,
the UAV here will experience an initial launch velocity during its discharge from the carrier aircraft.

A study by Hurst et al. [36] which focuses on the design, testing and analysis of a canister-launched mini UAV
shows a UAV which has a deployment scheme that is very similar to the Dash-X aircraft. Only the main wings
are initially stowed but the vertical and horizontal tail are not.

DARPA (Defense Advanced Research Project Agency) is also involved in the business of developing deploy-
able UAVs. Called project Gremlins [10], the reusable morphing aircraft used here is a deployable morphing

1https://www.ansys.com/products/fluids/ansys-fluent
2https://www.openfoam.com/
3http://web.mit.edu/drela/Public/web/avl/
4http://www.pdas.com/datcom.html
5https://areai.aero/aircraft/altius-air-launched-tube-integrated-unmanned-system/

https://www.ansys.com/products/fluids/ansys-fluent
https://www.openfoam.com/
http://web.mit.edu/drela/Public/web/avl/
http://www.pdas.com/datcom.html
https://areai.aero/aircraft/altius-air-launched-tube-integrated-unmanned-system/
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UAV which deploys from a carrier aircraft and is planned to also be able to return to the carrier aircraft au-
tonomously. In their design, the aircraft is planned to be deployed by various schemes, i.e. from under the
wing of the carrier aircraft or can be treated as a bomb and dropped from the bomb bay of a bomber aircraft.
In this case, the initial velocity of the aircraft will be of that of the carrier aircraft and no additional launcher
will be necessary. This also means that the carrier aircraft might have to fly a bit higher from the operational
altitude of the UAV to compensate for the altitude drop due to the deployment.

Plans have also been made to arm AFSOC (Air Force Special Operations Command) C-130 gunships with
air-launch UAVs [37] to extend the capabilities of manned platforms. Treated as the carrier aircraft, the C-
130 aircraft is equipped with the Coyote UAV6 by Raytheon which can be air launched from various different
platforms. In another project, the Raytheon’s Coyote UAV is used to demonstrate swarming technologies in
deployable UAVs. Here, instead of launching the UAV mid-air, the ground platform used to launch the vehicle
is used. The vehicle unfolds itself almost instantly to its launch and due to its low weight, it is capable to
operate by a such ground-to-air deployment scheme.

A concept of a gun launched micro-air vehicle is also proposed by Gnemmi & Haertig [38]. The UAV here is
a lightweight rotary wing UAV which is propelled from a ground station. In this case, due to the low weight
of the UAV, the aircraft is able to hover quickly after reaching peak altitude, where it will unfolds its rotor and
operate.

2.4. Stability Assessment Method

For a deployable UAV like the Dash-X aircraft, it is necessary to make sure that the deployment and unfold-
ing of the aircraft is performed successfully. To do this, the aircraft needs to be modelled correctly and an
evaluation of multiple deployment parameters needs to be conducted.

Although it is not common to research the success of deployment of an aircraft, several researchers have
come up with ways to make sure that an aircraft will be stable during or after the deployment. Tong et al.
used the Lyapunov stability theorem to confirm the stability of an asymmetric variable sweep aircraft [? ].
Another method is to assess the stability of the vehicle during shape change by inspecting the eigenmodes of
the aircraft as done by Prabhakar et al. and Beaverstock et al. [3, 18]. Beaverstock et al. in particular inves-
tigated span morphing dynamics. They used a pre-developed framework of software to assess the morphing
aircraft. Shi & Wan derives the condition of stable morphing and assess the flight stability based on Hurwitz
rules. Unfortunately, these assessment are mostly focused on the stability of the aircraft with low-rate shape
changes and not directly related to deployable wing aircraft like the Dash-X aircraft.

An interesting method is proposed by Fujita et al. to assess the robustness of deployment by using a sigma
level method. Basically, the method combines a sensitivity analysis of the variables deemed critical to change
with an assessment of the deployment likelihood to success. The assessment is based on the six-sigma princi-
ple, where each deployment simulated will be given a certain value to state how confident is the method that
the deployment at the specified conditions will result in a safe deployment. A definition of safe deployment is
defined at the beginning and simulations is run several times with varying deployment parameters. The vari-
ables which are stated in the definition of a safe deployment are compared with its allowable upper & lower
limits for every timestep. When a variable goes over the limits, the simulation stops and the deployment is
deemed unsafe.

Another method by Santoni & Gasbarri is to create a cost function and have the values necessary for an ef-
fective deployment. Unlike the methods from other researchers, these methods by Fujita et al. and Santoni &
Gasbarri is focused on the deployment of the vehicle and not morphing during steady level flight.

For the criteria of safe deployment, Fujita et al. listed several important points. However, for the lack of aero-
dynamic data of angle of attack & sideslip angle, the team decided to treat this as one of the limits of the
simulation. In other words, if the simulated deployment goes into a state where the angle of attack goes be-
yond the available data, the simulation stops and the deployment is considered a not successful one. This is

6https://www.raytheon.com/capabilities/products/coyote

https://www.raytheon.com/capabilities/products/coyote
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not necessarily true and therefore, further investigation needs to be done before placing a cap on the simula-
tion due to the lack of data. Other than that, the criteria for deployment also considers the altitude drop of the
aircraft from the deployment, whether or not the wing is deployed and stays deployed, structural limits and
the aircraft’s load factor. Santoni & Gasbarri listed the load factor of the aircraft as the parameter to minimize
in their work, and incorporated it in their cost function.

The assessments here are of an open loop system, where there are no correction by a Stability Augmentation
System in the aircraft. However, if it is known that the aircraft is most likely to fail and there is only a small
window of successful flight for the open loop system, a control augmentation to assist in the safe deployment
of the vehicle should be considered. Stoica & Yaesh investigated the control necessary for a deployable wing
aircraft which is launched from a carrier aircraft [39]. The goal of the control system is to have zero angle
of attack change during the transformation. In this case, the aircraft morphs only on the main wing and the
tail section is able to correct for the changes in pitching moment caused by the motion of the wing. This re-
search only takes the longitudinal axis into account. The research focuses on a creation of a Jump-Markovian
controller to compensate for the sudden forces and moment created by rapid motion of the wing.

Sensitivity analysis in general is a promising method to be used to test different deployment schemes with dif-
ferent varying parameters of the aircraft or the deployment condition. Such method is also able to assess the
amount of influence a parameter has on the output of the deployment, as well as how interactions between
factor might arise and impact the output considerably. By using sensitivity analysis, the input variables could
be varied at a range specified by the user and, in stochastic processes,a probability distribution of the input
variables can also be defined beforehand. In essence, the method will find how much an output parameter
vary when one or more input parameter is changed. Based on the book by Saltelli et al.[40], there are various
methods of sensitivity analysis available, each with its benefits & drawbacks. Saltelli et all.[40] classified sen-
sitivity analysis into 2 different groups, namely the local and global method. Generally, these methods require
the model to be run multiple times, which causes them to be computationally expensive. However there are
also less computationally expensive methods, with the precision of the result as the trade-off. Thus, a correct
selection of the sensitivity analysis method will determine how accurate the results are and how long will it
takes to obtain a result.

To evaluate the safety of deployment for various parameters, with ranges of values for each parameter, a lot of
computing time is needed. Sensitivity analysis however is able to reduce the computational time needed for
the evaluation of a deployment scheme by identifying the number of influential parameters to the safety of
deployment. Once known, the simulation can only be made to vary the influential parameter. This reduction
of parameters to vary can be done by using the screening method of sensitivity analysis.

In general, there exist multiple screening methods. Morris’s method [41] for global sensitivity analysis is one
where each input parameter is varied individually where other parameter is kept constant. The result is that
the change in output will be only due to the variable that is varied. Thus, a relation can be made between the
change in input parameter and the change in the output parameter. This method is also able to identify the
effect of interaction with other parameter, though not identifying which parameter the interaction is with.
Cotter [42] proposed a method where the number of runs to determine the influential parameter is equals
to 2k+2 runs, with k as the number of parameter. In the method, each parameter will be varied once to its
maximum value and once to its minimum value, while the other parameters are kept constant. Then a run
with all the parameter at their maximum value and one with all parameter at their minimum value will also
be performed. The catch here is that the method then ranks the importance of all the parameters. However,
with this method, an important factor may still remain undetected since the response of the factor might
cancel out in the end. Then there is also the Iterated Fractional Factorial Design method [43] by Andres
and Bettonvil’s Sequential Bifurcation [44] which are more advanced, but are not easy to implement in all
cases. Both of these methods cluster the parameters into several groups and checks which group output the
most extreme result. This extreme result directly corresponds to the importance of the parameter within that
group. Later the group is split the division of the group which still result in an extreme result is considered
to be the group with the influential parameter. The same process is repeated until the influential parameters
are identified in the last groups with only several parameters.
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2.5. Synthesis

After having reviewed the available literature to date, a decision needs to be established on how the research
is to be conducted. Unlike previous research, which focuses only on the morphing aircraft dynamics during
flight, this research has its emphasis on the deployment scheme of the morphing aircraft. The method de-
veloped here could also serve as a basis for the safety assessment of other morphing aircraft during different
kinds of deployment which are not stated here, be it rocket-powered deployment, hand launched, etc. The
only difference will be on the modelling part of the aircraft, whereas the evaluation of the deployment stabil-
ity with the method developed here could be used universally in different cases. However, since the Dash-X
aircraft is the aircraft being considered here, the choice of modelling and simulation method, and also the
method to evaluate the deployment stability of the aircraft will be focused on the this type of airframe.

To tackle the problem, the writer has decided that a simulation of the deployment scheme of the Dash-X
aircraft will be constructed. The method is chosen as it is not-time consuming and also risk-free as compared
to experimenting with the deployment of the aircraft without having a good understanding of what is going to
happen. The simulation can later also be used to improve the design and observe how the aircraft will respond
when changes are made to the design, etc. The construction of the simulation will be based on the modelling
of the aircraft. Reflecting to the literature being reviewed above, a lot of researchers rely on the robustness
and easiness of Multibody dynamics. This method not only is able to model the moving components of a
morphing aircraft, but also is quite sophisticated that it also can takes into account the damping, stiffness
and other mechanical properties of bodies and joints. It is easy to use as the method is quite straightforward
and is available in the form of off-the-shelf programs or toolboxes in software that are familiar in the academia
world like MATLAB.

In this research, a suitable aerodynamic model is also selected that can correctly represent the aerodynamics
during the deployment of the aircraft’s lifting surfaces. However, taking into account the increase in compu-
tational time that rises with the complexity of aerodynamic models, a simple strip theory is selected instead
and later will be validated. The validation here is performed by checking the correspondence of the aero-
dynamics model with the result of a proven aerodynamic solver. In addition to that, the performance of the
model will also be evaluated with actual flight test data of the aircraft, where the aircraft performed maneu-
vers and the instant response of the aircraft and model will be compared. The main focus of the paper is to
develop a deployment stability assessment method, and thus the aerodynamic model created here will have
a lower importance. In future work, a more sophisticated aerodynamic model may be selected and tested to
increase the fidelity of the overall simulation. However, for this phase the strip theory method will be used.

For the selection of the aerodynamics solver, AVL has been chosen considering its accuracy and easiness to
integrate with the medium where the whole research is being conducted, i.e. MATLAB. The method is a based
on a medium-fidelity solver and the result of the model will later be compared with this tool. The comparison
will be made on the static and dynamic stability derivatives of the aircraft.

As to the selection of the deployment schemes for this research, it is decided that 2 mid-air deployment sce-
narios will be tested with the method developed here. The selection is made considering the frequency and
trend of UAV deployment in the field of aviation today. Since the case selected here is the Dash-X aircraft,
the case of deploying the aircraft from a canister that is slowed down mid-air by a parachute will definitely
be selected as deployment scenario 1. Deployment scenario 2 will be of the deployment from under the wing
of a carrier aircraft. Considering the scope of this research, the deployment from the bomb bay of a bomber
aircraft can also be treated as deployment scheme 2.

To perform the stability assessment, a definition on what a stable deployment is, should be made before-
hand, as done in the works of Fujita et al.[5, 6, 21–24, 34]. This includes the determination of what the safety
concerns are and what the deployment parameters that describes this safety concerns are. Then, a selection
will be made on which of the available assessment method is most suitable for the case of the Dash-X aircraft
deployment. Reflecting on the papers available, a very promising method is to use the screening method of
sensitivity analysis. Bearing in mind that the deployment simulation constructed is highly influenced by dif-
ferent operational parameter of the aircraft, this method will also be used to identify which parameters has a
higher impact and which parameter is less-influential in the safety of deployment of the aircraft. Sensitivity
analysis itself is time consuming, and a for methods which are not, the accuracy of the results is sacrificed.
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Thus only the screening method of sensitivity analysis will be used here. Considering the straightforwardness
and easiness to implement, the one-at-a-time method by Morris is selected to be screening method in this
research. The method is intuitive and the results of the method can be easily traced back and understood.
However, a modified version of the method needs to be made considering the output being evaluated here
will only result in a binary value (either "safe" or "unsafe" deployment). Further description of the method
will be presented in Chapter 6.

After obtaining information on which parameter is less influential, the next step is to perform multiple runs
to the model to obtain a safety deployment space of the aircraft in the evaluated deployment scheme. The
aim here is to visualize the safety deployment space of the aircraft considered in this research, which is a
combination of different influential parameters which either can result in a safe or unsafe deployment. Thus,
during operation, the aircraft can minimize having an unsuccessful deployment by referring to the safety
deployment space obtained in this research.

Table 2.1: Project synthesis

Component Method

Morphing Aircraft Dynamics • Multibody dynamics

Aerodynamics
• Simple strip theory
• Validated with off-the-shelf aerodynamic solver
• Validated with flight test data

Deployment Schemes
• Deployment from a canister slowed down by a parachute
• Deployment from under the wing of a carrier aircraft

Stability Assessment
• One-at-a-time screening method
• Multiple runs of model with varying inputs





3
Case: Dash-X Project

In this research, the Dash-X project as a collaboration project between VX Aerospace, the University of South
Carolina and the University of North Carolina is taken as the test case[45]. The project is initiated in 2016
and is projected to be market-ready by the year 2023. The first phase of the project, which is the design, con-
struction and flight testing of the aircraft has been performed successfully. However, the flight test performed
does not include the deployment of the aircraft as intended in the operations of the aircraft. The deployment
testing will be done in the second phase of the project and before performing actual deployment of the air-
craft, the mechanics during the deployment will be predicted with this study. The following sections presents
a more in depth description on the Dash-X aircraft.

