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Abstract

The present work aims to study and obtain the
linear dynamic model of a scale helicopter from
data of hovering flights. These flight tests aim to
excite an actual scale model of a radio-
controlled helicopter instrumented with a set of
sensors and systems for managing the activities
in flight, being the input and output signals
stored in an onboard portable Universal Serial
Bus flash memory device. The linear model is
determined by the study of the aerodynamic
forces and moments generated in the main and
tail rotors and by physical characteristics of the
aircraft, being ignored the aerodynamic
influence of the fuselage. The parameters of the
linear dynamic model in hovering flight is
achieved iteratively with the use of a gray box
type identification algorithm. The inputs of this
algorithm are the data from the flight tests, the
state space model structure and a set of initial
parameters from the simulation of a nonlinear
model, which provides the initial boundary
condition and limits for numerical solution.
Being this an experiment, the results are
verified and validated. Thus, the dynamic
model, identified from a given flight test data, is
simulated with input signals from a different
test. Then the output signals from the simulation
are compared with actual ones and if the error
between them is less than or equal to the
accuracy of the sensors, the identified model is
considered as a valid one.

1 Introduction

Unmanned aerial vehicles and their variants are
being largely used in both civil and military
missions. In the civil segments, we can mention
imaging, photography, video, agriculture,

construction,  mining, railways, security,
mapping, surveying, research, conservation,
inspections of electricity transportation lines,
communications, parcel delivery, humanitarian
efforts and more, as some missions executed by
UAVs. Within these segments, the highlights
are the air monitoring by cameras filming and/or
photographing the ground. However, some of
these aircraft are not able to perform such
images acquisition since they cannot stay still
over a certain point, in space, during the time
necessary for such a mission or even operate on
inappropriate runways. To overcome this
problem three types of aircrafts can be used:
airships, multi-rotors and helicopters; the latter
has great advantage over the others regarding
maneuverability, range and carrying capacity,
however, it is operationally more complex and
higher costly in terms of acquisition and
operation.

The development and the operation of a
helicopter that can be used in the mentioned
segments requires knowledge of its flight
mechanics or in other words its mathematical
model. This can be accomplished by flight tests
with embedded systems to produce data to be
used to generate dynamic models that represent
the physical behavior of the aircraft in a given
operating condition. Besides the importance to
the development of systems that will manage,
control, guide and navigate the helicopter, the
dynamic models are useful to study changes that
alter the flight mechanics, these may be of
structural, aerodynamic or propulsion types.
Thus, the effects on the performance of the
aircraft may be predicted saving money and
reducing the number of prototypes to be tested.

So, this paper shows a way to obtain the
dynamic model of a scale helicopter that served
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as a platform to test hovering flights and can be
used, in future studies, for the development of
control systems, guidance and navigation,
among other activities.

Fig. 1. The adapted scale helicopter for tests.

2 Mathematical model for helicopter

A dynamic system is mathematically
modeled by a set of differential equations that
accurately, or at least reasonably well,
represents the dynamics of the system. One
system can be represented in many different
ways, and therefore may have various
mathematical models, depending on the
approach being considered.

In flight dynamics, the mathematical model
of a flying vehicle and its subsystems is the
starting point for computational analysis or
simulation to understand its movements. An
aircraft in flight is a very complex dynamic
system. It can be considered as a set of rigid and
elastic bodies mainly under aerodynamic forces
and moments, resulting in correlated rigid and
elastic movements.

The process of obtaining the mathematical
model that expresses the dynamic behavior of a
physical system, requires that one has to have
some amount of knowledge about the system
itself. Depending on the way the mathematical
modeling process is accomplished, the models
obtained can be classified into black box or
white box ones. The black-box model
corresponds to a system of which there is no a
priori information available and the white-box
one corresponds to a system where, on contrary,
all necessary information is available. Talking
in terms of physical systems, one can say that
most of them are neither black-box neither
white-box models, so they are called as grey-
box ones, for which one can establish
mathematical relationships between input and

output, but there is no knowledge of the
physical parameters that relate the input to
output. The helicopter is an example of these
latter models.

