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Abstract

Unmanned, subscale technology demonstrators have gained interest as research platforms in the recent years
due to their cost saving potential in comparison to manned aircraft and versatility. The customization of tech-
nology demonstrators to research purposes often leads to specialized configurations that elude conventional
design rules, which has lead to undesirable dynamic characteristics in the past. In order to factor the dy-
namic characteristics into the design process during its early stages, approaches to predict the aerodynamic
coefficients involved in the Short Period mode of an unmanned aircraft based on elementary design data are
investigated. Three different methods, based on geometric relations and the vortex-lattice simulation program
Athena Vortex Lattice 3.37, are presented, calculations conducted and resulting estimations compared to val-
ues identified from flight test data. Results show the feasibility of predicting the frequency and damping of the
Short Period mode as well as the influencing aerodynamic coefficients based on elementary design data. In
terms of prediction accuracy concerning the aerodynamic coefficients, large differences were found: For the
coefficients related to the lift slope and pitch rate induced moment, predicted values were found to be within the
95%-confidence interval of the identified values. The predicted coefficient for aerodynamic pitching moment,
however, ranged from 75% to more than 200% of the identified value. These results indicate the necessity to
account for aerodynamic effects caused by the fuselage.
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1. The Design of Unmanned Technology Demonstrators.

The use of unmanned, subscale demonstrators for technology demonstration in flight has increased
over the past years [1], as it bears the advantage of cost savings as compared to the use of manned
test beds and can open a different range of possible flight experiments. In the case of the FLEXOP
flight demonstrator, which is employed for testing load alleviation and flutter suppression technologies
in flight, some test points beyond the open-loop flutter boundary are considered too risky to be con-
ducted on a manned test bed [2]. While being largely influenced by model aircraft technology [2, 3],
the design of such demonstrators has to comply with a wide range of technological and legislative
requirements that often lead to specialized configurations that elude conventional design rules [4].
In the past, this has lead to unfavorable characteristics, such as high workload for external pilots,
increased trim drag, or hindered go-around capabilities, which shifts the focus towards the necessity
to consider flying qualities early in the design, in order to facilitate operation in the future.

For manned aircraft, research concerning the consideration of flying qualities in early design phase
has been conducted already: The design tool AeroMech is described by Chudoba [5] that aims at
the consideration and design of control effectors in conceptual design in order to assure advanta-
geous flying qualities and mitigate related design risks. Sorajini et al. have published on the Dynamic
Environment for Loads Prediction and Handling Investigation (DELPHI) that allows the definition of
a wide range of aircraft and the simulation of maneuvers with the purpose of being a key enabler of
simulation-assisted certification and design [6]. The authors stress the necessity to employ inputs in
a wide range of fidelity: As the design process unfolds, more and more information in increasing level
of detail becomes available, refining the results and accuracy of the implemented simulation.
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In the domain of recreational, remote-controlled sailplanes, Quabeck has presented a conclusive
handbook method for the design of sailplanes with a focus on flight dynamics, including in terms of
damping coefficients for pitching, yawing and rolling motion [7,8]. In this field, the methods distinguish
themselves by a sound theoretical foundation that is implemented into pragmatic design relations.
Once the dynamic characteristics of a new design are available, the problem of evaluating them in
terms of handling qualities arises: As handling qualities profoundly shape the interaction between air-
craft and human pilot, the Cooper-Harper Scale focuses on pilots’ ratings for evaluation of handling
qualities [9]. A similar approach could be applicable to unmanned aerial vehicles (UAVs) and exter-
nal pilots who often argue that different UAVs "feel" different, even if only visual feedback is available
[10]. This approach, however, has the disadvantages that a high number of external pilots has to be
surveyed on a high number of UAVs in order to derive conclusions which then might not be applicable
for the external pilot at hand. Offering a more analytical approach, methods employing eigenvector
similitude or frequency response analysis have been proposed. Using these methods, it is
possible to compare the dynamic characteristics of a new design to the dynamic characteristics of a
well-tested design which flying qualities are deemed desirable.

In order to predict the flight dynamics characteristics of unmanned aircraft in early design stage, the
goal of this study is to identify driving influences in order to assure benign operational characteristics
in future designs. Especially the longitudinal motion has been identified to pose the most prominent
problem in this regard, specifically if the frequency and damping of the Short Period mode are so
low, that the coupling into the Phugoid mode starts to cause tangible effects. Therefore, an investiga-
tion will be undertaken to estimate the relevant parameters of the Short Period mode based on data
typically available during the early stages of a design process and results subsequently compared to
flight test data.

In the upcoming chapters the DG-800 S flying testbed, that serves as a case study, is showcased, an
overview over the flight tests conducted and its results given, as well as the method of design data
acquisition described. Methods for estimating the longitudinal dynamics are presented and results
discussed. In the appendix, a condensed summary of the handbook methods, the nomenclature as
well as the geometric data used is given.