3.1. Aircraft Deployment Scheme

The aircraft is unmanned and is to be contained inside a modified munitions dispenser (generally used for
dispensing cluster bombs) and later deployed from a carrier aircraft. The canister, which is brought to an
altitude by the carrier aircraft, is let go at its drop altitude and then free falls until a certain altitude and is
slowed down by deploying a parachute. Upon reaching the UAVs deployable altitude, the canister opens, the
UAV slides out of the canister and is released. The folded UAV then unfolds itself by spreading its main wing,
horizontal tail and its vertical tail which are originally stowed inside the fuselage. After unfolding itself, the
aircraft finds a steady state and then operates. The deployment scheme is illustrated in Figure 3.1, which is
similar to the proposed deployment mechanism of the proposed Mars ARES aircraft [7].

In order for the the aircraft to attain a safe deployment, after the transformation process, it is necessary to
make sure that all of the stages are performed correctly and successfully. Therefore, a study needs to be
performed on the different stages to deploy the aircraft. An interesting aspect here is the dynamics that the
aircraft will experience in each stage, especially when the aircraft unfolds itself after being released from the
canister. Here, different factors like the velocity of deployment, the altitude of deployment as well as the
attitude in which the canister releases the aircraft and other factors will play a role in leading to the final
condition of the aircraft. All this calls for a complete understanding of the behaviour of the aircraft during
deployment, which is a challenge on its own.

3.2. Aircraft Design & Specifications

The Dash-X aircraft is a fixed wing aircraft which is different with ordinary fixed wing aircraft in one single way.
It is a morphable aircraft which has its lifting surfaces stowed initially around the fuselage of the aircraft and
can be unfolded prior to operation. The aircraft is designed in such a way that its deployment is considered as
a major part of the aircraft overall design. The goal here is to deploy the aircraft from another carrier aircraft,

15
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Figure 3.1: Stages of deployment of the Dash-X aircraft (Developed from the Dash-X presentation

Figure 3.2: Dash-X aircraft (i)before & (ii)after unfolding

which brings the aircraft into its operating environment inside a canister. The Dash-X aircraft is contained
inside a standard munitions dispenser, and therefore the geometrical design follows the available space of
the dispenser. The folded and unfolded configuration of the aircraft is shown in Figure 3.2.

The munitions dispenser is in the form of a hollow cylinder, and hence the aircraft should be designed to be
carried inside this narrow space. As the main lifting surfaces are generally the components which require a
lot of storage space, these are the components that needed to be relocated. The solution implemented by
the engineer here is to initially place the lifting surfaces around the fuselage, to reduce the amount of space
needed to store the aircraft when it is not in operation. A pivot mechanism with springs as actuators is used
to deploy the main wing, horizontal and vertical stabilizer when the aircraft is to be used in operation. This
mechanism allows the orientation of the lifting surfaces to be altered when stored inside the canister, which
significantly reduces the space needed of the overall aircraft to be stored. This also applies for the horizontal
and vertical tail. Moreover, for the vertical tail, a storage chamber needs to be cut out in the fuselage. Table ??
shows the specification of the Dash-X Aircraft.

This geometrical limitation indirectly also affects one important aircraft parameter which is the wingspan.
Since the space inside the munitions dispenser is limited, even when the main wing is reoriented by the pivot
mechanism, the wingspan of the aircraft is still capped. A workaround to this problem by the engineers is to
not only make the wing rotates around a pivot in the fuselage during unfolding, but also to make the wing
telescopic. This elegant solution is implemented in extending the geometry of the main wing, which also
helps to reduce the wing loading of the aircraft.
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Parameter Value Unit

b 3.607 m
MAC 0.308 m
lh 1.036 m
lv 0.888 m
m 26.182 kg
Airfoils NACA 2415, NACA 0012 -
Vne 55.05 m/s
nmax 3.8 -
nmi n −1.52 -
hoper ±5000 ft

Another thing to consider here is that the design of the aircraft is asymmetric. As a result of the wing de-
ployment mechanism, the right wing plane of the aircraft is slightly above the left wing plane. This means
that there should also be differences in the forces generated in the right side of the aircraft to the left to com-
pensate for this asymmetry. Furthermore, the asymmetry of the aircraft also result in coupling between the
longitudinal and the lateral axis of the aircraft. Therefore a 3D analysis of the aircraft involving not only lon-
gitudinal but also the lateral and directional axis is necessary in this study.





4
Morphing Aircraft Modeling

This chapter presents information related to the modeling part of the morphing aircraft. As presented before,
the modeling of the aircraft is one of the three main parts of this research project, which is directly followed by
the validation of the model, presented in the following chapter. In this section, the theory behind the method
selected to model the aircraft will first be presented, followed by the components of the model and the types
of models used in this research. Several model types are created in this research due to their different uses,
which will be further explained in section 4.3.

4.1. Theory

Since the aircraft being considered in this research is a morphing UAV, two main aspects of modeling the
aircraft needs to be determined, which are the modeling of the morphing process of the aircraft, and the
modeling of the aerodynamics of the aircraft. Unlike a conventional aircraft, a morphing aircraft cannot be
represented by a point mass floating in space. Representing the aircraft as a simple rigid body floating in space
is also not an option since the aircraft will need to change its shape during operation, and this means the body
properties as well as the aerodynamic properties of the aircraft will change when morphing. Thus a more
suitable and sophisticated approach of modeling the aircraft is required. The modeling of the aerodynamics
of the aircraft on the other hand will be described in further detail in Section 4.2.

Based on the literature study conducted previously, the modeling technique adopted to model the morphing
aircraft is multibody dynamics. Multibody dynamics is proven to be robust, reliable and easy to use and
therefore the techniques is selected in this project. Bearing in mind that the modeling is just one part of the
project, the quickness and easiness of learning the method as well as implementing it is treated as a major
consideration in the techniques selection. Also, by using multibody dynamics, the equation of motion of the
aircraft is directly calculated with the method.

A multibody body system is a combination of a number of rigid or flexible bodies connected together by
means of joints, which can be externally excited by external forces from springs, dampers or other forms of
actuators. The masses of the bodies are also possible to be varied, but in this study, masses of the bodies
are kept constant throughout the simulation. The equation of motions of a multibody system are generally
written in the form of a second order system of ordinary differential equation as follows [46]:

M(q)q̈ = f (q, q̇) ⇔
{

(̇q) = u
u̇ = f̃ (q,u) = M−1(q) f (q,u)

(4.1)

This equation holds for a system that is not mechanically constrained in any of its degree of freedom. How-
ever, most multibody dynamic system includes joints, which are treated as constrained to one or more of
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the degree of freedom between two bodies. When these joints/constraints are included in the system, addi-
tional algebraic constraints are introduced in the equations of motion and the system is then represented by
a differential-algebraic equation (DAE) which is represented by Equations 4.2 to 4.4 [47]:

q̇ = u (4.2)

M(q)u̇ = f (q,u)−GT (q)λ (4.3)

g (q) = 0 (4.4)

In Equations 4.2 to 4.4, q are the generalized positions, u are the generalized velocities, M(q) are the mass
matrix which is a function of the position of the object, g (q) are the algebraic constraints which defines the
limitations to the degrees of freedom (DOF) of the link between two bodies, λ are the Lagrange multiplier
and G(q) the constraint matrix which is given by the Jacobian of g (q). In essence, in multibody dynamics,
to identify the configuration of a body in space, six coordinates is required [48]. The relation between two
bodies in which no constraints/joints are imposed on are totally free to move from one another. Every two
bodies have 6 degrees of freedom that connects them. However, with the introduction of joints, since the
motion might be constrained in one or more axis, the mobility of the two bodies can be less than 6. This of
course depends on the type of joint/constraints that is used to define the motion between the two bodies.

The equations above includes both the kinematics as well as the dynamics of a multibody system. By using
computers to solve these equations numerically for every timestep and using time-integration methods, the
movement as well as other parameters of a multibody dynamic system can be calculated. This simple theory
that backs the multibody dynamics approach is used in this study. For the numerical solver, Simulink, as a
software environment that is quite frequently used in the academic world is used. More specifically, the Sim-
scape Toolbox in Simulink, which uses the method of solving DAEs of systems is used. The toolbox comes in
two different variants and the one chosen in this research is the Simscape Multibody First Generation Tool-
box, where the bodies, joints and sensors modules are treated as Simulink blocks. The Simscape Multibody
First Generation Toolbox is a very straightforward toolbox to model dynamic systems, and is very suitable to
model the morphing process of the aircraft considered here.

In the Simscape Multibody First Generation Toolbox, a multibody system is composed of several important
components. As the name states, an important component is the body, which is treated as a single body which
may be connected to other bodies in the assembly by means of joints. Then, external forces and moments or
even motions can also be exerted into the assembly at different location by the use of actuators. The forces
may be imposed either on the body or the joints of the system. These external forces creates motions in
the system and wherever required, sensors which measures the forces, moments, motions or the change in
location of a specific point can be included into the system. With these few blocks, a system can be created,
tested and analyzed in with the toolbox used.

4.2. Modeling Components

For the model to correctly represent the dynamics of the morphing aircraft, the model is divided into several
components that each represent an individual system in the aircraft. The division is mainly done by consider-
ing what function a component has to the whole aircraft. Movables due to the morphing technologies are also
treated as individual bodies and connected by means of joints. Each of the part modeled are represented by a
single block, where, if necessary, consist of multiple sub-blocks that represents the different sub-functions of
the sub-blocks in it. In addition to the individual components that represent the physical parts of the aircraft,
7 additional supporting blocks is created which helps in defining the simulation and logging the simulation
data.

For a multibody system, the number of degrees of freedom of the whole system is directly related to the
number of bodies as well as the number of joints and their types. In the case of this study, to model the
aircraft, 1 body is required to model the fuselage, 4 bodies to model the main wing, 2 bodies to model the
horizontal tail and one body to model the vertical tail, there exists 8 bodies in total. By using the mobility
formula/Kutzbach criterion [48] as shown in Equation 4.5, the number of degrees of freedom of the system
can be found.
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DOF = 6×NBOD I ES −NCON ST R AI N T.EQU AT ION S (4.5)

The inboard part of the main wing rotates about a pivot on the fuselage. A revolute joint is used to model
this pivot. Then, to model the extension of the main wing, a prismatic joint is used to define the relation
between the inboard and outboard section of the main wing. Since the horizontal tail and vertical tail only
rotates about a pivot on the fuselage, revolute joints are used to model their motion. Since there are 8 bodies
in total for the multibody assembly, and since for every revolute or prismatic joint 5 constraint equations are
needed, thus by referring to the Kutzbach criterion, the total number of degrees of freedom in the assembly
is (8×6)− (5×7) = 13 DOFs.

For the simulation to be defined properly, initial conditions are also applied to the aircraft before deploying.
These conditions are imposed a starting attitudes as well as starting velocities and rates of the aircraft. Other
than that, for this study, since the actuator dynamics of the deployment mechanism has been neglected, an
imposed motion has been applied to every joint in the aircraft which specifies when the lifting surface will be
deployed and how fast it is deployed. In other words, instead of specifying the amount of moment or force is
exerted on a joint, an acceleration profile is imposed on it along with the relative velocities and positions of
the two reference frames which are connected by the joint.

4.2.1. Aircraft Components Blocks

The design of the Dash-X aircraft possesses challenges that needs to be handled properly. Unlike other de-
ployable UAVs where only the main wings are stowed initially, the Dash-X aircraft has its main wing, hor-
izontal stabilizer and vertical stabilizer in a stowed position inside a canister. This means that during the
deployment of the main wing, there will be no control surfaces that can be used to provide a counteracting
moment to the moment generated by the deployment of the main wing. When released from the canister
mid-air, these aircraft unfolds itself by sweeping the main wing forward and also extending the span of the
wing by means of springs as actuators. A similar mechanism is also implemented in the horizontal & vertical
stabilizer of the aircraft. The engine of the aircraft is positioned in the forward section of the fuselage. In
the end, to model the aircraft, each of the components described above is represented by individual blocks.
These blocks include the fuselage block, the main wing block, the horizontal & vertical tail block & the engine
block. According to the complexity of the components modeled these blocks may have sub-blocks inside
them which is required to represent the internal mechanics of the main component block, like the main wing
block, which consist of the inboard wing block, outboard wing block as well as the telescopic joint block.

Fuselage

The fuselage block is where all of the components of the aircraft are assembled. This block is used to define
the geometry of the aircraft, which is defined by the coordinate systems in the fuselage. Another important
function of this fuselage block is to determine where the reference frames of the most influential components
are and also the inertia matrix of the fuselage. This block also serves as the block which defines how each
connected component of the fuselage is oriented with respect to the fuselage. Initial attitudes of the aircraft
are also defined in this block to accommodate for the limitations of the 6-DOF joint block in the environment
settings block, where only initial conditions of the linear joints are able to be specified.

In addition to the fuselage block, a fuselage forces block is also added to the model. Since the fuselage block is
only a body block where all other components are connected to and no real calculation of the fuselage forces
& moments are done, the addition of this fuselage forces block accommodates this issue. The calculation of
the fuselage forces is based on papers provided by the IHS ESDU Aerodynamics series [1, 49–53], where the
data are obtained from experimental testings. These forces and moments are a direct relation to the angle of
attack and angle of sideslip by which the fuselage experiences. The reference point taken here is the midpoint
along the longitudinal axis of the fuselage. Figure 4.1 shows a body representation of a fuselage and its forces
along with the convention of the signs considered in the papers .

The papers also comes with a online solver [49] where the user can input design parameters of the fuselage
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Figure 4.1: Fuselage forces & moments representation and sign convention [1]

and get the normal and pitching moments coefficient of the fuselage being evaluated here. Since the method
is limited to fuselages with a circular cross section, several assumptions to use the software needs to be made.
Table 4.1 shows the online solver inputs parameters used and some remarks on the choice of the variables.

