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ABSTRACT

Unmanned Aerial Vehicles (UAV) has gained interest from the academic community worldwide, especially due
to their numerous applications in civil and military applications. The advances in sensor technology, communication and
microcontrollers have allowed the research community to develop such applications. The first part of this contribution is
focused on the architecture of such a system, while in the second part of the paper the modelling, identification and
controller for the yaw movement of the helicopter is presented. The obtained controller was tested in real-life experiments

with very good results.
Keywords: identification, modeling, PID Control, UAV.

1. INTRODUCTION

Helicopters pose special abilities which are not
encountered in any other flying machine. Some of these
special abilities are: hovering, vertical takeoff-landing,
low-speed cruise, pirouette, etc.; which come together
with a manifold of challenges. The helicopter dynamics
can be characterized by a MIMO (Multi Input Multi
Output) strongly coupled system with nonlinearity and
intrinsic instability [8]. Hitherto, the research towards
modelling and control of such a UAV (Unmanned Aerial
Vehicle) system has known an increased interest from the
academic community, given the great number of papers
and projects concerned with this topic. This major interest
is due to the various applications of UAVs, both for
military and civil purposes. A comprehensive list of civil
applications is presented in [12], e.g. scientific missions,
emergency missions, surveillance missions, and industrial
applications.

The application presented in this paper is a UAV
platform based on a commercially available coaxial
helicopter which is shown in Figure-1. The final purpose
of this research project is to achieve autonomous flight
conditions suitable for surveillance in narrow spaces, e.g.
inside a commercial center [3].

Figure-1. Coaxial helicopter.

In this contribution, the first steps towards
complete modelling, identification and control of coaxial

helicopter are presented. Initially, a SISO configuration is
proposed based on a simplified model, which enables
control on one of the three axes - the Z axis (yaw). The
identification is achieved using a revised form of the
classical transfer function analyzer (TFA) algorithm;
namely the Chirp-TFA [5]. Once the model is available,
the design of the controller can be performed based on the
desired specifications of the closed loop performance. For
this purpose, the FR tool (Frequency Response Toolbox)
for Matlab environment has been employed [7].

The paper is structured as follows: initially the
structure of the UAV system is presented (hardware and
software); then a model for the yaw movement of a
miniature coaxial helicopter is proposed; next section
deals with the identification of the yaw movements; then
the control strategy is presented; and in the last section the
paper is summarized and some further research is
proposed.

2. MATERIALS AND METHODS

2.1 UAV System

The use of a coaxial helicopter for a UAV system
development has been reported in several papers [3, 4, 13,
14]. This type of aircraft is easier to control than the single
rotor helicopter and the power is used more efficiently due
to the absence of a tail rotor.

The UAV system consists of: 1) the aircraft to be
controlled; 2) an on-board IMU (Inertial Measurement
Unit) with sensors to determine the attitude of the aircraft;
3) bidirectional wireless communication; and 4) a ground-
based computer in which the controller is implemented. A
block representation of the hardware system is shown in
Figure-2. The arrows that interconnect the components
indicate how data is transmitted through the system. Solid
lines represent wired communication while dotted lines
represent wireless communication.
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Figure-2. Block scheme of the UAV components.

In general, for automatic control of a process, the
controller must be able to send commands to the process
and receive information about the output of the process.
The communication inside the UAV system can be split in
two communication links that connect the helicopter to a
computer which runs the control algorithm.

First link is the control link which is used to send
the control sequence from the computer to the helicopter.
This link consists of two devices: the RC (Radio Control)
transmitter and the PPM (Pulse Position Modulation)
generator. The RC transmitter is equipped with joysticks
which are used for sending the user commands to the
helicopter. The device was modified such that it is
possible to switch between computer control and manual
control using a mechanical switch. The PPM generator is
connected on the serial port of the computer and is used in
automatic mode to convert the values generated by the
computer into a PPM signal. The helicopter has four
communication channels: throttle, elevator, rudder and
aileron which correspond to the four inputs of the
helicopter: altitude control, pitch, yaw and roll. In the
current implementation, only the yaw channel is controlled
by the computer. The other three movements are
controlled and stabilized by the user using the joysticks. In
automatic mode the values for throttle, elevator and
aileron are read by the computer from the joysticks and
then transmitted to the helicopter using the PPM generator
and the RC transmitter. In this operation mode, the rudder
channel is controlled by the digital controller implemented
on the computer.

