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Abstract A detailed design approach undertaken in
the development of “Skylark” is presented in this pa-
per. “Skylark” is a non-conventional fixed wing biplane
Micro Air Vehicle (MAV) with a wingspan and chord
length within 150 mm. It is specially designed with the
ability to host onboard vision assisted autonomous nav-
igation systems. Fixed wing MAV with capabilities of
vision assisted autonomous navigation is not reported
in the open literature. To stay within the maximum
dimensional constraint, flying wing configuration with
a low aspect ratio is preferred for MAV design, and
therefore the stability is inadequate due to lower static
margin when compared to bigger Unmanned Aerial Ve-
hicles (UAVSs). In this paper, the novel design strategy
addresses the major challenges such as high payload
carrying capacity, stability, and onboard processing re-
quired for vision assisted autonomous navigation. The
higher payload carrying capacity is addressed by con-
sidering biplane aerodynamic configuration, while the
longitudinal static margin is improved by placing the
top lifting surface toward the trailing edge. A powerful
yet compact and lightweight autopilot is designed to
perform image processing algorithms onboard. Detailed
design is done based on the requirement of the centre
of gravity location by suitable weight distribution. The
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stability of the designed biplane is validated through
several flight tests. The proposed novel design method-
ology of adding optimal top plane provides flexibility in
managing static margin based on mission profile com-
pared to monoplane MAVs.
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1 Introduction

Micro air vehicles (MAVs) are attracting increasing at-
tention in civil and military applications as they have
the capability to perform critical tasks that may pose a
threat to human lives, such as surveying in a hazardous
environment. MAV was originally defined as an aerial
vehicle having a maximum dimension of 150 mm or less
and velocity around 10-20 m/s [1]. Owing to the aero-
dynamic advantage, the fixed-wing MAVs are a better
choice as opposed to other types of MAVs when the
mission requires higher speed, longer endurance, and
higher payload carrying capacity. Furthermore, fixed
wing MAVs are also operationally silent. Numerous fixed-
wing MAVs of different configurations, possessing ca-
pability of remote-controlled or semi-autonomous flight
are reported in the open literature, for example, Black
Widow [2], SPOT [3], UGMAV15 [4], KH2013A [5] etc.
Hereafter, fixed wing MAV is denoted as MAV.

“Black Widow,” developed by Aerovironment Inc.USA
as a part of the DARPA project, is widely considered as
the first generation of successful MAV. It has a wingspan
of 6 inches, a total mass of 80 g, an endurance of 30
mins. The velocity of the “Black Widow” has been re-
ported around 25 mph (11.17 m/s). Its autopilot is ca-
pable of altitude hold, airspeed hold, heading hold. The
autonomous waypoint navigation capability of this ve-
hicle is not reported in the literature. “SPOT” MAYV is
designed with a wingspan of 15 cm, a total mass of 75
g, and an endurance of 2 minutes. It is reported that
low endurance is due to the lack of stability. Provision
of autopilot hardware is not mentioned. “KH2013A”
is designed with a total mass of 53 g, with a velocity
range of 6-13 m/s and an endurance of 4 minutes. “UG-
MAV15” is designed using design optimization with a
primary objective of maximum endurance with a total
mass of 58 g; however, only a preliminary flight test
is reported. Some of the important challenges associ-
ated with the MAV design are reduction of maximum
lift to drag ratio due to formation of laminar separa-
tion bubble [6], dynamic coupling [5], high sensitivity
to rolling and pitching moments due to low inertia,
low static margin, low bandwidth actuator, sensitive
to wind gust due to velocity comparable with wind ve-
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locity, etc. Mathematical modelling of MAV is reported
in the literature using first principle modelling [7] and
system identification approach [8]. In the first principle
methods, the system parameter is obtained using the
basic aircraft mechanics, software like XFLR/ CAD,
and wind tunnel test. On the other hand, in the system
identification method, parameters are developed from
flight test results.

In line with the current trend, the next generation of
MAVs needs to possess capabilities, such as performing
autonomous waypoint navigation in a GPS-denied en-
vironment, surveying the target area while having the
real-time intelligence to adjust the mission in an un-
known and obstacle prone environment. Furthermore,
integrating cameras in a MAV system makes it possible
to compute the state information of the MAV in addi-
tion to obstacle detection and avoidance while simul-
taneously providing surveillance footage, thus making
way for the next generation of navigation systems.

by placing the vertical tail in the propeller wash and
making the asymmetric weight distribution about the
forward axis of the MAV. The designed MAV is flight
tested in an outdoor environment, and results are pre-
sented validating the stability aspects mentioned. Such
detailed outdoor flight test results are not reported in
the literature for the 150 mm class of biplanes.

An iterative design methodology is used to reach a pre-
liminary configuration via four distinct stages, namely
conceptual design stage, preliminary design stage, de-
tailed design stage, and the final configuration is ob-
tained after incorporating the observations from the
remote-controlled flight tests. A typical flow chart for
MAYV design steps is shown in Fig. 1.

A similar design approach is followed in the case of
conventional bigger aircraft design [21], but in this case,
flight test observations are incorporated in finalizing the
aerodynamics configuration and avionics selection.
The main contributions of the paper are the following

To accommodate all the design requirements, non-conventiofgPects:

designs need to be explored. Different types of non-
conventional configurations are reported in the litera-
ture to achieve a specific performance criterion such
as a better aerodynamic efficiency or a high payload
carrying capacity etc. [9-20]. “TYTO”, a low-speed bi-
plane, is designed with a total weight of 100 g and with
a wingspan of 30 cm [9]. Biplane with inverse Zim-
merman planform is proposed in [11], where the top
wing is kept forward than the bottom wing; however,
flight tests are not reported. A tailless biplane config-
uration, “XPlane”, having a wingspan of 40 ¢cm and a
total weight of 400 g, is conceptually proposed to in-
crease the payload capacity while retaining the system
stability and controllability characteristics [16]. In [12],
design and testing of 1:5 scaled model of PrandtlPlane
configuration, which is a box wing with two swept lift-
ing wings, is reported, and the advantages of two wings
such as improved stability in the lateral and longitudi-
nal direction, the low stall speed is validated through
flight tests. However, for the MAV class of vehicles, a
non-conventional configuration is not reported in the
literature.

In this paper, a novel non-conventional biplane config-
uration with an optimum top wing at the trailing edge
is proposed to meet the primary design requirement of
high payload carrying capacity and good longitudinal
static margin. The top plane acts as an additional lifting
surface as well as shifts the neutral point of the overall
system toward the trailing edge. CG has been main-
tained ahead of the neutral point by employing multi-
ple strategies such as the placement of the top wing,
miniaturized component design, and providing a suit-
able motor thrust axis. The counter-torque is balanced

— Novel non-conventional aerodynamic configuration
design for heavier payload and better static margin

— Development of the various subsystem of MAV hav-
ing capabilities of vision assisted autonomous navi-
gation

The rest of the paper is described as follows. Impor-
tant design specifications and design challenges are dis-
cussed in Section 2. Based on the design specifications,
a conceptual MAV configuration is proposed, and its
realizability is examined in the conceptual design stage
in Section 3. Section 4 describes the preliminary de-
sign of the wing, tail, control surface, and analysis of
the configuration in XFLR software. Detailed design of
the propulsion system, avionics, and structure are per-
formed in Section 5. Section 6 presents the final config-
uration of “Skylark” and flight test results.

