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Abstract: An automatic stabilization system was designed on a stdratanputer for a small electrical
helicopter. A TV sensor consists of two Web cameras condeotehe computer and four onboard
diodes. Results of experiments are reported where theltdipéot system stabilizes a helicopter near
a fixed 3-dimensional point that is not far from the grounds Ehown also that an onboard sensor with
three gyroscopes provides reliable information about Emgelocities.
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1. INTRODUCTION

The problem of helicopter modeling and autopilot design ap
peared to be much more complicated than that of an ait
craft. The system is essentially interconnected and aeadic
forces are not derived directly from the standard bladertheo
A small electrical helicopter as a dynamic plant has a time
constant much less than 1 s, and therefore control systern mt
be very sensitive to measurements. The plant is also namline
and unstable. An autopilot system presented in this papsr w:
designed by complete nonlinear modeling of the main roto
dynamics, sensor study, experimental identification and LC
control design.

The electrical helicopter Walkera X450 was chosen for autop
lot design. It has the Hiller hub, the main rotor diameterd® 7
mm, the weight is 830 g, the useful load is 300 g. There are
4 controls which are sent by the radio signal from the contrdtig. 1. Electrical helicopter Walkera X450.

panel equipped with two joysticks. The first two controlseilet the mutual positions of cameras including focus coordmate

mine angles of the swash plate, the other two controls déterm and Euler angles. The input is only one image of the diodes

collective pitches of the main and.tall rotors. The main rotO;t-ahedron in each camera.
frequency depends also on the third control and takes values

between 27 and 29 Hz. The helicopter state vector was converted to the earth ¢oord
nate system. The origin of this system is a point in the middle
2. TV OBSERVATION between the two camera focuses. The focuses lies in the OYZ

%@ne while the axis OY is vertical. The vertical directian i
Two standard Web cameras were connected to compuicognized in the image by an additional vertical line witlo t

through the USB ports. The cameras are located at arbitraflodes installed in the room. The axis OX is directed to tHE ha
places in 2-4 meters from the helicopter. No calibration ogpace of the helicopter.

position adjustment is needed. 4 small diodes were attached o _

the helicopter, and the distances between them were measuféacking is made by the Extended Kalman-Bucy filter. Camera
and known by the computer. This information is enough foPOsition parameters are estimated with errors that must be
calculation of the full helicopter state vector by one image Corrected during observation. These parameters are iediind

a camera coordinate system. The spots from 4 diodes on # full state vector of the system which contains 20 vaeisbl
screen are recognized, their centers and shapes are tedciia Coefficients of the linearized plant equations are caledlatar

is not a complicated geometrical task to find three dimeraionthe balanced realization with zero linear and angular Viésc

coordinates of a tetrahedron tops by their two dimensior@! p
jections on the screen. 3. TRACKING OF HELICOPTER MOTION

The navigation system consists of two parts: primary aejusfne TV images are received asynchronously with the averaged
ment and tracking. Primary adjustment means calculation gheed of 30 shots per second. The tracking system calculates
* This work was supported by the Russian Foundation for BasweRrches the predicted diodes positions after receiving a new TV ienag
under the grant 07-01-00750. Then a strobe is selected around the predicted positiorafdr e




diode. A spot from a diode is searched in the strobe in a simildhe most important part of the helicopter dynamics are the
way to the primary recognition. equations for linear and angular velocities that are ddtexdh
forces and torques. In the helicopter system of coordmat

: S o
When all spots are found their centers and approxmaﬂqﬁ/e helicopter dynamics is described by the equations

ellipsoids are determined. They describe the results dfipns

estimates on the screen and their expected accuracy. .1
. . . V= —(Fn‘ain+ngro+Ftail+Fﬁlg)7
The spot positions on the screen are nonlinear functioniseof t ~om
state vector Q= Ii;elrt (Mmain + Mgyro + Mtail )
y=n(S m is the mass of helicoptetinegt = diag(ly,ly,l;) is the di-

where the vectoy consists of 2-dimensional coordinates of theygonal matrix with moments of inertiéFin, Fayro, Fait) and
diodes images on the camera screen. Some diodes can be {81\ Mo, My ) are the forces and torques vectors of main
or shadowed, and therefore the dimensioy afay vary from  yotor blades, servo rotor blades and tail rotor blades,e@sp

image to image. tively, Fmg Vector of gravity.
The state dynamics is described by The forces and torques are the functions of the state vector.
S=f(Su). The explicit formulas for them and the corresponding nuori

