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Abstract—Flight stability of air vehicles is often considered a

significant research issue during aircraft structure design process.

In the attempt to improve such properties, the investigation of
the effects the design parameters may have on the flight stability
or anti-disturbance property has become a constituent part in
design and testing stage. Micro air vehicles (MAVs) are small size
unmanned aircraft, in which flight attitude and stability are more
sensitive to the environmental disturbance. A vertical ducted-fan
hovering MAV with an elastic aerodynamic shape was presented
and discussed in this paper. Based upon a three-dimensional
measurement method, a stroboscopic imaging technique was
proposed and the spatial information of aircraft aerodynamic
shape deformation has been obtained and presented. Then the
effects of structural design parameters on the flight stability was
analyzed and calculated mathematically. It was found that
aircrafts simultaneously having a large height and small external
radius of the shell have a relatively large deformation component
in the aerodynamic shape under a given disturbance force. It also
means that the flight stability of an aircraft with this
characteristic can be improved.

Keywords-micro air vehicle (MAV); aerodynamic shape;
stroboscopic imaging technique; flight stability; parametric surface

I. INTRODUCTION

The micro air vehicles (MAVs) usually refer to the small
scale, automatic, unmanned air vehicles [1]. In recent years,
MAVs have played a significant role in military surveillance,
environment monitoring, scientific mapping and other fields of
the modern world [2]. Due to their small size and light weight
MAVs are more sensitive to atmosphere disturbances than
other types of aircrafts. Therefore, improving and assuring
flight stability and anti-disturbance properties should be
considered during the design process [3]. For example, in [4]
the stability characteristics and the control properties of
hovering MAVs in wind gusts are described. Testing using a
wind tunnel is one of the most effective ways to obtain flight
performances and analyze stability characteristics. Current
experimental approaches are divided into contact and non-
contact measurement. The contact method usually uses various
force sensors to measure deformation or acting forces on the
experimental model [5]. Non-contact measurement is primarily
based upon visual measurement principle to realize high
precision and speed [6].

The prime aim of this study is to establish a wind tunnel
testing environment to obtain three-dimensional information,
represent the aerodynamic shape surface parametrically, and
moreover, investigate the effects of selected design parameters
on the flight stability of an aero-elastic ducted-fan hovering
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MAV. Vertical take-off, landing and hover capabilities are the
main characteristics of hovering MAVs [7]. The structure
parameters will have a constituent part in the flight
characteristics, especially when the aerodynamic shape having
elastic deformations. Usually some shape definition problems
are solved based upon the experimental estimation or
mathematical computation. In Section II, the geometrical
parameters of the hovering MAV design considered in this
study are discussed. Its parametric surface is defined
mathematically by two different function forms. In Section III,
three-dimensional ~ measurement system based upon
stroboscopic imaging technique is introduced. By using this
method, scale invariant feature transform (SIFT) features are
extracted from the aerodynamic shape of the model and used to
reconstruct the shape as well as to define parametric function.
In Section 1V, the relationship between geometrical design
parameters and the deformation variable or flight stability is
analyzed. The conclusions are then drawn in Section V.

II.  GEOMETRY OF THE CONSIDERED HOVERING MAV

A. Geometrical Design parameters

The aircraft designed in this study is a vertical ducted-fan
hovering MAV surrounded with elastic aerodynamic shape,
which is shown in Fig.l. Under a disturbance force, the
aerodynamic shape will have a deformation on its surface and
the amount of deformation is relative with the pressure force.
Due to the fluid-structure interaction existing between airflow
and structure, the aerodynamic shape of the aircraft partly
determines aircraft’s fight stability, attitude and speed. So four
dimensional parameters have been selected to investigate the
effects they may have on the flight stability of the whole
structure.

In Fig. 1, R is the external radius of the shell, r is the
internal radius of the cylindrical vertical duct, H is the height of
the aircraft and 7 is the thickness of the shell.

Figure 1. Designed parameters of the model



B. Geometric form of definition

Ducted-fan hovering aircrafts look like a transformation of
torus structure. Usually the equation of the torus structure is
defined as (1),

x(u,v) = (¢ + acosv)cosu
y(u,v) = (¢ + acosv)sinu (D
z(u,v) = asinv

where a is the radius of the tube and c is the distance from the
centre of the tube to the centre of the torus, u and v are in the
range of (0, 2m). Here u is the angle around the torus and v is
the angle around the tube. Then the torus structure can be
represented by (2):

P(w,v) = f(x(w,v),y(w,v),z(u,v)) )
0<u<2r0<v<2m

During the design and manufacture process, various shapes

and parameters should be considered due to their effects on the

flight characteristics. Some design structures are presented in
Table 1.