Nomenclature

aq = Absolute angle of attack of whole body

w1, and a,,1 — € = absolute angle of attack of the
bottom wing and top wing, respectively

ac, = Aerodynamic center of vertical tail

Gw1, G2 = Slope of the lift curve of bottom wing
and top wing

¢ = Mean zero lift chord of bottom wing

Cp = Total drag co-efficient

Cp, = Profile drag co-efficient

C', = Lift force co-efficient

C,, = Pitching moment co-efficient
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Fig. 1: Design flow chart

Cr,0 = Moment coefficient about the centre of grav-
ity at zero lift

Cm,, = Slope of pitching moment coefficient vs angle
of attack

Ci,cg = Pitching moment co-efficient about centre
of gravity

Ci, = Slope of the rolling moment co-efficient vs
side slip angle

Ch,; = Slope of the yawing moment co-efficient vs
side slip angle

D1, Dyw2 = Drag forces acting on top and bottom
wing

e = Span efficiency factor

e = Downwash angle

(G1 = Vertical distance between zero lift chord line
of the top wing and bottom wing

h, hae,,, = Distance of CG and aerodynamic centre
of the whole configuration from the leading edge of
the bottom wing in a fraction of chord length of the
bottom wing

k = Chord length of the top wing in the fraction of
chord length of the bottom wing

lw2 = Horizontal distance of the aerodynamic centre
of the top wing from the centre of gravity of the
MAV

Ly, Lye = Lift and drag forces acting on top and
bottom wing

L3 = Distance between the aerodynamic centre of
the top wing and bottom wing

Lo = The horizontal distance of the mean aerody-
namic centre from the bottom wing’s aerodynamic
centre

Mcg,, = Moment of the bottom wing about the
centre of gravity of MAV

Mg, = Moment of the top wing about the centre
of gravity of MAV

Macw1, Macw2 = The moment of the top and bot-
tom wing about their aerodynamic centre

1t = Angle between the bottom chord and line join-
ing the aerodynamic centre of the top wing and bot-
tom wing

(¢ = Dynamic pressure

Sw = Reference surface area of wing

Sw2 = Reference surface area of bottom wing

Sw2 = Reference surface area of top wing

Wy = Wing volume ratio

x = the horizontal distance of the centre of gravity
from the bottom wing’s aerodynamic centre

zw1 = The vertical distance of the centre of gravity
from the mean zero lift chord of the bottom wing in
a fraction of bottom chord length

zcq = The vertical distance of the centre of gravity
from the mean zero lift chord of the bottom wing

Acryonyms

AR= Aspect Ratio

CG = Centre of Gravity

MAYV = Micro Air Vehicle

RC= Remote Controlled

UAV = Unmanned Aerial Vehicle

2 Design requirement and challenges

A typical mission profile of MAV comprises reaching
the designated area quickly within a distance of ap-
proximately 1.5 km, slowly loitering, say, thrice over
the objective zone in a circle with a diameter of 50 m.
The mission requires capturing and processing images
to assist MAV state estimation, obstacle detection, and
avoidance, etc., and finally return to the launch loca-
tion. This mission profile of MAV is for a typical ap-
plication of MAVs, such as in the front line area of a
warzone where MAV needs to go to the enemy zone and
capture the images and get back to home location.

MAV having the capabilities mentioned above must
incorporate the main autopilot for low-level real-time
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tasks such as attitude estimation and stabilization, an
image processing module, vision sensors, battery, mo-
tor, electronic speed controller, receiver, GPS, and a
telemetry module. The maximum velocity needs to be
kept within a specific limit to capture better quality
images through a lightweight camera; therefore, for the
current design, the nominal velocity is selected as 10
m/s, which is also a typical maximum speed of conven-
tional MAVs [2-5]. It is desirable that the longitudinal
stability margin is kept at least 5-8 % for the safe and
reliable mission [22]. However, a higher stability mar-
gin of about 8-12 % is preferable for more reliability
because the allowable range of CG variation in MAVs
is less compared to bigger planes.

The total distance to be covered by the MAV is ap-
proximately 4 km for a typical mission profile as the
one specified above. Therefore in a no-wind condition,
an endurance of 7-8 minutes is required to complete the
mission profile. It is assumed that the effect of wind on
total endurance will be small for a to and fro mission.
There is no design standard available in the open lit-
erature that specifically addresses the flying qualities
for the small-scale vehicles [23]. The natural modes of
extremely lightweight low Reynolds numbers are higher
than the conventional aircraft [24]. So, the flying qual-
ities standard for the conventional aircraft needs to be
modified for application to small-scale platforms [25].
In this case, the flying qualities requirement of the pi-
loted aircraft as per U.S. military standard such as
MIL-STD-1797 [26] and MIL-F-8785C [27] are adopted
for the design with a suitable assessment on the flying
qualities requirement for MAVs. It is desired that the
design must guarantee the level of acceptability to be
one in terms of flight and flight safety; that is, “the fly-
ing qualities clearly adequate for mission flight phase”.
As it is difficult to achieve perfect landing of MAVs all
the time, the integrity of the MAV structure needs to be
robust to sustain the intermittent bad landing. A pre-
liminary weight estimate of the different components
is given in Table 1 based on the required endurance,
available hardware, structural materials, and also from
the previous experiences of building several small-scale
vehicles. Considering all the above aspects, an approx-
imate design specification is presented in Table 2.

In achieving the above design requirements, these are
some key design challenges.

— Total take-off weight: According to Table 1, the
design take-off weight is about 110 g. This design
prerequisite is high as compared to the maximum
reported take-off weight of 80 g among the current
flying MAVs [2]. So, enhancing the payload carrying

Table 1: Approximate weight breakup

Component Weight (g)
Autopilot 15

Battery 20

Servos 4

Motor and propeller 10
Electronic speed controller 6

Camera 5

Payload 10
Structure 30
Miscellaneous 10

Table 2: Preliminary MAV design parameters

Parameter Specification
Take-off weight 110 g
Expected payload 10 g

Wing span 150 mm
Nominal flight speed 10 m/s

Flight duration 7-8 minutes
Range 1.5 km
Capability Vision assisted

autonomous navigation

Stability margin 8-12 percent

capacity turns out to be a crucial criterion in MAV
system design.

— Longitudinal stability margin: Generally, a tail-
less flying wing configuration is preferred to meet
the maximum dimension constraint of the MAV.
Therefore, MAV has a less static margin and inad-
equate longitudinal stability. However, as this class
of vehicles is sensitive to gusts, the static margin
should be higher for a safe and reliable mission. Sub-
sequently, the improvement of static margin is con-
sidered as one of the important design criteria. In
general, the stability of this class of vehicles needs
to be improved.

— High counter torque: Propeller rotation induces
significant counter-torque, and it severely affects the
lateral dynamics of MAV because of its low moment
of inertia compared to bigger UAVs. Also, it is diffi-
cult to balance the counter-torque with the available
control authority.

To address the above challenges, the MAV system de-
sign is performed in four stages; conceptual design, pre-
liminary design, detailed component design, and final
design. Each of the stages is explained in detail in the
following sections.
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3 Conceptual design

The basic configuration is developed considering the fol-
lowing important perspectives.

