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Abstract: The main aim of this article is a comparison ob ttuning methods, CDM (Coefficient
Diagram Method) and PID (proportional-integral-gative) based on the pole placement with five
different anti-windup compensators. For three nmashmon used in multirotor aerial robots propulsion
unit examples, that present different physical dgdamical properties (i.e. thrusts), authors prepos
simplified mathematical models (first order witing-delay). First type of models was obtained by the
estimation based on MATLAB System lIdentification ollwox, the second one was estimated by
graphical method and empirically fitting the datethe model. The thrust characteristics were resmbrd
on the test stand and used for the model paramattniz Tuning methods (CDM algorithm and pole
placement) are briefly described in further partto$ paper in the context of tracking performaace
tolerance for parameters uncertainty. The compangas based on two integral quality indices types:
IAE and ISE.

Keywords Coefficient Diagram Method, anti-windup compensapmle placement, PID control, motor-
rotor simplified model, thrust controller, robusintrol.

commercial multirotors (used for entertainment and
1. INTRODUCTION photography), control systems are based on maon#iat of
In last years the increased interest in multir@erial robots the robot orientation (Euler angles or a Tait-Bryaugles) in
for different purposes can be observed — spedificain local coordinate system and setting of thrust vallibe
(Austin, 2010). Specificity of those tasks imposddrmulate stability loop is implemented for each of angle&at®, Roll,
new and more complex models. Developmental resear¥law) and thrust (most frequently with PID contradle The
(Nawrat and Kg, 2013; Lozano et al., 2014; Valavanis et al.computation algorithm (colloquialy called ,mixergive an
2007) are focused on modern sensors, electroniedility to perform certain maneuvers by changing btation
autonomous, as well as low-level layers of contradpeed of each propulsion unit. In more complex tgmis
responsible for stabilizing the robot and to hasndéts (Valavanis et al., 2007) the cascade control systera used.
dynamics. There are many papers describing howsore The inner loop of the cascade system (robot oriiemiis
apropriate thrust and torque (Magsino et al., 201®ased on three orientation controllers towardszxayis and
Bouabdallah et al., 2004), but all of them are fiieg mainly the outer loop (robot positioning) based on threetrollers
on coupling of light and mechanicaly durable camgion that are responsible for robot positioning in regéo the
with selected propulsion configuration. The claakic observer.
constructions of multirotor aerial robots dominafElsose are
based on cross-frame to which the propoulsion systare

f[:r? g Taescttei;rsm:ffé;%?wto(np?#r Oéte;?htzzlfgsoggﬁisﬁ gt to success which is the assurance of appropridttional
y 9 9, " .speed in relation to expected thrust and propeieque

al.,, 2014) in coaxial system configuration. The mnal(Ma sino et al, 2013). It seems that simulating th
advanta_lge of (_:oaxia_l systems is t_he t_)etter thrustobot propgulsion units .(’most cohmon the brushless DC rsg)i
dimensions ratio. Drive unit selection is the otlaeea of : e
research (Bondyra et al., 2016) and it is not takem not a challenge, but coupled with propellers thatspinning

: dy " with high speed (few to over a dozen thousandgioois per
account in this paper — however authors selectedeth minute) and the influence of numbers of aerodynamic
different sets of motor-rotor systems (differemust, power effect, is a challenge. This is the reason whydyreamics of

consumtion, etc.) to show the performance of cdieno h Isi O . d by simpledinmodel

resented in further section of the article. Thespective of the propuision units IS approximated by simpledmemodes

ﬁmited energy sources of the robot (lar é and § r and with multidimensional nonlinears models (Szafka,
gy 9 shergy 2015). Authors are focusing on necessary aerodyg@mi

cells In relations to entire constrl,J'cnon) obllgneproylde_the effects that the aerial robot construction is sutedi(such as
apropriate ,energy management” to increase theicgjan the propulsion units which cause this effect) amoh be

area of the robot.. To assure this .solutlon, ltesaesary to expressed in the dynamical model of the aerial trobo
implement effective control algorithms. In not emrpive,

Despite the accurate method of control, the masudsis
offen forgotten: propulsion unit construction. Thathe key



throughout  implementing  additional
(rotational speed, current, etc. on single unit).isl also
possible to propose additional control systemsafimal
speed, thrust, torque control system, etc.) froenRty.1 for
simple propulsion models. In this situation thetaiety of
declared parameters, dispite any other disturbanaes
achieved (mostly the step-like changes of the \bilagt, etc.)
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Fig. 1. Block diagram of proposed closed-loop coirdlystem
of thrust (for particular drive unit)
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Fig. 2. Block diagram of propulsion unit (ESC, BLDwbtor
and propeller) with signals