Parameter Value Unit Remarks

Forward Fuselage Body Type x - Resembles the fuselage forward shape of the aircraft
considered

D x m Equivalent fuselage diameter
l f x m Measured
L x m Measured
la x m Measured
β x ◦ Measured
M∞ x - Assumed
Re x - Calculated
xm x m Measured

Table 4.1: Aircraft fuselage parameters

Main Wing

The main wing of the aircraft is composed of two separate bodies. The inboard part of the main wing is
the one connected to the fuselage by means of the revolute joint, whereas the outboard part of the main
wing is connected to the inboard part by a prismatic joint. The choice of these joints are based on the type
of motion the real aircraft has when unfolding. Initially, both parts of the main wing are stowed around
the fuselage. Then, during deployment, the main wing rotates 85 degrees to its operational position by an
actuator. However, in this simulation, since the actuator dynamics has been neglected, the motion of the
main wing is initiated with an imposed motion defined in the simulation. This motion is described inside
the revolute joint sub-block inside the main wing block. After the main wing rotates, it will extend itself.
The mechanism here is represented in the simulation by the prismatic joint which connects the inboard
and outboard wing bodies. The translation is done until the length of one wing is equal to the semispan
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of the aircraft. To control the timing of the deployments of different components of the main wing, a delay
is imposed for both the rotational and telescopic motion of the main wing. The imposed motion here is
described inside the prismatic joint sub-block inside the main wing block.

In the deployment modelling of the aircraft, due to the lack of actuator data, it is decided that an imposed
motion will be implemented to unfold the aircraft from its folded state. To do this, several parameters regard-
ing the unfolding mechanism needs to be predefined. These values are assumed reflecting on the available
literature of deployable wing aircraft and will not be varied throughout this research.

Parameter Value Unit

Wing Delay Time (Rotation) 1 s
Wing Deployment Time (Rotation) 0.5 s
Wing Delay Time (Telescopic) 1 s
Wing Deployment Time (Telescopic) 0.5 s
Horizontal Tail Delay Time 0.5 s
Horizontal Tail Deployment Time 0.5 s
Vertical Tail Delay Time 1.2 s
Vertical Tail Deployment Time 0.5 s

Table 4.2: Predefined set of deploying parameters of lifting surfaces

Table 4.2 presents the different delays and deploying times of the different lifting surfaces of the morphing
aircraft, which defines the sequence and length of deployment for the different lifting surfaces of the aircraft.
The parameters "delay times" describes from which point in time in the simulation will the corresponding
lifting surfaces starts to deploy itself. The parameters described as the "deployment time" on the other hand
describes how long will the the unfolding motion of the corresponding lifting surfaces will take.

In this research, it is decided that the lifting surfaces on the empennage of the aircraft should deploy first,
as they are the ones that will counteract the moments during the deployment of the main wing, which is
significantly larger in size. The first lifting surface to deploy is the horizontal tail. This is due to the design
of the aircraft which stores the vertical tail inside a chamber within the fuselage, and can only be deployed
without hitting the horizontal tail after the horizontal tail has moved out of the way. After the deployment
of the horizontal tail, he vertical tail still cannot be deployed as the main wing is still on the way. Thus, the
main wing rotational joint is deployed second. After the rotational motion of the main wing, the vertical tail
then deploys with a slightly later time than the main wing. This is then followed by the telescopic motion of
the main wing, which concludes the deployment of the aircraft. The deployment times between the lifting
surface of the empennage and the main wing is taken as the same. In further researches however, it is possible
to use the model created here to tweak the design parameters as the actuator parameters and find the impact
it has on the overall deployment of the aircraft.However, for this research the values are predefined.

Since we have decided in the previous chapter to use simple strip theory for the aerodynamics of the aircraft,
the main wing is divided into several strips. This is also important to model the deploying process since the
outboard wing of the aircraft will experience a higher local velocity compared to the inboard wing. The main
wing is divided into 10 strips, with 6 strips to represent the inboard wing and 4 strips to represent the outboard
wing. Each strip is positioned by defining a reference frame in the bodies of the inboard and outboard wing.
Figure 4.2 shows the Simscape representation of the morphing aircraft after being fully deployed.

L = 1

2
ρV 2cLbstr i p c (4.6)

D = 1

2
ρV 2cD bstr i p c (4.7)

M = 1

2
ρV 2cmbstr i p c2 (4.8)
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Figure 4.2: Simscape model visualization of the morphing aircraft after being fully deployed

For each strip, a body sensor is placed to measure the local velocities experienced by the strips in their re-
spective positions. This velocity measurement can then be converted into the local angle of attack angle and
local sideslip angle. The measured parameters will then be used to calculate the aerodynamic forces and
moments experienced by the strip. In this research, a simple aerodynamic equation to calculate the forces
and moments are used as expressed in Equations 4.6 to 4.8. Wind tunnel airfoil data are gathered and used to
get the values of the coefficients for the angle of attack and angle of sideslip experienced by the strip. These
forces and moments values are then feedbacked to the reference frame of the body where the strip is de-
fined. With this method, the magnitude of the aerodynamic forces can be calculated and the response of the
overall aircraft due to the aerodynamic forces can be seen. The process of incorporating aerodynamic forces
calculation in the model is shown in Figure 4.3.

From the control surfaces point of view, the main wing of the aircraft considered here has ailerons located
in the outboard section of the wing. Referring to the papers in IHS ESDU about control surfaces [? ? ], a
linear relation between the control surface deflection and the additional lift is calculated. This correlation is
calculated for the NACA2415 and implemented in the model. The input for the control surfaces are described
in the Virtual Pilot block and sent via a "Goto" block to the strip of the main wing where the aileron is present.

Horizontal Tail

The horizontal & vertical tail are also deployed by the same actuation system as the main wing, although they
both only rotate about an axis to unfold unlike the main wing that rotates and also extends itself in translating
manner. This means that one body to model each lifting surface is sufficient. Each unfolding lifting surface is
also connected with a joint to the fuselage, which is also actuated. However, again, due to the lack of actuator
data, the actuator dynamics have been neglected here and an imposed motion as described in Table 4.2 have
been incorporated.

The horizontal tail of the aircraft is divided into 5 strips, considering its length. The elevator is present
throughout the length of the elevator and the same procedure to get the relation between the control sur-
face deflection angle and the additional lift in the airfoil as the main wing is used here. The calculation of
the aerodynamic forces and moments and how they are feedbacked to the airframe is the same as the main
wing, and is shown in the form of a flowchart in Figure 4.3. Again here, the input of the elevator deflection is
specified in the Virtual Pilot Block.

Vertical Tail

Unlike the deployment of the main wing or the horizontal tail, the axis of rotation of the vertical tail is along
the lateral axis of the vehicle. The vertical tail is also deployed later than the horizontal tail due to the design
restriction. The unfolding here is also directed by the imposed motion, with which values of delays and
deployments are described in Table 4.2. The calculation of the aerodynamic forces and moments are also
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Figure 4.3: Process of calculating & including aerodynamic forces & moments in the model

similar to that of the other lifting surfaces, expressed in Figure 4.3.

The rudder here is modeled by an increase in lift force due to the control surface deflection whose signal
is directed from the Virtual Pilot Block. Since the airfoil of the horizontal tail and the vertical tail are the
same, the linear relation between the control surface deflection and the additional lift is the same with the
horizontal tail.

Engine

The engine for the aircraft is represented by a single point force. The force here is capped to the maximum
thrust capable of being produced by the engine. The amount of newtons for the engine is determined by the
output of the Virtual Pilot block.

4.2.2. Supporting Blocks

After describing the model components that is directly related to the aircraft, in this section the blocks that
acts as supporting components will be described. The functions of these blocks vary per block, and their
presence is essential in running the simulation and gathering information from the simulation. Not all of the
supporting blocks described here will be present in all of the model and the contents can also differ from one
model type to another. The supporting blocks in the models are listed below:

Environment Settings Block

In the environment block, the relation between the aircraft and the world frame is specified. For the model
created in this study, the default joint chosen is the 6-DOF joint, although this also varies on the type of model
used, later described in Section 4.3. Another candidate would be the bushing joint. However, in Simscape
Multi body, the bushing joint is prone to gimbal lock problem, in which two prismatic joints are aligned with
each other. Thus the 6-DOF joint is used instead.
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The 6-DOF joint is not perfect on its own. The problem with this joint is that the initial condition that can
be specified is for the three linear axis, whereas no initial attitude and angular rate can be specified for the
rotational axis. Thus, a workaround is made to accommodate for the issue by specifying the initial attitude in
the fuselage block and initial rates with the initial rates block.

Virtual Pilot Block

The virtual pilot block represents a pilot which directs the motion of the aircraft by specifying the input values
to the engine or control surfaces of the aircraft. There are four different input parameter specified, which cor-
responds to the four controls of the aircraft, namely the engine, the elevator deflection, the aileron deflection
and the rudder deflection. Depending on the type of model being evaluated, the contents of this block may
differ. Further information regarding the types of model will be explained in section 4.3.

Sensors Block

The sensors block is where information regarding the raw parameters of the flight is converted into mean-
ingful information that satisfy the aerospace convention. Within the sensors block, values of the aircraft as a
whole throughout the simulation is measured, prepared and visualized. These values includes the aircraft’s
speed, attitude, linear and angular rates, position, accelerations, load factor and angles. There are 2 links that
connects the sensor block and the fuselage block of the aircraft. These links are each connected to separate
body sensors, which measures the values described above in the world and the body reference frames. For
both body sensors, the reference point on the aircraft by which the values are measured is in the CG of the
aircraft.

Atmosphere Block

The Atmosphere block defines the properties of the air and surroundings of the aircraft throughout the simu-
lation. Since during the simulation the altitude of the aircraft changes, the properties of the air at that specific
altitude needs to also be constantly updated. For instance the density of the air at low altitudes is different
from the air at higher altitudes and this will have an impact on many of the aircraft performance and trim
values. Thus the inclusion of this block is necessary. The input of this block is the current altitude of the
aircraft and the outputs are the the air density, temperature, pressure and speed of sound at that particular
altitude. The calculation of the atmosphere is based on a built in block in Simulink, which is called the ISA
Atmosphere model, which bases its calculation on the U.S. Standard Atmosphere 1976 Paper [54].

Data Logger Block

To be able to work with the results of the simulation, it is not rare that the output of the simulation need to
be opened in a different software environment. Thus the storage or logging of the data of the simulation run
is necessary. The data logger block here serves this function and stores the timeseries values of selected pa-
rameters of the flight to the MATLAB workspace, which can later be saved or worked with. Some of the values
logged include the input values of the virtual pilots, the aircraft flight parameters calculated and measured in
the sensors block, the values of the parameter blocks and the triggers by which the simulation is stopped in
the Simulation Stopping Criteria Block.

Simulation Stopping Criteria Block

The Simulation Stopping Criteria Block is one where the upper and lower limits of the safety deployment pa-
rameters is being monitored throughout the simulation. In the model, the simulation is prematurely stopped
once a variable is observed to have crossed either its upper or lower limits. On the other hand, the simulation
is let to run until the prescribed endtime if no observed variable crosses its limits. Further information on
what the evaluated variable are will be discussed in Chapter 6.
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Each observed value is given a designation number, which can be tracked later to check which values triggers
the stop of the simulation. This is useful in the analysis phase, where a simulation might even be stopped due
to the crossing of 2 variables at the same time. With this method, the reason for stopping the simulation can
be understood and in the future, steps can be taken to prevent it from happening.

Initial Rates Block

The addition of this block in the model is to accommodate the limitations of the joint used to connect the
aircraft to the world axis. Since the 6-DOF joint is used, the initial condition that can be specified here is that
of the 3 linear axis. Unfortunately it is not possible to specify joint initial condition for the 3 rotational axis.
Thus, this block is added as another method to specify the initial rotational rates of the aircraft.

τ= Iα (4.9)

Inside the joint, a body sensor is used to impose an instant moment to the aircraft. As shown by Equation 4.9
,based on Newton’s second law of motion for rotational motion, the inertia of the body can be determine once
the moment applied to it and the angular acceleration is known. By imposing a random value of moment to
the model at the first time step and knowing the value of the timestep as well as measuring the rate generated
due to the motion, one can reversely calculate the inertia of the body due to the moment in a single axis. This
method is performed for the three rotational axis and the inertia of the aircraft before unfolding for the three
rotational axis can be determined. Once determined, the same formula can be used again to determine what
initial rate should the aircraft has at the beginning of the simulation.

4.3. Models Types

In this research, three types of the model are created which each will be used for a specific purpose. The main
model here is the deployment model, which will includes the deployment dynamics of the aircraft, whereas
in the free-flight model and the wind-tunnel model, the simulation begins with the lifting surfaces of the
aircraft already deployed. The modeling of the aerodynamics in all the models are the same, however minor
changes exist. Other than that, several basic differences also exist between the model and their uses. Thus, in
this section, an explanation on the differences and uses of the models will be described. Table 4.3 shows an
overview of what the differences the three types of models are.

Free-flight Model Wind-tunnel Model Deployment Model

· Aircraft initially unfolded · Aircraft initially unfolded · Aircraft initially folded
· Aircraft allowed to fly freely · Aircraft grounded to base · Aircraft deployed
· 6-DOF joint used to connect to
world frame

· Welded joint used to connect to
world frame

· 6-DOF joint used to connect to
world frame

· For validating with flight test
data

· For validating with AVL results · For simulating deployment

Table 4.3: Differences between model types

4.3.1. Free-flight Model

The free flight model is used to simulate the aircraft by specifying the initial airspeed and flight path angle of
the vehicle. The term free-flight here is used to differentiate between the other model types and to emphasize
that the model has no direct link to the world. This is due to the joint used here to relate the aircraft with the
world frame is the 6-DOF joint. The free flight model is also used to test the response of the aircraft to basic
inputs, and to check the dynamic stability of the aircraft. To do this, two types of free flight models are created,
which both focuses on obtaining the stability derivatives of the Simscape model.