algorithm of their implementation were developed from the
Assume the state vect&is estimated as” to an appropriate impulse theory of the main rotor Mil (1966); Esaulov (1977);
accuracy such that the err= S— S is relatively small. Then Volodko (1984)

linearization gives An effective numerical algorithms and software were also de

veloped to calculate balanced realization with an arbjtcan-

S~ 1(S,u)+ 1S, u)S stant linear velocity vectov and an arbitrary constant yaw
ya h(SO) + h'(SO)§ velocity Qy.
The linearized Kalman filter is applied to obtain an estinaite 5. CONTROL DESIGN

the deviatiorS.

The functionsf andh are linearized in the strobe of tracking toThe main goal of the controller is stabilization of the hefiter

an appropriate accuracy. Experiments have shown that the mground a chosen balanced state vector. In particular, atierst

surement noises are small enough such that this filter peevioﬁ]rg ﬁﬁg:}’gg’ﬁg;@i main interest. Stabilization was aehisy
good performance.

u(t) =Lso(t) + LoQ(t) + LyV (t) + Lx X(t) + (a+bt)

re d = col(y,®,0) is the vector of Euler angles =
X,Y,2) is the helicopter positior,,5, L, Ly are the constant
matrices to be designed,andb correspond to the linear trend
BPthe electrical part of the main rotor. The vect@QandV are
in the helicopter coordinate system.

The observation system does not depend on the number of 9\7}«.
tected diode spots in the image. Some of spots can be shadO\gS
or lost on the bright background. Even in the case of comiglete
shadowed diodes for a couple of images the Kalman filter do
not lose the helicopter unless it makes a new manoeuvre.

4. AERODYNAMIC MODEL OF HELICOPTER This controller was obtained from the standard LQ theoryjwit
appropriate choice of coefficients in the cost function. The
Helicopter dynamics is described by the equation helicopter equations were linearized
S=f(Su), S=AS+BU

whereu s control containing cyclic and collective pitch controlwhereA andB contain partial derivatives in the balanced state
of the main rotor and directional control by the tail rotor.yector.
The function f is given by a system of nonlinear algebraic

equations. H i ‘ i ‘
The state vectolS contains 12 variables of the helicopter , /_/—/_/_ﬁ i

position in the earth coordinate system and 8 components | ‘ ‘ ; ; ‘ ‘ ‘ ‘
the camera positions. The cameras positions do not chanc,

Therefore, the last 8 components of the ve&er f(S,u) are .| /‘\ i
zeros. » 1

The helicopter state vector consists: position of the ceofte * E Q = Bl
gravity (x,y,2), its linear velocityV = (Vyx,W,V), the heli-
copter Euler angléy,®,8) and the angular velocitie® =
(Qx, Qy, Q). The equations

).(:VXv y:VYa z2=V,; L=

oo T

are trivial. Dynamics of the Euler angles is determined ke th «| i
angular velocities according to the equations {/ |
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The cost function contains only deviations of the helicopte ‘ ‘ gamma, theta
position (x,y,z) from its initial value and a regularizing term
with deviation of control from the balanced values.

ol 4

The linear trend of the electrical part of the main rotor is '
essential and quickly changes. It is necessary to track th
change on-line. Results of the trend estimation in the fligétis s 1

are shown in Fig. 2. !
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The Kalman-Bucy filter provides estimates of the full state h = 'L‘M\ i

licopter vector. The standard LQ technique is used for 1eggul »‘U
design. The closed loop system appears to be very sensiti' |
to the parameters in the plant equations. Theoretical @msat  °

taken from the standard aerodynamic system description 8y 4. pitch-Roll unstable oscillations. Frequency = 2 Hz
peared to have inaccurate coefficients.
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typical spectra of the onboard sensor data from the Roll and

. e . A
We observed two modes of instability in the experimentgbiiop, 4vroscopes are shown in Fig. 6. The spectra contaiti sma

flights. The coordinate instability means motion back amthfo values for the frequency less than 2 Hz, that express angular

with increasing amplitude. The frequency of a such swinging,ion of the helicopter. The highest peak correspondseo th

Wﬁs al\(vaz_s agound 0.5 Hz. Roll and Pitch in this mode argqqency of the main rotor rotation. The second, third and
shownn Fig. 5. fourth harmonics are clearly seen. The last harmonic near th