In this paper authors present the effective cordfalesired
thrust that is produced in system precisly calledtor-rotor
(brushless DC motor embeded directly on the shatt)by
proper voltage input modulation from ESC syste
(Electronic Speed Controller) — Fig.2 (Giernackt, a.,
2016). In many papers speed control loop is comynaséd
(Magsino, et al.,
simplicity directly on the the robot in real timk.is worth
noting that speed and thrust measurement is nobjed of
this paper, but its practical apsect,
considerations can be
implemented on mentioned speed control systenmfwill
use different characteristics of the motor-rotosteyn in the
place of presented equivalents of thrust). Prospecesults
of simulations (presented briefly in (Giernacki,aét 2016))
provided a closer look at this topic and to perfedmmore
comprehensive researches.

Article is organized as follow — in section Il tlamalysed
models are presented, as well as the methodologythey

were created and the gathering of necessary dath
parameters estimation. Section Il is divided intwo

subsections that are describing synthesis of thesttltontrol
system, that is CDM (Coefficient Diagram Method}igh is

robust on parameter uncertainty and the PID cdetrblased
on pole placement tuning method (without and wittti-a
windup compensation). The windup compensation grabl
robustness on parameter uncertainty and controlitgua

discussed in section IV based on comparison ofethom

tuning methods. In Section V the conclusions amdhér

research are described.

measurements

m

2013) because of the measureme

methodologyd a
successfully generalized a

2. PROPULSION UNIT MODELS
2.1 Data gathering for the models

On the specially prepared test stand (more compsedhe
description (Bondyra et al., 2016)) for differeniagirotor and
coaxial quadrotor generation such Ralcon and Dropter
realized atinstitute of Control and Information Engineering
in Poznan University of Technologgany simulations were
performed for gathering important data. Those waesthe
inspiration for creating models of propulsion usiistems
used in aerial robots (from the simple linear medtd
complex multidimensional nonlinear models that e
electric and aerodynamical aspects) for which ftassible to
design different types of controllers and tuningtimes. For
this purpose three different types of propulsiont wrere
applied on the test stand (Fig.3) from T-Motor camy

- energy efficient U8-16 PRO BLDC motor with 26"
propeller — nominal rotation speed of about 2508, rpp to 2
kg of thrust and 300 W of maximum power consumption

- maximizing thrust MN4014 BLCD motor with 16"x5.4
propeller — up to 3 kg of thrust, 900 W of power
consumption,

- MN3110-15 BLCD motor with small propeller size
10"x3.3" — nominal rotation speed of 11544 rpm,tod.03
kg of thrust and 481 W of maximum power consumption

After calibration of the test stand for each prepur unit ten
samples of thrust force were recorded on dedicstéshare:
DYNO Terminal The PWM step-like changes of the voltage
were the input of the system in range from 0% t8&6%hd

the system response was recorded as the thruse forc
crﬂaracteristics. The average response from ten leanip
shown in Fig.4. Authors recorded as well one sanugdle
changing the PWM and response signals in time §Fidhis
data were used for walidation of the models.

Fig. 3. Propulsion units: a) U8 Pro + 26" propellé)
aI\(I]N4014 + 16" propeller, ¢c) MN3110 + 10" propeller
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Fig. 4. Step responses of drive units with MN310N4014
and USBPRO BLDC motors (as a function of samples)
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2.2 Parameter estimation of the models

The range of useful thrust forces used during theof the
aerial multirotor robots does not exiceed 70% o€ th
maximum value (above this value the thrust forcecisupied
by large increase of power consumption). The aimlyksthe
recorded data from Fig.4 with estimation of thegpaeters
(with the validation on data set from Fig.5) giwepossibility
to create a linear models of propulsion units beoexact: a
first order model with time-delay (Table 1). Inghiase two
different estimation methods were used. First oas bhased
on toolbox from MATLAB 2015a software — System
Identification Toolbox. In the second one, it waasséd on
graphical analysis of the step responses from wiheh
specific dynamical parameters were collected. Irthea
considered case, the graphical method was morasprét
approximation of the real plant, than the estimatdrthe
model with usage of the MATLAB System Identificatio
Toolbox (Fig.6).

