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Abstract:

This article deals with the problem of attitude wwoh of multicopters. At first the basic properties
multicopters are described. Regarding the attittmirol, representation of attitude and computatiberrors
using rotation matrices are mentioned. Since thedycs of rotation motion of multicopter around leagis is
similar and almost independent to each other, tiite@e control is split to three independent cohlwops. Then
the construction of simplified model of multicopteith one degree of rotation freedom is descrilddo the
dynamics of thrusts of propellers are taken intooaat in the model. Finally one of the possible toater
designs is described and for reference the restit®ntroller with parameters tuned using MATLABotare
shown.

motors. The size of this array depends on the numbe
1. INTRODUCTION of motors on the multicopter.

Possible multicopter constructions have at leagt fo
The flying robots have many useful applications in and also even number of propellers (arms). Onli wit
everyday life. For instance thermo vision search ofthese numbers of propellers we can fulfill the
missing people or inspection of fields from theeski  requirement of producing torque vector with arlsitra

This branch of robotics is giving a good opportynit gjrection. If and only if this requirement is fuléid
for testing or development of new methods in cdntro the multicopter is fully controllable.

and sensor techniques. Multicopters, mechanically o
very simple flying robots are typical representasiv 2.1 Generalization of the Control

of this group. Except payload, weight and size, the number of
The first step in the development of such anmotors is the main difference between different
autonomous robot is obviously precise and robustyyticopters. But every multicopter can produceyonl
control of attitude. There are many approaches tootq thrust in direction perpendicular to the aytane
control attitude of the multicopter. From the siegil 54 torque vector with arbitrary direction (notetth
one based on standard PID controller [1], [2] toyve gjze of this vector is limited and depends on poofer
complex techniques with difficult theory [3], [4This motors). From the control point of view it is
article describes relatively simple way of design o convenient to use total thrust and torque vector as
PID based attitude controller and parameterscontrolled variable against thrusts of individual

identification for this controller. propellers since these variables are not deperatent
a particular multicopter and developed control
2. MULTICOPTERS algorithms can be used on all types of multicopters

For a specific multicopter direct relationship beém
thrusts of propellers and total thrust and torgeetar
can be computed in a simple way.

The procedure of computing the relationship between
fhese two sets of variables will be shown on a gedne

have ideally the same direction (perpendiculami® t hexa-copter, the multicopter with six arms. The

kinematic scheme of hexa-copter is on Fig. 1:. The
arms plane) and therefore each propeller can peoduc .
. N : . X . computation of torques and total thrust from the
thrust in the direction aligned with this rotatibna L .
e . . thrusts of individual propeller can be easily dedv
axis. Since action of force is not at the centemasgs,

it also generates torque as a side effect of thrustiSing basic relation from mechanics (according to

As mentioned above, multicopter is mechanically
very simple flying robot. It consists of a multiple

arms going from the center of multicopter and lying
on the one plane. At the end of each arm there is

motor with propeller. All rotational axes of profezk

Additionally each motor with propeller produce Fig. 1.): -
reactive torque as an effect of action and reaction 1 1 1 1 1 1 7 i
which has opposite direction than the rotation omti | T V3 3 NERNEN RE

f th ller. By changing th d of indiaidu | M, |_| © Tt Tt 0 b LT

of the propeller. By changing the speed of indigidu x| - 2 2 2 2 | Ts
motors we can generate total thrust and torque andM, L L L b LT @
thus control the movement of the multicopter. S® th |m, k2 " 2 K K 2 k2 T,

only control input is array of speeds (or thrusis) MT T e B R
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where L is a length of armsTy is thrust of x-th 3. ATTITUDE REPRESENTATION

propeller (numbering of propellers according to.Fig ) ) . i )
1:), T is a total thrustM; is torque around-axis and Multicopter is a flying vehicle generally with no

kur is a proportional constant of relation between POsition and orientation constrains. Therefore the
thrust of propeller and its reactive torque. most complex attitude representation has to be.used

Rotation matrix (or direction cosine matrix,
abbreviated DCM) is one of the possible

X representation [5].
@ ; Rotation matrix is special case of change of basis
z y transformation matrix where basis vectors of eath s
5 Ly 5 are orthon.ormall(unit siz_e a_nd perpendicular tcheac
L ‘)_ other). Attitude information is usually coded tceth
rotation matrix which converts vectors from body
fixed coordinate system to the reference (eartbefjx
coordinate system [6]. The elements of such a
rotation matrix can be easily geometrically
3 L 3 interpreted. The columns of rotation matrix are
<y - individual basis vector of body fixed coordinate

system expressed in earth-fixed coordinate system.
4
| =

This fact is very useful for error computation.
3.1 Error Computation

Fig. 1: Kinematic scheme of hexa-copter Every standard controller of SISO (Single-Input
Single-Output) system processes the error sighal (t
But if our controller will control the total thrustnd difference between reference value and measured
torques values, we need an inverse relation; itn®iea gytput of system) and according to the controller
formula for computing thrusts of individual propat algorithm compute controller output which is inpat
from the knowledge of total thrust and torques. Foripe system. Here the situation is a bit more

