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I. Introduction

S INCE the early 1990s, research has been conducted on micro
aerial vehicles (MAVs), which have dimensions of 15 cm or

less, to assess potential commercial and military applications.1 It
has been shown that fixed-wing MAVs with wingspans as small as
13 cm can fly very well with cameras, which was thought to be
impossible only 7 years earlier. Along with other developers, we
also developed a 13-cm-wide, fixed-wing MAV Batwing in 2003.

Because fixed-wing MAVs are generally difficult to control, it is
very difficult to reconnoiter a specific area precisely, and so only
well-trained people can operate them. For surveillance uses, rotary-
wing MAVs have demonstrated better performance in such opera-
tions as vertical takeoff, hovering capability, and low-speed flight.

There have been several studies on rotary-wing MAVs. The Micro
Flying Robot, made by Seiko Epson, used one electric motor in a
coaxial rotor system to eliminate an antitorque device.2 A rotary-
wing MAV, made by the University of Maryland, also uses a coax-
ial system and an electric motor.3 Though coaxial rotor systems
with counter-rotating blades cancel out torques, heavy and compli-
cated gear systems are required to operate them.4 Another concept,
I-STAR, made by the Allied Aerospace Company, used a ducted
fan.5

The authors have been developing a rotary-wing MAV with a
single-rotor system since 2001. The 2002 model used one rotor
blade, an electric motor, and fixed-angle antitorque vanes to elimi-
nate torque caused by rotor rotation. Unfortunately, this MAV was
so unstable that it could not fly for more than 5 s. It was found that
the fixed-angle antitorque vanes did not perform properly.6 To solve
this problem, the 2003 model adopted a rotor blade and two control
surfaces linked to a servomotor. The concept of an elevon was used
to cancel out torque and to provide directional control. Although this
MAV model was able to fly for approximately 1 min and was more
stable than the 2002 model, the antitorque control device required
further improvement.6
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Our goal was to develop an antitorque control system with a
gyroscope, which is necessary for a single-rotor MAV. The MAV
utilizes an electronic motor, a rotor with two blades, two passive
and two active antitorque vanes, a directional control surface, an
rf receiver, an electronic speed controller (ESC), a gyroscope, a
lithium polymer battery, and carbon/epoxy rod struts. Performance
tests showed that the antitorque control system produced sufficient
torque for stable flight. Even though the weight of the MAV was
below 120 g, the MAV could fly for approximately 5 min. The main
advantage of this MAV is easy maneuvers due to enhanced stability
with the antitorque control system. This Note describes the design,
fabrication, and performance tests of the rotary-wing MAV powered
by an electric motor.

II. Basic Concepts and Experiments
The governing equation of the body rotation caused by the rotation

of a rotor blade can be written as:

I θ̈B = Qanti(�) − Qvane(�, δc) (1)

where I , θB , Qanti, Qvane, �, and δc refer to the second moment of
inertia of a body, a body rotation angle, torque by the rotation of
a rotor, torque by the lift of antitorque vanes, angular velocity, and
a control angle of active vanes, respectively. A body rotation can
be eliminated when a body can produce enough torque to negate
the antitorque due to body rotation. In the passive control method,
we used antitorque control vanes with a fixed-angle control surface,
as in our 2002 model. Because rotational speeds of a rotor were
different for various flight conditions, the passive control method
did not work well. In the active control method, which is more
promising, the torque was produced from the lift of the antitorque
vanes, as in 2003 model.

We made three measurements: 1) thrust produced by rotor blades
2) torque due to blade rotation Qanti and 3) induced velocity distribu-
tion under the rotor blade. The first measurement aimed to estimate
the weight of the rotary-wing MAV. The second and third measure-
ments were done to determine the optimal size and position for the
antitorque vanes.

For comparison with the experimental results, the thrust of rotor
can be calculated using the blade element theory7,8 as follows:

T =
∫ r = R

r = 0

b
1

2
ρ(�r)2a(θ − ϕ)c dr (2)

where b, ρ, a, θ, ϕ, c, and R refer to the number of blades, air den-
sity, lift coefficient, pitch angle, inflow angle, chord of the blade,
and radius of the blade, respectively. For simplicity, we assumed
that the inflow distribution was uniform along the blade span and
that the blade had an ideal twist. Then, for a constant chord blade,
the thrust of the rotor is

T = CT π R2ρ(�R)2 (3)

where

CT = (σ/4)a(θt − ϕt ) (4)

σ = bc/π R (5)

where CT , σ , and subscript t refer to the rotor thrust coefficient,
solidity ratio, and value at the blade tip, respectively.
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Fig. 1 Thrust vs RPM produced by rotor blade.

In a similar manner, the torque of the rotor can be written as

Q = CQπ R2ρ(�R)2 R (6)

where

CQ = C
3
2

T

/√
2 + σδ/8 (7)

where δ refers to the average blade profile-drag coefficient. We used
a commercial rotor blade with a tip pitch angle of about 14 deg. The
equivalent chords for thrust and torque estimations were calculated
based on the planform of the blade.

Thrust vs revolutions per minute (RPM) was measured with a
test device consisting of a balance and a propulsion fixture jig. The
height of the thrust test device was about 70 cm (twice the rotor
diameter) to avoid the ground effect. Figure 1 shows the measured
thrusts vs RPM graph, which was used for the weight estimation. At
1900 rpm, about 130 gf of thrust was measured, which is about 20%
lower than the value calculated using the blade element theory. This
result might be because the blade element theory results in higher
values because it does not include losses.