TABLE L VARIOUS DESIGN STRUCTURES

The range of w Structure model Notes
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outside the

vertical duct

—< <
w s
2 [wl

The centre of
the shell is on
the vertical duct

The centre of
the shell is

% inside the

vertical duct

O <wl<=
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the shell is on
the axis of the
vertical duct

r
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The centre of
the shell is
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r
0 < |w| < arccos (E)

The external radius R of the shell equals the radius of the
tube, a, and the internal radius of the cylindrical vertical duct »
is calculated by (3), where w is in the interval (-m, m). The
height of the aircraft H is calculated by (4):

r = c + acosw, arccos (l) <|w|l<m
“ 3)

r = acosw — ¢,0 < |w| < arccos (2)
H = 2asinw 4)

So the value ¢ can be obtained easily from each structure.
Substituting the values of a and ¢ in (1) respectively, the
parametric definition of the designed aircraft is given as:

x(u,v) = <r + /RZ —HTZ + Rcosv) cosu
y(u,v) = (r + /RZ —HTZ + Rcosv)sinu'

z(u, v) = Rsinv

x(u,v) = <r — |R2— H—z + Rcosv) cosu

> , arccos (%) < |w| Sg %)

§<|w|<n

y(u,v) = <r — |R2 —=— + Rcosv | sinu

z(u,v) = Rsinv

x(u,v) = ( R? —— —1r 4+ Rcosv | cosu
, 0 < |w| < arccos (%)
y(,v) =| [R? —T—r+Rcosv sinu R
Lz(u, v) = Rsinv

where u is in the range (0, 2m) and v is in the range (-jw|, [w]).

C. Algebraic form of definition

A parametric surface is a space patch which is defined by a
parametric equation with several parameters. Continuous
parametric variable u and v are used as the coordinates of
some part of a plane and x, y, z are used as the usual Cartesian
coordinates. A parametric surface can be established by (6):

P(uv) = f(xy2) (6)

where x = x (w,v),y =y (W, v), z = z (u, v), the parametric
variables u and v are in the range of (0,1). The algebraic form
of a bi-cubic patch is as:

x(U, V) = a33,u3V3 + agy, udv? + -+ agoy

_ 3.3 3.2
y(U,v) = az3yuv® + az,uv? + -+ agy (7
z(W, V) = ag3,uV3 + agy,ulv? + -+ aggy

u € (0,1),v € (0,1)

Let the pOil’ltS be ()Cl 1 Z]), ()C2 2 Zz). . .()C]é Yie 216) and their
respective parametric values are (u; v;), (uz v2)...(u1s vig). So
the x coordinate of the bi-cubic patch can be rewritten as (8):



3.3 3,2
[ wivi uwjvi = vy 1][A33x Xq
udvd  udv? vz 1||Gs2x| _ | X2 ®)
. 1 :
3 3 2 . a x
UieVie Ui6Vie v 111%00x 16
3,,3 3,2 17
Aszx] [ wivi ujvi vy 1] %
Azox| _ | udvd udvi v, 1 X2 ©)
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a 3 4,3 3 12 ... X
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The coefficient matrix 4, = | ,*>* 2 /2% /2%
13x 12x 11x 10x
Qo3x  Qo2x Qoix Aoox

can be calculated by (9). The treatment for A, and A,
coefficient matrices are similar.

III. EXPERIMENTAL SYSTEM

Wind tunnel testing is a prime approach to obtain and
analyze aircraft acrodynamic characteristics. Results obtained
from the simulation in the experimental environment can be
effectively used for analyzing, calculating and improving the
performances of aircraft flight. In this study, a shading
enclosed experimental environment with a stroboscopic light, a
photogrammetric instrument, an air blower and an air volume
sensor was established, as shown in Fig. 2. This 3 dimensional
detection method is mainly based upon the principle of
binocular vision measurement.