Considering the helicopter motion equations
described in linear form as:

X = F(x,u,t) (1)
x ={uw,q,0,v,p,¢, 7,9} (2)
u = {0y, 015, 01, Oor} 3)

where the variables are the standard ones used
in the literature.
Thus, the equations that describe the forces
and moments on the helicopter are given as:
Forces:

U= —(Wq—vr)+Mia—gsin9 4)

V= —(ur—wp)+MLa+gcosesinqb (5)

W= —(vp—uq)+Mia+gc050cosq.’) (6)
Moments:

Lxp = (Iyy - Izz)qr + L, +pq) +L (7)
Iyyq =z — L) + Ixz(r2 - pZ) +M (8)

1= (Ixx - Iyy)pq +L,(P—qr)+N 9)

And representing them in the state space
form:

X = Ax + Bu (10)
y = Cx+ Du (11)
where:

[Xo,  Xoi, Koy  Xogr

B= (12)
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Xu Xw_Qe Xq _I/Ve —gcos@e Xv +Re
Zy+ Q. Zy, Zg+ U, —gcos®,sin®, Z,—P,
M, M,, M, 0 M,
A= 0 0 cos D, 0 0
Y,—R. Y, +PF Y, —gsin®, sin®, Y,
L, L, Lg+ kP, —k;R, 0 L,
0 0 sin @, tan B, Q,secO®, 0
N, N, N’y — kiR, — k,P, 0 N',
In addition:
' Iz Ixz
Ly =r—FZFbti T =W (14)
Ixxlzz—Ixz Ixxlzz—Ixz
I I
" zz Xz
Ny =——L,+ N, (15)

Ixxlzz_lxz Ixxlzz_la%z

For the moments of inertia, one assumes that:

Lyz(Izz+ Ixx—1yy)
ky = elerthortyy) (16)
xxlzz—Ixz
Izz(lzz_lyy)'”%z
k, = el i)t an
xxlzz—Ixz
Lyx(Iyy—Lyx )12
k3 — xx( yy xx) XZ (18)

Ixxlzz_lazcz

3 System identification

System identification is an area of knowledge
that studies alternative  techniques  of
mathematical modeling. One of the features of
this technique is that little or no prior
knowledge of the system is required [1]. For the
system identification to be carried out in order
to accurately represent a dynamic behavior, one
needs to follow some basic steps, as follows:

1) Dynamic tests and data acquisition: since
identification aims to get models from data,
it is imperative to execute correctly the
experiments so that the acquired data are
consistent with the dynamic behavior of the
helicopter. The biggest concerns of this
stage are the excitation signals, that cannot
exceed the operating capacity of the
helicopter, its safe flight regime and
consequently its physical integrity;

2) Mathematical representation to be used: as
already  said, various  mathematical
representations can express a dynamic
behavior; this can be done through transfer
functions, state space, frequency response
functions, among others. Two models, in the
form of state space, will be used for

Xp 0 X+,
Zp =V —gsin®, cos O, Z,
M, — 2Pelys _ Rellxx—lzz) 0 M, + 2Rebz _ Po(lxx=1z7)
Iyy Iyy Iyy Iyy
0 —Q, cos 0, —sin®, (13)
Y, +W, —gcos®d,sin®, Y, —-U,
L’p +k1Q. 0 L’r — k20,
1 0 cos®, tan b,
N’p+k3Qe 0 N’r_lee

mathematical representation, being one non-
linear and another linear;

3) The model structure: in the case of linear
models, the choice of its structure is limited
basically to the choice of the number of
poles and zeros, and the determination of the
pure delay time; in the case of non-linear
models, an approach is used varying the
parameters of the test; these parameters
define a different set of dynamic models
which are adapted according to the real
system;

4) Parameters  estimation: this step is
characterized by the choice of the
identification algorithm to be used; here, the
Estimated Error Prediction Model (PEM),
which is part of the systems identification
toolbox present in MATLAB® and described
ahead in a simplified manner, is utilized,

5) Model validation: having obtained a family
of models, it is necessary to determine
whether or not they incorporate the features
of interest of the original system. Moreover,
it is necessary to compare the models with
each other and decide if there is any better
candidate than the others. This step is
certainly very subjective, and the validation
result strongly depends on the intended
application of the model and the amount of
information available of the original system.