3.1 Increasing the payload capacity

It is hard to accomplish the design requirements in the
current scenario, more specifically, the total take-off
weight with existing airfoils for the flying wing configu-
ration. High camber airfoil can generate enough lift for
the designed take-off weight; however, it is challenging
to balance their high negative pitching moment. In ad-
dition, balancing the pitching moment with the propul-
sive forces for the entire flight duration is unrealistic as
propulsive forces vary with battery characteristics.
The idea of increasing the payload carrying capacity by
increasing the velocity of MAV may not work since an
increase in the velocity would have a cascading effect
on the weight of other components such as the battery,
electronic speed controller, etc., thereby increasing the
overall take-off weight. The increase in velocity would
also increase drag and counter-torque produced due to
the motor, which may not be easy to balance while con-
sidering other design constraints. MAV is largely made
up of lightweight materials, making it susceptible to
vibration due to the motor and propeller combination.
This vibration is picked up by sensors, and hence, makes
state estimation difficult.

As per the great flight diagram [28], statistically, the
approximate wing loading required for the total weight
of 110 g is 35, i.e., W/S=35; where W is the weight of
total MAV in Newton and S is the surface area in m?2.
So, the approximate wing area required for this wing
loading is 315 cm?. The maximum area possible for a
monoplane wing with a 15 cm span and 15 cm chord
is 225 cm?. Hence, non-conventional design with the
incorporation of additional lifting surfaces needs to be
explored. Biplane configuration is more common among
non-conventional configurations. When the span is con-
strained, the biplane configuration can provide better
efficiency in terms of high lift and less induced drag
than the monoplane. Apart from high payload carrying
capacity biplane will have advantages of low induced
drag, low stall speed, and high maneuverability [29-35].
Let us consider the effect on aerodynamic efficiency due
to the addition of another similar lifting surface on top
of the bottom wing, as shown in Fig. 2.

Total drag coefficient (Cp) is the summation of pro-
file drag coefficient (Cp,) and induced drag coefficient,
Cp = Cp, + KC%; where K = —L., Cy is lift force
coefficient, e is span efficiency factor, and AR is aspect
ratio. The aeroplane aerodynamic efficiency is generally

(a) Monoplane

(b) Biplane

Fig. 2: Comparison between monoplane and biplane

considered in terms of lift to drag ratio. For a mono-
plane configurations, the ratio of lift (L) to drag (D)
force is g—g If one similar top wing is added above the
bottom wing, the lift coefficient of each wing will be
reduced due to interference between the top and bot-
tom wings. Considering a 30 per cent decrease in the
lift in each plane, the lift forces (L1, Ls) will be 0.7
CLGooSw for each wing and the drag forces (D1, D) will
be (Cp, + K (0.7C1)?)¢o0 Sw- Here, qs is dynamic pres-
sure and Sy, is the reference surface area of the wing. If
the extra profile drag of structural support to carry the
top plane is small, the ratio of lift to drag force of the
overall system can be approximated as W.
In general, for the monoplane MAVs, the induced drag
is around 60-70 per cent of total drag. Considering in-

duced drag to be 60 per cent of total drag;

KC? =0.6Cp Cp, =0.4Cp

Hence, the lift to drag ratio in the case of biplane con-
figuration is 1.0086 g—g Summary of the comparison
between monoplane and biplane is shown in Table 3.
Therefore, with biplane configuration and by keeping
the profile drag of the extra supporting vertical struc-
tures for top wing small, approximately 40 per cent ad-
ditional lift can be obtained with a similar lift to drag
ratio. Also, Some part of extra lift forces will be re-
quired to balance the additional weight of the top wing
and vertical supporting structures. So, the effect of the
addition of a top wing can make a favourable contribu-
tion to the system by considering the following aspects
of design.

— Make the top plane and vertical structural support
lighter.

— Reduce the profile drag of structural support.

— Maintain an optimum gap between two wings con-
sidering the trade-off of the effect of interference on
lift force with extra drag and the structural load of
vertical support.

As the total lift force required for this design is higher
than the existing MAVs, the increment of total load
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Table 3: Comparison between monoplane and biplane

Parameter Monoplane Biplane

Lift force CLqooSw 2 X (0.7CL,)qoo Sw

Drag force (Cp, + KC2)qooSw 2% (Cp, + 0.49KC? )gooSw
Lift to drag ratio & 1.0086 &~

carrying capacity is considered the main design objec-
tive.

3.2 Increasing longitudinal static margin

The distance between the centre of gravity and the neu-
tral point is the measure of the longitudinal stability of
the aircraft. It is desirable to adjust the centre of gravity
toward the forward direction to achieve a higher static
stability margin. For the flying wing design, the neutral
point of MAVs lies very close to the aerodynamic centre
of the wing. As the aerodynamic centre lies nearly 25
% of the chord length, the centre of gravity needs to be
adjusted within 25 % of the chord length.

The extent of bringing the CG nearer to the leading
edge is limited by the size of the components and the
space required by them. Hence, the longitudinal static
margin cannot be improved by a large amount. Instead
of the traditional way of adjusting the CG location, the
neutral point of the vehicle can be brought toward the
trailing edge by including an additional lifting surface
near the trailing edge, which will permit a better ad-
missible range of the CG location.

Therefore, lifting surfaces at the trailing edge need to
be incorporated to increase the amount of lift as well
as to increase the stability margin. A conceptual aero-
dynamic configuration of MAV, shown in Fig. 3, is pro-
posed to meet the criteria of the total load specifically
as well as to increase the longitudinal stability margin.

Vertical
tail
Top lifting surface
at trailing edge

Bottom lifting
surface

Control
surface

Fig. 3: Conceptual Model

3.2.1 Force and moment analysis

In this section, the conceptual aerodynamic shape is an-
alyzed for the feasibility of the proposed design. Forces
and moments acting in the longitudinal plane of the
configuration are drawn in Fig. 4. Here, ¢ is the mean

Ly
Du'2
7 Moz
Q1 — e; -
C.G.
Lo
Zun€
Ly Dy
Mac.
.
( \/ﬁ\\\
Q1 ! ] i
i hac, € ! ‘
|
he

Fig. 4: Forces and moments in the longitudinal plane

zero lift chord of the bottom wing, h and hq.,,, are the
distance of the centre of gravity of the whole system
and aerodynamic centre of the bottom wing, respec-
tively from the leading edge of the bottom wing in a
fraction of chord length of the bottom wing. z,; de-
notes the vertical distance of the centre of gravity from
the mean zero lift chord of the bottom wing in a frac-
tion of bottom chord length. Mg 1 and Mg 2 are the
moment of the top and bottom wing of their aerody-
namic centre, respectively. L1, Ly2, Dy1, Dyo are the
lift and drag forces acting on top and bottom wing. €
is the downwash angle, a,,1, and a1 — € are the abso-
lute angle of attack of the bottom wing and top wing,
respectively.
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Therefore, the total moment about the MAV CG due
to the forces acting on the bottom wing is given by,
Mcg,wl = Mac,wl + Ly cos awl(hc - hacwl C) (1)
+ D1 sin a1 (he — hgey, €) + Lyt sin a1 2w1¢
7Dw1 COS Qg1 Zw1C-
For the analysis purposes, let us assume a3 to be
small. Therefore, cos a1 =~ 1;sina,1 ~ @41 . Then
the total moment can be simplified as follows:
Mcg,wl = Mac,wl + Lwl(hc - hacw1c) (2)
+Dw1aw1(hc - hacwlc) + Lwlawlzwlc - lezwlc