To simplify the computations, the expotential foaftime-
((jjelay was approximated by first order linear modék Pade
approximation creates problem of non-minimum phaze
system (zero in the numerator of the closed-lo@gmstfier
function) and it was assumed that the time-delay
approximation takes the fornt$®=jo/(hys+hy) (assuming that

To<0.5), where:j =1, hh =1. Results are presented in Table 1.

3. SYNTHESIS OF CONTROL SYSTEMS

In the case of control system synthesis, the tyjpeotation
and model structure, determine the type of comrptiontrol
law nad tuning method — see (Raptis and Valava@itl). In
the reference to control systems of multirotor alerobots,
their multilayer nad cascade characterisctics, dessithe
simplified linear mathematical model, it is necagsto use

Fig. 6. Step responses (from the top: MN4014, U8PR@ust and universal controllers. Those requirememats be
MN3110) of real motor-rotor units (red), simplifiedodels

obtained via graphical method (black) and by théredion
of the models created with MATLAB’s System Iderti#tion
Toolbox (blue).

Table 1. Parameter estimation and proposed models of
motor-rotor (models used in the paper are marked with

grey color)
Gy(S) MN3110 MN4014 USPRO
IDENT 11.65/(0.115s+1| 38.55/(0.1585s| 24.37/(0.2301s+1
) +1) )
*exp(-0.37s) *exp(-0.3s) *exp(-0.35s)
Graphical | 11.46/(0.08s+1)| 37.65/(0.12s+1| 22.74/(0.13s+1)
*exp(-0.37s) ) *exp(-0.35s)
*exp(-0.3s)
Padé (-11.465+61.94)/| (-37.65s+251)/| (-22.74s+130)/
(0.088+1.432s+ | (0.128+1.8s+6.| (0.13%+1.743s+5
5.405 667) 714)
Approxima 11.46/ 37.65/ 22.74/
tion (0.00648+0.16s | (0.01448+0.24 | (0.01698+0.265+
esToz +1) s+1) 1)
jo/(s+hy)

achieved with PID controllers — still commonly usgdores
et al.,, 2012; Li & Li, 2011; Bouabdallah, 2004). wever it
main advantage — universality of usage, gives a gamtrol
performance. In most of situations the optimizatwiteria
and meaningful aspects that are omitted causiewifés in
control quality and it is described in further paftthe paper.
The most important aspect is an influence of thegral part
of controller in the case when the control sigredches the
saturation limit. The tuning of PID type controllevith
different methods (Ziegler-Nichols or pole placemesed in
this paper) does not cosider this aspect — that iwhyg
necessary to use windup compensators (Sadalla anid,H
2015a). Another important aspect form the controligy
perspective is the robustness of the controllelpmameters
model uncerainty. Even if most complex methods il
used, the obtained model will be always more s [@cise
approximation of its real equivalent. This aspactanalysed
in this paper. To achive reference of results, B type
controller (with antiwindup compensation) tuned hwjtole
placement method where compared to results achiestid
coefficient diagram method, which is also cosides=d a
polynomial control class (tuning is based on plgdime poles
of the closed-loop characteristic equation (Manal@98).
Necessary informations with references to impor{zagers
are presented in neSection



3.1 Coefficient Diagram Method

The CDM algorithm is based on an idea of the use
relationship between obtained closed-loop systeme ti
characteristics and the placement of its charatteri
polynomial poles on the complex plaséManabe, 1998). It
is worth to mention, that this control design metldbjective
is to easily obtain a good controller with minimuwser effort
(Coelho et al. 2014). From the user point-of-viéhe main
feature of CDM it is simplicity. If only the systemodel is
known (transfer function), the control designeryonéeds to
define two things: the value of time constant egl@mat and
the controller order for the expected system distoce
shape. Then the controller transfer function iomatically
obtained via an algebraic method (analogically wep
placement) (Coelho et al. 2014). The simplicity this
procedure, stability assurance in the first itemtiof
algorithm, possibilty of usage of a special toabdfficient
diagram — more in (Manabe and Kim, 2000)) to arelye
dynamics, stability and robustness of the systenovegs that
CDM method is useful and practical applicable mdtbbthe
PID type controller tuning. Especially if it is csidered to

use in aerial systems that are known of high dynami

(Budiyono et al., 2009). Full description of thisetinod,
necessary mathematical formulas and tuning algarian be
found in (Manabe, 2005; Coelho et al. 2014; Bir aiitakin,

2009).
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Fig. 7. Block diagram of CDM closed-loop system.