The second communication link is the feedback
link which consists of a Bluetooth transmitter and a
Bluetooth receiver. This link makes the connection from
the microprocessor which gathers the data from the
sensors on the IMU (Inertial Measurement Unit) board and
the controller that runs on a computer. The data read from
the sensors is organized in frames which are sent through
the wireless link to the computer. Bluetooth
communication can have a maximum range of 100 meters
inside which is enough for our current purposes. Wireless
communication is affected by random variable delays
when data packets get lost on the way to their destination.
For our setup the delays can go up to 40 ms. A simple
solution is to consider the previously received data when
such a delay occurs.

The helicopter used is Big Lama, manufactured
by ESky. It has a coaxial structure with two counter-
rotating main rotors and no tail rotor. This structure has
the advantage that it is more stable than the classical single

rotor configuration. The main characteristics of the
helicopter are presented in Table-1.

Table-1. Physical specifications of the helicopter.

Main rotor diameter 460mm

Weight 410g

Length 510mm

Width 110mm

Height 260mm

Motors code 370 (2 installed)
Battery 11.1V 800mAh Li-polymer

The sensors are integrated in an Inertial
Measurement Unit (IMU) which consists of: a 32-bit
microprocessor, 3-axis accelerometer, 3-axis angular rate
sensor (gyroscope), a 12-channelGPS receiver, a dynamic
pressure sensor, a static pressure sensor, a temperature
sensor, avoltage sensor and a current sensor.

The active elements in the UAV system that run a
software program are the computer, the PPM generator
and the IMU board.

The software on the PPM generator is used for
converting the values received by the PIC micro-controller
into a time modulated PPM signal, see Figure-3. There are
6 channels modulated in the PPM signal out of which only
four are used. The length of every channel can vary
between 0.5 ms and 1.6 ms. There is a constant period of
0.4 milliseconds between two consecutive channels during
which the output of the signal changes to low. This period
is used to differentiate between two consecutive channels.
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Figure-3. Measured PPM signal.

The block diagrams of the routines used for
generating the PPM signal are presented in Figures 4 and
5. The interrupt handler routine in Figure-4 is used for
setting the signal high or low for the specified amount of
time. Left branch sets the output low for a period 0f0.4 ms
between two channels and the right branch sets the output
high for the time received from the computer. The data
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reading routine in Figure-5 waits for the data coming from
computer and it stores it at the corresponding location.
Data frames sent from the computer to the PPM generator
start with a zero byte to signal that data is about to follow
and after that the value for each channel. In the case of a
transmission error, the controller will recover when it
receives the next zero byte - which should not take more
than 12 ms. This interval is small enough to maintain the
stable functioning of the helicopter.

hi (<]

N
Is output set?

| Timer = 400us

[ Timer=ch_val(ch_read) l

v 2
| Read output I | Set output |
¥ v
| Start countdown | [ Start countdown |
L] v
| Exit | l Increase ch_read
| ch_read=0 I—D{ exit

Figure-4. Interrupt handler routine in PPM generation.

Data received?

Yes

i

Yes

Figure-5. Data reading routine in PPM generation.

The software running on the IMU board
continuously reads the data from the sensors and sends it
to serial port of the microcontroller. Data read from the
sensors is packed into frames of a fixed length of 20 bytes.

The software used for controlling the helicopter
runs in real time on a computer and has the purpose to
read, store and process the data measured by the sensors,
read the pilot’s commands, generate commands when the
automatic mode is activated. The current version of the
control program was written in C programming language
and it consists of three threads, see Figure-6.

Control thread

A J

Sample perlod
thread

Data reading thread

Walt start code

Get last data

T (e

from sensors from sensors

Compute control

signal

Send :Dﬂll’ﬂlilg.

to PPM '.Mﬂ""
Walt for

period event

Figure-6. General design of the control program.

Set the period
avent

—

The timing thread is used for generating a fixed
time interval which represents the sampling period. This
thread generates a signal, every 12 ms, which is received
by the control thread. The data reading thread
continuously reads the data coming from the sensors.