The pitching moment, lift and drag coefficient for bot-
tom wing are defined as follows:

_ Megwr . _ Macw1 .
C]M’Cg“” T gooSwic ’ CM’ac“” T gooSwic ’
— _Luw1 . — _ Dy
CL,wl Qoo Sw1 CD,wl Goo Sw1

where g is the dynamic pressure and Sy,1 is the surface
area of the bottom wing. Dividing the equation (2) by
Qoo Sw1C, We get

CM,cgwl = CI\/I,acwl + (CL,wlawl - CD,wl)Zwl (3)

+(CL,w1 + CD,wlawl)(h - hac,wl)

Similarly, the total moment about CG due to forces

acting on the top wing is given by,

Mcg,wQ = Mac,wQ - le(LwQ COS(Oéwl - 6) (4)
+ Do sin(ay1 — €)) — zwa2Lywa sin(a,1 — €)
+2w2 D2 cos(auy — €)

where, 2,9 and [,,2 are the vertical and horizontal dis-

tance of the aerodynamic center of the top wing from

the CG of the MAV. The various aerodynamic coeffi-
cient for top wings are defined as

_ _Lyo . _ D2 .

C’L,w2 - ?\icswz, C’D,w2 - qx?v}uz,
— cg,w2 _ ac, w2
C]M,cng ~ YooSwic’ C]M,acw2 T g Swic

where, S, is the surface area of the top wing. With the
assumption that the magnitude of 1 — € is small, the
total moment due to forces acting on top wing about
the CG can be approximated as

Mcg,wQ = Mac,wQ - le(LwQ + Dw2(aw1 - 6)) (5)

*ZwQLuQ(Oéwl - 6) + Zw2Dw2

After dividing the equation (5) with geoSwic, we get

lwa L2
CM759w2 = CM,anz - m (6)
7lw2Dw2(Ofw1 - 6) B ZwQLw2(aw1 - 6) Zw2Dw2
GooSwiC GooSwic GooSwic

Using the aerodynamic coefficient, the above equation
can be simplified as follows:

lw2Sw
CM.cgur = CMoacus — 52 102 CrLw2 (7)
lw2Sw2 Zw2sw2
- Sw1C CD,wQ(awl - f) - Sw1c CL,w2(Oéw1 — 6)
Z’wQSwQ
Cp,w
Swl D2

In this case, we will define the wing volume ratio Wy
similar to tail volume ratio of normal aircraft as, Wy =

Ly2Sw2 _ Zuw2
oz, Also, f = T Therefore,

CM,ecguws = —WuCr w2 — WaCD waluw — €)

8
- WHfCL,uQ(awl - 6) + WHfCD,uQ + CI\/I,acwg ( )

For the entire system, we will define the pitching mo-
ment coefficient as follows, Cps ¢ = %, where M.,
is the total moment about the centre of gravity. There-
fore,

CM,cg = CM,cgur + CM,cgus 9)

For the system to be stable in longitudinal plane, it
should satisfy the following two criteria [36]:

— Cu,0 must be positive.
ac .
— ~5e*t must be negative.
o

where, a, is the absolute angle of attack of whole body,
Cr,0 is the moment coefficient about the centre of grav-
ity at zero lift and % is the slope of the Chis,¢q
vs «, curve. In this case we will assume, Qg & Quy, -
Let a1, a2 be the slope of the lift curve of bottom
wing and top wing. Then, Cr 41 = awi0wi; Crw2 =
ay2(aqy1 — €). Hence,

CVI\/I,O = CM,acwl - Zwl([CD,wl]awlzo) + C’M,acw2
+ eWgaws + eWr([Cpw2]aw,—0) (10)
+ Wa f([CD.w2)awi=0) — €Wr fauwe

where, [Cp wi1]a,, =0 means the value of Cp .1 when

. ac
value of au,1 is zero. 6%’?’ can be expressed as,
w

aC‘]\/I,cg

8aw1

_ 8CM,ng1 + aC'M,cgwg (11)

8aw1 aawl

Neglecting the lower magnitude drag terms,

ﬁ = awl(h - hacwl) + 2GW1QW1ZU)1 (12)

Similarly,

# = —Whawz = 2Wg f(aw1 — €)aw (13)
wl
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Therefore, we have,L,2 = CL w2¢o0Sw2 and Ly = CL 11GocSwi-

we will assume that, Cp 2 =~ Cp 1. Considering the
ICM,cq the span is same for top and bottom wing,

:wh*hac 2w wlcw
Byt Haen) 2wz (14)

- VVVHG/UJQ(1 + 2f(aw1 - 6))

As evident from the equation (10), Caro can be made
positive by choosing Chis,ac,, and Chuy ac,, closer to
zero, making z,,; as small as possible and Wy as high
as possible. Equivalently, the airfoils should be of very
low pitching moment, the centre of gravity should be
closer to the bottom wing, and the top wing should be
selected for higher Wy. From equation (14), it is clear
that % can be made negative with higher value
of Wy and smaller value of z,1. Equivalently, the top
wing needs to be optimum for a higher Wy value, and
the overall system centre of gravity need to be kept
closer to the bottom wing. From the above analysis,
the following conclusions can be made:

— Airfoil pitching moment should be small.

— CG should be kept near to bottom chord line.

— The top wing should be designed for a higher value
of WH

8.2.2 Analysis of chord length of top wing

In this section, a tentative range of chord length of
the top wing is determined from the point of view of
longitudinal static stability. For longitudinal stability,
the centre of gravity should be in front of the neu-
tral point. The location of the neutral point would be
around the mean aerodynamic centre of the complete
system. Hence, in this case as per the Fig. 5, Lo should
be greater than x. Here, Ly and z are the horizontal dis-
tance of the mean aerodynamic center and the center
of gravity from the bottom wing’s aerodynamic center.
In Fig. 5, k is the ratio of the chord length of top wing
to bottom wing, G; is the vertical distance between the
mean aerodynamic center of the whole system from the
zero lift chord line of the bottom wing. We have,

Lo=Gicotp

; where G is the vertical distance between zero lift chord
line of the top wing and bottom wing and p, is the angle
between the bottom chord and line joining the aerody-
namic center of the top wing and bottom wing. The
approximate mean aerodynamic centre of the whole bi-
plane from the zero lift chord line of the bottom wing
can be calculated as,

GLw2

Gy = ——2
! Lw2 + Lwl

_ GCL,quoobkc
B CL,w2qoobkC + CL,U)lqOObC

G1

After simplification, we get,

ke
G =
"“kete
Therefore,
k
Lo=—— t
2= G cot i
Also,
cot = L% - &
h="¢

where L3 is the distance between the aerodynamic cen-
tre of the top wing and bottom wing. As a result,

I - Gk /L% — G?
" k+1 G
L3 can be expressed as
L3 = G* + ((¢ = haey,¢) — (ke = haey,ke))

Considering the fact that the value of hqc,, and hge,,
are approximately 0.25, the value of L3 can be approx-
imated as,

k
L3=G+ (e = 7) = (he= 7))’
4 4
S0,
2 2_ 3
L; -G? = Z(c—kc)
Therefore,
k3
=———(c—k
2= 131k
Hence for longitudinal stability,
k.3
V(e — 1
() e —ho > (15)
Equivalently, k(ll_;kk) > %. If we restrict maximum value

of © = 0.1¢, the above equation reduces to % >

0.133. Therefore, k — k% > 0.133(1 + k), which results
in 0.19 < k£ < 0.66. As the increment of load carrying
capacity is considered as main design objectives, the
value of k needs to be chosen on the higher side.

