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Abstract: - In this paper research results on control quality improvement by the use of particle swarm
optimization algorithm (PSO) was described as an alternative for the classic PID tuning. For the problem
of multi-rotor flying robot control, test studies were conducted using a specially for this purpose designed
and performed measuring testbed. This solution allows to obtain the angle as a feedback in flying robot
stabilizing loop and it was compared with the reference angle measured at the test stand. In the first part of the
paper robot construction, test stand and tests related with the calibration and correctness of indications were
described. In the second part, a method of the PID controller tuning by particle swarm optimization algorithm,
their subsequent verification and fine tuning were presented. The results obtained with PSO algorithm were
compared to results of empirical tuning of the PID controller.
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1 Introduction based on empirical knowledge of the operator

In multi-rotor flying robots constructions for the and platform designer. _
stabilization of platform in the air one may use 1he novelty and contribution of the authors of this

several types of controllers, including PID [1]. Study is to propose and implement two (varied
The choice of controller parameters sets dependsin terms of the desired effect: two different
mainly on the dynamics of the flying platform. characteristics _of th_e flight) methods for calculatl_ng
In detail it depends from the length of robot arms, the cost function in the problem of the quality
as well as from drive units [2]. Further factors which improvement of the PID type controllers tuning
play a major role in the stabilization of the control (Py the use of the particle swarm optimization
object, are: a main control loop update rate algorithm - PSO) for d_nvgs of multi-rotor flylng
and a measurements correctness obtained fromrobot.For now these scientists have focused mainly
the on-board sensor technology. Most of amateur ON f[he search for a one, universal type of controllers
construction flies on controller parameters selected funing for any task [6] or on the use of the PSO
in empirical way, but such a solution brings algorithm for o.ther purposes r'elated to the flying
not exactly desired effect: stable and fully controlled "0bOts such as i.e. a path planning [7].

flight of flying platform. Often in a practice

constructions with such a control stabilize poorly

in the air — a large drift may be observed. Such 2 Problem Formulation

a behavior forces in the effect to frequent correction This article was written primarily to show
of robot position by the operator, which impairs the effectiveness of proposed method for the PID
the maneuvering precision and contributes controller tuning — through a combination of the
to reduced of the time that platform can remain simulation results with real tests on the flying robot
in the air. The excessive maneuver entails located in a specially designed and built test stand.
an increase of energy consumption from As a flying platform for the tests one used four rotor
the batteries than the calm, smooth flight. Due to the flying robot Falcon (next generation of the Hornet
above-mentioned problems one is looking robot described in detail in [8]) and shown in Figure
for effective methods of controllers tuning 1. A detailed description of the mathematical model
[31,[4],[5] which would be an alternative to the and the equations describing the dynamics of the
commonly used, classic PID controller tuning Falcon robot may be found in [9]. In Figure 2 it may
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be seen a block diagram with controllers used very desirable from the perspective of potential use
to control the orientation and rotational speed of multi-rotor flying robots in patrol tasks in semi-
of quadrotor. autonomous and autonomous modes.

3 Test stand and experiments

To ensure the repeatability of recorded tests results,
as well as to provide necessary security, a test stand
was designed and build (Fig.3). The movement
of robot located in the test stand was restricted
to one axis. Due to the type of power supply used
in the robot (battery), one introduced an additional
security — the exclusion of full rotation possibility
in the aforementioned axis. Without such a solution
Fig. 1 Multi-rotor flying robot Falcon in the case when robot will fall in to a spin state
in unlimited axis — turning robot off would be very

difficult and dangerous. Introduced restrictions
o PRl | rtatons |4+ BLOC onai do not affect on th k of robot, and th
Set_<:/-_orientati0n C-; ::(::c?nal +x4x contr?)rlllglrne_ CuElTE 0 not afiect on € prOper WOrk o ITO 0 ! an us
controller controller on the conducted experiments which are related
to the platform stabilization and to the selection
of controller sets.

Rotational speed of the rotors

Developed test stand consists of a rigid base,
made of aluminum profiles with a cross section
32x32 mm. Profiles have been twisted with M8
screws using triangular brackets, ensuring the right
angle of connected elements. This solution enables
(if necessary) to a fast modification of the test stand
construction and adaptation to the other, new
requirements. Two right angled profiles with
a length of 800 mm have been installed to the base.
At their ends bearings were fitted to enable
assembling of gripping elements of the flying robot
arms. To increase the stiffness of the whole stand,
as well as to reduce the possibility of robot
overturning, crossbar between mentioned arms was
installed. Test stand was tared using a spirit level
and adjustable feets. The base has been further laden
with concrete block.

Euler angles

Fig. 2 A simplified block diagram of the Falcon
robot control system

Falcon is a robot based on the cross frame. At the
end of each arm a drive unit responsible for the
movement of the robot in the air is located.
In the central part of the platform on-board
controller responsible among others for the
stabilization of robot in the air is mounted.
To supply the platform in energy a lithium-polymer
battery is screwed under the robot.