The control thread reads the commands sent by
the pilot using the joysticks on the RC transmitter, fetches
the last frame of data arrived from the sensors on the
helicopter and after that computes and sends the
commands to the helicopter. On this latter thread, a two-
loopcascade controller is implemented, which computes
the control input for the yaw angle. The program sends the
control value for the yaw angle (on the Z axis).

2.2 Modeling

In this section an electro-mechanical model of the
yaw movement is proposed. The modelling takes into
consideration some simplifying conditions such that the
obtained model is not too complex to be used for
controller design, but still characterizes reasonably well
the behavior of the real plant.

The two coaxial counter-rotating rotors are driven
by two DC motors. A DC motor can be modelled
considering the resistance and the inductance of the coil
and the induced backward voltage:

. di
u=ue+RL+La

where i is the current through the circuit, u is the voltage
at the input of the motor, u, is the voltage induced by the
movement of the rotor in the electric field of the
permanent magnet, R is the electrical resistance and L is
the inductance of the coil.

The mechanical equation for the torque on the
shaft can be derived using Newton’s second law of

327



VOL. 13, NO. 1, JANUARY 2018

ISSN 1819-6608

©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i ;ﬁx

www.arpnjournals.com

motion, and considering a friction force proportional to the
angular rate:

= dw+B
T—]dt w

where 7 is the torque generated by the DC motor on it’s
shaft, J is the moment of inertia ofthe rotating mass, w is
the angular rate of the rotor and B is the viscous friction
coefficient.The first term can be neglected if it is
considered that the rotation speed of the blades is more or
less constant during the flight of the helicopter and due to
the fact that the dynamics of the helicopter’s body are
much slower compared to the dynamics of the rotor
blades. After this simplifying assumption, the equation
becomes:

T = Bw

The following equations link the electrical part
with the mechanical part:

u, = K.w
T = K,i

where K, is a constant that links the induced voltage with
the angular rate of the rotor and K; is a constant that links
the current flowing through the coils of the motor to the
generated mechanical torque.By substituting w, i and u,
in previous equations and applying the Laplace transform,
the following transfer function between torque and input
voltage is obtained:
Kt

L
T(s) = —x i 4(8)
s+-—+—+
L BL
The coaxial helicopter has two counter-rotating
rotors. According to the simplification, the torques
generated by the upper and the lower rotors can be
expressed as:
Ttop = B Weop

Thot = BWpot

whereas the two rotors spin in opposite directions. In order
to prevent the body of the helicopter from rotating, the two
torques must be equal in magnitude. When yaw movement
is performed, the rotors should maintain the same lift
force, hence the torque generated by one rotor should
increase while the torque generated by the other rotor
should decrease with the same amount. It is denoted with
I" the torque exerted on the helicopter’s body and withAt
the variation in torque for the two rotors:

['=Top — Tpor = 24T

Expressing At according to the transfer function,
it can be written:

Kt

I'(s) = ——=Lt——Au(s)
s+ B 4 KeKe
L BL

The above relation directly links the torque of
applied on the helicopter’s body to the voltage difference
between the two DC motors. It is denoted by r the angular
rate of the helicopter’sbody, J, is the moment of inertia of
the body and By, is the friction coefficient of the bodywith
the air. The equilibrium condition for the body can be
written as:

dr
r :]hE'FBhr

If it is taken into account that the helicopter
rotates at low angular speeds (150°s), it is feasible to
ignore the air friction coefficient. In this case, the above
relation reduces to:

dr
r ZJhE

From previous equations, it can be obtained:

Kt

1
I'(s) = —sLt———Au(s)
s+ 24 Kele]ys
L BL

There is a gyroscope on the helicopter which is
used for controlling the yaw movement. The
measurements from the gyroscope are introduced into a P
controller which can be manually tuned on the helicopter.
However, this control loop is sensitive to initialization
errors and most of the time the helicopter will have a slow
rotational speed on the yaw axis because of improper
initialization of the offset for the controller. The gain of
the controller is denoted by K, hence one obtains:

2K
Lin
H =
yaw R KeK; 2KK,
52+(—+ £ t) +—
L BL Ljn

The terms of this transfer function can be
determined if one is able to measure the physical values of
the coefficients. In practice is quite difficult to determine
these constants given the fact that we are using a
commercially available helicopter. In this case, a "black-
box" identification may be a good solution. The transfer
function determined by physical modeling the yaw
dynamics is used as a guideline for the result of the
process of identification.
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3. RESULTS AND DISCUSSIONS