2. The DG-800 S Flying Testbed

In order to create a data base, flight tests have been conducted in summer 2020 using a CARF-
Models Ltd. DG-800 S [4], [13] as a flying testbed. The UAV is depicted in Fig. [1| technical data
listed in Table [1] It features a variety of sensors for data collection and operation that are integrated
in the available space below the orange cockpit hatch [14, [15]. Flight test results included parame-

Figure 1 — Instrumented UAV CARF-Models Ltd. DG-800 S on the runway (picture courtesy of Lars
H. Nagel).

ter estimations from a total of 30 test points to identify the parameters of Short Period mode (nine
testpoints), Dutch Roll (eleven testpoints) and Roll mode (ten testpoints) [4] at airspeeds V between
airspeed V = 287 and airspeed V = 62, thus a range where linear aerodynamics can be assumed.
For each testpoint considered, the poles of the respective eigenmode have been identified. The re-
sulting pole-zero map is given in Fig. [2, note the different scaling of the y-axis in the left and the
more detailed right plot. The overall position of poles is plausible, even though considerable scatter
is exhibited in the case of the poles of the Short Period mode. Each testpoint was used to identify
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the related aerodynamic coefficients, which values were subsequently averaged over the number of
testpoints. The resulting coefficient estimates for the Short Period Mode are summarized in Table

Table 1 — Technical data of the UAV CARF-Models Ltd. DG-800 S.

Wing Span 6m Take-off Weight ca. 20.3 kg
Wing Area ca. 1.3 m? || Flight Time ca. 8 minutes
Length 2.35m Max. Thrust 100 N [16]

RC-Functions Ailerons, Flaps, Rudder, Elevator, Spoiler, Throttle, Gear
Switch for experiments power supply
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Figure 2 — Pole-Zero Plot resulting from the parameter identification of each test point of the fligh
tests conducted in summer 2020, annotated with the respective rounded value of trimmed
airspeed Vy [17].

Table 2 — Averaged aerodynamic coefficients and standard deviations s | involved in the Short Period
mode [4], differing values due to adjusted reference length/area.

Cro —|—CD|() 6.5782
SCLOC+CD‘0 0.7825

Cpo  -0.5143
sc,, 0.1377

Cng -21.7515
sc,, 6.3079

In order to collect the data necessary for simulation a combined approach of researching freely avail-
able information and elaborate analysis of 3D-scanning data has been chosen. The CARF-Models
Ltd. DG-800 S [13] is a 1:3 scale version of the Glaser-Dirks DG-800 S, therefore available data of
both the model and the full-scale aircraft were researched.

A more elaborate process using 3D-scan data was employed in order to attain geometric design
data of the DG-800 S, especially concerning the cross-sections/airfoils of aerodynamic surfaces. An
optical coordinate measuring system of type Creaform Maxshot 3D [18] and a 3D-scanner of type
Creaform HandyScan 3D [19] was used to collect 3D-scan data. The first scanning device is used
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to create a reference system featuring deviations as little as 0.005 “* and a volumetric accuracy of
up to 0.015 “'*. The second scanning system uses the created reference system to orient itself in
space and takes 3D measurements of surfaces with a volumetric accuracy of 0.020 mm+0.015 “.
The resulting 3D-scan data is subsequently analyzed, for which two tools are available: The propriety
software Creaform VX-elements [20] and a custom toolchain, specifically developed to extract geo-
metric information from 3D-scan data of UAVs for the purpose of aerodynamic simulation [21} 22].
VX-elements is a comprehensive software suite supplied with aforementioned 3D-scanners compris-
ing software solutions for scanning, inspecting and preparing of 3D-scan data for subsequent use in
computer aided design software. It is used to attain the overall measures of the UAV and for creating
cross-sections of the fuselage. In order to extract geometric information of the wings, custom made
software is deployed. The toolchain orients the aircraft in space, slices the aerodynamic surfaces in
predefined locations and interpolates the resulting points. The emerging airfoils have been shown to
represent the original airfoils sufficiently closely for the intended simulation purpose, both in geomet-
ric and aerodynamic properties [22].

Throughout the process of compiling the data necessary for subsequent simulation, data from differ-
ent sources were compared and cross-checked.

3. Methods of Estimation of Longitudinal Dynamics

In this chapter, an overview over the theories and methods employed is given. Firstly a theoretical
description of the Longitudinal equations of motion in terms of a state-space model is described.
Secondly two methods for the estimation of frequency and damping of the Short Period mode are
presented, namely aforementioned handbook method by Dr. Helmut Quabeck [7, 18] as well as the
program Athena Vortex Lattice by Mark Drela and Harold Youngren [23]. In terms of notation, symbols
are adopted as presented in the primary sources.

3.1 Longitudinal Dynamics of an Aircraft

For the description of the longitudinal motion, the following linearized state-space model is used,
accepting inaccuracies introduced by neglecting the coupling between lateral and longitudinal motion,
as well as forces in x- and z-direction due to the pitch rate ¢ [4} 24].