Torque produced by the rotor was measured to design the shape
of the antitorque vanes. Figure 2a shows the torque measurement
device. When the rotor blade was rotated in the counterclockwise
direction, the body of the motor tended to rotate clockwise. A wire
attached to the motor pulled down a spring balance. The produced
torque was calculated by multiplying the moment arm and the mea-
sured force. As shown in Fig. 2b, about 270 gf · cm of torque was
measured at 1900 rpm, and this value is 16% larger than the value
calculated using the blade element theory. The measured torque data
were used to determine the area of antitorque vanes in Sec. III.B.

We measured the induced velocity to determine both the optimal
position of antitorque vane attachment and the torque caused by the
lift of the antitorque vanes. With an anemometer, we measured the
profiles of the induced velocity at different positions under the rotor
blade. The experiment was performed at a fixed rotational speed of
1900 rpm. The measured data, as shown in Fig. 3, show that the
induced velocities had similar profiles for different positions under
the rotor blade. With these data, we determined the optimal position
of antitorque vanes.

III. Design, Fabrication, and Flight Test
A. Conceptual Design

Figure 4a shows the conceptual design shape of the Konkuk Uni-
versity 2004 MAV model. The system is composed of an electronic
motor, a rotor with two blades, two passive antitorque vanes, two
active antitorque vanes, a directional control surface, an rf receiver,
an ESC, a gyroscope, a lithium polymer battery, and carbon/epoxy
rod struts.

At 1900 rpm, which was the optimal RPM of the present electric
motor, the measured thrust was 130 gf. This value of thrust limited
our design to a total weight of less than 130 gf. The second column
of Table 1 shows the weight of each component.

Table 1 Weight and current consumption estimates

Sub-system Weight, gf Current consumption

Power source 64 1.5 A
Control part 20 20 mA
Video part 5.5 150 mA
Structure 20.5 N.A.
Total 110 1.67 A

a) Schematic of test equipment

b) Measured torque vs RPM

Fig. 2 Measurement of torque due to blade rotation.

Fig. 3 Induced velocity profile at 1900 rpm.

The last column of Table 1 lists the estimated current consump-
tion. The total necessary current was 1.67 A. In terms of current,
the flight time could be estimated as follows:

340 mA · h/1.67 A × 0.7 = 0.14 h = 8.4 min (8)

In this calculation, the power of the present battery was
340 mA · h, and the system efficiency was assumed to be 70%.

B. Antitorque Control System
The developed rotary-wing MAV had four antitorque vanes:

two passive and two active, with antitorque control surfaces. At
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a) Conceptual design

b) Final assembly

Fig. 4 Konkuk University 2004 MAV model.

Fig. 5 Block diagram of active antitorque control system.

1900 RPM, the measured torque was about 270 gf-cm, and this
value was used to design the antitorque vanes. The sizes of the an-
titorque vanes were determined using Eq. (9) to produce sufficient
torque Qvane to negate the antitorque Qanti,

Qvane =
∑

passive

∫
r dLvane +

∑
acive

∫
r dLvane (9)

dLvane = 1

2
ρv2CL c dr (10)

In Eq. (10), v and CL refer to the induced velocity and the lift
coefficient, respectively. The airfoil of the antitorque vane was a
NACA0012. For active antitorque vanes, the control input was as-
sumed to be 5 deg, which is one-half of the maximum value. Note
that because the CL data might be inaccurate due to a low Reynolds
number and turbulence of the induced flow, we considered the torque
data as a rough estimation. The 8-cm-long antitorque vanes were at-
tached at 3.2 cm under the rotor blade to put the antitorque vanes
within 12 cm under the rotor blade.

A block diagram of the control system is shown in Fig. 5. The
analog controller produced the control angle proportional to the
body rotation rate as measured by the gyroscope. The proportional
constant was determined by a trial-and-error method. If the body
of the MAV began to rotate, then a control signal produced by the
gyroscope automatically prevented body rotation.

C. Flight Test
Figure 4b shows the final assembly of the rotary-wing MAV, in-

cluding a video camera. An indoor flight test was performed, as
shown in Fig. 6, and the demonstration is presented at URL: http://

Fig. 6 Stable flight of rotary-wing MAV.

mail.konkuk.ac.kr/∼nsgoo/flightest.avi (available for one year after
publication). The rotary-wing MAV flew for more than 5 min. The
endurance was relatively short compared to the estimated value.
The relatively short endurance could have been caused by a cal-
culation error for the discharge rate of the battery or by energy
loss in the wake due to the presence of antitorque vanes. The flight
was remarkably stable; therefore, we concluded that the automatic
antitorque system with a gyroscope worked very well. Moreover,
with the yaw direction control surface, the MAV was able to move
in any direction. Therefore, it was able to approach the test target
closely and capture photographs while loitering around it (URL:
http://mail.konkuk.ac.kr/∼nsgoo/loitering.avi).

IV. Summary
We have successfully developed a rotary-wing MAV that is pow-

ered by an electric motor and that uses an automatic antitorque con-
trol system. The developed MAV was flown for more than 5 min by
radio control. Photographs taken by the installed video camera could
be clearly transmitted. Though the successful flight test showed
the MAV’s capability for surveillance, further improvements in the
propulsion system and the directional control system must be devel-
oped for forward flight during outdoor missions, where head winds
and side winds will be encountered.
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