3.1 Identification

The process to be controlled is a MIMO system
with 4 inputs (elevator, aileron, rudder and throttle) and
four outputs (roll, pitch and yaw angles and altitude), see
Figure-7. The aileron and elevator control the roll and
pitch angles by deflecting the swash-plate connected to the
lower rotor. The rudder controls the difference of
rotational speed of the two rotors producing a torque on
the helicopter’s body which changes the yaw angle. The
throttle controls the power to the two rotors with a direct
influence on the altitude of the aircraft.

Pitch
Elevator > >
Aileron ] Roll
-
copmt|  vaw
Rudder +—>
Throttle Altitude

Figure-7. MIMO helicopter system.

Ignoring the coupling between the inputs and the
outputs of the system, the system can be approximated
using 4 simple SISO transfer functions. This assumption is
valid especially for the yaw angle, which is very little
influenced by the other three inputs. This angle can be
measured with some degree of accuracy using the
gyroscope that measures the angular rate around the Z
axis. By using this simplified model, the altitude and
attitude of the helicopter can be regulated with PID
controllers, which has as advantages a simpler structure,
straightforward design process, and low computational
load [2, 9].

3.1.1. Identification Using CIFER

As a first approach to identifying the yaw transfer
function, a software package designed for helicopter
identification was used. This software package is called
CIFER (Comprehensive Identification from Frequency
Responses) [16] and it was developed by the US Army
and the University of California. CIFER can be
successfully used for the identification of miniature
helicopters as it was reported in [1, 6, 10, 11].

The recommended input when using CIFER is a
sine sweep signal that covers the whole frequency range of
interest [16]. A sine sweep is a sinusoidal signal in which
the frequency varies with time. The logarithmic variation
of the frequency is given by the following formula:

f©=fi (’%)_f

where f;(t) is the instantaneous frequency at moment t, f;
is the start frequency and f, isthe instantaneous frequency
at the final time Tr. In order to compensate for the
transitoryregime of the plant, two constant amplitude
regions with zero amplitude were added at the beginning
and at the end of the input signal.

The frequency range chosen to perform the
identification experiment was from 1 Hz to 5Hz. The
amplitude of the input signal varies between +0.2. This
value is directly proportional to the difference in speed
between the two counter-rotating rotors of the coaxial
helicopter. The chirp signal from Figure-8 was applied to
the process. The measured response is also shown in
Figure-8.

Figure-8. Chirp experiment: input (left) and output
(right) signals.

After recording the experimental data, resampling
by linear interpolation was performed. Resampling is
necessary because the program does not run under a real-
time operating system with hard real-time constraints. As
a consequence of this, the sampling time may vary
within1-2 ms.

The second step performed for data pre-
processing was filtering. The main source of noise in the
system comes from the vibrations of the rotors, see Figure-
9. The noise has its maximum power between 25 and 30
Hz. In order to reduce this effect, a Butterworth filter with
the cut-off frequency of 6 Hz was used.
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Figure-9. Spectral analysis of the noise caused by
vibrations from the rotors.

After pre-processing the data, the FRESPID [15]

utility from CIFER was used to determine the frequency
response of the system. Based on the obtained result, it
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was possible to obtain the transfer function of the yaw
movement using the NAVFIT [15] utility from CIFER.
The transfer function is given in:

172130

H = -0.0288 s
Yaw 2 +19.15s + 712.3

This is a second order under damped system, with
time delay equal to 29 ms. The principal cause of this time
delay is the wireless communication through Bluetooth.

3.1.2. Identification using IDENT

A second approach for obtaining the transfer
function of the yaw movement consisted in applying a
PRBS (Pseudo Random Binary Signal) as input into the
rudder channel of the helicopter. When generating a PRBS
for system identification, it is important that it covers the
whole frequency range for which the model should be
valid. The amplitude of the input signal was switched
between —0.2 and +0.2. The identification experiment
consisted ingenerating an appropriate signal and injecting
it into the process. The angular speed of the helicopter on
the Z axis was recorded. Based on the input and the
measured output it was possible to determine a transfer
function using the System Identification toolbox (IDENT)
from Matlab®. The obtained transfer function is shown in
the following equation:

173273

H — —0.0087 s
Yaw " 52 4 19.66s + 643.4

This transfer function is similar to the one
determined using CIFER, except for the time delay which
is smaller than the sampling time (12 ms) in this case.