The basic structure of the identification

algorithm/subroutine used here is as follows:

1) Declaration of the variables;

2) Import of test data: radio control inputs
and outputs of the sensors;

3) Filtering of the acceleration signals;

4) Determination of speed;

5) Conversion of the input signals to adjust
the model inputs to the PX4;

6) Declaration of test data;

7) Modeling the system in C language;
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8) Generate the structure of the parameters
present in the system model;
9) Generate the structure of the initial
estimated parameters;
10) Generate the structure of the gray box
type non-linear model;
11) Compare the generated model data with
the test data;
12) Start of iteration;
12.a) execute PEM;
12.b) execute N4SID;
12.c) execute comparison;
12.d) execute adjustment;
13) End if converges;
PX4 is a multi integrated circuit board
developed by pixhawk.org, an independent,
open-hardware project. It was design to be used
in different flying platforms, such as, drones,
airplanes and helicopters and, basically, is made
up of two boards, the PX4FMU and the PX410.
PEM  (Prediction Error  Method), in
MATLAB®, is a routine for estimating error of
linear or nonlinear models. It uses numerical
optimization to minimize the cost functions, one
weighting vector of the prediction error, defined
by scalar outputs as in the following equation:
N

V, (G, H) = zt:1ez(t)

where e(t) is the error obtained by the
difference between the actual measured output
of the system and the output from the predicted
model; V5 (G,H) is a scalar; G and H are the
transfer functions from u and e to y respectively
and N is the number of input data samples used.
For a generic linear model, this error is defined
by the following equation:

e(t) = HH(@y(®) — G(@u(t)]
where q is the forward shift operator (ex:
qu(t) =u(t+1) ); y(t) and u(t) are the
output and input variables at time t respectively.
N4SID is a MATLAB® routine for estimating
state-space model.

The identification algorithm needs a routine
in C language to describe the state space
representation to be generated by the gray box
type non-linear modeling function. The reason
for the use of C is to use pointers which allow
an optimization of the identification algorithm.
The iteration process was done starting with
initial conditions known from the test data and a

rough estimate of the parameters to be
identified. The estimate is said rough since the
used results were derived from a non-linear
model adjusted according to aerodynamics and
geometry of the helicopter. Obviously, the data
for the iteration start are not accurate due to
parameters such as downwash which is difficult
to obtain through test, but that can be obtained
through a CFD simulation.

4 Planning of the experiment

Planning of the experiment involves
determining what physical variables will be
observed and measured during the flight tests,
and how their data should be stored throughout
the experiment and also how they should be
treated at the end or during data collection. In
addition, the conditions and the physical
environment in which the experiment is carried
out are important for analysis of the acquired
data. Due to disturbances affecting the
experiment, the acquired data will not be precise
and accurate. Thus, the objective of the
experiment is to maximize the quality with
which information is obtained, but we must be
aware of the limitations that the experiment can
support. Some of these limitations are:

1) The inputs and outputs range limits;

2) The resolution limits of the data

acquisition embedded sensors;

3) The embedded hardware limitations in
terms of ability to store or transmit data
via telemetry;

4) The frequencies limits of the acquisition
Sensors;

5) The time available for execution of each
maneuver and / or experiment as a whole;

6) The mechanical limits that the system can
support;

7) The limits on control inputs that can
affect the stability of the aircraft and
cause damage.

The helicopter mathematical model, to be
obtained, depends on following variables that
must be fed to the identification algorithm:

1) The angular velocities (p, q, r);

2) Attitudes or Euler angles (¢, 6, v);

3) Acceleration (ay, ay, a,);

4) The speeds (Vy, Vy, V),

5) The input commands (8, 015, 81¢, Oor);
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The selection of the physical platform for the
experiment took into consideration the above-
mentioned restrictions and some other factors,
namely:

1) Acquisition cost and operation;

2) Quality, robustness and security;

3) Flexibility to make modifications;

4) Performance expressed in terms of flight
autonomy, rate of climb, stability, load
capacity and cargo volume;

5) Availability of components for repair and
replacement.