In traditional tail design, the horizontal tail’s primary
function is to balance the moment in the longitudinal
plane. In this case, the top wing will generate a sig-
nificant amount of extra lift, and it will also help in
balancing the moment. As evident from the analysis,
this special configuration will allow a larger range of
CG location variations, which is crucial to incorporate
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Fig. 5: Longitudinal stability analysis of whole system

the extra components of the vision systems. Addition-
ally, this will improve stability. The whole configuration
can also be thought of as an equivalent canard config-
uration, where the top wing is the main wing, and the
bottom wing is similar in functionality as the canard.
Passive techniques such as vertical tail design incor-
porating the effects of counter-torque and asymmetric
weight distribution about the x-axis are considered for
balancing the counter-torque since active balancing of
counter-torque using the control surfaces may be pro-
hibitive.

4 Preliminary design
4.1 Bottom wing design

In the case of MAV, wing design is the most impor-
tant aspect of the design process, and its design re-
quirement includes performance requirement, stability
criteria, structural considerations, ease of manufactur-
ing, and placing of payload and electronic components.
Wing shape, airfoil, aspect ratio need to selected consid-

ering the complex aerodynamics of low Reynolds num-
ber [37-40].

In this case, the aspect ratio of 1.0-1.25 is the region of
interest. While the elliptical planform has better aero-
dynamic performance due to its elliptical lift distribu-
tion, the construction is especially difficult for the MAV
class of vehicles. Wind tunnel results at Reynolds num-
ber of 10° show that, around aspect ratio of 1.0-1.25,
lift coefficient for rectangular planform is higher than
other planforms like Zimmerman, elliptical, and inverse
Zimmerman while the drag coefficient is comparable;
however, the maximum lift coefficient and the angle of
attack at which maximum lift coefficient occurs is com-
paratively lower for rectangular planform [41]. Also, in
the case of rectangular planform, components can be
placed comfortably toward the leading edge to obtain
a favourable stability margin. Since our design require-
ment is to increase the total lift as much as possible, a
rectangular planform seems to be the best choice.

4.1.1 Airfoil selection

As seen from the force and moment analysis of the ba-
sic configuration, the airfoil needs to be selected with
almost zero pitching moment, with the lift coefficient
as high as possible. Different airfoils with low pitching
moment are considered for preliminary analysis, and
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based on their aerodynamic properties, rank is deter-
mined. Initially, airfoils are ranked separately at veloc-
ities 8 m/s, 10 m/s and 12 m/s based on their values
of Cr, and C,, at angle of attack (a) for which (g—g)
is maximum. Then a score is developed based on their
rank in both categories. Equal weight is given to both
categories. Let say the rank of an airfoil S5010 at 8 m/s
is f1 and fs in both categories. Then the score of airfoil
S5010 at 8 m/s is obtained as follows:

fss010 = —(0.5f1 + 0.5f2)

Airfoils are ranked based on their individual score. An
airfoil could have a higher rank in the category of 8
m/s, 10 m/s and lower rank in the category of 12 m/s
compared to another airfoil. Therefore, a global score is
formulated to resolve the conflicts. The global score of
each airfoil is provided based on their rank for 8 m/s,
10 m/s, 12 m/s.

Global score of each airfoil=-( 0.3 Rs+ 0.4 R1o + 0.3
Ry );

where, Rg, Rig, Ri2 are the rank of airfoil at 8 m/s,
10 m/s and 12 m/s respectively. More weight is given
to 10 m/s as the nominal velocity of the MAV is ex-
pected to be 10 m/s. The soft stalling characteristic of
the airfoil and bottom shape of the airfoil for comfort-
able component placement are also considered for airfoil
selection. S5010, E325, MH60, ESA40, EH1590 airfoils
are further selected for 3D analysis. In 3D analysis, the
aerodynamic analysis is performed with a rectangular
planform for different airfoils. Initially, each airfoil is
ranked based on the Cp, g—g, C,, at an angle of attack
for which the value of C}, is maximum. Then a score is
provided based on their rank as follows:

Airfoil score = -(0.5 Ry + 0.25 Re + 0.25 R3 );

where, R; is the rank while comparing Cf,, Ry is the
rank while comparing g—g and Rj is the rank while com-
paring C,,. The results of the 3D analysis are shown
in Table 4. After 3D analysis of these airfoils for rect-
angular planform wings, MH-60 is found to be better.
Although the aerodynamic performance of MH-60 is
better, its maximum thickness of 10.1 per cent is not
enough to accommodate the components. Therefore, a
modified version of MH-60 is designed with a maxi-
mum thickness of 12 per cent under the assumption
that the aerodynamic performance will not vary signif-
icantly from the original design. The thickness ratio of
12 per cent is considered by taking into account the
ease in placement of components and burden of struc-
tural load. This modified MH-60 airfoil is selected for
the bottom wing.

Table 4: 3D analysis of airfoil for rectangular platform

Component Cr_ . « g—g Cm Rank
S5010 0.64 37 3.65 -0.122 3
E325 0.63 38 3.67 -0.092 3
MH60 0.641 37 3.715 -0.123 1
ESA40 0.628 38 3.65 -0.084 4
EH1590 0.641 37 3.71 -0.123 2

4.1.2 Aspect ratio

For rectangular planform, aerodynamic characteristics
of the wing are analyzed in Table 5. The analysis is
done on rectangular planform of airfoil MH-60 having a
thickness ratio of 12 per cent for nominal velocity for 10
m/s. The analysis is done for the angle of attack of 0-50
degrees. The span length is kept at 15 cm, and different
chord length is considered for analysis of aspect ratio.
The aspect ratio of 1.25 will have better aerodynamic
performance. However, the total load carrying capacity
is less. Also, a higher wing chord will allow more CG
variation for the longitudinal stability requirement and
hence better static margin. The aspect ratio of 1.07 is
selected considering these two factors along with the
maximum dimension restriction.

4.2 Top wing design

The top wing and bottom wing need to be designed
separately, considering the particular aspects involved
in each wing. In the case of the design of the top wing,
the main criteria are to increase the wing volume ratio
(Wy), lifting capacity while having a small pitching
moment and self-weight.

As per force and moment analysis in Section 3.2.1, the
airfoil must be of low pitching moment. Along similar
lines discussed in the bottom wing design, the shape
of the top wing is selected as a rectangular planform
with the MH-60 airfoil. Considering the structural de-
sign point of view, and also from the analysis in Section
3.2.1; most of the components are need to be placed in
the bottom wing to keep the CG near to bottom chord
line. So, the maximum thickness of 9 per cent seems to
be adequate considering the trade-off between ease of
manufacturing and its self-weight. Therefore, a modi-
fied version of MH-60 having a maximum thickness of
9 per cent is considered.