1% Xy —g Xeq—g O 1% Xy, Ns,
’}-/ _ _ZV 0 —Zy 0 . Y + _Zn _ZET . n (1 )
q MV 0 Ma Mq q Mn M5T

Assessing equ. [1|it gets apparent, that the Short Period mode, which is dominated by the angle of
attack oo combined with pitch rate ¢, and the Phyoid, which is dominated by the airspeed V and flight
path angle v, are coupled by the state-space parameters Zy, My, and Z,. In order to decouple the
Short Period mode from the Phugoid, the terms Z, and My can be set to 0 in a first approximation
[24]. Thus, the state-space model describing the Short Period mode can be further simplified to

& Zy 1 0% Zy ]
S = . . 2
Ll LSl @
From equ. [2the characteristic polynomial is derived that leads to the following approximations for the
eigen-frequency ay sp, damping osp, and frequency wsp of the Short Period mode by comparison of

coefficients:
s?—s(My+Zg) +MyZo — Mg =0 (3)

Wy sp R/ LaMy— Mg (4)
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The state space parameters can be calculated using the following relations. Note that in case of the
parameter M, in equ. (8, the pitch rate ¢ is de-dimensionalized using the factor as is common in
English literature.

2V’

VoF
Loy =— ; P [CLa+Cpyo] (7)
m

FpEZV()

M, = C 8

T a4, ™ ®
VZFpé

M, Uy 9

« = op, Cme (9)

From equ. [7]to equ. [9] already, a proportional dependency of all values on the trimmed airspeed Vj
becomes apparent. As a consequence, a more pronounced coupling between Short Period mode
and Phugoid in flight phases at the lower end of the airspeed range can be expected. This relation is
especially detrimental in the landing approach, during which airspeed is typically gradually reduced
in preparation for touch-down and accurate altitude tracking is crucial for safe operation.

3.2 Estimation of Longitudinal Dynamics using a Handbook Method.

Aircraft designers favor handbook methods due to their simplicity, therefore the handbook method of
Quabeck [7] is applied for it is utilized in the Institute’s UAV design tool [25]. The method allows the
determination of the neutral point of wing and tail combinations as well as estimation methods for the
static stability in longitudinal and lateral motion. The calculations are implemented in Microsoft Excel
2013 and the implementation validated using an example given in [7]. The procedure is outlined in
the following.

3.2.1 Neutral Point Estimation Using the Rectangular Substitute Wing Method

An arbitrary, symmetrical wing plan-form with half span s is approximated by a number »n trapezoids,
for which a rectangular substitute wing of identical wing area F and neutral point coordinate xy w is
defined. The rectangular substitute wing is described by the substitute wing half-span sg, substitute
wing chord Iz and substitute wing leading edge coordinate xoz. The approach is exemplified in the
following Fig. 3] note that only one half-span is depicted.

X01 — 0 X02 = 0
3 7 -y
X0E
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®
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\ 4
X

Figure 3 — Wing outline (solid line) and rectangular substitute wing (shaded area) with key features.

The wing area F is calculated by summing the areas of the number n trapezoids of span s; featuring
an inner/ outer chord length /; and /;;, multiplied by a factor of 2 accounting for the second wing half:

Si

F = 2Z§l+h+1 (10)
i=1

(¢
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The substitute wing leading edge coordinate xg is calculated as
1 n
XoE = 7 Y si(o0i (20 4 li1) +x0i41 (4 +2i41) (11)
i=1

Assuming a symmetrical wing plan-form and the fulfillment of the condition c,(y) = c4, which is rea-
soned to be given in case of an identical profile over the entire span of the wing, the substitute wing
chord I is calculated as follows:

1

S 2 S
_ 1 2 _“ 2
g = 7 ﬂl (v)dy F/O I=(y)dy (12)

with /(y) being the chord length over the wingspan, and the wing area F. Applying the approxima-
tion by trapezoids, the integral to calculate the substitute wing chord length Iz can subsequently be
replaced by a sum:

Ip = 3FZS,Z Flli +12) (13)

The coordinate of the neutral point xy w is finally calculated as
l
XNW—XOE-FZE (14)
Alternatively, the neutral point xy w of the substitute wing can be calculated directly as

1 n
WW = g Y siConi(2hi 4 Lir) +xwigr (li42041) (15)
i=1

Aforementioned relations can also be applied to asymmetrical wing plan-forms, which is typically
the case for vertical stabilizers, if the integration limits/ the factors before the sums respectively are
adjusted accordingly. The relations for wing area F, leading edge coordinate xoz and substitute wing
chord [z change correspondingly:

S
= l +ll—|—1 (16)

=25l

1 n
XoEV = 6F Z i(x0i (2L +lix1) +x0i11(Li+20i41)) (17)
1l & o 2
lgy = i Y si(lF 4Ll + 1) (18)
=1