A. Measurement method

Unlike traditional high speed visual measurement methods,
stroboscopic imaging technique is used to record continuous
image data of aircraft aerodynamic shape during its movement
in one picture. The measurement speed in the experiment partly
depends on the frequency of the stroboscopic light. If the
frequency of the light is increasing, the images of the aircraft
model overlap in the picture. If the frequency of the light is low,
the images depart from each other.

As shown in Fig. 3, for simplicity, O — XYZ is the world
coordinate system and o0 — xy is the image coordinate system.
The transformation matrix between these two coordinate
systems is a 3x4 calibration matrix C which is composed of a
rotation matrix R and a translation matrix 7. This calibration

Figure 2. Experimental framework
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Figure 3. Coordinate System

matrix can be calculated by the Zhang’s calibration method [8].
r(u, v, w) refers to any point in the model coordinate system
0’ — X’Y’Z’, in which the origin is on the centroid position of
the aircraft model Q. When the model experiences the external
force, its aerodynamic shape produces an elastic deformation
on surface. So the location of the original point on the model
coordinate changes to r(u',v',w’) = r(u,v,w) + d(u, v,w),
where d(u,v,w) is the deformation value relative to the
original position of that point, as shown in Fig. 3.

B. Results

Since the stroboscopic imaging technique is used as the
measurement method in the study, there will be some changes
in illumination and image rotation as well as the change of
scale space in the picture. Scale invariant feature transform
(SIFT) is used in this study because of its flexibility. Based
upon the texture information prepared on the model, SIFT
features are extracted from each image respectively and their
three-dimensional coordinates are also computed by the
principle of binocular visual measurement. The stroboscopic
image and SIFT features’ spatial coordinates are presented in
Fig. 4 and Fig. 5.

Figure 5. Three-dimensional coordinates of corresponding feature points



IV.  FLIGHT STABILITY INVESTIGATION

A. Static analysis

For a deformable model, the position d, velocity d, and
acceleration d are used to describe its motion property.
According to the Lagrange equation of motion [9]:

pud +yd + 846 =f (10)

u represents the mass density, y is the damping density, ud is
the inertial force, yd is the damping force, §4¢ is the elastic
force produced due to the deformation of the model, and f'is the
external force acting on the model. When static situation is
considered which means ignoring relative motion d and d,
equation (10) can be rewritten as (11):

Sac=f (11)

Here §,4¢ is a variational derivative of a deformation energy
g(d), which represents the potential energy related with an
elastic deformation of the model [9].

In the equation (10), if place an aircraft model under a
given external force, the larger the aerodynamic shape
deformation, the more elastic energy is produced on aircraft
surface, the less relative motion component will be, and the
better flight stability of aircraft model. It appears that
increasing deformation value produced in the aircraft’s
aerodynamic shape helps to improve flight stability and
performances of micro air vehicle during hovering in the air.

B. Effects of design parameters on the flight stabiity

Using 16 points coordinates measured from the
experimental results, the parametric surface of aircraft
aerodynamic shape is calculated as form (7). In the case of
deformation condition, if the shape is smooth, its parametric
surface can be represented by a bi-cubic patch such as (12).

x'(u,v) = a3, uv3 + ahy, udv? + -+ afoy
! — ! 3,,3 ! 3,2 I
Y'(u,v) = azzyutv’ + az, uive + o + aggy (12)

z' (W, v) = a4z, uv® + aby,ulv? + -+ apy,
u € (0,1),v € (0,1)

However, if using the geometry form to represent the
deformation condition, the deformation component based on
the original aircraft model equation (5) is unknown. If

considering arccos (%) < |w| < % as the design structure, the

surface (13), which contains deformation components, cannot
be determined.

x'(w,v) = <r - ’RZ - HTZ + Rcosv) cosu + Ad,(u,v)
13
y'(u,v) = (r - ’RZ — HTZ + Rcosv> sinu + Ad,, (u, v) (13)

z'(u,v) = Rsinv + Ad,(u, v)

H H
u € (0,2m),v € (—arcsmﬁ,arcsmﬁ)

Within the experiment, if the external disturbance acts on
the aircraft model in X direction, the force produced in the
aerodynamic shape is perpendicular to the aircraft surface.
Therefore, the maximum deformation on the shape happens in
X direction. So deformation component Ad, (u,v) in Y
direction and Ad,, (u, v) in Z direction can be ignored. Next the
relationships between deformation components Ad, (u,v) and
design parameters will be investigated and the interaction
effect of parameters on the deformation variable will be
analyzed.