The span length is selected as 150 mm as the bottom
wing to get the maximum utilization of the available
area to increase the payload of MAV. As per analysis
in Section 3.2.2, the chord length of the top wing must
be 0.19 to 0.66 in the fraction of the chord length of
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Table 5: Aspect ratio (AR) analysis for rectangular planform

AR Span Chord Area CLmaz (g—;)max Lift ac distance from
- (mm) (mm) (em2?) - - (N) leading edge(mm)
1.0 150 150 225 0.602 6.81 0.678 37.5
1.07 150 140 210 0.641 6.87 0.673 35
1.15 150 130 195 0.685 6.96 0.669 32.5
1.25 150 120 180 0.74 7.04 0.664 30
1.36 150 110 165 0.795 7.10 0.658 27.5

the bottom wing for a stability point of view. The in-
crement of the load-carrying capacity of MAV is the
crucial criterion for the overall MAV design. Therefore,
the value of k is chosen on the higher side as 0.6. So,
the chord length is selected as 85 mm, which results in
an aspect ratio of 1.76.

4.3 Vertical tail and winglet design

Apart from directional trim and stability, the vertical
tail needs to balance some part of the rolling moment
generated due to the counter-torque of the motor. The
counter torque is large in MAV due to its low moment
of inertia compared to bigger UAVs, and some part of
it needs to be balanced by aerodynamic design. Other-
wise, it is difficult to balance this through control sur-
faces actively. The asymmetric airflow over the wing
due to propeller rotation can be used to generate the
rolling moment opposite to the counter torque by ex-
posing the vertical tail to propeller wash. The vertical
tail can be placed in the centre of the wing to get the
advantages of these effects. The design of having a twin
vertical tail on the side edge was not effective. During
flight testing, it was noticed that the counter-torque
was too large to be balanced with the available control
surfaces in the latter case. Therefore, the vertical tail is
placed in the centre of the wing.

The top wing is placed on top of the vertical tail resem-
bling a T configuration. This configuration is favourable
for reducing the interference between the top and bot-
tom planes and the manufacturing perspective.

The MAV is considered as a home build category for the
selection of vertical tail volume ratio. In this case, the
vertical tail volume ratio of 0.05 is selected rather than
the recommended 0.04 as the larger area of the verti-
cal tail will help in balancing the counter-torque. The
height of the vertical tail is selected as 80 mm by con-
sidering the interference between the top and bottom
wing, structural load. The area of wing (Sw ) is consid-
ered as the total area of the top and bottom wing, and
the wing chord (cw ) is considered as the chord of the
bottom wing.

From Fig. 6a, the tail volume ratio is given by:

Svlv, _ 80z x (95— 3F)

33750 x 140

s =0.05 (16)
where, Sy, is tail area and ly, is tail moment arm. The
maximum possible value of z is obtained as 71.9 mm
by solving the above equation (16). Also, considering
the structural point of view, the shape of the tail is
considered as a trapezoid having sides 80 mm and 60
mm with a height of 80 mm. The longer vertical tail
base is required to provide strong structural support
to the vertical tail itself as well as the top wing; the
geometry of the vertical tail is shown in Fig. 6a and
Fig. 6b. A symmetric airfoil, NACA 0010 is chosen for
vertical tail considering manufacturing perspective and
to avoid the moments due to non-symmetric airfoil.

The winglet is a surface that can increase both the
overall lift coefficient and the vehicle’s rolling stability
while reducing the induced drag; this advantage comes
at the expense of an increase in the parasitic drag and
the structural load. The quantification of this trade-
off is complex for this class of vehicles. For this MAV,
winglets can be made from thin sheets of laminate fi-
bre materials, having no effect on the structural load.
Since the main design criteria are to increase the pay-
load capacity, winglets are provided. The position of
the winglets is chosen at the rearward end of the wing,
which offers better aerodynamic performance. A math-
ematical analysis considering the trade-off of lift coeffi-
cient, vehicle rolling stability, parasite drag, and struc-
tural load will provide a better estimate of the size of
the winglets. However, in this case, the shape of the
winglets is chosen based on the manufacturing perspec-
tive and shape of available laminate fibre sheets. The
winglet is chosen in the shape of a right angle triangle
which has a base of 45 mm and a height of 30 mm, and
it is provided on both the top and the bottom wing.

4.4 Control surface design

It is preferable to have a number of control surfaces as
disturbance attenuation and tracking the performance
of MAV can be enhanced with more inputs. However,
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Fig. 6: Vertical Tail

configurations such as elevator-aileron, elevator-rudder,
elevon, etc., are sufficient for control of the MAV. As
space and weight budget are constrained, elevon con-
figuration is selected over other configurations.

The effectiveness of the control surface will be high if
it is placed within propeller wash; hence small area of
control surfaces will be enough. However, this will also
increase the sensitivity of the control surfaces. If the
control surface is placed in the propeller wake, i.e., on
the main wing, with the small change in the control
surface, the flow pattern on the main wing will change
substantially. Hence, the control surface is placed on
the top wing considering all these effects.

The control surfaces ought to be designed considering
the handling quality as per aircraft weight, manoeuvra-
bility, flight phase, ease of flight, and flight safety. Since
there is no direct standard available for the MAV class
of vehicle, the most similar category from the available
standard is selected for the control surface design. The
MAV is considered Class-1V, whose characteristics are
“Small, light aircraft ” for assessing handling quality as
per MIL-F8785C. In terms of ease of flight and flight
safety, the level of acceptability is considered as one.

4.4.1 Aileron design

Aileron is designed as per the design approach discussed
n [21]. The landing phase is considered as the criti-
cal phase of the MAV mission for the aileron design;
hence the design is carried out for phase C as per MIL-
F8785C. In this case, the design requirement in terms
of time to achieve the specified bank angle is specified
in Table 6.

The control surface size requirement as per specification
mentioned in Table 7. Along with these requirements,
the factors such as the minimum gap between the con-
trol surfaces and the maximum size restrictions on MAV
need to be considered for design. Maximum allowable

Table 7: Control surface requirement

Parameter Lifting surface Elevator Aileron
Area ( mm?) 3375 50.62-135  10.12-40.5
Span ( mm) 150 120-150 30-60
Chord ( mm) 140 28-56 21-42

deflection for an aileron is considered as 20°. The time
required to achieve the 30° bank angle is calculated us-
ing the rate of roll rate produced by the rolling moment
to reach the steady-state roll rate; where MAV achieves
the steady-state roll rate when the moment generated
due to aileron becomes equal to the moment due to drag
due to rolling motion. After a few design iterations, the
size of each aileron is selected as the span of 70 mm and
chord of 26 mm.

