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Abstract  

Some special features are discussed for aerody-
namics and flight dynamics of very small un-
manned aerial vehicles (micro-UAV) as well as 
evaluation problems for aerodynamic and dy-
namic characteristics associated with these fea-
tures. Some experimental results are presented 
for micro-UAV obtained by using wind tunnel 
experiments and flight tests as well as mathe-
matical modeling results to estimate micro-UAV 
transient processes caused with some distur-
bances. 

 
Nomenclature 
m –   mass of UAV 
      –   mass air density 
S –   wing area of UAV 
c      –   mean aerodynamic chord 
U     –   flow velocity within a wind tunnel; 

     airspeed 
H     –   altitude 
q –   dynamic head 
Re   –   Reynolds number  
     –   angle of attack 
CL –   lift coefficient 
CD –   drag coefficient 
CN –   general force coefficient 
Cm –   pitching moment coefficient 
 –   relative density 
  –   time ratio 
p –   angular velocity about X-axis 
q –   angular velocity about Y-axis 
r –   angular velocity about Z-axis 
IY –   pitching-moment inertia 
U –   speed stability index 

1  Introduction  

A class of very-small unmanned aerial vehicles 
(micro-UAVs) including UAVs with a mass in 
the range from several dozen grams up to 1 kg 
(or up to 5 kg according to other appraisals) was 
emerged in the 90s due to formation of new 
technological possibilities to implement such 
kind of vehicles. 

However micro-UAV design is a very dif-
ficult problem due to lack of appropriate theory 
of flight for such kind of objects. The point is 
that the micro-UAVs are much more similar to 
birds and insects than to conventional aircraft 
including larger UAVs (see Table 1) in terms of 
mass, dimensions, relative density, airspeed, 
Reynolds number values. We have no adequate 
analytical or numerical techniques to describe 
micro-UAV motion taking into account peculi-
arities mentioned above. This complicated prob-
lem remains still unsolved for modern aerody-
namics and flight dynamics. On the other hand 
conventional theory of flight based mainly on 
empirical-type relationships reproducing long-
term experience in design of ‘large’ aircraft 
does not specify flight of living beings as well 
as very small UAVs. 
 

2 Some special features of micro-UAV motion 

As can be seen from Table 1 mass m, relative 
density 2m Sc   and time ratio 

2m SU  for micro-UAV are much smaller 
than for manned aircraft and for larger UAVs. 
Here following designations are accepted:  is 
mass air density, S is wing area of UAV, c is 
mean aerodynamic chord, U is airspeed. On the 
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contrary, specific pitch moment values Mspec = 
qSb /IY  are dozens times more for micro-UAVs 
in comparison with larger aircraft. From this it 

follows some specific features of motion nature 
for micro-UAVs: 
 

Table 1 
Some features for various kinds of flying objects 

 

Object kind Mass m, kg Re Relative density, 
 

Specific pitch 
moment, 

Mspec, 1/sec2 

Time 
ratio, sec 

Sporting airplanes 
and gliders 

500-1200 6105 – 107 70-200 8-20 1.0-5.0 

Middle-sized UAV 50-150 3105 – 106 100-300 20-40 0.5-3.0 
Micro-UAV 0.15 – 0.35 5104 – 2105 20-40 200-1000 0.2-0.5 

Albatross 8-12 2105 – 4105 80-100 25-50 0.5-2.0 
Sea-gull 0.8-2.0 105 60-80 60-120 0.5-2.0 
Butterfly 0.0005-0.01 2103 – 8103 2-6 2000-10000 0.01-0.06 

 
1. Atmospheric disturbances are not only com-

parable with baseline in-flight forces influ-
encing on the UAV but often exceed these 
forces. 

2. Damping forces and moments are often 
similar in magnitude with baseline ones that 
provides rather fast attenuation of arising 
oscillations. 

3. Angular velocities and angular accelerations 
of UAVs can reach very large values. This 
circumstance limits (though does not ex-
cludes completely) usage of stationary aero-
dynamic characteristics in flight dynamics 
problems for such vehicles. 