Considering the above restrictions, a radio
controlled helicopter was elected. Among the
different brands available in the market and the
various possible power configurations, a
helicopter powered by internal combustion
engine, used in aerobatics, was chosen. The
electric engine has been dropped off due to low
autonomy and the excess of weight of the
batteries. The chosen helicopter was the T-Rex
700, manufactured by Align Corp., Ltd.

Table 1. Specifications of the helicopter

Specifications Value Unit
Power 2.76 @ 14000 RPM  [HP]
Range 80 [min]
Tank capacity 1300 [mi]
Empty weight 4.5 [ko]
Payload 35a75 [ko]
Max velocity 120 [km]
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Fig. 2. Dimensions of the helicopter.
Source: www.align.com.tw/helicopter-en/

5 Flight tests

Being a RC helicopter, the pilot is external to
the aircraft and maneuvers it exclusively
considering its field of view. This implies that
the execution of a straight flight is compromised
because the pilot is not able to maintain the
constant flight parameters. Therefore, the
experiment was aimed at only to hovering flight
where the pilot's proximity to the aircraft is
sufficient for full implementation of the
maneuvers.

The maneuvers were designed to excite the
lateral and longitudinal modes of the helicopter
following a script, not necessarily in this order:
1) Take off and keep the helicopter still: this

prevents exciting modes early during the

trial starting ;

2) Act the collective and acceleration to change
the altitude, ranging from mild to more
abrupt inputs, and return to the hovering
flight condition;

3) Successive rolls on both sides and at
different amplitudes and periods;

4) Excitations in roll and pitch independently:
this step is the most risky for a helicopter
since the recovery maneuver may be not be
agile enough to avoid an uncontrolled fall;

5) Combined excitations of rolling and pitching:
more complex than the previous one for
recovery and changing the flight regime;
The helicopter has the difficulty imposed by

the presence of several modes of vibration that

are not part of the flight dynamics, but its
structure and rotors. The presence of these
modes is not desirable since they mask the
actual values. Elimination of these modes is
complicated because there is no way to
previously identify what is the contribution of
each party without performing specific
aeroelasticity studies. Engine noise is another
serious interference to the acquisition system
since it may cause saturation of the sensors and
the presence of more undesirable modes. To
work around this problem, cushions were used
to eliminate part of this vibration as well as
filters to remove the motor vibrations frequency
band of the acquired signals. Another
disturbance is the electromagnetic interference
from the ignition system (CDI) of the engine,



FELIPE CEZAR REIS, EDUARDO MORGADO BELO

but easily eliminated with proper positioning of
the sensors. The intensity of all these
interferences is sufficient to affect the actuators,
causing them to be positioned in a manner
inconsistent with the command signals.

6 Results

The maneuvers of the flight test were carried
out to excite the model in all its degrees of
freedom by taking care to avoid the transition
from hovering flight to the longitudinal or
lateral ones. The execution of the maneuvers is
effected with the help of experienced pilots
oriented so that each command was executed to
maintain the flight envelope. However, despite
the expertises, it took some time to adapt to the
intensity of the commands necessary for the
experiment.

Adjusting the course of each control surface
and acceleration ramps was essential for the
flight test to be carried out correctly, this
process is known as trimming. With the aircraft
trimmed, early trials were done, and the data
were analyzed to understand the capacity of the
commands to execute certain maneuver.

An important aspect is that the aircraft has a
range of more than a hour of flight while the
necessary tests windows are no more than 20
seconds, letting the pilot time to adjust the
performance of the maneuvers, ie, the autonomy
is consistent to the number of attempts to run
the experiment without the need to interrupt the
flight for refilling the tank. This produces a
considerable amount of data for later choosing
which data surplus should be discarded as
irrelevant to the experiment, leaving only the
windows in which it is assumed that the
identification will give good results.

The flight tests data and the subsequent
identification procedure resulted in the
obtainment of the numerical parameters of the
mathematical model matrices A and B
(equations 12 and 13).

The figures presented ahead represent real
responses of the helicopter and the simulated
ones (from an identified model) due to the same
input signals.