The synthesis of controller for the system from.Figtarts
from the notation of plant model expressed in thmet
domain (regarding to (Coelho et al. 2014)) — by uke ofu
operator defined in equation (1):

d' i

— =4 .(1)

a H

A general linear differential

coefficient a and b, for i=0,...,n and j=0,...,m, with the
following generic structure:

aoy(t)+ i a d y(t) = bou(t)+ i b,

& dt

can assume an alternative formulation usinguitoperator as
shown is (3):

y(t)(ao + Zn: a, Euij = U(t)(bo + Zm: b, 1’ J_(3)

equation with constanpredominant

This representation resembles a polynomiglziwith a and
b; as coefficients (oA(x) andB(u) polynomials) anch andm
%*5 their orders. The system differential equatioay nbe
written in a more compact way, as:

Alu)y(t) = B(u)u(t) @)

where the dot operation represent the product ltveach
polynomial term and the related signal.

In CDM controller design (Coelho et al. 2014), tre-filter
E(w) is a zero order polynomial and his only coeffitién
computed in order to achieve closed-loop zero stestdte
error. Model of plant dynamics consist of two palymials:
C() and D(y). For the sake of simplicity, let the order of
both polynomialsA(x) andB(u) be equal tan and the order
of both polynomialsC(x) and D(x) be equal ton (even if
some higher order coefficient &(x) must be set to zero).
After that, them+n order characteristic polynomidl(z) of
closed-loop control system may be written as (5):

P(u)= Au) D (1) + C (1) B(1) (5)

Characteristic polynomial from equation (5) mayreeritten
as the one from equation (6):

n+m

P(u)= 2P ' (6)

Let's define two additional figures: the stabilityndex,
denoted byy for i=1,...,(n+m)-1 and the predominant time
constantr. Both are described in further detail in (Manabe,
1998) and presented hereafter in (7) and (8):

2
y= P
pifl pi+1

r=P (8)

Po

Each of the characteristic polynomial coefficipnin (6) can
be written as a function of both stability indexasd
time constant. Hence the (normalized)
characteristic polynomial can be expressed altemigt as

(9):
P(y) _&r (ix 1
05l s

For Manabe’s polynomial (one of the best, readyde-
characteristic polynomial structures), the coedfits are
chosen in order to have the following stability emdvalues
(Manabe, 1998):



y = {2.5 if i=1 (10) and

2 if i=2.,n+m x:[an b a b b bO]T*(l?’)

n

. . L. p:[pmm o Pa po]T'(14)
In classic version of a pole placement method itndg

specified how to obtain the desired characterjstiynomial

in particular system (Coelho et al. 2014) — theseonly i o
mentioned that it should provide stable closed-lsggtem. 3-2 ~ PID pole placement control with anti-windup
The CDM method presents a simple way to obtain such ~ compensation (AWC systems)

polynomial (by just defining the desired equivaldithe . .
constant) that will provide good performance (digbi The PID pole placement.m.ethod IS basgd on compamn$o
robustness and quality of control). Then having desired the closed-loop characteristic equanoq Wl'th itsichl form.
characteristic polynomial, the next step is jusfelraic and 1he model of such a system with anti-windup compéaa
requires solving an system of equations with thenfdation (AWC) is presented in Fig. 4 (Giernacki, et al.18))
described by (5).

Giving po, Tand y beforehand, the problem resumes to th
pole-placement problem (Koksal and Hamamci, 2004
However in the CDM method the structure of the Bgter
matrix differs from the pole placement one. Thigug to the S— : . .
knowledge of someA(:) coefficients due to a priori Fig. 8. Matlab-Simulink diagram of tracking systemith

assumptions about the type of system disturbaremssider time-delay

Table 2). The model of the plartg,(s) is described by transfer function
(15):
Table2. Controller order selection asa function of signal G.(s) = b, esT (15)
disturbance type P as+a,
Disturbance| A(w) B(u) P@) | Condition
type degree degree | degree ) ) ) )
None n-1 n-1 on-1 N The gain of the model i® and Tp is a time-delay. All
Step n n 2n &0 coefficients are assumed known. The PID contrafikes the
Impulse n-1 n-1 2n-1 - form (16):
Ramp n+1 n+1 2n+1 0al s2+ k s+k
nco | Gup(5)= S T HSTK (1)
k order n+k-1 n+k-1 2n+k-1 0a0
a-1=0 and its parameters should be tuned off-line witkpeet to
open-loop transfer function (17) as below:
Assuming the Sylvester matrixA has the structure k,s? + k,s+ K, by o (17
represented in (12) and that the unknown ponnomiéﬁo(S)= B e, (17)