28 4. Morphing Aircraft Modeling

The piloted free flight model is one where control strategy is included into the model. The aim of including
this control strategy is so that the aircraft can be trimmed in a flight condition specified at the beginning of
the simulation. In other words, a trim routine is added by adding a simple controller ahead of the plant of
the aircraft and errors between the reference and actual values are corrected with this controller. For this
study, since the control strategy included is only for trimming purposes, a simple PID controller is used for
all the 4 control inputs to the aircraft, namely the force generated by the aircraft engine, the deflections of the
elevator, the aileron and the rudder. The aircraft being considered here does not have any high lift surfaces
but the addition of such in another case is possible. The piloted model free flight model is run for 150 seconds
just to make sure that the parameters of the flight have converged and is not oscillating when the final values
of the control inputs to the aircraft are taken as the trim values.

After obtaining the values necessary to trim the aircraft in steady level flight or steady climb, the unpiloted free
flight model is used to check the correctness of the model. Basically, the output values that have converged
after running the piloted free flight model is taken as constants that will be included as control inputs to
the unpiloted free flight model. This value, along with the final aircraft world speeds, attitudes, altitude and
speed are altogether treated as initial conditions of the unpiloted free flight model. Running the unpiloted
free-flight model with these values should give out a trimmed steady level flight, which is used for verification
purposes.

Other than that, the unpiloted free flight model is the model that is used to check the stick-fixed responses
of the aircraft upon the introduction of various control inputs on top of the trim values obtained before. The
main purpose of creating a free-flight model is for the validation of the Simscape model with the flight test
data, which will be done in Chapter 5.

4.3.2. Wind-tunnel Model

The second type of model created in Simscape is the wind-tunnel model. Similar to the free flight model, for
the wind-tunnel model, the simulation starts with the aircraft initially unfolded. The difference here is that
the wind-tunnel model is grounded to the base, and is not allowed to move freely in 3D space. This setup is
adopted referring to wind-tunnel experiments, where a scaled-model of an aircraft is placed on a strut inside
a wind-tunnel, and a freestream is passed through the aircraft. Sensors are generally placed on the strut
where forces and moments in various directions are measured. By basing the model with a simple wind-
tunnel experiment setup, forces and moments are measured by at the point where the strut is connected to
the airframe. The purpose of creating this model is to obtain the stability derivatives of the Simscape model
and compare them with another solver, which in this case, is AVL.

Figure 4.4: Illustration of the wind-tunnel model

Since there are two types of stability derivatives, where one can be measured by leaving the wind-tunnel
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model in specified configuration and the other needs to be measured when the model is rotating at a specified
rate, two types of models are constructed here. The static wind tunnel model is used to obtain the static
stability derivatives of the aircraft, which are changes in non-dimensionalized forces and moments due to
the variation of α and β. The second model is more tricky to construct as an imposed motion will need to
be applied at the point where the aircraft is connected to the strut. Then, the same procedure to measure,
non-dimensionalize and calculate the dynamic stability derivative is used.

As shown in Figure 4.4, the parameter Xr e f is the distance between where the strut is placed on the model
and the centre of gravity of the model. This value will later be varied during the validation process to also
compare the trend of the stability derivative with changing Xr e f .

4.3.3. Deployment Model

The deployment model is the main model created in this study. It includes not only the deployment dynamics
of the aircraft, but also the initial condition of deployment which will be the parameters varied during the
study, as explained in section 6.3. The simulation runs with the aircraft initially being folded and then unfolds
after the specified delays and deployment duration as specified in Table 4.2. A 6-DOF joint is here used to
define the relation between the airframe and the world axis and it is essential to use this joint here due to the
limitations of the bushing joint described before.

For this model in particular, a simple control is included which helps the aircraft to pull-up. A simple propor-
tional gain is used to convert the value of the flight path angle of the vehicle to the deflection of the elevator.
The addition of this control is backed with experiences of the deployment, where without this control, most
of the deployment assessed here will fail due to the excess in speed of the aircraft. Also, in practice, due to
the already high speed generated in the two deployment scenarios evaluated in this study, the engine of the
aircraft produces no force (is turned off) in the deployment model.

Another important thing to notice here is the minor difference between the modeling of the aerodynamics
of the deployment model and the other model types. For the deployment model, before the aircraft unfolds
its lifting surfaces, the lifting surfaces is not able to produce any aerodynamic forces. This is done by simple
including a delay switch after the body sensor which reads the velocities experiences by each specific strip in
the aircraft.





5
Model Validation

As with any numerical model created to predict physical phenomenons, a validation of the model created is
a necessary step to assure that the results the model gives out is a good representation of what will happen in
reality. In this study, the model of the Dash-X aircraft is created to predict the dynamics of the deployment of
the vehicle. Although the study focuses on the deployment, the model validation of the vehicle is performed
for a fully deployed version of the vehicle. This process is essential to proof that the aerodynamics of the
aircraft modeled will be similar to that of the real aircraft.

This chapter focuses on the method of validation conducted in this study. Two validation methods are adopted.
First, the wind-tunnel model will be used to extract information regarding the stability derivatives of the air-
craft. This data is then compared with the result of an off-the-shelf aerodynamic solver. A description of
the theory used to measure the stability derivatives in the Simscape Model is presented. Then, the model’s
response to basic control inputs are investigated to verify that the created model indeed behaves like a real
aircraft. Secondly, the response of the Simscape model will also be compared with actual flight test data of
the Dash-X aircraft. For this, the free-flight model of the aircraft will be used and the same control inputs will
be applied to the model to check the resemblance and differences in responses between the Simscape model
and the flight test data.

5.1. Validation with an Aerodynamic Solver

To compare the dynamics of an aircraft model between solvers, an agreement on what the variables to com-
pare needs to be made beforehand. For this study, it is interesting to show that the aircraft modeled in Sim-
scape will give the same result as the actual aircraft when an external force or input is applied to the model.
For a dynamic system, the parameters that is able to describe the dynamic properties of the aircraft is its
stiffness and damping values. In aircraft dynamics, these parameters are represented by the aircraft’s stability
derivatives, which explains how stiff the aircraft is when given a specific control input and how much damp-
ing the aircraft has to counteract the inputs. Thus, the stability derivative of the aircraft will be the parameters
that is observed and compared in this study.

In this research AVL has been chosen to be the aerodynamic solver, with which the result of the Simscape
model will be compared. AVL is able to compute the static and dynamic stability derivative of an aircraft
model. This numerical solver is vortex-lattice based, and thus a division of the lifting surfaces is made be-
forehand. A cosine spacing law is also used to distribute the panels that divide the lifting surfaces in AVL.
To perform the analysis in AVL, first a model of the aircraft is made in AVL. Information of the aircraft like
planform and sectional airfoil parameters, as well as the geometric data of the aircraft is used to create the
AVL model. An important thing to note here is that the same reference point is used in both models. This ref-
erence point defines where along the longitudinal axis of the aircraft the forces and moments are measured;
thus it is critical to have the same point when comparing the data. However, to not only evaluate one set of
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data, different reference point are used in this research and these different set of data will be compared later
to show the differences or similarites in the trend of several major stability derivatives.

After obtaining the stability derivatives data from AVL, now the same values should be retrieved from the Sim-
scape model. As said before, the model used here is the wind-tunnel model, where the aircraft is grounded
to the world frame and the model experiences a headwind with varying angles. The method used to cal-
culate the static stability derivatives slightly differs than the method used to calculate the dynamic stability
derivatives, and thus different sub-type of the models are used. An explanation of these models have been
explained in section 4.3.2.
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Equations 5.1 and 5.2 shows the definitions of the static stability derivatives with respect to α and β. This
equations becomes the basis of how the static stability values are acquired from the model. For example,
Figure 5.1a shows the relationship of the lift coefficient and the angle of attack of a full aircraft. From this
graph, the gradient of the curve is the static stability derivative CLα . The same is true for a graph relating the
drag coefficient, the rolling moment coefficient and other coefficient of an aircraft.
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Figure 5.1: Variation of (a) CL & (b) Cn with α of the Simscape model

Basically, to obtain the static stability derivatives, the Simscape wind-tunnel model will be set at a specific
angle of attack or sideslip angle and forces and moments are measured for that angle of attack or sideslip
angle. These forces and moments are then non-dimensionalised and stored. The process is done for various
angle of attack or sideslip angle and the results are then plotted in a graph. From the data obtained, a linear
regression method is used to find the linear line that best fit the scatter of data points. By using linear regres-
sion, the linear line plotted to represent the data points has the least amount of error. This should then be a
good representation of the data. The gradient of this line is then taken as the static stability derivatives. This
process is shown in Figure 5.2 in the form of a flowchart.

As shown in Figure 5.1, not all of the data points can be well represented with the linear regression method. A
very good approximation of the line can be seen in the CL versusα curve. The representation of the CD versus
α curve with a linear line is however not as good as the CL versus α curve. This means that with the current
simple method of obtaining static stability, the value of CDα might not be as reliable as the data for CLα . The
relation of CD and α generally follows a higher order polynomial, and is therefore not easy to be represented
with a linear curve. This is contrary to the relation between CL and α below the stall point, which is easily
represented with a linear curve.
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Figure 5.2: Method to obtain the static & dynamic stability derivatives from the Simscape model
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The dynamic stability derivatives used in this study is defined in Equations 5.3 to 5.5 The calculation of the
dynamic stability derivatives is similar to the static ones, but different in one single way. Instead of fixing the
wind tunnel model at a fixed angle of attack with respect to the headwind, a constant rate angular motion is
imposed to the model. The constant rate of angular motion is used to avoid the effect of inertial moment of
the body as a response of the model due to the angular acceleration. However, due to the rotation of the vehi-
cle, especially when pitching and yawing angular motion is imposed, the effect of the change in the model’s
angle of attack and sideslip angle may cause the readings to also have unwanted components. Therefore,
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it is decided to measure the values of only the initial time step of the simulation, where the model has not
change its position and thus, the forces and moments generated will only be due to the motion imposed.
Then, the same procedure is done as the measurement of the static stability derivatives, where the forces and
moments generated for every variation in magnitudes of angular rates imposed is plotted in a graph and the
gradient of the plotted values are then taken as the dynamic stability derivatives. Figure 5.2 shows the process
of obtaining the dynamics stability derivatives from the Simscape model.

For the validation process, several major stability derivatives are selected to be plotted and discussed. As
stated before, several comparisons of these parameters are shown by changing the reference point along
the longitudinal axis of the aircraft in both the AVL and the Simscape model. In this study, the Cmα , Cmq ,
CLq , which are the stability derivatives that varies with the changing of the reference points are taken to be
compared.
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Figure 5.3: Variation of (a) Cmα & (b) Cmq with changing reference point along the aircraft longitudinal axis
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Variations of the stability derivatives considered is shown in Figures 5.1 & 5.4. Differences in the trend the 3
graphs has are due to the limitations of each of the solver used. For instance AVL does not consider the profile
drag of the lifting surfaces modeled in the model, whereas the Simscape model, basing its aerodynamic data
from an open source wind-tunnel experiment [55] does incorporate the profile drag values of lifting surfaces.
This is very visible in Figure 5.4, where the values of the dynamics stability derivative CLq drops at a rate that
is higher than the AVL model. Although both graphs shows a similar trend of reduction with increasing Xr e f ,
the rate by which these values drop are not alike. This is also observable in Figure 5.3, where although the
trend are similar for both values, the rate by which the graph increases or decreases differs.
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The Simscape model also does not consider interactions of lifting surface between as is done in AVL. This
means that the downwash produced by the main wing that in practice influences the performance of the
empennage lifting surfaces are not considered. This is a limitation of the Simscape model created in this
study and causes the value of Cmα measured from the Simscape model to generally be lower than the AVL
model. A reason for this is the effectivity of the horizontal stabilizer of the Simscape model which is always
higher due to the lack of modelling of the interactions between lifting surfaces. This, amplified with the fact
that the tip loss effect of the lifting surfaces which is not modeled in the Simscape model, causes the the
difference in the Cmα and Cmq values of both models.

5.2. Model Response to Basic Inputs

In this section, the model’s response to various basic control inputs will be presented. The selected control
input here is a quick step input (can also be regarded as an impulse input), and will be treated as inputs to the
model in addition to the trim control deflection angles. Thus, the aircraft is first trimmed at a specific velocity
and altitude, and then the external input in the form of a step input will be given in the elevator, aileron and
the rudder of the aircraft. This step will be treated as a verification step of the model, to show how the model
inherently behaves when given such control inputs.

Before checking the response of the model to external inputs control inputs, first an investigation on how the
trim deflection angle of the elevator changes with airspeed is conducted. The created model is run multiple
to obtain the values of the trim deflection angles and thrust required to maintain a steady level flight on the
given airspeed. The trim elevator deflection angles for every airspeed is logged and plotted to show how the
elevator deflection angle varies with increasing airspeed.

10 20 30 40 50 60 70

V
EAS

 [m/s]

-40

-35

-30

-25

-20

-15

-10

-5

0

5

e
 [

d
e

g
]

Figure 5.5: Variation of trim elevator deflection angle with airspeed of the Simscape model

Figure 5.5 shows this trend specifically. The purpose of conducting this test is to verify that the variation of the
trim elevator deflection angle resembles of a normal aircraft, where with increasing altitude and speed, less
deflection angle is required to be given to trim the aircraft. This test also shows that for the limited amount of
thrust the aircraft has and the limited throw the elevator has, the aircraft can only go so slow before it stalls.
At this point, the velocity by which the aircraft stalls is called the stall speed of the aircraft. From Figure 5.5, it
can be said that the stall speed of the aircraft model is around 20 m/s. For speeds below 20 m/s, the elevator
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angle goes to a constant value of 30 degrees. This is because of the upper limit of the elevator throw of the
horizontal stabilizer, which is 30 degrees.