Firstly, variable values u and v are normalized as (14):

{ u' = 0.5m2u — 1) € (—0.5m,0.5m)

. H . H )
v = arcsmﬁ(Zv —-1e€ (—arcsm;,arcsm

H) (14)

2R
u € (0,1),v € (0,1)

When arccos (%) < |w| Sg is considered, x(u,v) is
given by (15):

x(u,v) =
{r - ’RZ - HTZ + Rcos[arcsin% v - 1)]} cos[0.57(2u — 1)]
u € (0,1),v € (0,1) (15)

The first three terms of the Taylor series of cosine function
can be used to approximate (15), which can be expanded as:

x(u,v) =~

{T‘ _ ’RZ _HZ +R[— [arcsin%(Zv—l)]2 + [arcsin%(Zv—l)]“]}
4 2! 4!

_112 _1y]4
[0.5m(2u-1)] + [0.5m(2u-1)] } (16)
2! 4!

x{l—

Comparing (16) with x (u,v) in (7), each a, can be
calculated. In practical situations, on the half patch of the shape,
the longer the distance from the acting point to the transversal
surface, the smaller the deformation is. It means that in (7),
when »=0 or 1, and v= 0 or 1, x(w,v) = x (w,v) .
Relationship among coefficients is:

Qo3x = Qo3x; Bozx = Ao2x Ro1x = Qo015 Foox = Aooxs

A30x = A30x; B20x = A20x; Aox = A1oxs

A33x T Qa3 + Qi3x = A3y + Aoz + Al3y;

A3y + Qoo + Qiox = A3ox + Aoy + Aloy; a7
A31x + Qo1x + Q11x = Q315 + o1y + A1y
A33x T Q3o T Q31 = Q33 + Alp + A31y5
Ap3x T Qoo + Ap1x = Apz + Ao + Ao1y;
Ai3x + Qrox T Qrix = Azx + Aiop + A1y




Deformation component Ad,, (u,v) is computed by (18):
Ad, (u,v) = x(u,v) — x'(u,v) (18)

Moreover, the extreme value of Ad, (u,v) is at u=0.5,

dAdy
o (0.5,0.5) and

(0.5,0.5) are zero. The equation of coefficients is:

v=0.5 and the first order partial derivative
dAd,
ov

(@22x = Q2250 + (@215 — Gp1x) + 3(A1zx — A125) + 3(A31, — Ag12) =0

(19)
Using coefficients equation (19), Ad, . (0.5,0.5) is
calculated by (20):
1 ! I
Ady,,4,(0.5,0.5) = §(Sa11x —3a11x + Az1x — A21x)

(20)

If the aerodynamic shape has maximum deformation, the
deformation component m = a,q, + 3a;,, has the maximum
value as well. Substitute the above coefficients computed in
this component and m can therefore be calculated as:

_ 2 . Hyp 15 2 . Hyg
m = 2Rn“(arcsin 2R) 3Rn (arcsin 2R) 21

The interaction effect of the design parameters A and R in
the deformation component can be estimated from Fig. 6. It
appears that a small external radius R and a large height H will
increase the value of deformation component m, which will
also result in better flight stability due to large elastic
deformation in the aircraft aerodynamic shape.
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Figure 6. Interaction effect of height H and external radius R

V. CONCLUSIONS

The investigation of flight stability is a constituent part in
the aircraft structure design stage. In particular, the design
parameters also determine the flight characteristics and
properties of ducted-fan hovering MAVs. In order to improve
the stability, different designed parametric vertical ducted-fan
hovering aircrafts with elastic aerodynamic shape have been
presented and discussed. Within such aircraft model,
stroboscopic imaging technique was proposed in the
experimental measurement system to obtain the three-
dimensional information of the shape. One of the key
advantages of this approach is to record and track moving
objects without using high-speed imaging equipment. The
features extracted from the shape were used to define the
parametric surface of the shape. Through comparing
parameters between algebraic and geometric forms of the
surface definition, the relationship between designed structural
parameters and flight stability has been analyzed and calculated
mathematically. It was found that increasing the height of
vertical ducted-fan and decreasing the external radius of the
shell seem to produce a larger deformation in the aerodynamic
shape. It means that the flight stability will be improved if the
interaction effects of designed parameters are considered.
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