coefficients, considering zero the lowecoefficients ofA(u), s as*a,

are arranged in a vectgras expressed in (13) then the CDM

controller solution is obtained by solving equat{dd): ) o
In order to streamline the derivation of the clodedp

— A"l
x=A"p(11) transfer function, a first-order approximation aheé-delay
(18) is assumed:
where: 0T = io (18)
[ d,, c, - 0 0] hs+h,
Aok Connek 0 0 12 Now, the closed-loop characteristic polynomial snpared
B : : : : (12) to its desired form (left part of equation 6 withbigrary
A= d c “ 0 0 chosen coefficients:a, ms, mp, my and mg), forming
0° 00 q Diophantine equation with approximation of the geland is
) m c.m given as (19):
| 0 0 dy ¢ |




am,s® + am,s? + am,;s+ am, = -Tracking system with dead-zone of control sigiaMC4) -
in the system with AWC4 large initial values of ahgated

ahs® + . (19) . . -
) ) control signalv(t) are caused by proportional and derivative
(boky jo + ahy + aghy )s? + part of the controller due to step changes of #ference
(aoh0 + bokpjo)s+ bok; i, signal r(t). The integral part is not able to compensate this

changes fast enough and this problem is eliminayealdding
another saturation block #andD elements,

For the pole placement problem (Astrém, 2002) afterl racking system with external reset of Integrg®wWC5) -
computations, the solution of this Diophantine dipuma is the last system is based on reset the integralogpadntroller

(20): whenever the control signa(t) exceeds the given limit. The
range of dead-zone to which the control signaé@sig equal
Kk = 2Mo to the double cut-off limit in constrained contsignalu(t).
" byj, More comprehensive information and schemes of tite a
K = am, — a,h, (20) windup compensator can be found in (Sadalla andaHor
P by o ' 2015a, Sadalla and Horla, 2015b).
k, = 2 ‘;11*_‘1 = 3, 4. SIMULATION TESTS
0 JO

The complex analysis of tracking and robustnesditgua
systems with PID and CDM controllers, was perforniEiae

_ . main purpose was not the direct comparison betwrsh
The cut-off level of the comp_uted co.ntroll signd) (Fig. 8) methods, but the general analysis and furtherzatibn of
set attamin allows asymptotic tracking in the Closed'lo‘)padvantages of both methods.

system and is used to give relative measure ofidingness of

the constraints. After comparison with the desired 1 Tracking performance

characteristic equation the requirements for thapensator

parameters arey§l, h=amay, ho=1. According to (20) the The first order intertia models with time delay ggated in
primary meaning of time-delay approximation modsel iTable 1 (approximation is based on equation (18Bre
preserved, but due to solving the Diophantine éqoat implemented in MATLAB 2015a / Simulink (standard
there’s a possibility to place the poles of theselb loop parameters configuration) with tuning methods nuergd in
system in chosen locations (Giernacki, et al., 2016 Section3. To evaluate the performance, integral of absolute

In order to cancel its zero-dynamics, a pre-fileadded in error (IAE) and integral of squared error (ISE)iqus have

series with the closed-loop system and is modeledhk been used.
transfer function (21): In the first analysis the tracking performance qiare signal
K (thrust force) for CDM controller was performed for
G, (s)= et . (21) simulation time of 10 seconds (Fig.8) in the preseof step
kiys™ + k, s+ kib, type disturbances that had an impact on the médeither