Indeed judging by the way the elevator changes with airspeed, the created model behaves as an aircraft should
be. With increasing airspeed, the magnitude of the force generated due to the deflection of the control surface
also rises. This means that for the same amount of deflection an elevator has, the forces at higher speeds is
considerably higher, due to the quadratic relation of the aerodynamic forces with speed. Thus, a smaller
amount of elevator deflection is sufficient to give the same counteracting pitching moment to the airframe,
which prevents the aircraft from pitching up. From Figure 5.5, the elevator deflection trend also follows a
quadratic trend and is asymptotic to a value of above the zero degree line. Increasing the airspeed further
will only reveals that the change at higher speed will not be as significant as the change in lower speeds. At
an airspeed value around 65 m/s, the sign of the elevator deflection angle switches from negative to positive.
This indicates that at this point, the moment experience by the aircraft at its centre of gravity switches from a
pitch down moment to a pitch up moment and thus, the elevator needs to compensate for this change.

After having an idea that the created model behaves as a real aircraft should behave, now step input will be
given as additional inputs to the model to check how the model copes with sudden external inputs. First, the
response of the aircraft to a step input in the elevator will be examined, followed by the model’s response to
step input on the aileron and the rudder. The Simscape model is run at a trim speed of 35 m/s and the step
input is introduced 1 second after the simulation starts for 0.1 seconds. For all the step inputs introduced
tom the model, a maximum control angle deflection is applied.

Response to Step Elevator Input

The variation of flight parameters as a response of the step input to the aircraft is presented in Appendix A
of this report. As shown in Figure A.1, the flight path angle and airspeed of the vehicle varies after the intro-
duction of the step input to the elevator. It can be clearly seen from Figure A.1a that at the moment the step
input is introduced, the flight path angle jumps to a high value and suddenly drops before oscillating in a very
lowly damped manner. This high jump is the short period mode of the aircraft, whereas the lowly damped
gradually converging motion of the aircraft shows the phugoid motion of the aircraft. From this, it can be
clearly seen that the model created is able to show the two longitudinal eigenmodes of an aircraft, which ver-
ifies the created model in this research. Due to the sudden introduction of a step input, the aircraft suddenly
pitches up, and the airspeed suddenly falls. This is also denoted by the sudden spike in pitch rate generated
by the maneuver in Figure A.3b. However, this spike is directly followed by an negative spike which is less in
magnitude and during the phugoid motion, the pitch rates experienced by the aircraft is considerable less.
Like the other longitudinal flight parameters, the angle of attack of the vehicle also spikes at the introduction
of the step input.

On the contrary to the longitudinal parameters, the lateral and directional parameters of the flight varies as
well, but with a much lower value. The deviation of the roll attitude and rates as well as the yaw attitudes
and rates are very low compared to the pitch attitudes and rates. Although these values are rather small, they
seem to not converge to a constant value like the pitch attitude and rate of the vehicle. This may very well
be an indication that the aircraft considered here might not be stable in the spiral mode. However, this is not
very visible when observing Figure A.6, which shows the aircraft trail of movement. In Figure A.6b, the red
star indicates the starting point of the aircraft in the simulation. The altitude of the aircraft oscillates due to
the phugoid motion and the aircraft moves in a fairly straight manner.

Response to Step Rudder Input

The graphs showing the changes in flight parameters due to the introduction of a step input in the aircraft’s
rudder is shown in Appendix A of this report. As the rudder is the control surface that is deflected, the yaw
rate of the aircraft caries significantly higher compared to the other two angular rates of the vehicle. However,
due to the fact that the lateral and directional axis of an aircraft is coupled, the introduction of a step input
in the directional axis also has a considerable but not as significant effect on the vehicle’s lateral axis. This is
denoted by the variation in Figures A.10b and A.8b. The heading angle of the vehicle also quickly changes.
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However, although the yaw rate varies greatly at the moment the step input is given to the aircraft, the yaw
and roll rate of the vehicle quickly dampens out. Again, as noticed before, these values however does not
converge to a constant value but rather continuously drops, which could be the indication of an unstable
spiral mode.

This claim is again backed with the observation of Figure A.12, which shows the course of the aircraft move-
ment in space. The deviation of the aircraft in the Y direction is far significant than the previous case. The
altitude of the aircraft drops after the maneuver, but at very slow rates.

Response to Step Aileron Input

Like the previous two cases, the graphs showing the variation in the flight parameters due to the introduction
of an aileron step input is presented in Appendix A. Judging by the way the aircraft moves after the introduc-
tion of the step input, the aircraft goes to a converging spiral, as shown in Figure A.18. The diameter of the
spiral decreases in time, and the altitude of the vehicle also drops considerably. This is also shown with the
general increasing value of the airspeed, although, in several points, decreases due to the orientation of the
vehicle denoted by the flight path angle and pitch rates which oscillates as a response of the vehicle in the
spiral motion.

The roll attitude of the aircraft settles at a specific value, since the aircraft is not corrected to fly in a straight
manner again. However, the attitude keeps on decreasing even when very little roll rate is experienced by
the vehicle. The roll experienced by the vehicle is very high in magnitude at the moment the step input is
imposed on the vehicle, but dampens out very quickly. This is not the case with the pitch and yaw rates,
where the values persist to change with time.

5.3. Validation with Flight Test Data

A model of an aircraft is said to be a good representation of the actual aircraft if the model is able to give similar
responses as the actual aircraft, if the same control inputs are imposed in the model. By basing the validation
process with the flight test data with the statement above, a process to compare the way the Simscape model
behaves to the similar control inputs given to the actual aircraft during flight test is made.

Flight test data are generally noisy, and it is not rare that pinpointing a timeframe where the aircraft is steady
before performing a maneuver is not an easy job. The aircraft considered in this research has performed
several flight test and from the flight test data evaluated, the one where the aircraft performs a roll doublet
maneuver will be considered here.

In principle, to test whether the model created will give similar responses as the actual aircraft during flight
test, first, the time by which the maneuver of interest is conducted during the flight test will needs to be
determined. The starting point here will be the time where the control inputs is started to be introduced to
the aircraft. Generally, comparisons of model responses and flight test data should not be done for longer
than 10 seconds due to the build up of error between the model responses. Any comparison longer than 10
seconds will leads to the results diverging and thus the result is not any more comparable. Thus, the flight test
data to be considered is from the beginning of the maneuver until 10 seconds after maneuver. The selection
of the maneuver starting point also defines what the initial condition of the simulation of the model will be.
The initial condition here defines how the aircraft is oriented, at which speed and altitude the aircraft is flying
as well as what the angular rates that the aircraft is experiencing are. These values are then treated as the
φ0, θ0, ψ0, V0, h0, p0, q0 and r0 at the beginning of the simulation. Unfortunately, due to the limitations of
data from the flight test, angular accelerations of the aircraft are not measured and thus this might effect the
differences at the beginning of the simulation for the angular rates comparisons.

After setting the initial times as well as defining the initial condition of the simulation model, the next step
is to trim the Simscape model at the initial altitude and speed. Once trimmed, the aircraft simulated will
have trim control surfaces values. However, it is very unlikely that the trim control surfaces values of the
actual aircraft and the Simscape model will be the same. A possible reason for this is the weight data of the
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aircraft for the flight test might not be the same as for the model. In this study, the model is being simulated
at maximum payload and the reduction of weight due to the burning of fuel is neglected. This may play a role
in the difference in the responses of the aircraft. Due to this differences, the control surface inputs from the
flight test data needs to be adjusted and multiplied by a gain, whose values are to be determined by a trial
and error method. The equation used to adjust the control inputs from the flight test data to the Simscape
model is expressed by Equations 5.6, 5.7 and 5.8. In the end, due to these differences, the final control surface
inputs to be applied to the model is represented by Equations 5.6, 5.7 and 5.8. The simulation is then run for
the amount of time specified. The adjusted flight test data inputs used here for the roll doublet maneuver is
shown in Figure 5.6.
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]
F T + [
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]
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Figure 5.6: Adjusted elevator, aileron & rudder control inputs to the Simscape model which defines the roll doublet maneuver

As shown in Figure 5.6, to perform the roll doublet, an aileron deflection angle of around -12 degrees is first
imposed to the model for around half a second and then directly followed by an aileron deflection of +15
degrees for around the same amount of time imposed to the Simscape model. The magnitudes of the in-
puts here are adjusted to the model from the original flight test data, but the time at which the controls are
given are not changed. After the variation, the inputs of aileron for the remaining period is taken as well for
consistency purposes. However, even this measure have been taken, the amount of error caused by the dif-
ferences in the Simscape model’s response and the actual flight test data is still going to pile up and causes
the response of the aircraft to diverge after a certain amount of time. Other than the aileron inputs which is
the major input for a roll doublet maneuver, the control inputs for the elevator and rudder are also taken and
included as input signals to the Simscape model.

The comparisons between the roll attitude and roll rate of the Simscape model and the flight test data is
shown in Figure 5.7. The original data of the roll rates from the flight test shows a lot of noise and thus a
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Figure 5.7: Comparison between the (a) roll attitude & (b) roll rate response of the Simscape model and actual flight test data
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Figure 5.8: Comparison between the (a) pitch attitude & (b) pitch rate response of the Simscape and actual flight test data

low-pass filter is used here to filter out the high frequency noise in the data. The instrument used to measure
the rates during flight test is a gyroscope, as one of the modules in the built in IMU (Inertial Measurement
Unit) of the flight control module. Such noises might be a result of the use of no damping between the flight
control module and the airframe, and thus the frequency of the airframe during flight might also be captured
in by the IMU. The comparison of the rates is then made between the Simscape model result and the filtered
flight test roll rate data. Comparing with the flight test data, both the roll attitude and the roll rates of the
aircraft shows good resemblance. This shows that the model created in Simscape is able to represent the
dynamics of the actual aircraft. Considering the fidelity of the modeling of the aerodynamics of the Simscape
model, the results presented here is considered to be very good. However observing the data closely reveals
that the initial rate of the two data is not the same. A possible reason for this is that the angular acceleration
of the aircraft at that specific point is not incorporated and imposed into the Simscape model. This actually
is crucial information as this will determine in which direction the aircraft is actually rotating to due to the
angular acceleration of the vehicle at that specific point. This is also shown by the slight difference in the
time by which the roll attitude of the aircraft started changing. From Figure 5.7a, seeing the first few seconds
of the two curves shows that the response of the Simscape model is falling behind the flight test data. This
also might be the cause of the roll acceleration of the vehicle which is not available and not included in the
Simscape model simulation.

Different to the comparisons of the roll and roll rates, the comparisons of the pitch and pitch rate of the
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Figure 5.9: Comparison between the (a) yaw attitude & (b) yaw rate response of the Simscape model and actual flight test data
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Figure 5.10: Comparison between the (a) airspeed attitude & (b) altitude response of the Simscape model and actual flight test data

Simscape model and the flight test data does not show the same level of resemblance as the roll data. Again,
for the rates, the data has been filtered with a low-pass filter due to the noise captured in the measurement.
From Figure 5.8a, the pitch attitude of the vehicle is only for the first few seconds with the flight test data alike.
The same can be seen in the pitch rate comparisons. Another observation is the magnitude of the pitch rate
here due to the control surfaces inputs is not similar to the flight test data, depicted by the peaks of the pitch
attitude during the introduction of the roll doublet maneuver. The damping of the aircraft from the pitch
point of view is also not as high as the actual flight, where after the maneuver, the pitch attitude varies less
than with the flight test data. However, the pitch rates of the Simscape model is much more varying than the
pitch rate from the flight test.

The same can also be observed in the comparisons of the yaw and yaw rates. Although it begins at the same
point due to the imposed initial condition of the yaw attitude, the yaw of the Simscape model goes to another
direction as to the actual aircraft during flight test. The rates are also opposite in direction for both models.
The Simscape model is first trimmed and the initial condition of the flight test is imposed into the model.
This method of imposing a motion into a trimmed model without including the angular acceleration, as with
the other 2 attitudes, could cause this difference. In reality, at the timeframe by which the flight test data is
cut, the aircraft is nowhere near its trimmed condition. Instead, for the comparison here, a trimmed aircraft
model is imposed by the initial condition of the determined point and the simulation is run. This may very
well be the major cause of difference in the way the aircraft behaves in both the pitch and yaw axis. After the
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maneuver, the trend of the yaw attitude similar to the flight test, although the values are not. In both cases,
the aircraft then rotates to a more negative yaw attitude. The timing in which the yaw attitude of the aircraft
increases and decreases are also comparable between the two model. The yaw damping of the Simscape
model is also not similar to the actual aircraft, seen by the slow reduction of the yaw rate of the Simscape
model as compared to the actual aircraft.

After comparing the three attitudes and rates of the Simscape model and the flight test data, now a compar-
ison of the altitude and airspeed will be made. Figure 5.10 shows this very comparison. For the altitude, a
GPS module as an extension to the flight control module is used and for the measurement of the airspeed,
a digital airspeed sensor which was placed at the right wingtip is used. The airspeed values greatly differs
after the maneuver. This is due to the drop in altitude as shown in Figure 5.10b which is much sooner in the
Simscape model than the flight test. Throughout this study, the weight of the aircraft is also kept constant
during the simulation runs and a maximum payload is used for all simulations. This assumption might also
be the cause in difference between the attitudes and rates in the comparisons, especially for the longitudinal
parameters of the aircraft as well as the airspeed and the altitude. Thus, the difference in the model’s pitch
attitude, pitch rates, airspeed and altitude might be influenced by this assumption made in this study.





6
Deployment Safety Assessment

After completing the first and second phases of the research, in this section the method the writer has taken
to perform the third and final phase will be explained. As the title of the study is the deployment safety
assessment of a deployable UAV, the research should in principle incorporate the evaluation of the safety of
deployment. But what is actually defined as a safe deployment, what are the possible cases that may happen
during the deployment of a morphing UAV and how will the safety of deployment be assessed? The answers
to these questions will be presented in this chapter.