4.4.2 Elevator design

The elevator deflection (d.) required for longitudinal
trim is given by [21],

TZr
(qooSc

+ Cmy)CL, + (Cr — CL,y)Cin,,

b= —
CLQ Cm(;e - C’ITLQ CL(se

(17)

where, T is engine thrust; Zr is the moment arm be-
tween motor axis and centre of gravity; C,,, is the pitch-
ing moment coefficient when angle of attack («)= pitch
rate(¢)= 9.=0; C,,, is the slope of pitching moment
coefficient vs angle of attack; Cr_ is the slope of lift
coefficient vs angle of attack; C, is the total lift coeffi-
cient; Cr, is the value of lift coefficient when o = g=
6.=0; Cp, 5. is the slope of lift coefficient vs elevator de-
flection. In this case, Zr is zero as motor axis is passed
through the centre of gravity. Considering the approx-
imate value of the aerodynamic coefficients from the
preliminary XFLR analysis (discussed in Section 4.5),
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Table 6: Aileron design specification

Control surface  Class  Acceptability Phase Time to achieve
30° bank angle
Aileron I\ 1 C 1.3 sec

Table 8: Model specifications

Parameter Specifications
Top wing span 150 mm
Bottom wing span 150 mm
Top wing chord 85 mm
Bottom wing chord 140 mm

Modified MH-60
Modified MH-60

Top wing airfoil
Bottom wing airfoil

Vertical tail height 80 mm
Vertical tail area 5600 mm?
Planform Rectangular
Elevon 75 X 26 mm

the elevator angle of trim is obtained as follows. For,
Cme =0.062, Cr,, =2.29, C, =0.55, Cr, = —0.015

Crm, = —0.14, Cy;. = —0.81, Cp;. = 0.65
de = 1.45° < 20°

Therefore, the required elevator angle for trim is less
than the maximum allowable elevator deflection. The
details of the model shape are shown in Table 8.

4.5 Aerodynamic analysis using XFLR software

The aerodynamic performance and stability of the con-
ceptual model are carried in XFLR software before pro-
ceeding toward the detailed design of the system. The
MAV configuration after the preliminary design is shown
in Fig. 7.

The analysis is carried out using the Vortex lattice
method (VLM) for a fixed lift of 100 g. Since the pro-
peller flow contributes toward some percentage of total
lift, the designed lift for the XFLR analysis is consid-
ered 100 g instead of 110 g, assuming that 10 per cent
additional lift from propeller flow. The horizontal po-
sition of CG is kept at a distance of 35 mm from the
leading edge of the bottom wing airfoil and 25 mm from
the mean chord line of the bottom wing.

Variation of lift force coefficient and drag force coeffi-
cient are plotted in Fig. 8a and Fig. 8b. As per static
stability requirement, the value of C,,, and Cj, should
be negative; Cas0 and Cy,, should be positive. Clearly,
from Fig. 8c, Fig. 8d and Fig. 8e, the system satisfies
the stability requirement as the sign of the stability

derivatives matches with the criteria. In this case, the
value of stability derivatives are as follows:

Crn,, = —0.14; €y, = —0.081; C,, = 0.095.

As per Fig. 8c, the trim angle of attack for this MAV is
around 21°. The required MAV velocity with the varia-
tion of the angle of attack is shown in Fig. 8f. Therefore,
the velocity corresponding to the trim angle of attack is
about 11 m/s, which is achievable for this MAV. Hence,
this MAV configuration is feasible. In XFLR analysis,
the effect of motor-propeller is not included; however,
the effect of motor counter-torque and propeller flow
will have a significant contribution to the overall MAV
dynamics [42-44]. Immersion of the wing-body on pro-
peller slipstream is favourable for an extra lift while
causing detrimental effects on drag and pitching mo-
ment [45, 46]. Since the basic system is stable, it is
possible that the overall system can be made stable
if the destabilizing effects of counter-torque and pro-
peller flow are kept under a reasonable limit. At this
stage, CFD analysis of the proposed configuration is
performed and found that the proposed configuration
can provide the lift required for desired take-off mass
of 110 g.

5 Detailed design
5.1 Propeller and motor

The front location of the motor is chosen as it will move
the overall system CG toward the leading edge, and
the propeller wash will increase the lifting capability
along with balancing the counter torque; these advan-
tages of propeller wash outweigh the disadvantages like
destabilizing lateral and longitudinal moments. Current
drawn and counter-torque of different motor-propeller
combinations capable of providing enough thrust are
experimentally tested. Finally, the AP-05 motor with
the GWS 5x3 propeller is selected. With this motor-
propeller combination, dynamic thurst (74) of MAV is
tabulated in Table 9 [47]. From Fig. 8b, the drag force
corresponding to 11m/s trim velocity and an angle of
attack of 21 degrees is 26.54 g. So from Table 9, the
motor RPM will be around 10500-11000.
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Central
vertical tail

Modified MH-60 aifoil;
Thickness: 9 %

Control surface:
Elevon

NACA 0010 airfoil

Modified MH-60 zifoil;
Thickness: 12 %

Fig. 7: Proposed MAV configuration

Table 9: Propeller motor dynamic thurst

Motor RPM Dynamic thurst
10500 2530 g
11000 3155 ¢g
11500 38.26 g
12000 4543 g
12500 53.06 g
13500 69.70 g

5.2 Autopilot hardware

In the case of MAV, it is very difficult to incorpo-
rate two separate modules for low-level tasks and high-
level tasks due to weight, space, and power constraints.

Therefore, the autopilot is developed as a single lightweight

module that is capable of performing high-level tasks
like image processing as well as low-level tasks like the
generation of the control command. The expected com-
putational load on the system will be higher due to
the processing of large data involved in image process-
ing tasks. The feasibility study of the main control
unit with a microcontroller, microprocessor, and FPGA
is carried out. The size and weight of the autopilot
will be less in the case of the microcontroller; however,
its computational power is low. The FPGA-based sys-
tem can perform fast image processing, but the weight
and power requirement of the system will be too high

to incorporate into the weight budget. Therefore, the
microprocessor-based main control unit is selected con-
sidering the trade-off between weight and computational
power. The pictures of the autopilot are shown in Fig.
9a and Fig. 9b. The details of the autopilot are pre-
sented in Table 10. The other major electronic compo-

nents are YEP-7A electronic speed controller, Hobby King™™

HK15318B servos, 433 MHz telemetry module, and Raspi-
cam camera module.

5.3 Structural design

Load distributions and crashworthiness during landing
are the two most important points for structural de-
sign. The design has to guarantee that any impact load
during landing should be distributed throughout the
whole structure to ensure minimum damage to the ve-
hicle. The top plane must be made lighter to reduce
the weight burden on the vertical tail; else, the require-
ment of the strong vertical tail will cause the overall
CG to move rearward, which in turn, will reduce the
static margin. The variation of Chs g, Ci, is plotted
with the vertical distance of CG from the bottom chord
line (Z.4) in Fig. 10a and Fig. 10b. It is clear from
the Fig. 10a that low value of Z., is preferable as it
will require less trim velocity. Generally, coupled model
of these types of vehicles are spirally unstable, so it
is preferable to use more negative Cj, for better spi-
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Fig. 8: Force and moment co-efficient

ral stability. However, higher Cj, will deteriorate the  The top wing is made of a very light material (EPP -
dutch roll stability. In this case, the stability of the  density of 20 kg/m?®), and only lightweight servos are
spiral modes is given more importance. Clearly, spiral  placed in the top wing. The vertical tail is made of de-
stability improves with low value of Z, as in Fig. 10b.  pron with aero ply strip reinforcement. A load of the
So, the components are loaded mostly in the bottom  top plane is transferred to the bottom plane through
wing to make Z., as low as possible. this vertical aero ply strip. The bottom wing is made
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Fig. 9: Autopilot top and bottom view

Table 10: Autopilot details

Component Description Component Description

Weight 16 g Size 35 x 65 mm

Main controller unit  1.MX6 Freescale processor RAM 512 MB

IMU MPU-9250 (9 axis) Altimeter MS 5803-01BA

GPS ORG-1411 Camera interface CSI

Flash 8 Mbit Micro SD card 8 GB
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Fig. 10: Variation of stability derivatives with Z,

of a box-like structure with four airfoils placed in the
longitudinal direction. These four airfoils are connected
to a carbon rod to make an integrated structure. The
vertical tail with a top plane is connected strongly to
middle airfoils through horizontal ribs. In this way, it is
ensured that any external load during landing is prop-
erly distributed throughout the body.