The article presents test results obtained
by simulations conducted on the mathematical
model [9] and with the use of data obtained from the
real Falcon robot. In order to find the PID controller
sets particle swarm optimization algorithm has been - Q

m

applied. After receiving of the initial sets, numerous
tests were conducted with the use of flying platform

— in order to improve the received parameters. e |
By such an action one may verify and improve al°]
the reflection of mathematical model in relation
to the real robot [9], as well as better and faster
select the mentioned PID controller parameters sets
to a specific, other than that presented flying
platform. Such researches will allow in a future time
for more accurate representation of the simulated Fig. 3 Outline drawings of the test stand
object behavior by the use of a more precise

mathematical model, which will open the possibility Mounting the robot to the test stand was carried
of using in platform control strictly analytical —out from two sides with aluminum handles and M3

methods, such as already proposed coefficient Screws. Handles were set on steel axes, inserted into
diagram method — described in detail in [10]. It is the aforementioned bearings. To the one of the axes

632 mm
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a magnetic encoder was fasten&tlus the contrc
of data correctness reeed from or-board sensor
technology was enabled.This ensured als
generation of aeference signal of robot yaw an
(a@). To work with encoder one programm
a printed circuit board based on the STW
processor.Data received from the encoder re
converted andransferred via USB to a compL.
Due to thesynchronization of robot controller boe
with the gstem on the test stand, there s
a possibility to compare of the received
A computer application supervistge whol¢ system
and captured the data e®eed during the test .
a frequency of 400 Hz.The application ha
a possibility of onlinevisualizatior of generated
data in the form of numbers and gra|
The program has algbe ability to archive data f
subsequent simulations and compari. After
the robot was installed othe test standit was
balanced so that its horizontal plawas parallel
to the base. Theeadings obtained from the enco
and board sensor technologwere calibrated
to show the zero in robot equilibriul

The reseanh tests started from thverification
of readingscorrectness received from the contro
board and test stand in the terms of robot re:.
In the first testyobot was inclined by 5 degreand
then left free to return to balandeaurther tes relied
on tilting robot increasingly due tc 10, 20, 25, 45
degreesand mixed combination of angles valu
One of recorded testsjsesented in Figur4.
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Fig. 4 Tesbf tilting the robot from the balan

From the obtained tesésults it may be se the
fit of encoder reference signal to Kalman oul
signal. In all conducted testise data recorded fro
encoder coincidedith a set angle, while those di
received from the controlled board have st
margin of error. This is the result of errol
and operations executed in the controller bo:
In order toclose the feedback from the s, robot
uses the IMU (Inertial Measurement U.
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The IMU consists among otherthings from
the gyroscopes and accelerometers thanks to \
it is possible tostabilize the robot in the .. In the
following tests and experiments described fur
in the article, time characterist obtained from
a magnetic encoder was used as a refe.

4 Testswith the PSO algorithm
Developed in vyear 1995 by R. Kenedy
and E. Eberhartparticle swarm optimizatio
algorithm [11], was inspired by the herd behav
of animals (insects, fish, birds) that are influen
by the behavior of single individuals (particl
which communicate between each other in
search for optimumlt is used for many yea
successfully in control engineering and robotics
solving optimization problen [12],[13],[14].
Algorithm's simplicity and high efficiency at tl
same time is also used for tuning the PID
controllers. Therefore the idef the PSO algorithm
application for such a complex issue as stabilize
in the air of such a complicated organism as a
rotor flying robot (characterized by mt-
dimensional control structure and high dynami
was born.

A detailed description ofhe PSO algorithm
and its modifications are available in a numr
of publications [15],[16] In the main variants
algorithm uses the fact that each individual kne
its position,remembers the bepositions achieved
so far, communicates with other individuals in or
to collectively search the space of possible posi
in the aimto find the optimur. In the quest appears
also significant, physical characterc — the speed
of the individual andthe fact that in ever
communityof individuals must be a leader withe
best fit —-who gives direction to change to the wh
population.

The mechanism of the algorithm is based or
principle that up to a specified stop condit
(for example —arbitrarily set number of iteratiol
of the algorithm) speed is calculated for ea
individual from the populatic. His position
is changed in accordance with the calculi
velocity. On this base walue of optimized functio
is calculated and it is corared to the best one
obtained so far by thadividual. If the new position
is better than the best previous position of
individual, it replaces the previous, and is compi
to the best obtained globe. If it is also better from
it, it remains the ést position found globall
and gives a new direction of cha.
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In the tests results described further object model

approved for the study concerned the Euler angles respectively as:

and angular velocities in the axes X, Y and Z
(respectively: phi, theta and psi). The model was

considered at the speed constraints — after crossing

the maximum values in the loop saturation was

method of control cost calculation — defined
a) quality=quality+|regulator_pfi->¢|
where regulator_phi->e is a control error,

activated. An example of code syntax for the speed and qualityis calculated iteratively at each step.