3.2.2 Neutral Point and Static Margin of a Wing - Tail - Configuration
The neutral point xy of the wing-tail-configuration can be calculated by adding a coordinate shift Axy,
which is caused by the horizontal stabilizer, to the coordinate of the wing neutral point xy w:

XN = XN W +A)CN (19)

After the position of the neutral point of the horizontal stabilizer xy x is determined using the relations
described in chapter 3.2.1, the coordinate shift Axy is finally calculated as

Fy
AxN _awa 1o

20
lE Kw +awa1-[ I ZE ( )

using the substitute wing chord g, the reference areas of wing and horizontal stabilizer F and Fy,
and the distance between the aircraft’'s Center of Gravity (C.G.) and the neutral point of the horizontal
stabilizer ry. The aspect ratio factors of wing and tail ay and ay are calculated as follows:

Aw

aW/HZ—
VAl 442

6

(21)
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with the aspect ratio Ay = ”F—z using the wing span » and wing area F, Fy of wing and horizontal
stabilizer respectively.
The downwash-factor «y takes the effect of the down-wash of the wing into account, it is defined as:

2
Ky := Ay 5 (22)
(MA%V +4+2) (, /A2, +4-2 ((%) - 1))
The static margin ¢ can subsequently calculated as:
o — AN —XC.G. (23)

lg

3.2.3 Coefficients of the Longitudinal Motion

A more detailed approach to the longitudinal dynamics is presented in [8]. The Short Period mode
is modeled as an attenuated pitch oscillation around the C.G., applying the following characteristic
polynomial:

LyA? — Mg ouh — My 0u =0 (24)

Equation [24]can be expanded into equ. [25]in order to express the relation by the use of aerodynamic
coefficients, flight condition and design fundamentals:

A L

v (Cma +Cmw,) GFEA —CpaqFc =0 (25)

Analogue to equ. |4] and |5, the current method calculates the eigen-frequency of the Short Period
mode @y spo, and its damping osp o, as follows:

1
@o,sP,Oou = _T m,aqFE (26)
»y
1 ¢ R
Ospou = —@% (Cmﬂ + Cm,wy) gFc (27)

By expanding the dynamic pressure g, equ. [26|and 27| can be separated into a configuration specific
term and the test point specific values of airspeed V,, and air density p.

1
W0.5P,0u = ( —2Cm,aFC> VPVo (28)
1y
1
Ospou = — (41 (Cm,a +Cm.,a)y) FCZ) pVo (29)
yy

For the calculation of C,,, and (Cma +Cm7%) the following relations are proposed:

— oo gu F
o = 2 2SI (1 S Y o T (30)
XC.G.—X 4awa,w(o qu Fu r
Cho = 2ﬂawap’w(a)w + (1 — W) ZEGHGP_H(OC)%?H?O (31)
FH }"(2) 5(XW FH r(z) 4Clwap7w(06)
Cm,d +Cm,a)} ~ —27aj, ?? (1 + W ~ —27'17(1HCIP,H((X)76*2 1+ f (32)

The factors a, w and a, y account for an increase of the lift slope coefficients Cpw, o and Cry o 0f wing
and horizontal stabilizer due to viscous effects at Reynolds-numbers below 10° and can be setto 1 in
a suitable approximation.

A comparison of equ. [3| and 24| as well as their coefficients shows, that equ. |3 can be transformed
into equ. by setting the state-space parameter Z, to 0 and Cyy = Cp¢ +Cin,e,- The latter step is

7
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possible, since both aerodynamic coefficients describe a moment due to an angular motion around
the pitching axis of the aircraft. The coefficient estimates presented in equ. [32|to [31| are therefore
also applied for the estimation of the state-space parameters as presented in equ.[7|to[9] In order to
account for the state-space parameter Z,, the coefficients C, , and Cp|y can be estimated according
to the following equations:

4 )\ qu F
CL.,oc = Zﬂawanw(a) —I-ZJIaHap’H(a) <1 — awaiw()> %LI?H

Cpjo = Cpo +kC7)g (34)

3.3 AVL Simulation

For simulation the software Athena Vortex Lattice 3.37 (AVL) Version 3.37 [23| 126] is being used.
The software is selected due to its code maturity and command line interface that facilitates automa-
tion using Jupyter notebooks [27]. Aerodynamic coefficients as well as frequency and damping of
eigenmodes are determined using different input geometry (see Fig. [4) and vortex lattice method
to determine aerodynamic forces and moments in combination with the mass properties of the UAV
scrutizined.