In order to choose which model characterizes best
the yaw movement, the best fit index can be used as a
criterion. The formula for computing the best fit index is:

Best fit = (1 — u) * 100
ly =yl

where y is the measured output, ¥ is the simulated output
and ¥ is the mean value of themeasured output.| | is the
Euclidian norm, which is defined for a vector
(%1, X2, .., Xp) @S:

The value of the best fit index applied for the
transfer function determined using CIFER is 81.5652%,
while the value of the best fit for the transfer function
obtained from IDENT is77.5230%. This shows that the
model determined using CIFER describes better the
system’s dynamics. Although not significant, the 5%

improvement in the results using CIFER indicates that this
model should be further used for control purposes.

3.1.3. Identification using Chirp-TFA

This method is based on the classical TFA
(Transfer Function Analyzer) method which is able to find
the frequency response of a system for one frequency
point. The response of a linear system to a sinusoidal input
is represented in Figure-10, whereas Tis the signal period
and At is the time shift:

At
¢ =-w(t,—t) = —2”?

u(?) = asin(wr)
4

v(@) =bsin(wt+ @) —f-

Figure-10. Sinusoidal input and output.

By sending into the process a sinusoidal input
signal u(t) and measuring the correspondingoutput signal
y(t)— ref. Figures 10 and 11-it is possible to find the
magnitude |G(jw)| and thephase shift 2G(jw) that
characterizes the system for the w (rad/s) frequency:

b
GGl =~

2G(jw) = ¢

Sampling period

B,
=]
B
|
2
=
j]

gt

¥ data_(n)

P
vy
v

]

X | > ()

data, ()

—+><
]

1to N,
cos(zik] /WI\ TeK) Sampling period

Figure-11. Algorithm implementation.

The output y(t) is first multiplied by a sine and
cosine of the test frequency w. Then, theresults of the
multiplications are integrated over the period Tp,:
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Tm
Vs(Tm) = J; y(t) sin(wt) dt

Tm
= f b sin(wt + ) sin(wt) dt
0

Tm
+ f n(t) sin(wt) dt
0

This equation becomes:

b b Tm
V(Ty) = ETm cos(p) — Ef cosQwt + @) dt

0

+ f "0 (b) sin(wt) dt
0

Analogously, for the cosine term it can be obtained:

b b (Tm
Ve(Tm) = > Tm sin(p) + > f sinwt + @) dt
0

Tm
+ f n(t) cos(wt) dt
0

If T,,, is chosen as a multiple of the test frequency
period than the second term in the previous equations then
it goes to zero. If the integration time is long enough, and
the noise has zero average, then the noise will be filtered.
Thus it can be written:

b
Vs(T) = ECOS((I’)

o

Ye(T) = = sin(e)

N

from where it follows that:

2
b = T \/ysz (Ty) + y2(Ty)
m

i (Ye(T)
o= (25)

The revised TFA method (Chirp-TFA) proposes
as input a sine sweep which is sampled at a varying rate.
The novelty which is proposed by this method is that all
the periods of the signal should have an equal number of
samples. In order to achieve that, the input signal has to be
sent into the system at variable sampling time and the
system response has to be measured correspondingly. At
every sampling instant, the sampling period is computed
based on the value of the signal frequency at that moment.
The frequency varies logarithmically between two
predefined values which represent the frequency range of
interest. The reason why the variable sampling is used is
to obtain the same resolution in the frequency response,
both for low and high frequencies. The algorithm for data
processing after obtaining the experimental data is

presented in Figure-11, where y(t) is the measured output
signal and wis the frequency of the signal (rad/s) at
moment t and T,, is the total integration time whichis
chosen as an integer number of periods.