Angular rate [rad/s]

Angular rate [rad/s]

-3
0

-3
0

0
p
\/

B I oL R

1

on A ”‘W yﬁwww"mw VL’»W Al

Identification: pitch
T T T

/

I I
100 200 300 400 500 600 700 800 900 1000
Samples

Fig. 3. Identification of pitch rate

Identification: roll

=)
-

Angular rate [rad/s]
S

1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000

I
100 200 300 400 500 600 700 800 900 1000
Samples

Fig. 4. Identification of roll rate

Identification: yaw
T T

)

J[ Iy ! :
i
J’ frreayitty W“ %‘/%m ‘“ QWW DG IRIAEY n«/

[rju" ‘ “‘5

Samples

Fig. 5. Identification of yaw rate



Attitude [rad]

Attitude [rad]

Attitude [rad]

SYSTEM IDENTIFICATION OF A SCALE HELICOPTER IN HOVERING FLIGHT

Identification: 6

— — - Experiment

Identification

o
©

=4
>

o
IS

I
)

I
=3
N

/
—0.41

o 100 200 300 400 500

Samples

600 700 800 900 1000

Fig. 6. Identification of pitch attitude

Identification: y
4 1 1 1
— — - Experiment
Identification

=)

2k -

3

4 i i i i i i i i i
0 100 200 300 400 500 600 700 800 900
Samples

1000

Fig. 7. Identification of yaw attitude.

Identification: ¢

T T
— — - Experiment
Identification

-2

i i i i i
500 600 700 800 900
Samples

I I I I
0 100 200 300 400 1000

Fig. 8. Identification of roll attitude

Accelaration [m/sz]

Accelaration [m/sz]

Accelaration [m/sz]

Identification: accelaration y

IE=RER |
| ,denn ‘ n ‘ A‘ l‘
ol A
‘JL‘ : ﬁ: * : : : ‘N \1 ‘ |
HMM JN‘ "’b’ N ‘\ | pm ;‘wm 1| Wi
u Al o MA Witk D kr\ M ,l% |l
SR Wl ”\ il 11 i it ! \ h
/]\J : : ‘ I :\/ k: N m : \ : : M :“M }‘
,47‘J Sl ‘ ;L, \ w l,,: L ‘A;"‘U ‘ ‘;r
: ol ‘“: I
Bl e . i : L1
2 0 20 30 &0 Sa?né;?les w0 70 s0 900 1000

Fig. 9. Identification of y direction

acceleration

Identification: accelaration x

— — - Experiment
Identification

% T00 200 a0 40 500 00 700 800 900 1000
Samples
Fig. 10. Identification of x direction
acceleration
Identification: accelaration z
) ] J\q
: : : I li : e g |
B Rl e e L U“ 1 Jr‘ ;‘a—ﬁ"w\ﬁh‘ —‘#
T ¥ BT R “"I‘WHW“”H/EE o
R “1“;\”/'} J‘r.\ ﬂ “\) H\ {\‘”P}“\UJ\JM}V [ v J,\“} \\’ Y W‘vﬂ\ 0
RS AR SRR
'Ry M’ W‘H‘\'“\‘ M i N\‘* ‘5’[ LR
. W ““‘M N \ Ll \“\ (T
A IRl o | 1 ] I
o J" : h “ ‘\} H U: | \J : ‘ ‘; “‘
‘\“ i |
A |
el
o J
{
R . S
‘ |
'8 00 20 a0 40  s0 &0 70 800 90 1000
Samples

. Identification of z direction

acceleration



FELIPE CEZAR REIS, EDUARDO MORGADO BELO

7 Conclusions

The multi-disciplinary aspect of this work
involving the development of the helicopter
experimental setup assembled with elements of
high degree of difficulty, the execution of
maneuvers of reasonably complexity, the need
of specific materials, the study of mathematical
identification of dynamic systems, the
implementation of electronic circuits and
systems, etc., required immersion in different
subjects of study allowing the construction of a
major generalist research profile.

With the work done was possible to obtain an
approximation of the dynamic behavior of an
aircraft with rotating wings. Improving the
accuracy of the results depends on using more
sophisticated and calibrated sensors and longer
test flights as well as more intense and complex
identification routines. However, the procedures
for obtaining the parameters remains the same.
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