DG-BO0_S_noFuselage e s DG-800_S_profiled

(a) AVL 1/AVL 4 (b) AVL 2/ AVL 4

DG-800_S_Slenderfuselage was DG-B00_S_ShortPeriod_SlenderFuselage

(c) AVL3 DR/AVL6 DR (d) AVL 3 SP/ AVL 6 SP

Figure 4 — Representations of the geometric configurations used for simulation in AVL 3.37, see also

Table

In order to assess the effects of different design features in the prediction of dynamic properties,
eigenmode simulations are conducted with different geometric features as inputs. The level of de-
tail of simulation input geometry is increased, resembling the increasing amount of knowledge of an
aircraft in the course of its design process. For the fuselage, three different models are considered:
A cross-fuselage representation and two slender-body representations. The cross-fuselage models
the fuselage as aerodynamic surfaces in the xy- and xz-plane, that represent the side- and top-view
of the fuselage (Fig. @b). The slender bodies are described by circular sections, which diameters
and position are determined by the either the fuselage’s side-view (Fig. or the fuselage’s top-view
(Fig. as used in the cross-fuselage representation. Since the fuselage’s cross-sections feature
the egg-shape typical for the fuselage of sailplanes, this results in a slimmer slender body derived
from the top-view than from the side-view. Since the slender body derived from the side-view is

8
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considered more relevant for the lateral motion, respective configurations are denoted with the ab-
breviation DR. Configurations incorporating the slender body derived from the top-view are indicated
by the abbreviation SP. The configurations with considered features are summarized in the following
Table

Table 3 — Geometric configurations and geometric input features.

Configuration Wing Profile  Stabilizer Profile Fuselage

AVL 1 None None None

AVL 2 None None Cross fuselage

AVL 3 DR None None Slender body (side-view)
AVL 3 SP None None Slender body (top-view)
AVL 4 HQ/W 2.5/15 NACA 0009 None

AVL 5 HQ/W 2.5/15 NACA 0009 Cross fuselage

AVL 6 DR HQ/W 2.5/15 NACA 0009 Slender body (side-view)
AVL 6 SP HQ/W 2.5/15 NACA 0009 Slender body (top-view)

3.4 Method of Comparison

In order to compare the different estimates of frequency wsp and damping osp of the Short Period
mode, the respective values are calculated and compared by plotting them on a pole-zero map. For
the handbook methods the geometric data as provided in Tables [5 to [7] is implemented. The AVL-
simulations employ more detailed data in the comparably small regions at the wingtips and at the
wing-fuselage fairings. The values for trimmed airspeed Vy and air density p are chosen to match
the flight test data [4]. AVL 3.37 provides the values of frequency wsp and damping osp, as well as
aerodynamic coefficients as a simulation result that are used as they are. In case of the estimates
using handbook methods described in chapters 3.1 and 3.2, the frequency wsp and damping osp for
each velocity are calculated according to three different procedures as listed below. A more detailed
summary including all relations is given in chapter A.1 in the appendix.

e M1: Equ. 4] and 5| for frequency wsr and damping osp, using the averaged identified values for
aerodynamic coefficients (Tab.|2) as presented in [4].

e M2: Equ. |26/ and 27| for frequency wspo, and damping osp ., USINg the estimates of aerody-
namic coefficients according to equ. [31]and 32

e M3: Equ. 4| and [5 for frequency wsp and damping osp, using the estimates of aerodynamic
coefficients of equ. [31] 32, [33} and [34] as proposed by Quabeck [7, 8].

4. Results and Discussion

The results of the estimates are compiled in the following Fig. [5, which represents a sub-section of
the pole-zero map presented in Fig. 2] Values of the damping osp are represented on the x-axis,
values of frequency wsp on the y-axis.

Even though the flight test points (blue dots) exhibit considerable scatter, the estimates of method
M1 (blue dashed line with squares) for frequency wsp and damping osp lie in the region of estimates
of methods M3 and AVL 1 to AVL 6 DR. This indicates that the errors of the flight test points, by and
large, cancel out when averaged. In the following, all estimates will be compared to the estimates of
method M1.

In terms of damping osp all but method M2 (black dashed line with squares) provide estimates in the
region of method M1. It is noteworthy, however, that all predictions overestimate the damping osp.
The estimates of method M2 predicts values of about half the values of M1 (compare values for the
damping osp on the x-axis). Of the remaining methods, the lowest values in terms of damping osp are
predicted by the simulations AVL 2 and AVL 5, which come also closest to the values of method M1.
The estimates for frequency wsp deviate in a larger extent from the values of method M1. In this

9
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Figure 5 — Comparison of estimation results (handbook methods dashed lines with squares, AVL
simulations without fuselage representation solid lines and dots, AVL simulation including fuselage
representation with solid lines and crosses/triangles) for the frequency wsp and damping ogp with
flight test results (dots).

regard, the estimates of method M2 are larger than the estimates of method M1 and approximately
in the mid of the estimate range provided by the remaining methods (compare values for the fre-
quency wsp on the y-axis). Method M3 (dark blue dashed line with squares), that in contrast of
method M2 accounts for all terms in equ. 3, predicts larger values for frequency wsp and is in good
agreement with the estimates of AVL 3.37 simulations AVL 1 and AVL 4 (solid lines with dots) that
were provided the wing geometry without/with specified airfoils, yet no representation of the fuse-
lage (see Table [3]and Fig.d). The simulation estimates featuring a cross-fuselage AVL 2 and AVL 5
(solid lines with crosses) are larger than estimates of M1, while smaller than the simulations without
fuselage representation AVL 1 and AVL 4. The values predicted by the simulations AVL 3 SP and
AVL 6 SP (solid lines with diamonds), that model the fuselage as a slender body based on the top-
view, are close to the predictions of AVL 2 and AVL 5, with larger predicted values for the damping osp
as well as frequency wsp. The simulations AVL 3 DR and AVL 6 DR (solid lines with triangles), that
model the fuselage as a slender body based on the dimensions of the side-view, also predict larger
values for the frequency wsp than method M1, but are in best agreement with method M1 in this
regard.