4. Low-airspeed operating micro-UAVs are in 
the region of so-called critical Reynolds 
number values. Fast, practically stepwise 
variations of UAV aerodynamic characteris-
tics are typical for this region. These varia-
tions influence immediately on the UAV 
motion, its stability and controllability.  
All of these features dictate a need to im-

prove baseline hypothesis, assumptions and 
models of motion as applies to micro-UAV. In 
turn, such improvements will be impossible 
without appropriate experiments basing on 
modern techniques and tools because of signifi-
cance of the practice both as the basis for theo-
retical models and as validation criterion for 
used techniques. Certainly, this statement is fair 
for the UAV motion case as well. 

Some results of experimental and theoretical 
research carried out by the authors in the recent  

years are discussed in the subsequent sections of 
the paper.  
 
3  Non-steady aerodynamic characteristics of   
    micro-UAVs 
 
Concerning unsteady aerodynamic characteris-
tics some results are presented basing on wind 
tunnel tests to demonstrate Reynolds number 
influence on aerodynamic characteristics of a 
rectangular micro-UAV wing with the NACA-
60 airfoil. Wing span was 500 mm and chord 
value was 80 mm in these experiments. A spe-
cific measurement technique (it was the Schmitz 
measurement technique [7]) has been used in 
the wind tunnel investigations. According to the 
technique wind tunnel flow velocity values (and 
Reynolds number values as a consequence) are 
changed at appropriate fixed values for angle of 
attack. The hysteresis phenomenon is revealed 
for micro-UAV aerodynamic characteristics de-
pending on the Reynolds number while its val-
ues vary in ‘forward’ and ‘backward’ direction 
through the region of critical Reynolds number 
values. 
      Hysteresis appearance description in the 
form of ambiguous relationships for such static 
aerodynamic characteristics as experimentally 
defined general aerodynamic force and moment 
is presented in [4–7]. However these articles 
contain only qualitative discussion of rate of 
change for various kinematic parameters but 
they do not specify quantitatively the rates.  
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Therefore it is necessary to carry out specific 
research which allows us to make more exact 
physical understanding of aerodynamic phe-
nomena caused with change of kinematic mo-
tion parameters such as velocity, angle of attack, 
angle of sideslip for a broad range of their val-
ues. Besides we need to study an influence of 
the phenomena on micro-UAVs aerodynamic 
characteristics as well as on their stability and 
control. Such extension of understanding is re-
quired to derive efficient supervision and con-
trol techniques for rapid and unstable processes 
relating to micro-UAV motion. 
 

 
Fig. 1.  Relationship СL (Re) for  = 100 

 

 
Fig. 2.  Relationship СD (Re) for  = 100 

 
Relationships between CL, CD, Cm and Re 

obtained experimentally for angle of attack 
value  = 100 are presented on Figs. 1–3. For all 
of these experiments carried out for angle of at-
tack values from 010 to 200 flow velocity 
within wind tunnel increases initially with ac-

celeration V = 1,18 m/s2 and then decreases 
with the same rate. Arrows on Figs. 1–3 indicate 
direction changes for Reynolds number values 
with respect to a specified rate of velocity 
change. 

 

 
Fig. 3.  Relationship Сm (Re) for  = 100 

 
Aerodynamic wing polars and relationships CL 
() are presented on Figs. 4 and 5 for three 
Reynolds number values Re =44000, 62000, 
124000, which were obtained by processing re-
lationships CL (Re) и CD (Re) for angle of attack 
values from 010 to 200. Behavior of polars and 
two hysteresis loops is demonstrated on Fig. 6 
depending on values of Re, CL and CD parame-
ters.  The a,b,c,d loop arises here as velocity in-
creases due to inertia of flow structure alteration 
within area of critical Reynolds number values. 
 

 
Fig. 4.  Wing polars for Re = 44000, 62000 

                and 124000 
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Fig. 5.  Relationships СL () for Re = 44000, 62000  
             and 124000 

 

 
Fig. 6.  Polars in space with Re, CL, CD  coordinates and  
            two hysteresis loops 
 
 
4  Investigation of non-steady airflow around  
    a micro-UAV wing 
 
Wind tunnel investigations of non-steady wing 
aerodynamic characteristics with respect to an-
gle of attack changing values were carried out 
using a special mounting (see Fig. 7). A distinc-
tive feature of the mounting consists in model-
ing support for rotational wing movements with 
respect to various instantaneous centers of rota-
tion. A six-component strain gage balance with 

torque sensor was used to measure wing aero-
dynamic characteristics. 
 