this the Moore-Penrose pseudo inverse can be usedomplicated. We have reference and measured nine
Since the matrix for computation of total thrusdan glement matrices and controller output is a three
torque vector from individual thrusts has for any glement torque vectoM only (because total thrust
multicopter linearly inde_pendent rows, this Moore- phag ideally no impact on attitude change). But gean
Penrose type of pseudo inverse can be used: of any element of torque vector will generally affe
B=A [ﬂADN)_l (2) all elements of measured rotation matrix; therefore

whereB is pseudo inverse matrix @ A’ indicates  this MIMO (Multiple-Input Multiple-Output) system
transposition ofs. Application of this pseudo inverse IS non-linear and considerably mixed making the

to the matrix from (1) yields inverse relation: controller design for such a system virtually
impossible. Using the geometric interpretation of
r 1 1 7 rotation matrix elements simple vector calculation
5 0 3L 6k, can be used to rapidly simplify the relation betwee
1 43 1 1 re_fere_nce and measured rotation  matrices
7] |s "6l 8L 6k m|saI|gnrr_1ent _and torque v_ectM. The goal of_ the
T, 1 43 1 1“” T computation is to determine three andleshmh_

T s "ol ol oK M describe the_mlsallgnments between two coordma_te
T3 =1 1 T MX (3) systems (defined by measured and reference rotation
4 = 0 - - y matrix) and change in first element of torque vecto

T |© Lo Bk M, will affect considerably only the first error anged

e ﬁ L L so on for other elements and angles. With sonle litt
6 6L 6L 6kyr vector drawing it can be shown that these
13 1 1 computations fulfill requirements mentioned above:
|6 6L 6L 6Ky

ex= arcsir{(z' x2) D(]

Generalized variables for control are total thruist I
=arcsin(z'xz

and torque vectoM and they can be usddr any k4 t{( ) )@] (4)
general multicopter. These generalized variables ar ez = arcsir|(x' xx) z]
then projected using relation (3) where the sizé an
values of matrix and number of thrusts for indiatlu  whereX, y, z are basis vectors of body fixed frame
propellers will depend on the specific multicopter. (columns of measured rotation matrix) axidy',z'
This approach of generalized control brings better
pprtablllty of ,deveIOped control algorithms between ! Please do not confuse these angles with Euleesarfghother
different multicopters. possible attitude representation).




are basis vectors of reference body fixed frameThe next sub block models the dynamics of one
(columns of reference rotation matrix). With these dimensional rotation movement according Newton'’s
computations the designed controller will have ¢hre laws. The dynamics is represented by differential
error inputs and three output and we can assunte thaquation:

each output will be affecting just one error signal d’¢ M ©)

dt*>  J,

4. DESIGN OF THE CONTROLLER whereg is output angleM is input torque andy, is

For the purpose of design of the controller a sempl moment of inertia of multicopter with respect te th
model of multicopter is constructed. From previous fixed axis of rotational motion. The realizationtbfs
chapter we know that we control torque vector gctin sub block in MATLAB Simulink is on Fig. 3:.

on multicopter to minimize the error angles (4). We
also know that first element of torque vector affec

significantly only the first error angle and so fam Angular acceleration & g\e
other angles and elements. If we neglect smallscros E 1o

coupling effects we can split this MIMO controller | rpuTorque - dxmate
into three independent control loops and each loog Gan S

will act as a SISO system with controller. Nextpste

in designing the controller is to describe the ptg/s

behind the motion of multicopter. If we consideeth These two sub blocks together make a complete one
single loop, then the controller output will seteon gimensional model of multicopter  rotational
element of torque vector and consequently charge thygyement. Since the model is known, many of
thrusts of individual propellers. This will geneat giandard approaches for controller design and
real torque acting on a multicopter and this moveime congroller parameters tuning can be used. In next
is governed by Newton's laws. This is true for eachgypsection, one of the possible controllers is
of three control loops. Therefore we can constructyescribed.

simplified model of rotational motion of rigid body

around fixed axis and use this model for designing4-2 Controller

the controller. For full attitude control we willeed Each of the three controllers is based on claskic P
three SISO controllers of the same type, but gdigera style controller. It consists of main loop contirg

with different parameters. the angle and one nested loop for angular rate@ont
4.1 Simplified One-dimensional M odel The angular rate controller is a simple proportiona

) ) ) ) ) controller which processes the error between
This model include the physics behind rotational eference angular rate and measured angular rate. F
motion as mentioned above and additionally it will e purpose of measuring the attitude multicopees
reflect the finite speed of thrust changes of iftlial st often equipped with gyroscopes, accelerometers
propellers. The whole model consists of two Subang magnetometers. The attitude is then computed by
blocks, the model of thrust changes and the motdel 04gyanced algorithms. Since the gyroscope measure

rotational motion. . . _ the angular rate directly, this value is availafe
The model of thrust changes is a simple first orderangylar rate controller without the need for a wite
linear system with one parametewhich determines  iferentiation. Theoretically, according to one
the speed of changes. The greaterJtparameter the  gimensional model, this controller cannot be over

slower the speed of change is. This model can bgained. But with higher values of proportional term