The form of the sine sweep signal is given by
sin(2rft) = sin(an(t)kT(t)). Hence,at every time
instant t, a variable sampling period T(t) is calculated,
such that one periodcontains N samples. The relation is
given by f(t)T(t) =1/N. The N samples are then

givenby sin(2wk/N), with k=0,1,..,N—1. For
example, at the nt" interval, it is obtained that:
N¢N-1
~ (2mk
datags(n) = y(k) sin <T> T (k)
k=Ns(N-1)
N¢N-1
2k
data.(n) = y(k) cos <T) T (k)
k=Ns(N-1)

where T(k) represents the sampling period at the k"
sample in the data vector and

1
T =55

where f (k) denotes the frequency at the k" sample. The
linearly-varying instantaneousfrequency at the time t can
be found by using:

PPN
51

Considering that it is obtained one point in a
Bode plot for each period on which it is integrated, it
makes sense to increase the frequency exponentially with
time, in order to get the same resolution (points per
decade) for all frequency intervals in the plot. Therefore,
the frequency points are calculated from:

loglfy] — loglfo]
t

log[f ()] = loglfo] +

Hence,

O = fo (%)_

which is then function of the design parameters. Notice
that the sampling time is re-calculated in each sampling
instant by an iterative algorithm; i.e. based on the desired
number of samples in a period N, the frequency at each
sampling instant from previous equation, the sampling
period is given before and iterated until it does not change
within the sampling instant. In practice, this is achieved
within 2-3 iterations.

331



VOL. 13, NO. 1, JANUARY 2018

ISSN 1819-6608

©2006-2018 Asian Research Publishing Network (ARPN). All rights reserved.

ARPN Journal of Engineering and Applied Sciences i \a

www.arpnjournals.com

The result obtained for the yaw movement
identification is presented in Figure-12 as a Bode diagram.
The input sine sweep was defined for a frequency ranging
from 1 Hz to 5 Hz and amplitude between +0.2. The
frequency-response obtained using Chirp-TFA matches
the one obtained using CIFER. The only difference is the
"noise" on the Chirp-TFA Bode plot, while the result from
CIFER is smoother. This difference comes from different
frequency resolution parameters used for the two methods.
The transfer function for the Chirp-TFAmethod is the
same as in CIFER method.

hagnitude (dB)

=== CIFER :

45 ; :
10 15 20 25 30

D —— TFA

S100 e TN R O

Phase (°)

200 i i i i
10 15 z0 gs 30
Frequency (radis)

Figure-12. Bode diagrams comparison.
3.2 Control strategy

3.2.1. Controller design

The control system of a UAV can be split in three
hierarchical layers: attitude control, trajectory control and
mission control. The attitude control denotes the control at
the lowest level and it directly regulates the actuators on
the helicopter so that it achieves the desired attitude,
respectively ¢(roll), 8(pitch) and ¥ (yaw) angles (recall
here Figure-1). The yaw angle can be controlled with
some degree of accuracy using the output of a gyroscope
that measures the angular rate on the Z axis.

One way to control a UAV is to decompose the
4x4 MIMO system into 4 SISO systems and make the
assumption that they are loosely coupled. In this case, this
assumption is valid especially for the yaw movement
which is not influenced by the other three (roll, pitch and
altitude). Having this in mind, a controller has been
designed based on knowledge of the transfer function.

The structure of the controller is presented in
Figure-13. The inner closed loop regulates the angular rate
based on the feedback received from the gyroscope on the
Z axis. The proportional gain, integral gain and derivative
gain of this PID controller were determined using FRtool
[7], which is a graphical tool for controller design which
allows the user to interactively modify the poles and zeros
of the controllers. By using this tool, the time delay of the
system does not have to be approximated (i.e. Padé) since
it is represented as a shif tin the phase.

1.7213e0005

Is2419.1554712.31
\\\\\\
.....

To Wotspace

Figure-13. Simulink block scheme of the closed
loop system.

In order to design the angular rate controller,
some specifications were imposed: robustness50%,
settling time 0.6 s and overshoot 10% see Figure-14. The
blue ellipse represents the imposed robustness and the red
curve represents the overshoot and the settling time. In
order for the closed loop system to meet the imposed
specifications, the Nichols curve of the open loop system
should not cross the two curves.
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Figure-14. Nichols plot with closed loop specifications;
PID design.