The angular instability is oscillations of the helicoptatiwthe ~ Nyquist frequency of 137 Hz corresponds to rotation of tfile ta
frequency always around 2 Hz. Controls almost always aehievotor.
their limit stop values. The results are shown in Fig. 4. The difference of the curves for each angle reflects the dgsel

The stable closed loop system was obtained after detail@gcillation and therefore, its period is around 10 sampléise
study of the experimental data with identification of therpla sensor data or 1 revolution of the main rotor. It was notited t

equation parameters. the difference signal is nearly periodic. Its period wagested
to a high accuracy. It is a precise estimate of the main rotor
7. ONBOARD SENSOR revolution time up to 1%. Estimates of frequency of the main

rotor rotation on the time interval of 37 s is shown on Fig.@eT

An onboard sensor was attached to the helicopter fuselagedyroscope measurements in the roll and pitch channels were
contains three gyroscopes and three acceleration gauges. Processed independently. It follows from Fig. 7 that theiltss

o ) coincide and accuracy is high. Even fluctuations of the main
The gyroscopes measure angular velocities of the helicoptgsior frequency were the same. The reasons of the main rotor

The range between -3 and +3 rad/s is covered by a grid withequency fluctuations include control signals and an ortboa
1024 points. The sample rate is around 273.5 samples R&ditery charge trend.

second. It corresponds to 10 samples per revolution of the ma . o . o
rotor. A detailed study of the oscillation signal have shown tha it

a sum of pure harmonics with frequencies multiple to the main

The data from gyroscopes show big and fast oscillations @tor rotation frequency. Variations of the frequenc are
fuselage forced by the rotation of the main rotor. Anglesarar

tions are small but the angular velocities of oscillatioppear Roll velocity measured by sensor and estimated from TV image

to be 3-4 times greater than their smoothed values. The Pitc ' ‘ ‘ ‘ ‘
and Roll velocities of the helicopter are shown in Fig. 5. The 5| e

opter are ‘
sensor data are blue, Kalman filter estimates by camera-obst, [iljlil I \ T ‘|‘ dhinltHT
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Fig. 5. Angular velocities measured by the onboard senabr an
Fig. 3. Position instability. Frequency = 0.3 Hz by TV cameras



shown in Fig. 7. All the harmonics were extracted from the
signal by corresponding filtering. The biggest amplitudéhef
harmonics is achieved on the frequerieyThe phases of the
main harmonic were estimated on the sequential intervals ¢,
256 samples. The roll and pitch signals were processed sef £
rately. The phase difference of the main harmonic estimayed =
roll measurement and by pitch measurement is shown in th
second subplot of Fig. 7. It is seen that the phase differenc
is nearly the same for all frequencies of the main rotor. A
deviation from the central value of 158 less than & Phases

are very sensitive to the frequency errors. Therefore, Isma
deviations of phases prove a high accuracy of the main rotc
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frequency estimate. The constant delay of°1&&n be derived 02
only from mechanics and aerodynamics of the main rotor.

The disturbances in the angular velocity measurementsdorc = -o.7
by the main rotor rotation can be attenuated by means of th -2} /
corresponding filtering. A simple time invariant FIR filtef o -0 : : ‘ ‘ ‘
the 10-th order was designed with zeros in the areas of the
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first multiple harmonics frequencies. Results of filterirfighe
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Fig. 8. Filtered data from the onboard sensor compared wWith T
data
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sensor measurements are close to the estimates of the mngula
velocities obtained by Kalman-Bucy filtering of the camera

| measurements. Estimates of the roll and pitch angular edsc
obtained by filtering of the sensor measurements and of the
camera measurements are shown in Fig. 8.

It can be concluded that the helicopter angular velociteste
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Roll angular velocity. Frequency response
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40 successfully estimated from the onboard sensor measutemen
The onboard sensor cannot provide sufficiently accurate es-

\ J

timates of the helicopter Euler angles and of position of the
center of gravity. It is necessary to use additional infaiora
about position, for instance, from GPS.

8. CONCLUSION

A full autopilot system was designed for an electrical heli-
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Fig. 6. Frequency response of the body oscillation

Frequency of the main rotor. Estimated by sensor disturbance.

140 copter. It shows correct behavior in the hover mode. The sys-

tem was implemented on a standard computer and receives
TV images from two Web cameras. Mathematical background

contains image processing, aerodynamic modeling, parame-
ter identification, LQ control design. It is shown that aragul
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stabilization can be made by onboard sensor containing thre
gyroscopes.
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