 
Fig. 7. Mounting scheme providing rotational freedom  
           degrees for a wing model in wind tunnel  
 

 
An essence of the experiment implemented 

using the test bench shown on Fig. 7 consists in 
measurement of general aerodynamic force rep-
resented with CN  coefficient values with respect 
to angle of attack changed continuously. The 
angle of attack values was varied in these ex-
periments by means of constant-speed rotation 
for the wing model with respect to some instan-
taneous center of rotation.  

Experimental results demonstrating influ-
ence of angular velocities and a location of in-
stantaneous center of rotation on wing aerody-
namic characteristics are presented on Figs. 8 –

12. Here 
2

c

U


   designates dimensionless an-

gular velocity with respect to some arbitrary 
center of rotation,   is angular velocity with 
respect to some arbitrary center of rotation, c is 
wing chord and U is airflow velocity. 
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Fig. 8.  Relationships СN () for angular velocities 1 =  

0.0131   and  2  =  0.0393 with respect to leading edge  

 
 

 
Fig. 9.  Relationships СN () for angular velocities 1 =  

0.0131   and  2  =  0.0393 with respect to 0.25 of chord 

 
 

 
Fig. 10.  Relationships СD () for angular velocities 1 = 

 0.0131 and 2 =  0.0393 with respect to 0.25 of chord 

 

 
Fig. 11.  Relationships СN () for angular velocities 1 = 

 0.0131 and 2  =  0.0393 with respect to trailing edge 

 
 

 
Fig. 12.  Relationships СN () for angular velocities 1 = 

 0.0131   and 2 =  0.0393 with respect to trailing edge 

depending on the switch point for direction of rotation 
 

 These experimental results demonstrate 
significant influence of angular velocities and 
instantaneous center of rotation coordinates on 
aerodynamic characteristics for lifting surfaces. 
Such relationships need to be studied by means 
of elaborate investigation of theoretical and ex-
perimental aspects related to this research area. 
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5  Wind tunnel and flight investigation of  
aerodynamic characteristics for micro-
UAVs 
 

Experimental investigation results are presented 
in this section as applies to aerodynamic charac-
teristics for some prototype micro-UAVs. These 
investigations were carried out by using the T-1 
wind tunnel (see Fig. 13) installed in the Aero-
dynamic Laboratory at the Moscow Aviation 
Institute (MAI).  
 

 
 

Fig. 13.  Micro-UAV «002» within working section of the  
              T-1 wind tunnel at the MAI 

 

 
 

Fig. 14. Relationship СL () for  micro-UAV models  
             No. 1 and 2 

 
The subsonic T-1 closed-layout wind tun-

nel has an open working section with such main 
parameters as: output diameter of the contractor 
is 2.25 m, length of the working section is 3.4 

m, range of operational flow velocities is from 5 
m/sec to 50 m/sec, critical Reynolds number Re 
= 3.5  105, initial turbulence degree is 0.35%. 

Some results obtained in these experiments 
are presented on Figs. 14 through 17. 

 
Fig. 15. Aerodynamic polars CL (CD) for micro-UAV  
             model No. 1 

 

 
Fig. 16.  Pitching moment coefficient Cm() for micro-  
              UAV with and without operating propeller 

 
Experiments were performed at values of 

Reynolds number which are typical for micro-
UAVs including study with operating engines 
and propellers as well as with autorotating pro-
peller and without propellers. 
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Fig.17. Propeller blowing influence on longitudinal 
       control efficiency for micro-UAV model No. 1 

 
Fig. 18.  Micro-UAV altitude and airspeed 

                           registered in flight tests 
 
Flight test results are presented also in the 

article (see Figs. 18 and 19) for an experimental 
micro-UAV equipped with microprocessor-
based registration system to record values of 
UAV flight parameters including airspeed U, 
barometric altitude H, deflections of control sur-
faces (angles of aileron , rudder  and elevator 
 deflections), linear acceleration components 
ax , ay, az   and angular velocity components p, q, 
r  along X, Y, Z coordinate axes. These flight 
investigation results demonstrate in very con-
vincing manner how fast micro-UAV flight pa-
rameters can be changed under atmospheric dis-
turbances or under the action of deflected con-
trol surfaces. Especially angular velocities p, q, 
r vary their values considerably. 