In order to assess the accuracy of predictions concerning the aerodynamic coefficients involved in
the Short Period mode according to equ. [3| to @ namely [CLa+CD‘O], Cng and Cpq, the respective
values are presented in Fig.[6] Each value predicted by the methods M2 and M3, as well as AVL 1
to AVL 6 are normalized using the value of each aerodynamic coefficient as identified from flight test
data (see Tab.[2). The 95%-confidence interval is indicated by the black lines of the bars representing
the values of methods FT/M1.

10
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Figure 6 — Comparison of predicted values of aerodynamic coefficients, normalized to identified
values from flight test data and 95%-confidence intervals (see Tab. .

For all methods, the values of the aerodynamic coefficient [CL[X +CD‘O] lie within a range of 90% of the
value identified from flight test data. It is noteworthy, that all methods predict lower values than the
averaged identified value, even though every prediction is well within the 95%-confidence interval.
Except for simulation AVL 3 SP, the predictions of the aerodynamic coefficient C,,, are greater than
the averaged identified value. Also the influence of the fuselage representations in the simulations is
not as profound, since the value is predominantly influenced by the distance of the neutral point of the
horizontal stabilizer from the C.G. ry (compare quadratic relation in equ.[32). In this regard, the large
deviation of about 20% for simulation AVL 3 SP is unexpected and cannot be explained conclusively
to date, especially when regarding the predicted value of simulation AVL 6 SP, that aligns well with
the other predictions.

The largest differences can be found for the predicted values of the aerodynamic coefficient C,,o,: The
values range from about 80% for the simulation AVL 6 DR to more than 200% for AVL 1. The largest
values are predicted by the handbook method(s) M2/M3 (equ. 30| and equ. [31] respectively) and the
simulation AVL 1. Neither of aforementioned methods account for the destabilizing influences of the
fuselage, which leads to an over-estimation of predicted values of about 100%. The lowest values
for the aerodynamic coefficient C,o are predicted by the simulations AVL 3 DR and AVL 6 DR, that
feature a slender body representation (side-view) of the fuselage. For explaining the differences be-
tween the simulations AVL 1 and AVL 4, AVL 2 and AVL 5, as well as AVL 3 DR and AVL 6 DR, a
consideration of the different airfoil lift slopes seems obvious, since the airfoil lift slope default to 2z
if no airfoil is specified and decreases, as soon as an airfoil is assigned, leading to smaller values
of the aerodynamic coefficient C,,o. It needs to be pointed out, however, that the difference between
simulations AVL 3 SP and AVL 6 SP does not follow this rationale.

The large deviations between simulations AVL 3 DR/AVL 3 SP and AVL 6 DR/AVL 6 SP can be ex-
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plained by the overall larger fuselage diameter. Also, the similarity of results between simulations
AVL 5 (featuring a cross fuselage) and AVL 6 SP (slender body representation, sideview) is notewor-
thy.

5. Conclusion

Investigations aimed at the estimation of the frequency wsp and damping osp of the Short Period
mode of an UAV using data typically available in early design stages, namely planform and position
of aerodynamic surfaces, airfoils, fuselage shape, and mass moment of inertia. The data was used
as input for two different handbook methods and a total of six vortex-lattice simulations using the
program AVL 3.37. Results from flight tests with one UAV in the range of linear aerodynamics served
as a reference.