6.1. Assessment Method

In Section 2.5, we have decided that to assess the stability of the deployment, first a screening method will be
performed. This screening method will reveals what are the parameters in the set of the deployments initial
condition that have minor or no effect at all to the safety of the deployment, within the ranges considered in
this research. In principle, there are several screening methods available in the literature that can be adopted
here, but the simplest and most straightforward one is the one-at-a-time screening method by Morris[41].

di (x) = [y(x1, x2, x3, ...., xi−1, xi +∆, xi+1, ...., xk )− y(x)]

∆
(6.1)

With Morris’ one-at-a-time screening method, it is possible to understand which inputs have a high impact
on the overall result of a simulation. The method is also able to predict whether interactions between pa-
rameters do exist. In essence, the method varies one parameter at a time in a specified range, whereas the
other parameters of the inputs are kept constant. This means that if a combination of input parameters result
in a failed deployment, the most likely explanation to the cause of failure is due to the change of the varied
input or due to the interaction of the varied input with another parameter in the set. With this method, the
changes in the output parameter is observed and quantified with respect to the change made by the varied
parameter. In other words, a gradient (or termed "elementary effects" by Morris) is calculated which shows
the effect the varied parameter has on the observed output parameter, as expressed in Equation 6.1 . Thus it
is also necessary to specify which parameter in the output of the simulation that needs to be observed.

For the deployment safety assessment however, the parameter to be evaluated is the safety of deployment,
which is a binary variable. The variable "safety" will only have 2 values, either "1" to denote that deployment
have been successful or "0" to tell that the deployment had failed. This means that conventional one-at-a-
time screening method will not be capable to get the degree of change of the observed output parameter due
to a change in the input parameter. Thus a modification needs to be made on the method to make it suitable
to be used in

43
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Figure 6.1: Deployment Safety Assessment Method Flowchart

In this study, a modified version of the one-at-a-time screening method is formulated which will be suitable
to reveal the influential and non-influential parameters in a binary output system like this one. Instead of
calculating the degree of change due to the variation of a parameter, the modified method calculates the
amount of failed deployment in the specified range of input parameter. There is of course a possibility that
when the range of input parameter is extended or narrowed, the result of the influential parameter might be
different. Therefore, the definition of the range of input parameter needs to be universal, and encompasses
a wide range of possible values. In other words, the screening method developed here is very sensitive to the
range of input parameters and extreme care needs to be made when defining the input parameter range.

After being able to determine which input gives a big effect on the safety of deployment, the next step is
to select these influential parameter (or exclude the uninfluential parameter) from the simulation. Three
of the most influential parameter will be selected in this study so that the visualization in the form of a 3D
graph can be made in the next chapter. With the range being specified previously, the three most influential
parameter are varied and a the deployment is run multiple times with varying these parameters. Whether or
not a deployment will be safe is thus determine by evaluating the safety deployment parameters. All in all,
the process of assessing the deployment is described in the form of a flowchart in Figure 6.1.

6.2. Definition of Safe Deployment

Referring to the literature review performed before the start of this research, in this research, the definition of
a safe deployment is as follows:

“A deployment is considered safe if none of the aircraft’s structural or aerodynamic limits are surpassed and if
the deployed aircraft goes to a controllable flight regime after the deployment”

From this definition, there are two different sections of the sentence that defines the safety of deployment.
The first is related to the structural and aerodynamic limits of the aircraft. This structural part is pretty
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straightforward, as exceeding the structural limits of an aircraft may cause the airframe to break during de-
ployment. For this study, two parameters which defines the structural limits of the aircraft is taken, namely
the never exceed speed of the aircraft (VN E ) and the load factor of the aircraft (n).

The aerodynamic limits meant in this statement is the stall angle of attack of the lifting surfaces. This is
taken as a measure due to the fact that if the lifting surfaces that has a control surface is stalled, then the
effectiveness of the lifting surface is greatly reduced. Due to this phenomenon, the stall angle of attack of the
lifting surfaces is taken as the one of the limits in this study.

The second section of the definition of safety of deployment related to the controllability of the aircraft af-
ter the deployment. Basically, if an aircraft is able to regain control after the deployment when control is
imposed, the deployment is said to be safe. A flight is classified as controllable if the angular rates of the
aircraft converges after deployment, or the angular motion of the aircraft is damped in time. Due to this def-
inition and from observations of the different results of different deployments in this study, the the safety of
a deployment is classified into three different categories, from the perspective of controllability. To show an
example for each category, the yaw rate of the vehicle considered here will be presented for the three different
categories and differences will be pointed out. These examples are shown by Figures 6.2, 6.3 and 6.4.

The safety deployment parameters are shown in Table 6.1 along with what is the safety concern for the pa-
rameters are. After defining the parameters, upper and lower limits of the parameters will need to be set.
This will later be treated as hard limits, that is, if in a simulation the values of one or more of these safety
deployment parameters are crossed, the deployment is regarded as a failed deployment.

Safety Concern Safety Deployment Parameters

Structural Limits VN E , n
Aerodynamic Limits αMW , αHT , βV T

Controllability p, q , r

Table 6.1: Safety deployment parameters to be evaluated throughout the simulation
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Figure 6.2: Example of deployments with converging rate values

If the rate values of the aircraft converges to a certain value after the deployment, the deployment will be
classified as a safe one. This is a very general description, and thus needs to be narrowed down. Here, time
as a variable is introduced. How long should the aircraft’s rate values be allowed to oscillate, although a
convergence pattern is seen will need to be determined. The time by which the safety deployment parameters
starts to be evaluated also needs to be specified.

In this study, each simulation will be run for 10 seconds, which includes the deployment of the vehicle. The
evaluation of the parameters defining the safety of deployment will start 1 second after the aircraft is fully
deployed. Thus, referring to the aircraft’s deployment sequence table (Table 4.2), this evaluation begins in the
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3.1th second of the simulation. From this time on, if an observed safety deployment parameter crosses either
the upper or lower limit of the parameter, the simulation will be stopped and deemed an unsafe one. On the
other hand if from this point on none of the observed parameter crosses the safety deployment parameter
limits, the simulation is deemed safe from the controllability perspective.

Figure 6.2 shows the variation of the yaw rate values as an example of a deployment which is controllable.
Here, two graphs are shown and both of them converges in the end. However, the difference is that, due to
the way the safety is defined in this paper, the red line is considered to be a safe deployment, whereas the blue
line is not. This is because right after the start of the evaluation, the blue line crosses the upper limit of the
safety deployment parameter and triggers the stopping of the simulation. Thus, the deployment is treated as
an unsafe deployment. This type of unsafe deployment verdict is certainly possible in the assessment method
defined in this study.

Deployment with Persisting Rate Values
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Figure 6.3: Example of a deployment with rate values that persists

In practice, it is also possible to have an aircraft whose rates oscillates and is underdamped. In such cases,
the rate values of the aircraft will persist after the deployment. This can be troublesome if the oscillating rates
are too high for the control surfaces to counter. On the other hand, if the values are able to be countered by
the control surface, the deployment may be classified as a safe one.

Figure 6.3 shows an example of a yaw rate variation of a deployment that first diverges and reaches very high
values, and then oscillates and is not underdamped even after leaving the simulation running for 50 seconds.
Such a case is treated as a deployment with a rate value that persist. However, if we are only to observe the
simulation from the time the evaluation begins to the time the evaluation starts, it is seen that the value of
the yaw rate actually diverges from the initial value and reaches values up to around 1000 deg/s.

Deployment with Diverging Rate Values

The third category is one where the aircraft goes to an erratic motion and the rates of the aircraft goes to
a value that is not able to be countered by the control surfaces. In such cases, the deployment is deemed
unsafe. Figure 6.3 can be seen as a deployment with diverging rate values due to the fact that the rate values
then increases from the initial rate values of the deployment. This is another way to look at this deployment
case considering that the rates the aircraft experiences is far greater than the rate by which the deployment
starts with. However, in other cases, it might also be the case that after a certain amount of time, the aircraft
then regains speed due to the loss of altitude and the rate values converges. In this study however, since the
evaluation of the safety deployment parameters begins at the 3.1th second of the simulation, these types of
simulation will be deemed unsafe. Figure 6.4 shows the yaw rate variation of such a deployment, where the
values are erratic at the beginning, but converges after a certain period. The deployment scenario here is of
Scenario 1, which is a mid-air deployment of a UAV from a canister that is slowed down by parachute.

In short, the deployment of an aircraft is deemed safe or unsafe in this study if all of the safety deployment



6.2. Definition of Safe Deployment 47

0 5 10 15 20 25 30 35 40 45 50

Time [s]

-1500

-1000

-500

0

500

1000

Y
a
w

 R
a
te

 [
d
e
g
/s

]

Upper & Lower Limits

Evaluation Starts

Evaluation Ends

Figure 6.4: Example of a deployment with diverging rate values

parameters does not cross the specified limits. Theses includes the structural limits, the aerodynamic limits
as well as the way the of the aircraft’s motion develops over time. The concern from the controllability point of
view is not the magnitudes of the rates, but more into the development of the rate values over time. However,
due to limitations of this study, a restriction in rate values are imposed as hard limits since the beginning of
the evaluation. Figure 6.5 shows an illustration of how all these classification falls in the safety deployment
space. The goal here is to know where in the deployment space the aircraft is still safe to be deployed and
when unsafe, what the cause of this unsafeness is.

Figure 6.5: Illustration of different classification of zones in the deployment space
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6.3. Simulation Input Parameters

For this study, the input parameters which will be varied defines the initial condition of the deployment.
The input parameters used are case specific and unmeaningful inputs or a specific case is not included. For
instance for the ground-to-air deployment, the initial altitude parameter is a non-varying parameter. Ranges
of the input parameter used also varies between different deployment scenarios considering the nature of the
deployment.

The included input parameters in this study consist of the launch speed, the initial attitude of the aircraft dur-
ing deployment, the initial angular rates experienced by the aircraft caused by external factors such as wind
or misalignment of deploying mechanism and the initial altitude by which the deployment takes place. Table
6.2 shows the different input parameters for the different deployment scenarios considered in this study.

Scenario 1 Scenario 2

Input Parameter Lower Limit Upper Limit Lower Limit Upper Limit Unit

V0 0 10 55 75 m/s
h0 4000 8000 4000 8000 ft
φ0 - - -45 45 deg
θ0 -135 -45 0 45 deg
ψ0 -45 45 - - deg
p0 -28 28 -28 28 deg/s
q0 -23 28 -23 28 deg/s
r0 -13 10 -13 10 deg/s

Table 6.2: Ranges of Simulation Input Parameters



7
Results & Discussions

In this chapter, the result of the deployment safety assessment will be presented. First, results of the screen-
ing method applied to all three scenarios will be presented and followed by the discussion of the results for
the three scenarios. For each scenario, an analyses of a single successful deployment will first be presented
followed by the analyses of the safety deployment space obtained after performing the deployment safety as-
sessment. Here, the different regions of deployments will also be discussed and example points representing
a failed/successful deployment will also be discussed.

7.1. Results of the Screening Method
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Figure 7.1: Result of the screening method for (a) Scenario 1 & (b) Scenario 2

Figure 7.1b shows the result of the screening method for both scenarios assessed in this study. Running the
deployment model in scenario one and changing varying one parameter at a time reveals that the influential
deployment parameter for scenario 1 in the range specified are the initial yaw attitude, initial yaw rate and
initial pitch attitude. The initial pitch rate also has an influence on the deployment safety within the ranges
specified however since the number of failed deployments are less than the three other parameters, this value
will not be treated as a highly influential parameter.

On the other hand, with the screening method, it is revealed that varying the launch speed, the initial altitude
and the initial roll rate does not have any effect on the safety if deployment. In other words, no matter what
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values are taken in the range specified, varying these parameters will not causes the deployment of scenario
1 to fail. Of course, by using the modified screening method, it is unknown how high a parameter might has
a combined effect with another parameter to influence the safety of deployment. This is a limitation of the
modified screening method used here.

From Figure 7.1a shows which variation of parameter causes the deployment of the aircraft to be jeopardized.
It is understood here that initial roll attitude, initial roll rate and the initial yaw rates are the influential pa-
rameters that effect the safety of deployment. Other parameters however is not influential at all, at least from
the default scenario 2 deployment specified.

With the screening method performed for both scenarios, the infuential parameters for each deployment
scenario can be specified. Thus, in the next assessment method of both scenarios, only these parameters will
be varied and the safety deployment space created will be a function of these parameters.

7.2. Scenario 1: Deployment from a Canister Slowed Down by a Parachute

7.2.1. Analysis of a Single Successful Deployment

In this scenario, the aircraft is initially contained inside a canister and is brought to altitude by means of a
carrier aircraft. The aircraft then detaches the canister in a bomb dropping manner and upon descending,
a parachute pops out of the canister to slow it down. After being slowed down, the canister opens, the UAV
slides out of it, unfolds itself and goes to operation. For this case, a single successful deployment is presented.
The input parameters used for this successful deployment is shown in Table 7.1.

Input Parameter Value Unit

V0 5 m/s
θ0 -90 v
h0 6000 ft
ψ0 0 deg
p0 0 deg/s
q0 0 deg/s
r0 0 deg/s

Table 7.1: Input parameter values for a single successful deployment of Scenario 1

0 1 2 3 4 5 6 7 8 9 10

Time [s]

5

10

15

20

25

30

35

40

45

50

A
ir
s
p
e
e
d
 [
m

/s
]

(a)

0 1 2 3 4 5 6 7 8 9 10

Time [s]

-180

-160

-140

-120

-100

-80

-60

-40

-20

0

A
lt
it
u
d
e
 [
m

]

(b)

Figure 7.2: Change in (a) airspeed & (b) altitude of deployment scenario 1

Because the deployment observed here is symmetric, that is, no lateral and directional input parameters have
been used, only the variation of the parameters here will be observed. Figures 7.2 to 7.4 shows the changes
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Figure 7.3: Change in (a) flight path angle & (b) angle of attack of deployment scenario 1
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Figure 7.4: Change in (a) pitch attitude & (b) pitch rate of deployment scenario 1

in flight parameters for a successful deployment of scenario 1. The first 4 vertical dash lines indicates when
in time the deployment of the horizontal tail, main wing, vertical tail and telescopic of the main wing is
respectively. Since the deployment observed here is a downward vertical deployment, the airspeed increases
considerably as the altitude decreases. Not that the values displayed in Figure 7.2b is the change in altitude
of the aircraft and not represent the actual values of the altitude. Figure 7.2 shows how the deployment of the
lifting surfaces actually have very little effect on the changes in both these values.