 
Fig. 19.  Micro-UAV angular velocities 

                             registered in flight tests 
 

6  Simulation of transient processes for     
 micro-UAVs 
 

Mathematical modeling and computer simula-
tion were performed basing on experimental re-
sults to analyze the micro-UAV transition proc-
esses. The analysis was accomplished using lin-
ear and nonlinear models of disturbed motion 
[8]. Obtained numerical results show us that 
there are some peculiarities in longitudinal sta-
bility characteristics of micro-UAVs within re-
gion of critical Reynolds number values. It is 
possible particularly to loose the speed stability 
(U > 0) for some value combinations of longi-
tudinal trim parameters, aerodynamic center lo-
cation and damping coefficient value. 

A detailed analysis has been carried out 
within the framework of the linear model to ob-
tain roots of characteristic equation for some 
micro-UAVs as well as comparison were made 
with roots for the Yak-18T light piloted aircraft 
equipped with a piston engine. The comparison 
demonstrates that micro-UAVs have several 
times larger natural oscillation frequencies than 
larger aircraft due to very small values of inertia 
moments and large values of specific pitch mo-
ment. In addition micro-UAVs have several 
times larger damping values caused with their 
small relative density values in longitudinal mo-
tion. For the rest, relationships describing 
changes of the root values remain very similar 
for micro-UAVs and piloted airplane within 
their operating ranges of airspeeds, which are 
certainly different for these classes of vehicles. 



BRUSOV, TIUMENTSEV, PETRUCHIK 

8 

Simulation results are presented in the arti-
cle concerning to transient processes in longitu-
dinal micro-UAV motion. The results indicate 
that transitions for such angular motion vari-
ables as angle of attack  and pitch angular ve-
locity q include some high-frequency and rap-
idly damped motion mode as well as a low fre-
quency and relatively slow damped one.  

 

 
Fig. 20. Transient process for angle of attack (t) caused 
              with  = 20 initial disturbance 
 

 
Fig. 21. Transient process for airspeed U(t) caused with 
 = 20 initial disturbance for the angle of attack value 

 
There are also transient processes related to 

changing flight path variables such as airspeed 
U and flight path angle , which have no high-
frequency mode (Figs. 20 and 21).  

Simulation results are presented on Figs. 20 
and 23 to demonstrate transient processes for 
the X-04 micro-UAV in regard to their angular 
and flight path movements. These results have 
been obtained using nonlinear model of aircraft 
spatial motion.  

 
Fig. 22. Transient process for angle of attack (t) caused   
              with  = 30 initial disturbance  
 

 
Fig. 23. Transient process for airspeed U(t) caused with  
             V = 2 m/s initial disturbance 
 
 Comparison of simulation results basing on 
linear and nonlinear models demonstrates that 
these models lead to a close agreement in their 
results if initial disturbances are small. However 
the linear model (it is inherently analytical) has 
an important benefit because it allows us to ana-
lyze roots of characteristic equation for the in-
vestigated system. It is possible using the analy-
sis results to make conclusions about an influ-
ence degree of micro-UAV parameters on a 
kind of transition processes. On the other hand 
nonlinear model (it is inherently numerical and 
simulation-based) of the disturbed motion pro-
duces more accurate results and can operate not 
only for small disturbances but for large ones. It 
is profitable for practical applications to use 
these two kinds of models in some joint mutu-
ally complementary manner.  
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7 Conclusions 
 
The results of theoretical and experimental in-
vestigations described in previous sections indi-
cate clearly that micro-UAVs have some impor-
tant features which are absent for bigger and 
faster aircraft. One of these features is presence 
of hysteresis loop in many aerodynamic charac-
teristics such as lift, drag and pitching moment 
coefficients for longitudinal motion of micro-
UAV. Other special micro-UAV features dis-
cussed above relate to non-steady and nonlinear 
motion nature of these vehicles. Such features 
impact significantly on micro-UAVs stability 
and control characteristics and therefore they are 
needed to take into account while designing mi-
cro-UAVs and their control systems. 
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