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Abstract— Unmanned helicopters are now used to spray
agricultural chemicals and are also used to take aerial
photographs. In addition, the aircrafts are expected for
wide activities such as watching and rescuing in near fu-
ture. Then, an autonomous flight using several sensors
typified by GPS is expected.

In this paper, system identification experiments
have been carried out for a large-scale unmanned he-
licopter. Using the input and output data, system iden-
tification results on the dynamics are shown through nu-
merical analysis. Moreover, the effectiveness of the iden-
tified model is demonstrated through a position control
based on the H., theory.

Keywords— unmanned helicopter, system identifica-
tion, autonomous flight

I. INTRODUCTION

Recently, an unmanned helicopter, particularly a
large-scale one, is expected not only for the fields such
as agricultural spraying and taking aerial photograph-
s, but also for the fields such as watching, rescuing, fire
fighting, and so on. For these monotonous or dangerous
missions, an autonomous flight control of the helicopter
is indispensable. The autonomous flight control requires
synthesizing technologies such as trouble diagnosis and
dangerous object avoidance as well as attitude and po-
sition controls.

The flight control of the helicopter is difficult due
to the following;

(1) The dynamics of the helicopter is essentially un-
stable.

(2) There are nonlinear variations in dynamics with
air speed.

(3) The helicopter has six degrees of freedom in
its motions (up/down, fore/aft, right/left, rolling,
pitching, yawing).

(4) The helicopter is a multi-input multi-output (MI-
MO) system.

(5) Flight modes are cross-coupled.

(6) The flight is easily affected by disturbances such
as wind, temperature, etc.

The helicopter, however, can be modeled as a linear
system around trim points, i.e.; a flight with no accel-
erations and no moments. Moreover, the system can
be stabilized by using a stability augmentation system
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(SAS), which can also reduce the influence of cross-
couple terms. Therefore, the flight control of the un-
manned helicopter with SAS is possible around the trim
points. Several unmanned helicopters have been devel-
oped[1],[2], or are under development throughout the
world. However, a complete autonomous flight control
system has not been realized.

The goal of our research is an autonomous flight
control of a large-scale unmanned helicopter. The au-
thors, at first, experimented on system identification
of the full-scale unmanned helicopter (named Robo-
Copter) to derive the mathematical model of the he-
licopter. Using the measured input and output data,
the dynamics of the helicopter is identified, and then
numerically illustrated the applicability of the identi-
fied models to the position control for the autonomous

flight.

II. LARGE-SCALE UNMANNED HELICOPTER

The configuration of an autonomous flight control
of a large-scale unmanned helicopter is shown in Fig.
1. The flight control of the body 1s accomplished by
using various sensors, which are represented by a global
positioning system (GPS), in accordance with the com-
mand reference transmitted by the ground station. The
signals that lack for the autonomous flight can be esti-
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_{gyro, height, etc)

*Command transmit

*Monitoring of the flight information

computer
*Update of GPS data

Fig. 1. Configuration of an autonomous flight system.



R
S

Fig. 2. The experimental large-scale unmanned helicopter

(RoboCopter).

TABLE I
TvyPiCAL PARAMETERS OF ROBOCOPTER

body length 7.31[m]
dimensions
width 1.99[m]
height 2.65[m]
weight total 794[kg)
weight
empty 500[kg]
weight
payload | 294[kg]
engine type air-cooled  4-cycle
engine
power 124[kW](168HP)
main rotor | number | 3
of blade
diameter | 8.18[m]
tail rotor number | 2
of blade
diameter | 1.30[m]
continuous 100[min](extendable
flight time to 4[h] depending
on payload)

mated by the on-board digital signal processor (DSP).
The control algorithm for the flight is also installed in
DSP in advance. Thus the unmanned helicopter can be
remotely controlled from the ground. For this experi-
ment, it is designed that a remote operator can transmit
a rudder modification signal directly to the flight con-
trol in order to keep the flight safe.

The full-scale unmanned helicopter (RoboCopter),
which is developed by Kawada Industries, Inc.[3], is
shown in Fig.2. The parameters of the helicopter are
shown in Table I. This unmanned helicopter is a re-
modeled version of a manned helicopter. The flight time
can be extended from 100 min to 240 min at the cost
of payload. In addition, stability of the helicopter is
improved by the stability augmentation system (SAS)
installed in DSP.

heaving

| yawing

Fig. 3. Helicopter coordinates.