Fig. 3: Model of dynamics of rotational motion

expressed by differential equation: we let the noise from gyroscope to pass to thestaru
am _M,-M (5) of propellers, which can leads to shaking and
dt J instability of the multicopter. The optimal valué o

whereM is output torqueMy is desired (input) torque proportional term of angular rate controller depend
and J is the only parameter of the model. The on the quality of used gyroscope. Main reason for
realization of this sub block in MATLAB Simulink is using nested angular rate controller is that itdoswv
on Fig. 2:. the order of controlled system and thus avoidsgusin
the D term in parent angle controller. The D team i
namely problematic in general PID controllers.
For main angle control the classic Pl controller is
L »(7) used. It is fed by the angle error and outputs the
| Output Torgue desired angular rate which is input to the nested
Gain ntegrator

angular rate controller. The whole scheme of
controller and model is on Fig. 4:. Note that imlre
Drag Torque controller implementation angle error computatien i
substituted by computations from (4).

Desired Torgque

Fig. 2: Model of torque changes in MATLAB Simulink



Controller parameters obtained using MATLAB autogu

Term X axis y axis Zaxis
| Error  Cantroller autput — Prare 05 05 05
PancLe 21.5 22.7 29.1
Reference
Angle Pl Angle Controller | ancLe 7.5 8 10

Step response of the controller for the x axis

Angular Rate Controller Angle | simulated using MATLAB is on Fig. 5:.
Torgue
Angular Rate Step Reponse

One Dimensional al

Multicopter Model 1 ; - - - -
_ 0.8} '

Fig. 4: Whole scheme of controller and the model in MATLAB E
Simulink @ 0.6

o
s
< 04

For full attitude control we need three controllefs
this type. Each controller can have different 0.2}
parameters depending on multicopter characteristic é ‘ : ‘
(moment of inertia etc.). For the identification of % 0.2 o.4T_ 0.6 0.8 1
ime (S

parameters of the. Comro”.er many methods can b‘I'—'ig. 5: Step response of simulatk()r: of attitude controller
used. The proportional gain of angular rate can be
determined experimentally, but for angle PI corrol

this is not recommended since badly tuned angl

controller can lead to the multicopter damage.

As you can see on Fig. 5: the designed controller
eperforms well in simulation. As we use generalized
variables to control we also have to know all

parameters for inverse calculation (3). These
5. EXPERIMANTAL RESULTS parameters are summarized in the next table:

This controller was tested on real hexa-copter

. . Parameters for inverse thrust calculation
platform. The controller algorithm run on the 32-bi

microcontroller and the attitude was measured using Variable Value
complementary filter algorithm which processes data L 0.2m
from tri-axis gyroscope, accelerometer and Kyr 0.12 Nm/N

magnetometer. The angular rate controller was tuned

experimentally. The value of proportional value was The drivers of motors on a real hexa-copter are not
the same for all three controllers: controlled by thrust values but by control byte

Peare = 05 @) (0-255) it depends on used propeller what thrust is
For tuning the parameters of main Pl anglegenerated. For our hexa-copter the relation was
controllers the auto tuning tool of MALAB Simulink almost linear with proportional constant:
was used. For this purpose the identification ofletlo
parameters was performed. The values are in Tb= 0015N (8)
following table:

The corresponding control value for motor driver is

Model parameters according to real hexa-copter computed from relation:
Variable Sub block Value .
J Model of 0.005 & T
thrust changes Cuaue =T_Xb )
Jux Model of 0.0123 Kgmn
y rotation 0.0144 Kgih whereT, is r_notor thrus_t. Itis diﬁic_u_lt to measure step
. movement 0.0288 Kgin response in real flight condition because this

measurements needs a lot of free space, so for

illustration of controller performance only data
captured during hard maneuvers are plotted in6zig.
As the values of moment of inertia around different On the plot you can see approximately 0.2 s delay
axis differ, also the controller parameters will be between reference and measured value. This delay
different. Tuned parameters of controllers aresufficiently corresponds to the simulated step
summarized in the following table: response data where the step time is also
approximately 0.2 s.



Real experiment

[5]

Angle (deg)

=30

[6]

L === Reference
= Measured

1 1 ! !
AQID 105 "

1 1 !
125 13 135

12
Time (sec)

Fig. 6: Data captured during real flight experiment with
hexa-copter

6. CONCLUSION

This article presents a relatively simple solutimin
attitude control of multicopters. For control the
generalized variables defined in chapter 2 was used
and this concept proved to be appropriate as @gtitu
control algorithm designed for generalized variable
can be ported to any multicopter. But there still
remain parameters like controller parameters or
parameters for inverse computation of thrusts where
values are strongly dependent on specific multeopt
design. Even the attitude controller based on
elementary PID controller has very sufficient
performance in simulation and even in real flight
(Fig. 5:, Fig. 6:). Future work will certainly inale
better approach of tuning of parameters of corgroll
as the MATLAB auto tune feature is not well
transparent and we have no idea what theory states
behind this tuning method.
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