controller of the X axis is given:

e fi=fi_z-fi(k+1);
Pid fi=Kp_fi*e fi+sumfi*Ki fi+Kd_fi*(

e fi-e_fi_p);
sumfi=sumfi+e fi;
e fi_p=e fi;
if sumfi>100
sum fi =100;
end
if sumfi<-100
sum fi =-100;
end

wW2( k+1) =THRO- Pi d_fi +Pi d_psi ;
w4( k+1) =THRO+Pi d_fi +Pi d_psi ;
wl( k+1) =THRO Pi d_t het a- Pi d_psi ;
w3( k+1) =THRO+Pi d_t het a- Pi d_psi ;

where K, K, Kq are gains of the PID controller
blocks, while THRO is an offset for the
maintenance of flight altitude; wl, w2, w3, w4 are
rotors set speeds at the adoption of simplification
that set values are obtained immediately after their
set (due to the absence of rotation control).

To the PSO algorithm in the PID controller
tuning, following simulation parameters were used:
the amount of particles: 15, coefficients: ¢1=1.8,
c2=1.8, Va4, Vmin=-4, ksi=0.73, omega=1.2.
Parametersksi and omega are used for mutation
of particle swarm optimization algorithm. All the
PSO  algorithm  parameters were chosen
in accordance with the information from [11]
as well as with the recommendations from the
Internet forum:swarmintelligence.org. For example
the amount of particles should be chosen from the
numerical range (10, 20Pue to the limited space
in this article, only the most important parts of the
PID controller tuning process by the use of the PSO
algorithm, were shown. Full step-by-step
description of the procedure with the flow chart,
as well as the code implementation may be found
in the planned, extended version of the article
or may be obtain after direct contact with the
authors of this paper.

In the first test results were obtained for a single
PID controller (equivalent of researches on a test
bench with one available rotary axis) and they
varied between themselves depending on the
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As a result of the PSO algorithm application
following PID controller sets were obtained:
Kp=19,0204, k=0.001, K=200 at control cost
of K=16.3079.
For distortion levels definied as:
if k>3300&&k<3320

fi(k+1) = 0.2;
end
i f k>3580&&k<3600

fi(k+1l) =-0.2;

end
time characteristics from Figures
obtained.

5 and 6 were
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Fig. 5 Step changes of paingle due to the changes
of rotors velocity w2 and w4 (test no.1, point a)
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Fig. 6 Time characteristics of rotors velocities (test
no.1, point a)

b) quality=quality+(regulator_pfi->e)"2

Following optimization results were obtained:
K,=0.556886, K=0.001, K=144.193 at control cost
K=1.82818, what for similar distortion levels as at
point b) allowed to register time characteristics from
Figures 7 and 8.
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Fig. 7 Step changes of phingle due to the changes
of rotors velocity w2 and w4 (test no.1, point b)
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Fig. 8 Time characteristics of rotors velocities (test
no.1, point b)

In the second test time characteristics were
recorded for controllers in three axes (X, Y, Z) -
fully reflecting the behavior of a flying robot. Two
ways of cost function calculation were introduced:

a) quality=quality+(regulator_phi->e)"2+
(regulator_theta->e)"2+ (regultor_psi->e)"2

b) quality=quality+|regulator_phi->e|+
[regulator_theta->e|+|regulator_psi->e|.

As the results of the PSO algorithm (number
of iterations equal to 500) following control cost
were recorded:

- in test no.2, point a: K=13.7603,

- in test no.2, point b: K=79.1884.

In test no.2, point a, following controller sets:
Kp_fi=0.29559,

Ki_fi=0.000290527,

Kd_fi=119.234,

Kp_theta=0.0392697,
Ki_theta=5.01708*10/(-5),
Kd_theta=85.8451,

Kp_psi=2.75618,
Ki_psi=0.000340892,
Kd_psi=141.76,
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and time characteristics from Figures 9-10 were
obtained.
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Fig. 9 Step changes phi, thetaand psiangles due
to the changes of rotors velocity (test no.2, point a)
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Fig. 10 Time characteristics of rotors velocities (test
no.2, point a)

5 Conclusion

From the research results it is known that the use
of a swarm algorithm to determine parameters of the
PID controller and their further improvement in the
real object may become an alternative for the
selection of controller parameters in empirical way
(often randomly or from the operator’'s or platform
designer’'s experience). Achievement of better
control results depends mainly from the used
method of cost function calculating. Comparison
of test results (test no.1, point a and b) proves that
in addition to the analysis of the cost function value,
one need to follow in detail the recorded time
characteristics and decide whether more care about
the dynamic control (test no.l, point a) with large
changes of Eulers angles and fast time
of equilibrium obtain, or by minimization of the cost
function as in the second method (test no.1, point b)
one has on the aim to achieve a smooth balance
in the longer time.

Controller settings chosen in the proposed manner
(test no.2, point a) stabilize robot more better in the
air than other approaches to this issue. This fact
allows to authors of this paper to start a next phase
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of works — to develop a system for patrol flights
in semi-autonomous and full-autonomous mode.
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