III. EXPERIMENTS ON SYSTEM IDENTIFICATION
oF HELICOPTER DYNAMICS

A. Nomenclature

Fig.3 shows the coordinates to describe the motion
of the helicopter. The origin of helicopter axes is placed
on the center of gravity. The variables, constants and
terms in the figure are defined as follows;

x,y,z: aircraft fixed coordinates
p,q,r: angular velocities around x, y, z-
axes, respectively
x,y,z: positions in x, y, z directions,
respectively
u,v,w: velocities in x, y, z directions,
respectively
® O,¥: roll, pitch, yaw angles, respectively
Oc - lateral cyclic pitch angle
fs : longitudinal cyclic pitch angle
Bor : tail rotor pitch angle
Borr main rotor collective pitch angle
m: mass of helicopter
q: gravitational acceleration
rolling : A rotational motion around the x-axis of
the body which occurs by changing 6¢
pitching : A rotational motion around the y-axis of
the body which occurs by changing 6s
yawing : A rotational motion around the z-axis of
the body which occurs by changing 87
heaving : A linear motion in the z-axis direction of

the body which occurs by changing 6gas

Each motion is not independent of 6, 85, 8y, and gy,
so there exists a cross coupling. One control input to
an objective motion causes other different kinds of mo-
tion. For example, the heaving motion is coupled to the
yawing motion[1].

B. System Identification Frperiments
The block diagram of the helicopter compensated
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Fig. 6. Output signals (rolling).

by the SAS for system identification is shown in Fig.4.
The command references, which are made in the com-
puter on the ground station, are transmitted to the he-
licopter. Modification rudder signals from the remote
operator are added to these command reference, and
inputted to the SAS controller for the attitude con-
trol. These input signals 0%, 0%,00; and 05, drive
rolling, pitching, yawing and heaving motions, respec-
tively. The superscript * represents the reference value
of those signals. 0, 0%, 05 and 65;, were used as input
signals for system identification. In this case, taking the

cross-couplings into consideration, the each motion was
separately excited by the signals. The pseudo random
binary signal (PRBS) was applied to the motion, which
wants to be identified, and the constant signals were ap-
plied to the other three motions. The sampling time for
the experiment was 0.02 sec, and the clock period of the
input was 20 times of the sampling time. The period
of the PRBS was 31. The measured outputs were atti-
tude angles ®,©, ¥ their angular velocities p, ¢, r and
accelerations u,v,w by an inertial measurement equip-
ment, velocities u, v, w and positions z,y,z by GPS,
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Fig. 7. Coherences for roll excitation.

and height z by a laser height meter. The signals
p,q, 7 u,0,w, ®,0 and ¥ which directly influence the
control design for the autonomous flight were selected
as output signals for system identification.

As an example, a motion about rolling excitation is
described below. The measured input and output sig-
nals are shown in Figs.b and 6, respectively. As for the
influence to the input signals by the modification rud-
der signals, it can be confirmed that 0%, 65 and 07, are
nearly constant values. As is seen in Fig.6, it is verified
that the output signals p,v and ©, which are strongly
related to a rolling motion, are excited by 0. More-
over, it i1s noticed that the couplings mentioned in the
earlier chapter are to some extent compensated by SAS.
The coherences between the input 0% and the outputs
p,v and © are shown in Fig.7. The accurate identifica-
tion can be expected at low frequency range because of
the high gain of the coherences.

IV. SYSTEM IDENTIFICATION

Using measured input-output data, system identi-
fication is, at first, applied to the helicopter as a single-
input single-output (SISO) system, and then applied as
a multi-input multi-output (MIMO) system.

A. SISO Identification

In this section, the system identification based on
the prediction error method is applied to the helicopter
as an SISO system. The number of data was 1650.
ARX, ARMAX, OF and BJ models were used to iden-
tify the dynamics of the helicopter. The cross-validation
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Fig. 8. Gain plots for roll excitation.

was utilized to determine the order of ARX model, and
then applied the order for the other models as well. Two
third of the data were used for the identification, and
the rest data for validation. The model order which can
make a least loss function was 30th with two delays.

Fig.8 shows gain plots from 7. to p, v and ® for the
rolling motion. As is seen in Fig.8, the deviation among
these four gain plots is small enough at the frequency
range less than 20 rad/sec, which falls in the range of a
position control. Therefore, the frequency responses of
the rolling motion can be identified with high accuracy
at that frequency range. It is also understood that the
rigid body dynamics are dominant at that frequency.