This is not the case for the changes in the other 4 parameters, shown in Figures 7.3 to 7.4. Although the body
velocity of the aircraft at which the lifting surfaces are deployed are relatively low, this still has an effect on
the variation of the flight path angle of the vehicle. The simple pull up control used in the deployment model
causes the flight path angle to increase with time. The value peaks at around -10 degrees, where the speed
of the aircraft is not anymore able to compensate for the drag generated by the aircraft and thus, running
the simulation longer will shows that the flight path angle will again drop. In reality, before this happens, the
engine of the aircraft can be turned on and a more sophisticated control can be incorporated into the aircraft
to prevent the flight path angle to again drop.

However, the parameter where the effect of the unfolding of the lifting surfaces are clearly visible are the angle
of attack and the pitch rates. As can be seen, before the unfolding of the horizontal tail, both of these values
are constant at 0. The moment the horizontal tail unfolds, the aircraft experiences a positive pitching moment
due to the generation of aerodynamic forces at the rear part of the aircraft. The rise in the value is exponential



52 7. Results & Discussions

and is stopped when the main wing deploys. But the effect of the main wing is not instantly felt. Instead, at
the moment the main wing is deployed, the angle of attack rise due to the horizontal tail introduction is still
dominant. It is not until around the time the vertical tail is deployed, which is around the same time the main
wing has completely been rotated, that that the rise in these two values are halted, and the values reduces
instead. The rise of the values again right after the fourth vertical dash line is due to the extension of the main
wing, which also causes the aircraft to pitch up. After the aircraft has been fully deployed, the values drops
again and settles at a certain value. The reduction in the angle of attack and pitching moment values after
the unfolding process is due to the pull-up control used here, which makes the aircraft always have a positive
angle of attack and pitching moment. This will goes on unless the aircraft reaches a positive flight path angle,
which is due to how the pull-up control is defined. These variations in the parameters due to the unfolding
of the lifting surfaces are however less visible in the pitch attitude variation.

7.2.2. Deployment Safety Assessment Results

After understanding the influential parameters from the result of the screening method and the dynamics
of the vehicle experienced during a successful deployment, in this section the influential parameters will be
varied and different sets of these parameters will be used as inputs to the simulations. Multiple simulations
will be run and a safety deployment space will be obtained, which shows which combination of these highly
influential parameters will result in a safe deployment.
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Figure 7.5: Safety deployment space of scenario 1 for yaw attitude values of (a) -15 & (b) -5 degrees/s
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Figure 7.6: Safety deployment space of scenario 1 for yaw attitude values of (a) 5 & (b) 15 degrees/s
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Performing the simulation multiple times with varying combination of influential parameter gives out the
safety deployment space as depicted in Figures 7.5 and 7.6. In these figures, the blue zone represents an area
of successful deployment and the red zone shows the area of failed deployments. The green zone shows an
unsafe deployment area where the aerodynamic limits of the aircraft causes the deployment to be deemed
unsafe. An observation here is that an initial pitch attitude value lower than -105 never result in successful
deployment, except for the one case in Figure 7.5a. In this deployment, the initial yaw attitude is -15 deg/s,
the initial pitch attitude is -115 and the initial yaw rate is -2.5 deg/s.

Observing the change in the safety deployment space for the 4 figures also reveals that with increasing initial
yaw attitude, the sliced safety deployment space tends to move downward in the graph. The area also reduces
in size with increasing initial yaw attitude value. This shows that to have a successful deployment, an increase
in the initial yaw attitude value needs to be compensated with the decrease in the initial yaw rate of the
aircraft. This is intuitively correct, since a difference in sign of the initial yaw rate as compared to the initial
yaw attitude will correct the aircraft orientation towards the ground, thus causing the aircraft to experience
less sideslip and less drag. This allows the aircraft to descend in a cleaner manner as less oscillation will be
experienced in the directional axis, and quicker speed increase will also be possible.
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Figure 7.7: Comparison of yaw rate variation of deployments with different initial yaw attitudes

This phenomenon is clearly shown in Figure 7.7. For the variations in yaw rate of the deployment, the input
parameters used are the same, except for the initial yaw attitudes. The deployment in this case is deemed un-
safe, because the yaw rate values of the deployment is higher than the allowable value even at the beginning
of the deployment. But seeing the trend, the yaw rate evidently converges in the end. Such a deployment then
falls to the category converging rates, but deemed unsafe, as depicted by the dark green zone in Figure 6.5.
The reason behind this is because in this study, the aircraft needs to already be controllable 1 second after it
is completely unfolded. Thus, due to the cap defined, this deployment is considered unsafe.

Another zone of failed deployment that is worth mentioning is one where the value of the initial pitch attitude
is lower than -105. In this zone, the pitching moment of the aircraft is so great due to the unconventional
initial orientation of the vehicle during deployment that the vehicle actually experiences very high pitch rates.
Another possible cause to the failure here is the use of the proportional gain to control the deflection of the
aircraft, which causes the elevator to be fully deflected, thus creating a high pitching moment on the aircraft.
With the increase in time, the aircraft losses altitude and increases speed and thus the increase in pitching
moment generated is exponential. Figure 7.8 compares the angle of attack and pitching moment variation
for two deployment with the same input parameters, except the initial pitch attitude values. The initial yaw
rate here is 2.5 degrees/s and the initial yaw attitude is -5 degrees.

At the time the evaluation of the safety deployment parameters begins, the angle of attack of the body, which
is the same as the angle of attack of the main wing and the horizontal tail (due to no interactions between
bodies and lifting surfaces), is still within the allowable range. The pitch rate however, as predicted is the
one parameter that causes the deployment to fail, since it triggers the upper limit of the allowable pitch rate.
Again, in this case, the deployment is deemed unsafe not because the values of the rates are diverging, but
rather because at the evaluation timeframe, the values of the pitch rate is still higher than the allowable value.
This deployment again falls into the category converging rates, but deemed unsafe. Postponing the beginning
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Figure 7.8: Variation of (a) angle of attack & (b) pitching rate for deployment with different initial pitch attitude value

of the evaluation period may lead causes this deployment to be deemed safe.

For deployment scenario 1, with the ranges of input parameters defined in this study, no deployment falls
into the category diverging rates. It is also understood that for all the combination of influential parameters
used, none of the failed deployment is caused by the crossing of a structural deployment parameter. Hence,
there are no regions of failed deployment due to structural limits in the safety deployment space. The whole
spectrum of deployment which are deemed unsafe here are due to the cap defined in this study. In other
words, if the cap is to be removed and the aircraft is allowed to be controllable at a later stage, all of the
deployments will be safe. This means that to reach actual failed deployment zones in the deployment space,
higher combination of values will have to be used. To illustrate this, an extra deployment case which is outside
the input parameter range is simulated.
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Figure 7.9: Variation of (a) φ & (b) p for a deployment where the rates diverges

By using a value of -90 deg, -45 deg and -23.935 deg/s for the initial pitch attitude, initial yaw attitude and
initial yaw rate respectively, a deployment classified as diverging rate is obtained. The initial deployment
values above are taken so that the divergence is still observable and an understanding on what physical phe-
nomenon is happening to the vehicle during the deployment can be explained. Taking higher values of yaw
rates causes the deployment to diverge even further and the flight parameters later goes to extreme values.
Although the initial deployment parameters used in this simulation specifically states that the initial pitch
attitude and initial yaw attitude of the vehicle is -90 deg and -45 deg, but the values of these parameters starts
at -45 deg in Figures 7.10a and 7.11a. This is because for this specific deployment scenario, the order by which
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Figure 7.10: Variation of (a) θ & (b) q for a deployment where the rates diverges
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Figure 7.11: Variation of (a) ψ & (b) r for a deployment where the rates diverges

the rotations of the vehicle at the beginning of the simulation is pitch-yaw-roll. A reason for not using the 3-
2-1 rotation (yaw-pitch-roll) is to be able to simulate a condition where the aircraft is being rotated sideways
at the beginning of the simulation, while still facing the ground due to the nature the deployment is defined.

For this deployment, the roll, pitch and yaw rates all diverge after the aircraft unfolds and the values jumps to
considerable values, as shown in Figures 7.9b, 7.10b and 7.11b. It can be said that the time the deployment
diverges, the values not only diverges at one axis of the vehicle, but on all the three rotational axis. Starting
at the beginning of the simulation, the values for all the angular rates of the vehicle keeps on increasing
until around the 7th second after the deployment, where the value drops for all the angular rates and then
increases again before the end of the simulation. At this 7th second after the start of the deployment, the
airspeed of the vehicle, which goes to a more or less steady value after the start of the evaluation, spikes
for an instant and then oscillates again. But judging by the way the aircraft is oriented pitch-wise in this
moment, the aircraft should actually loses speed since the pitch attitude of the aircraft is positive. The only
possible explanation is that even though the aircraft is oriented upwards, the aircraft moves backwards and
losses altitude with the nose of the aircraft still facing the sky. This is proven to be true when evaluating the
X component of the body velocity, which is shown in Figure 7.13. This is again repeated between the 8th
and 9th second, where the airspeed spikes, but the X component of the body velocity is negative. However,
due to this phenomenon of moving backwards, the development of the rates of the aircraft which keeps on
oscillating to higher values is in fact halted, which might be regarded as a stabilizing natural movement of
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Figure 7.12: Variation of (a) airspeed & (b) load factor for a deployment where the rates diverges
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Figure 7.13: Variation of X component of the body velocity of the aircraft

the aircraft. In short, observing the way the aircraft behaves attitude-wise reveals that the aircraft starts with
the deployment, goes on a continuous rotation (most visible in the roll and yaw attitude of the aircraft) and
at the 7th second, the aircraft gains altitude although moving backwards and the development of the ever
increasing rates of the aircraft comes to a stop.

Although may be regarded as a stabilizing natural occurrence of the aircraft, the moment the aircraft goes
backwards, the load factor of the aircraft spikes multiple times and goes beyond the upper limit as shown in
Figure 7.12b. This means that the aircraft’s structural limits has been surpassed and thus, although previously
regarded as a stabilizing phenomenon, it has other negative effects in the vehicle. All in all, for such a deploy-
ment, in which the aircraft rotates more than twice in a second in most of its rotational axis, the deployment is
clearly unsafe. However, as an extra deployment case which is outside of the range specified, this deployment
gives an overview of what a diverging deployment might look like.

7.3. Scenario 2: Deployment from Under the Wing of a Carrier Aircraft

7.3.1. Analysis of a Single Successful Deployment

For the second scenario, first an analysis on what actually happens when the aircraft is successfully deployed
with this type of deployment scheme is conducted. The aircraft is detached from under the wing of a carrier
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aircraft at an altitude, and thus the initial launch velocity, attitude as well as the rates experienced by the
aircraft during deployment is directly related to the carrier aircraft speed, attitude and rates. For a successful
deployment where none of the observed safety deployment parameters crosses the upper or lower limits, the
initial deployment values as presented in Table 7.2 is used in the simulation.

Input Parameter Value Unit

V0 55 m/s
θ0 0 v
h0 6000 ft
ψ0 0 deg
p0 0 deg/s
q0 0 deg/s
r0 0 deg/s

Table 7.2: Input parameter values for a single successful deployment of Scenario 2
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Figure 7.14: Change in (a) airspeed & (b) altitude of deployment scenario 2

Again, for the case considered here, the deployment is symmetric, which means no lateral and directional
initial condition parameters is used. Thus the focus of the analysis will be on the longitudinal dynamics of
the vehicle during and after the deployment. The variation of the airspeed and altitude of the vehicle after the
detachment from the carrier aircraft is shown in Figure 7.14. For Figures 7.14 to 7.16, the 4 vertical dash lines
denotes the moment the horizontal tail starts to unfold, the main wing starts to rotates, the vertical tail starts
to unfolds and the main wing’s starts to extend itself in a telescopic manner. Throughout the deployment, the
altitude of the aircraft decreases while the airspeed of increases. Observing the variation in airspeed shows
that at the time the horizontal tail unfolds, the airspeed does not directly drops due to the act that the drag of
the vehicle increases. This reduction in the rate the airspeed increases starts being visible after the main wing
unfolds itself. Of course, the main wing, being a larger lifting surface will definitely contribute to a higher drag
value than the horizontal tail when deployed. This increase in drag, which is directly proportional to the value
of the angle of attack of the vehicle can also be seen from Figure 7.15b. From this figure, it can be seen that
there is a slight lag in the time the trend of the angle of attack of the vehicle changes sign. From the time the
vehicle detaches from the carrier aircraft to the moment the horizontal tail of the vehicle unfolds, the angle
of attack increases steeply. However, slightly after the horizontal tail starts to unfold, the trend changes and
the angle of attack of the vehicle started dropping, until the time the main wing unfolds. This is mainly due to
the pull-up control imposed on the deployment model, which causes the deployment model to always want
to reach a flight path angle value of zero. The angle of attack then oscillates until the extension of the main
wing, where the value drops again before settling at a value slightly lower than zero.

The flight path angle varies very little in this deployment scheme. Since the initial condition of the deploy-
ment states that the vehicle is detached at an initial pitch attitude of zero degrees, the flight path also starts
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Figure 7.15: Change in (a) γ & (b) α of deployment scenario 2

0 1 2 3 4 5 6 7 8 9 10

Time [s]

-14

-12

-10

-8

-6

-4

-2

0

 [
d
e
g
]

(a)

0 1 2 3 4 5 6 7 8 9 10

Time [s]

-50

-40

-30

-20

-10

0

10

20

P
it
c
h
 R

a
te

 [
d
e
g
/s

]

(b)

Figure 7.16: Change in (a) θ & (b) q of deployment scenario 2

from this value. The flight path angle then drops and keeps on dropping until the time the horizontal tail,
main wing and vertical tail are all fully deployed. The value also increases further with the extension of the
main wing, where more lift is generated by the main wing which causes a more positive pitching moment to
be experienced by the aircraft, in addition to the pull up control imposed on the elevator of the vehicle.