Results show, that the prediction of the characteristics of the Short Period mode based on design
data is feasible. While the simplest handbook method M2 underestimates the damping osp by a
factor of about 2, its predictions concerning the frequency of the Short Period mode wsp are in a
reasonable range. The underestimation of the damping osp can be mitigated by considering all terms
in the characteristic equation [3| using handbook estimates for the influencing aerodynamic coeffi-
cients (method M3). The resulting estimates lie in between the estimates provided by the simplest
vortex-lattice simulations AVL 1 and AVL 4, that only account for planform and position of aerody-
namic surfaces (i.e. wing and horizontal stabilizer), and in case of AVL 4 for airfoils. The effect of the
airfoils is typically a reduction of predicted values of both frequency wsp and damping osp. When the
fuselage is considered by either intersecting aerodynamic surfaces resembling the fuselages side-
and top-view (cross-fuselage, AVL 2/AVL 5) or slender bodies defined by the dimensions of the fuse-
lage’s side- (AVL 3 DR/AVL 6 DR) and top-view (AVL 3 SP/AVL 6 SP), the estimated values for the
frequency wsp are reduced. Of the two different methods of fuselage representation, the inclusion
of the fuselage as a slender body showed largest effects in terms of a reduction of frequency wsp.
Flight test results are grouped between the vortex-lattice simulations considering the fuselage, with
the simulations using a cross-representation on the upper and the simulations using a slender body
(AVL 3 DR and AVL 6 DR) with the largest dimensions on the lower end of the range of frequency wsp.
Results indicate, that the influence of the selected airfoil on overall dynamics is smaller than the in-
fluence of the fuselage, which in this case proved to have considerable destabilizing effect. Here, the
usage of the vortex-lattice simulation tool AVL 3.37 proved to be advantageous for the assessment of
effects introduced by the fuselage, especially if a cross-fuselage representation is being implemented
since one model can be used for the analysis of longitudinal and later lateral motion while results are
comparable to results attained when using slender body representations. A subsequent estimation of
the effect using the estimation method proposed by Raymer/NACA TR711 [28] also yielded a reduc-
tion the value’s amount for the aerodynamic coefficient C,,,, of about 35%, which brings the predicted
value for C,,, Of the handbook methods M2/M3 within 10% of the predicted value of simulation AVL 2
(cross-fuselage, no profile).

It needs to be stated, that the study is based on a reference data set limited to one configuration and
to a number of nine test points which results feature rather high standard deviations. The averaged
identified values of the aerodynamic coefficients [CLO,+CD|0] and C,,, however, are, by and large,
within the 95%-confidence interval of the values identified experiment data. The averaged identified
value of the aerodynamic coefficient C,,¢, on the other hand, differ to such scale, that an explanation
of differences solely by statistical effects is deemed unlikely. Considering that the scrutinized UAV is a
scaled model of a sailplane, which typically feature a fuselage designed to minimize its aerodynamic
effect even though a comparably large portion of the top-view and side-view area is in front the C.G.,
the results suggest that the fuselage should be accounted for in the aerodynamic analysis of a design
process.

6. Outlook

Since the coupling between Short Period mode and Phugoid mode is expected to be more pro-
nounced at lower airspeeds V due to lower frequency wsp and damping osp, future work will focus on
the collection of flight test data at lower airspeeds V in order to assess presented estimation methods.
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Since non-linear aerodynamics effects increase at lower airspeed V, further simulation implications
are expected in this region. The accuracy of flight test results will be scrutinized in more detail in
order to identify regions of confidence for frequency wsp and damping osp.

Future flight test will also focus different UAVs, such as the FLEXOP flight demonstrator [2] and the
HORYZN Silencio y[29] eVTOL UAV in order to provide additional reference data for the methodology
presented.
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Appendix
A.1 Detailed presentation of estimation methods M1 to M3.

Table

A2 Li

4 — Overview over the different methods of estimating frequency wsp and damping osp.

M1: Linearized, decoupled, reduced state-space model with identified coefficients.
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M2: Handbook method as presented by Quabeck [8].
7M(X,Qu

Ty S
Ma Qu N M‘x ,Qu — qFCC’"7a
OsP.Qu ~ gFe
Qu 2Ly 5 > Ma Qu = u (Cm,d + Cm,(uy)
Wsp.ou = \/ W0 sp.ou — Osp,ou

@y, sP,ou ~

|
alls

XC.G.—XNW dawapw(a)
ot (1)) i, o)

Cm,d +Cm7a)) = —ZﬂaHapyH(a)?j rO <l + w)

Cm,(x = Zﬂawa,,’w(a)

Sl

MS3: Linearized, decoupled, reduced state-space model with estimated coefficients [7,|8]
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ist of Symbols

= Aspect ratio factor a,y = Increase in lift slope coeff.
Wing span c = Reference chord length
Aerodynamic coefficient Cplo = Drag coefficient in trim point
Aerodynamic surface Area g = Gravitational constant
Moment of inertia around y-axis g = Substitute wing chord
Inner/outer chord length it trap I(y) = Wing chord over wingspan
Aircraft mass q = Pitch rate
Dyn. pressure at wing/tail 70 = Difference between xc . and xy
Half span SE = Substitute wing half-span
Span of it" trapezoid 5] = Standard deviation
Airspeed, trimmed airspeed xcc. = X-position Center of Gravity
Subst. wing LE coordinate xoi = X-position of i" chord

= X-pos. neutral point (a/c) xygq = X-pos. neutral point (e.g. wing)

= X-pos. neutral point (chord) Axy = Shift of neutral point
Derivative by time o = Angle of attack
Flight path angle or = Throttle
Elevator deflection kw = Downwash factor
Aspect ratio p = Air density

= Static margin osp = Short period damping

= Short Period Frequency wsp = Damped Short Period Frequ.
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A.3 Geometric Data of the DG-800 S testbed.

Summary of geometric data of the DG-800 S testbed as implemented in the handbook method and

AVL simulations presented.