The formula of the obtained PID controller is:

_7.209 - 107652 +9.0990 - 10~*s + 0.02878

c

N

The standard form of the PID controller is:

K,Tas* + Kps + K, /T;
s

1
HC:KP(1+TS+TdS)=
i

Based on this, the parameters of the PID
controller have been computed:

K, =9.0990 10™*; T; = 0.0316; T, = 0.0079

The outer loop controls the yaw angle of the
helicopter, which can be approximated by integrating the
measured angular rate. A simple software integrator was
added to the system (see Figure-13). The yaw angle can be
controlled using as feedback the angle computed by the
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software integrator. Using FRtool, a P-controller for the
yaw angle was obtained. The imposed specifications were:
robustness R, = 50%, settling time Ty, =1s and
overshootOS = 20%.

The gain of the yaw angle controller is:

K, = 6.522

The robustness imposed for the angular speed
controller in the inner loop and for the angular position in
the outer loop is Ry =50% In order to test if the
controllers meet thisrequirement, some simulations were
performed to check how the controller would behave if the
results obtained in the identification stage are not correct.
In order to check that, thegain of the transfer function was
increased by 50% in the first stage. In the second stage,
thegain of the transfer function remained unchanged and
the time delay was increased by 50%.The results of these
simulations are presented in Figure-15. Both controllers
are able to cope with the errors in the model. The
performance of the controller diminishes, especially for an
increase in the time delay, nevertheless it remains stable.

R

06—

Angular speed (deg/s

05 1 5 2 25 ) 005 1 15 2 25 3
Time (s Time (s)

(a) Angular speed controller - gain in- (b) Angular speed controller - time de-

creased by 50% lay increased by 50%

005 1 15 2 25 3 R T—) 1 W T
Time (s) Time (s)

(¢) Yaw angle controller -

creased by 50%

gain in- (d) Yaw angle controller - time delay
increased by 50%

Figure-15. Robustness tests through simulation.

3.2.2. Digital control implementation

One way to implement a PID controller in a
digital computer is by using an incremental form. The
equations for this type of controller are presented below,
where T is the sampling time,Kyis the gain, T; is the
integral time and T} is the derivative time.

u(t) =ult —1) +cpe(t) + cre(t — 1) + ce(t — 2)

where the coefficients are:

Ts Td
Co = Kp (1 +Fi Fs)

Ta
¢, = —K, (1 - 2—)

The controller was tested both for simulation and
real life tests for two different situations: applying a
disturbance and changing the reference angle during flight.
In both situations the controller was able to perform the
desired task and follow the specified angle. A comparison
between the output of the simulated model and the
measured yaw angle of the helicopter during flight is
shown in Figure-16. In this experiment, the reference
angle was changed between several values: 0°, 90°, —90°,
180°.

200 T
= = = Simulated
150} r.measured
100F oo 0 SO .
% 50 ......... R R T v
=
a
0 p=by
N1 Ee— Srnsernsi
-100 !
0 5

Time (s)

Figure-16. Controller test for reference change.

Overall, it can be concluded that the yaw control
performed satisfactory; close to the desired specifications
and that the simulation provides good agreement between
model approximation and yaw dynamics.

4. CONCLUSIONS

This paper presented a simplified UAV structure
which uses an IMU for determining the attitude of the
aircraft. The communication with the controller
implemented on a computer is done using Bluetooth
communication and the commands are sent from the
computer to the helicopter through a modified RC
transmitter with the help of a PPM receiver.

After bringing the whole system in a functional
state, modelling and identification of the yaw dynamics
was performed. The yaw movement was chosen because it
is weakly coupled with the other degrees-of-freedom.
Another reason is that it is safer to put an identification
signal on the rudder input than on aileron and elevator.

It was determined a model of the yaw movement,
based on the physical principles, both mechanical and
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electrical. The frequency response for the yaw movement
was obtained using two methods: i) CIFER and ii) a newly
proposed Chirp-TFA method, providing similar results.
This validates the newly developed identification
technique.

The simulation results were validated with
experimental data collected from the UAV during flight.
The real life tests with the controller show that the
helicopter has increased stability, allowing for a safer
identification of the other movements.

The final goal of this project is to obtain a fully
autonomous UAV based on the proposed architecture. The
future stages are to obtain the transfer functions for pitch
and roll so that a complete model of the helicopter is
available. This will allow controlling the UAV based on
the feedback from the sensors on all 3 degrees of freedom.
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