Next, to evaluate the identified model in time do-
main, the remaining one third input data is applied to
the identified ARX model. Fig.9 shows time responses
of the model output and the measured output. From
Fig.9, it is confirmed that the model output coincides
well with the measured output. Therefore, the identi-
fied model well describes the rolling motion of the ex-
perimental helicopter.
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B. MIMO Identification

Next, the system identification is applied to the he-
licopter as an MIMO system for the rolling data. The
subspace-based method[4] is utilized for the identifica-
tion. This is the method which can identify a system
as a state-space model, 1.e., the MIMO system. In-
put signals are 67, 0%, 057, 05,5, and output signals are
p,q, 7, u, 0, w, ®, 0 in which ¥ is excepted for the reason
of the stability. The number of data was 1650, and the
31st-order model was used. Fig.10 shows the time re-
sponses of the measured outputs and the model outputs
to the input signals used in the experiment. In spite of
the data of rolling excitation, it is understood that a
comparatively good result is obtained for the respons-
es ¢,r,u,w that do not correspond to the motions of
rolling.

V. A DEsSIGN EXaMPLE OF PosiTioN CONTROL
SYSTEM FOR AUTONOMOUS FLIGHT

In this section, we will illustrate how to use the i-
dentified model by means of an example concerning a
position control for an autonomous flight. The con-

troller concerning a lateral (right/left) movement of the
helicopter is designed based on the H., control theo-
ry[5].

We first consider the dynamics of the rolling mo-
tion. The following relations are found with respect to
a dynamic balance;

Fsin ® (1)
Fcos® (2)

my

mg =

where F'is the lift. From eqs.(1) and (2), if @ is small
enough, then the relation

y=g9 (3)

is obtained, which implies that y obeys the double inte-
gral of @ to make the lateral movement. Therefore, the
double integral of the identified model ®/(6%s?) times
g, that is, ®/6% - g/s?, can be considered as the plan-
t for the movement. In this case, 1t is supposed that
the model using the identified 30th-order model(®/6F)
shown in Fig.8(c) as the real plant P, and the model
using identified 4th-order model as a nominal plant P, .
Fig.11 shows the gain plots of P and F,. Then, the
multiplicative uncertainty A,,, which 1s derived from
A, = (P—P,)/ Py, is shown in Fig.12. Tt is understood
that the limitation of the bandwidth for the position
control is less than 20 rad/sec because of its zero-cross
frequency. Taking this into consideration, the weight-
ing function Wr, which is for the complementary sen-
sitivity function 7', is selected to satisfy the restriction

Al < [Wa(juw)], Voo, s
(s/0.25+ 1)
1000 (4)

The gain plot is also shown in Fig.12. In this figure, the
bandwidth is selected at 2.5 rad/sec.

Wr(s) =



—— 30th order model
~— 2nd order model |

Magnitude

w0t
0’ 0 I 2 3
10 10 10 10’
Frequency [rad/sec]
Fig. 11. Gain plots of P and P,,.
107 . .
10! ) A
é e ‘ m AAN
£ i
EERUN
=
1072t
10’3 L ! A
10° 10" 10° 10°
Frequency [rad/sec]
Fig. 12. Gain plots of A,, and Wrp.

According to the weighting function Wy, which is
for the sensitivity function S, it is recommended to be
the first order like an integrator as the following, since
its dynamics are directly reflected in the H.. controller.

-2 5

s
The generalized plant including these weighting func-
tions is illustrated in Fig.13. As a result of these
weighting functions, the H., controller of the 4th-order
can be obtained as

241 x 10°s(s + 0.547)(s + 55.8)

(s 4+ 74.4)(s+ 1720)(s2 4+ 2-0.729 - 7.18s + 7.182)

(6)
In order to examine the robust stability of the system,
we apply a ramp position reference to the rightward
to the system in which the order of the plants is both
4th and 32nd. Fig.14 shows the time responses of the
position y, the velocity v and the angle ®. From the
figure, 1t can be understood that the robust control can
be performed by the H., controller not only to stabilize
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Fig. 13. Generalized Plant.
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the system but also to follow the reference without a
steady state error.

VI. CONCLUSION

System identification experiments were applied to
the large-scale unmanned helicopter which was compen-
sated by SAS. The four motions were separately excited,
and as an example the dynamics for the rolling motion
have been identified both as an SISO system and as an
MIMO system based on the measured data.

We also have illustrated how to use the identified
model by means of an example concerning a position
control, and demonstrated the applicability of the iden-
tified model for an autonomous flight.
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