Table 5 — Geometric data of the wing of UAV CARF-Models Ltd. DG-800 S.

Wing
General Data
Half span brey
Reference Area F
Reference chord c
Aspect Ratio A
X-position
Inner Trapezoid
Span s1
Inner chord length I
Inner chord x-position X01
Inner chord x-position neutralpoint  xx;
Quter chord L
Outer chord x-position X02

Outer chord x-position neutralpoint  xy»
Outer Trapezoid

Span $2
Inner chord length L
Inner chord x-position X02
Inner chord x-position neutralpoint  xy»
Outer chord Iz
Quter chord x-position X03

Outer chord x-position neutralpoint = xy3

16

3000 mm
1332161 mm?
236 mm

27.5

650 mm

1498 mm
299 mm
0 mm
74.775 mm
238 mm
0 mm
59.5 mm

1495 mm
238 mm
0 mm
59.5 mm
115 mm
68 mm
96.75 mm
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Table 6 — Geometric data of the horizontal stabilizer of UAV CARF-Models Ltd. DG-800 S.

Horizontal Stabilizer

Overall Data

Half span 426 mm
Surface area Fy 122678 mm?
Aspect Ratio 1.48
X-position 2024 mm
Incidence angle 1.3°

Inner Trapezoid
Span s1 32mm
Inner chord length I 163 mm
Inner chord x-position x01 O mm
Inner chord x-position neutralpoint  xy; 40.75 mm
Outer chord length I3 183 mm
Outer chord x-position x02 4.5 mm

Outer chord x-position neutralpoint  xy,  50.25 mm
Middle Trapezoid

Span s2 353 mm
Inner chord length b 183 mm
Inner chord x-position xoo 4.5 mm
Inner chord x-position neutralpoint  xy>  50.25 mm
Outer chord length I3 114 mm
Outer chord x-position x03 55 mm

Outer chord x-position neutralpoint  xy3  83.5 mm
Outer Trapezoid

Span s3 41 mm
Inner chord I3 114 mm
Inner chord x-position X03 55 mm
Inner chord x-position neutralpoint  xy3 83.5 mm
Outer chord length Iy 51 mm
Outer chord x-position Xo4 113 mm

Outer chord x-position neutralpoint  xy4 125.75 mm
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Table 7 — Geometric data of the vertical stabilizer of UAV CARF-Models Ltd. DG-800 S.

Vertical Stabilizer
Overall Data

Span (in z-direction) hy 410 mm
Surface area Fy 101056 mm?
X-position 1983 mm
Lower Trapezoid
Span 51 15 mm
Lower chord length I 1 mm
Lower chord x-position xo1 196 mm
Lower chord x-position neutralpoint  xy;  196.25 mm
Upper chord length I3 168 mm
Upper chord x-position xo2 134 mm

Upper chord x-position neutralpoint  xy, 176 mm
Middle Trapezoid

Span 2 32.4mm
Lower chord length ) 168 mm
Lower chord x-position xo2 134 mm
Lower section x-position neutralpoint  xy, 176 mm
Upper chord length I35 301 mm
Upper chord x-position x03 Omm
Upper chord x-position neutralpoint  xy3 75.25 mm
Upper Trapezoid

Span 53 362.6 mm
Lower chord length I3 301 mm
Lower section x-position x03 Omm
Lower section x-position neutralpoint  xy3  75.25 mm
Upper chord length Iy  207.5mm
Upper chord x-position Xo4 80.7 mm

Upper chord x-position neutralpoint  xy4 132.6 mm
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Table 8 — Geometric data of the fuselage of UAV CARF-Models Ltd. DG-800 S as used in AVL
simulation in [mm].

Cross Fuselage Data. Slender Fuselage
Horizontal Fuselage Geometry (symmetric) Top View Side View
Middle Section 0 0 0 1985 1985 29 1984 71.3
Section 1 50 29 0 1934 1020 59 1199 89.3
Section 2 150 59 0 870 798 89 951 1335
Section 3 300 89 O 498 543 107 | 848 151.9
Section 4 550 107 O 1 300 89 702 166.3
Vertical Fuselage Geometry 150 59 647 171.7
Section 1 647 O 172 1 50 29 502 159.1
Section 2 420 0 152 428 0 1 420 151.9
Section 3 164 0 89 1034 50 -29 [ 242 108.3
Section 4 117 0 71 1867 150 -59 | 164 89.2
Section 5 37 0 32 1948 300 -89 | 117 713
Section 6 14 0 14 1971 543 -107 | 69 47.7
Section 7 0 0 0 1372 798 -89 | 37 32
Section 8 69 O -38 882 1020 -59 | 14 14
Section 9 242 0 -89 460 1985 -29 |0 1
Section 10 502 0 -110 1 14 -7.7

37 -20.3
69 -37.9
117 -52
164 -66
242 -89
420 -103
502 -109.4
647 -94.6
702  -88.9
848 -37.8
951 -37.8
1199 -251
1984 -13.8
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