The ribs of the bottom airfoil are cut in a laser cutting
machine from a 1 mm thick aeroply. The top airfoils are
made from lightweight EPP using hot-wire cutter. Ini-

tially, a frame structure is made with four airfoils using
a carbon tube; and the outer surface is covered with
1 mm thick balsa strip. The vertical tail is connected
with the frame structure of the bottom wing with side
ribs, and then the top wing is placed on the vertical
tail. The motor is placed on an upward projection from
the bottom wing with proper alignment of the motor
axis with the horizontal line parallel to CG. The com-
ponents are placed approximately so that the torque
due to differential weight will help balance the counter-
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torque during flight. The autopilot needs to be placed
on a vibration pad to reduce the effect of higher motor
vibration.

6 Final configuration design

The final configuration is arrived at after evaluating the
aerodynamic performance of the MAV during remote-
controlled (RC) flight tests, structural integrity during
the crash landing. The addition of a dihedral angle is
the major modification performed to improve the lat-
eral stability after flight test observations. Dihedral is
provided only on the top wing considering the ease in
manufacturing, as having a dihedral on the lower wing
does not allow ease of accommodating the components.
A larger dihedral angle makes the MAV’s spiral mode

Fig. 12: Complete fabricated model

Table 11: Natural modes of “Skylark”

stable but Dutch roll mode unstable. A 12° dihedral ~ —gorameter Value
o . o ) ort period mode frequency 24.80 rad/s
on the top wing is provided considering this trade-off Short period mode damping ratio 0.097
between and the stability of the two modes and also Phugoid mode frequency 1.42 rad/s
from the manufacturing perspective. Two halves of the Phugoid mode damping ratio 0.54
top wing are attached separately to the vertical tail at a Dutch roll mode frequency 13.04 rad/s
Dutch roll mode damping ratio 0.05
specified angle to provide dihedral on the top wing. The Coupled roll subsidence and spiral mode frequency 1.93 rad/s
structural material used in different sections is shown Coupled roll subsidence and spiral mode damping ratio 0.65

in Fig. 11. Fig. 12 shows the fabricated complete model
of “Skylark”.

Fig. 11: Different components of MAV structure

After the finalization of configuration, the mathemat-
ical model of the MAV is developed using CAD mod-
elling, wind tunnel test, and standard empirical results.
The nonlinear mathematical model is linearized at the
various operating point to obtain the linear model, and
stability and trim analysis are performed. The vari-
ous operating point considered are three different flight
conditions: a) Straight and level flight b) Steady and
turning flight (turn radius of 25 m) ¢) Climb and turn-
ing flight (turn radius of 30 m and flight path angle of
15 degree); at different velocities of 8 m/s, 9 m/s, 10

m/s, 11 m/s and 12 m/s. The properties of the differ-
ent dynamic modes of the “Skylark” at the velocity of
10 m/s for straight and level flight 10 m/s are shown
in Table 11. The eigenvalues associated with the short
period modes are -2.44+4 ¢ 24.80 and 2.444 ¢ 24.80,
phugoid modes are -0.85+ ¢ 1.42 and 0.85- ¢ 1.42 , dutch
roll modes are -0.70+:¢ 13.04 and -0.70-713.04. In this
case, roll subsidence and spiral mode cannot be distin-
guished separately; the eigenvalues associated with the
coupled roll subsidence and spiral mode are -1.47 + 1
1.93 and -1.47 - ¢ 1.3. The properties of the other modes
are found to be on the same scale as other MAVs like
“Black Widow”, “KH2013A”. Based on the properties
of dynamic modes at the operating points, “Skylark” is
found to be dynamically stable. It is to be noted that
static values of rolling moment coefficient (C;) and yaw-
ing moment coefficient (C),) are not zero as the of the
sideslip angle (8) and aileron deflection (d,) at trim
condition is not zero due to propeller counter-torque.
For straight and level flight of 10 m/s, the trim values
of (8) and (d,) are -0.42 degree and 10.32 degree, and
the values of (C;) and (C,,) are 0.0027 and 0.0036.

The suitable estimator is designed for estimating the at-
titude angles, and estimation is validated through rate
table experiments. The basic controller is designed for
the nominal performance of the plant, and an add-on
advance controller is incorporated to handle the huge
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uncertainties involved in the MAV system dynamics.
Different algorithms along with the autopilot software
architecture are validated through Software in Loop
Simulations (SILS) and Hardware in Loop Simulations
(HILS). Finally, autonomous navigation is performed
based on the waypoint following. For a typical flight,
the body angular rates and FEuler angles during a flight
are shown in Fig. 13 to Fig. 18. Clearly, the angular
states remain bounded during the flight.
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The important design parameters observed from the
flight tests are shown in Table 12. The endurance can
be increased with the inclusion of a heavier battery as
a part of the payload. Flight test videos of “Skylark”
are available in this URL link '.
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! https://drive.google.com/file/d/1-65Sub-wucZfcE-_4Dp07Mr0i0r10Jiv/view?usp=sharing
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Table 12: Final design summary

Parameter Specification
Tested take-off weight 121 g
Tested payload 15 g
Maximum observed flight speed 11.5 m/s
Static margin 9%
Minimum observed flight speed 7m/s
Average endurance 7 minutes

7 Conclusions

This paper proposes a novel biplane MAV design to
address the major challenges of high payload and poor
static margin for a vision-assisted MAV system. In the
proposed design, an optimum top wing is devised at
the trailing edge, which offers a twofold advantage. The
top wing acts as an additional lifting surface as it in-
creases the payload carrying capacity, and the place-
ment of the wing toward the trailing edge has the effect
of shifting the aerodynamic centre toward the trailing
edge, which increases the static margin. The detailed
design of different subsystems is performed considering
the constraints of space, CG location, and strict weight
and power budget. An integrated autopilot module is
designed to include the image processing capabilities
along with conventional autopilot functionalities. The
flying capability and the stability of the proposed de-
sign are validated through several flight tests. The de-
signed MAV called “Skylark” has a wingspan of 150
mm, a chord of 140 mm, and a total take-off weight of
110 grams. The proposed design approach is expected
to improve the capability, reliability, and efficiency of
the MAV class of vehicles in unknown environments.
Future work involves the real-time implementation of
vision based autonomous flight for the MAV class of
vehicles. The main objective will be developing and im-

plementing vision-based control, guidance, and estima-
tion algorithms suitable for the MAV platform.
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