7.3.2. Deployment Safety Assessment Results

The same procedure of assessing the deployment safety of the deployable morphing UAV is performed for
the second scenario. As determined before, the 3 influential deployment parameters for this scenario are the
initial roll rate, initial yaw rate and the initial roll attitude of the aircraft during detachment from the carrier
aircraft. Figures 7.17 and 7.18 shows the safety deployment space of the vehicle, within the initial deployment
parameter range considered here. In addition to that, the aerodynamic limit of the aircraft which causes the
deployment to fail is also highlighted in a separate zone in the figures below.

In the safety deployment space presented, the green zone indicate the aerodynamic limit of the aircraft.
In other words, the evaluated deployment parameter triggered here that causes the simulation to stop and
deemed unsafe are either the angle of attack of the main wing, angle of attack of the horizontal tail or the
sideslip angle experiences by the vertical tail. Further investigation into the data reveals that all of the failures
due to the aerodynamic limit are caused by the trigger of the sideslip angle of the vertical tail. As described
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Figure 7.17: Safety deployment space of scenario 1 for initial roll angle values of (a) -45 & (b) -25 degrees
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Figure 7.18: Safety deployment space of scenario 1 for initial roll angle values of (a) -5 & (b) 15 degrees

before in the previous section, the airspeed of the vehicle increases at the beginning of the deployment, since
it losses altitude. In the case that the deployment is symmetric as evaluated in the previous section, the lifting
surface’s stall limits which is considered as the aerodynamic limits will not be triggered. However, in the case
that the aircraft has an initial lateral or directional rate or attitude, this increase in airspeed combined with
the aircraft’s condition which is rolling or yawing causes the sideslip angle of the vehicle to be higher than
the allowable value. This higher value thus triggers either the upper or lower limit of the allowable sideslip
angle of the vertical tail and causes the deployment to fail. It is of course very possible that in some of the
unsuccessful deployment in the green zone, that not only the aerodynamic limits are triggered, but the limits
of the rates of the aircraft is also triggered. Either way, the simulation is stopped ans is deemed unsafe.

A noticeable phenomenon in the safety deployment space is that to have a safe deployment, a combination
of a more positive initial roll rate with a more positive initial yaw rate and vice versa is desirable. Also, a more
positive initial roll rate and a more negative initial roll attitude also causes the deployment to be safe. This is
because the difference in sign of the two deployment parameters here causes the misaligned attitude of the
aircraft to be corrected by the initial rate.

In the 4 graphs provided to show the safety deployment space of this type of deployment, an increase in
initial roll attitude of the aircraft means that the safety deployment space shifts upward. The graph is also
quite symmetric when it shifts upward, with the green zone disappearing at the bottom and appearing at the
top at high values of initial roll angle and vice versa. For all of the simulations run here, the safe deployment
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zone is first bounded by an unsafe deployment zone and then comes the zone which states that the unsafe
deployment is because the aerodynamic limits of the vehicle is surpassed. However, in this study, it is not
possible to determine whether the deployment deemed unsafe and thus, several points will be taken and an
investigation on what is actually happening during that failed deployment will be made.

It is known that the safety deployment space is symmetric for this deployment type, and thus taking a point
above the blue zone will indirectly also explains what is happening during the deployment at the same point
under the blue zone. In other words, if a plane is drawn to represent the blue zone and treated as a mirror
plane, the dynamics of deployment at a point outside the blue zone will be similar to the dynamic of deploy-
ment at the mirrored point on the other side of the blue zone. Here, the deployment with the initial roll rate,
initial yaw rate and initial roll attitude of 25 deg/s, 8 deg/s and -25 deg will be evaluated. The selection of
these values is based on the furthest point from the safety deployment space of the vehicle which is still in the
red region. It is decided that the evaluation will be done in the red region to investigate which type of unsafe
deployment does this region represent when referring to Figure 6.5. When evaluating the unsafe deployment
in the green zone, it is directly known that aerodynamic limits treated as hard limits are the ones being trig-
gered and thus it is less interesting to investigate the unsafe deployment int he green zone than in the red
zones.
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Figure 7.19: Variation in (a) β & (b) r of the vehicle during deployment scenario 2 (p0 = 25deg/s, r0 = 8deg/s, φ0 =−25deg)
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Figure 7.20: Variation in (a) p & (b) q of the vehicle during deployment scenario 2 (p0 = 25deg/s, r0 = 8deg/s, φ0 =−25deg)

Figures 7.19 and 7.20 shows the variation of the sideslip angle of the vehicle along with the rates of the vehicle
for all the three axis. As stated before, the selected point in the unsafe deployment space of the vehicle is such
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that it is as close as possible to the aerodynamic limit, but still hasn’t triggered the aerodynamic limits of the
vehicle. This is shown by Figure 7.19a, where after the starting point of the evaluation, the values of the vehicle
sideslip angle is very close to the limit, but later converges and settles. The triggering evaluation parameter
here is the yaw rate, which is still oscillating at values higher than the allowable limits. Thus, assessing the
deployment with the method created in this study causes the simulation to be stopped and deemed unsafe.
However, observing that the oscillation of the yaw rate is actually converging, this means that if the starting
point of the evaluation will be postponed by several seconds, the deployment will be deemed safe. Hence,
this concludes that this type of deployment falls into the category "converging rates deemed unsafe" based
on Figure 6.5.

Unlike the yaw rate which causes this deployment to be deemed unsafe, the roll rate, although started in val-
ues which are very close to the upper limit, converges to the tolerable values after the evaluation starts. There
exist a spike in the variation of the roll rate before the evaluation starts, and this is caused by the unfolding
of the lifting surfaces of the aircraft. But this is quickly dampen by the aircraft’s roll damping. The same is
observed in the changes of the pith rate of the vehicle. The values goes outside the allowable limits before the
evaluation starts, but then converges to allowable magnitudes after the evaluation starts. Hence the roll rate
and pitch rate of the vehicle does not causes the deployment to be unsafe.

Another interesting observation from the safety deployment space of this deployment scheme is that none
of the structural limit of the aircraft is triggered. Two parameters are taken as the evaluated parameters in
this study, namely the never exceed speed of the vehicle and the load factor of the vehicle. This means that
with the current range of initial deployment parameter, the structural limits of the vehicle is not triggered
and from a structures point of view, all of the combination of the initial deployment parameters result in a
safe deployment structure-wise. It can also be concluded that since none of the structural limits have been
triggered in this deployment scheme, it is easier to trigger the other evaluated deployment parameters than
the structural limits. Hence, the structural limit of the aircraft in such a deployment is way further than the
range of initial deployment parameter specified here.





8
Conclusions & Recommendations

In this study, a method to assess the safety of deployment of a morphing UAV has been developed. The
method is tested to check the safety of deployment of a test case aircraft, and tested in two different mid-air
deployment schemes. From the observations of the results as well as the process the study is conducted, a lot
of findings have been obtained from this study. In this chapter, the findings of this study which will be written
as conclusions as well as the recommendations will be presented.

8.1. Conclusions

The study presented in this report has several main points that will be highlighted and conclusions which are
as follows:

• A model of the test case aircraft have been created in this study by using the multibody dynamics ap-
proach. The result of the created model here is compared with the result of a corresponding model
evaluated in an off-the-shelf aerodynamic solver. The values and trend of major longitudinal stabil-
ity derivatives from the created model resembles the trend from an off-the-shelf aerodynamic solver
when the longitudinal reference point of the model is varied. However, several differences exist which
is mainly cased by the limitations of the created model and the off-the-shelf aerodynamic solver used
itself. This comparison is treated as a validation step for the created model here. A second step to val-
idate the created model is to test the response of the model with an actual flight test data. From this
validation process, the response of the aircraft quite resembles the response of the real aircraft during
flight testing, with some differences that is caused by the limitations of data provided. Thus, the model
created in this study is said to be able to represent the dynamics of an actual aircraft during a steady
level flight.

• To test how the model of the aircraft will behave to basic control inputs, the created model is tested by
introducing the created model to a step input on all the three control surfaces of the aircraft. Here, the
short period of the aircraft is visible and the phugoid motion of the vehicle dampens out in time. Upon
introduction to a step input on the aileron and rudder, the aircraft goes to a spiral motion where the
diameter of the spiral reduces in time. Thus, it is concluded that the aircraft considered in this study is
inherently stable in its longitudinal axis, but has a slowly diverging spiral mode.

• To define the safety of deployment of a deployable morphing aircraft, in this study three different safety
concerns are determined, which includes structural, aerodynamic and controllability of the aircraft.
Flight parameters that relates to these three different safety concerns are then determined, which will
be the parameters that will be constantly evaluated throughout every deployment simulation. Upper
and lower limits of these parameters are determined. From this, the definition of a safe deployment is
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derived, which states that a safe deployment is one where none of the aircraft’s structural or aerody-
namic limits are surpassed and one in which the deployed aircraft goes to a controllable flight regime
after the deployment.

• From the definition of a safe deployment, several categories of deployment can be defined. These cat-
egories classifies the deployment based on whether the deployment is deemed safe or unsafe. More
specifically in unsafe deployments, further classifications is made to determine what exactly causes the
deployment to be unsafe. Figure 6.5 is created to illustrate the different types of deployment categories
that may happen during a deployment.

• To assess the safety of deployment, a method is developed which consist of the selection of the influen-
tial parameters from the set of different initial deployment parameters for a deployment scenario. After
identifying the influential parameters, multiple runs by using different combination of the influential
parameters is done to obtain the safety deployment space for a specific deployment scenario. Two dif-
ferent scenarios are considered in this study and for both, the aircraft’s initial lateral and directional
attitudes and rates are highly influential to the safety of deployment in a deployment scheme. In other
words, to perform a study on the safety of deployment of a deployable morphing aircraft, the lateral
and directional axis of the vehicle needs to be addresses as their parameters are the ones that causes
the most failed deployments. Thus a neglection on the modeling of the lateral and directional axis of
the vehicle is an over simplification to the problem.

• For the deployment assessment of scenario 1, it is observed that the unsafe deployments shown in the
simulated deployment space are falls into the category "converging rates deemed unsafe". This means
that if the evaluation of the deployment parameters begins later, the deployment will be deemed safe
since the values will converge to acceptable values. It is also understood that to see a deployment which
falls into the category "diverging rates", a higher value of the initial deployment parameters need to be
used, which is outside the range tested in this study.

• For deployment assessment of scenario 2, all of the unsafe deployments also falls into the category
"converging deployment deemed unsafe". The reason behind this is also because of the cap imposed in
this study, where the evaluation of the parameters starts 1 second after the aircraft unfolds completely.
Higher values of the initial deployment parameters causes the aerodynamic limits of the aircraft to be
surpassed. For all of the different combination of deployment parameters in scenario 2, none causes
the structural limits of the aircraft to be surpassed. This means that the aerodynamic limit of the aircraft
is easier surpassed as compared to the structural limits, which both are seen as hard limits in the safety
definition of a deployable aircraft.

8.2. Recommendations

The study is completed in the limited amount of time allocated. However, there are still more to be done
which can improve the result of this study. Below are a list of possible directions that can be taken for a
follow-up or continuation of the study performed here:

• This study uses the Dash-X aircraft as the test case and since the aircraft’s wingspan is not of great value,
the lifting surface of the aircraft is considered to be rigid throughout the deployment. However, it is also
interesting to use the method created here for long wingspans deployable morphing aircraft. For this,
the assumption that the wing will stay rigid throughout the deployment will needs to be reevaluated
and a new model of a flexible wing aircraft will needs to be created.

• The deployment space presented in this study is based on the range of varied initial deployment pa-
rameters determined. For the range of parameters determined, only unsafe deployments that fall to
the category "converging rates deemed unsafe" are found. It is also found that by using values outside
the range specified, unsafe deployments that fall to other categories can be seen. Thus, it is interesting
to perform study that solely focuses on determining the range of input parameters for the simulation.

• Although this study defines the different categories of deployment, the method developed here is not
able to automatically determine whether the unsafe deployment due to the controllability of the air-
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craft falls into one of the defined categories. On the other hand, it is easy to determine when a deploy-
ment fails because the structural or aerodynamic limits of the aircraft is surpassed since these limits
are treated as hard limits. However, since the assessment of the controllability of the aircraft is done
by observing the trend of the vehicle at a specific timeframe, a more sophisticated method than just
to define upper and lower limits of these values needs to be used. It is thus very interesting to focus a
study that will be able to automatically categorize an unsafe deployment based on Figure 6.5.

• A modified one-at-a-time screening method is used in this study to reduce the number of parameters
to be varied when performing multiple runs of the simulation. However this method is very sensitive to
the range specified by the user. Therefore, other more advanced methods could be tested to cover the
limitation of the method used here.

• The sequence of deployment for the aircraft is predefined in this study. A possible study is to check the
impact the sequence of deployment has on the safety of deployment itself.
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Figure A.1: Change in (a) γ & (b) V as the model’s response to elevator step input
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Figure A.2: Change in (a) φ & (b) p as the model’s response to elevator step input
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Figure A.3: Change in (a) θ & (b) q as the model’s response to elevator step input
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Figure A.4: Change in (a) ψ & (b) r as the model’s response to elevator step input
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Figure A.5: Change in (a) α & (b) β as the model’s response to elevator step input
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Figure A.6: Flight path of model due to the introduction of a elevator step input
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Figure A.7: Change in (a) γ & (b) V as the model’s response to rudder step input
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Figure A.8: Change in (a) φ & (b) p as the model’s response to rudder step input
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Figure A.9: Change in (a) θ & (b) q as the model’s response to rudder step input
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Figure A.10: Change in (a) ψ & (b) r as the model’s response to rudder step input
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Figure A.11: Change in (a) α & (b) β as the model’s response to rudder step input
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Figure A.12: Flight path of model due to the introduction of a rudder step input
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Figure A.13: Change in (a) γ & (b) V as the model’s response to rudder step input
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Figure A.14: Change in (a) φ & (b) p as the model’s response to rudder step input
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Figure A.15: Change in (a) θ & (b) q as the model’s response to rudder step input
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Figure A.16: Change in (a) ψ & (b) r as the model’s response to rudder step input
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Figure A.17: Change in (a) α & (b) β as the model’s response to rudder step input
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Figure A.18: Flight path of model due to the introduction of a aileron step input
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