aspect that was analysed is the level of the anddg of
control signal. It can be noted from the recordedacdhat
wherekiier iS a pre-filter gain. The main purpose of thigefil similar raising times were achieved for each oé¢hmotor-
is to decrease the speed of transients and reduee fotor units (the expected values of time constamtere
probability of consecutive re-saturations of cohsignal. achieved each time exactly as they were declaredDiv
Five different anti-windup compensator are listedehable tuning procedure). However, different effectivenes$
the authors analyse the impact of AWC on the contraisturbances damping, was observed. For the mostrdigal
quality. A short description of each is presentetb: system (MN4014) it can be noted that there are high
-Tracking system with limitation of the Integrat®WC1) -  overshoots that the controller manage it in a propay.
the main disadvantage of this type of compensattinat the s/ Tracking of reforence signal for COM controllers
integral part of the controller can be stopped eifethe o ey
signalv(t) is not saturated, A4 f—[\% IO ’"Emféléiéi
-Tracking system with limitation of Integrator witbrror . | ! | \\ ueeRon
signal e(t) (AWC2) - this method is based on difference f}‘ | \ | =
between reference signdt) and the output signgit) which "
is fed to the integrator. If the signaft) and u(t) resaturates = |
then the integration should be stopped,

Amplitude

-Tracking system with control signal conditioning§/{C3) o
The third compensation method is described by équat 8
e (t)=elth +Bult)K Ty, T S e A R

Time (s)

wheree(t) is the difference between reference sigdland
y(t) and Au(t) is the difference between unsaturav€t) and Fig. 9. Reference signg(t), control signali(t), output signal
saturated control signalt) multiplied by known coefficients y(t) and disturbance signd(t) for the control systems with
Ks andTy. CDM controllers



In the second analysis (analogously to previous) mie
systems with PID controller based on pole placemaming
method and with: AWCO (model without windup
compensation), AWC1-AWC5 (model with windup
compensation metods that were describe8ention 3. The
saturation limit of the control signal for AWC1, AUB,
AWC4 and AWCS5 was set to +4 and for AWC systemaisw
+1. For AWC3 system there are two additional partenseK;
=1 andTy = 0.1. Additional description of these parameter
can be found in (Hyppe, 2006) and it is omittedehéor
undisturbed presentation of work results.

Current research are the extension of previousepted in
(Giernacki, et al., 2016), where it was investigatteat using
proper windup compensation method with pole placgme
tuning method of PID controller leads to decreade
disturbance damping, however the consequenceshatett
lowers the dynamics of the closed-loop system éase of
steady-state time response). Results presented.itOFshow
the subtle differences between each type of AW@malicg

©)

Ampitude

42“}

32 34 36

Time (s)

Fig. 10. Zoom of time courses for control systenith WD

gontrollers and a) MN3110, b) MN4014, c) U8PRO

propulsion unit plant models

Table 3. Integral quality indices| AE i | SE for motor-
rotor models (AWCO0-AWC5)

to the system without compensation AWCO. In Tahlehg
integral quality indices, are presente. In eacthofe motor-

rotor units the most effective was the AWC1 systghich
has fastest output response and good disturbaaoagsiyg.

a)

3

a4

AWC AWC1 | AWC | AWC3 AWC | AWC
0 2 4 5
MN3110
IAE | 18.096 | 11.746 11.944 12.236 15.667  11.9p0
ISE | 87.337 | 57.177 55.149 61.073 75.595 58.016
MN4014
IAE | 13.844 | 12.650 12.559 12.846 13.635 12.749
ISE | 91.639 | 76.159 71.219  78.859 89.167  77.170
UBPRO
IAE | 16.003 | 15.515 15.423  15.638 15.959  15.585
ISE | 111.57 | 104.247 97.68§  105.327 110.86 10513
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4.2 Robustness analysis for parameters uncertainty

In authors area of interests was looking for thewanr to the
guestion: how will the controllers (CDM and poleagément
with  AWC1) manage with parameter uncertainty of the
models. Thinking about the placing the poles at#igepoint

is just a theorize this aspect because the modédleisg
created is always simplified model with worst orttbe
approximation. This approximation has an impactraoking
performance of a real plant if the controller isrtad for its
simplified model.

First test was focused on recording the integrahlityu
indices IAE and ISE (Fig.11) for changilag and To values
of motor-rotor units models with CDM controller gdagous
to model from subsection 4.1). Paramet@tsi a; were
chaning in specified range +/- of nominal valueeath unit
parameters.

The controller tunned with coefficient diagram naathis
robust to the changes of tla parameter (time constant of
the first order interia plant), however it effeehess
decreases with increasing of the time-delay parariiet
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The second test was performed for systems with AWQUIN4014, c¢) USPRO with PID controller (system with
model and PID controller. To verify its parametticaAWC1 related to AWCO)
robustness results have been compared to systehouwit

anti-windup compensation AWCO and two integral gua
indices were used, defined as (22)-(23):

aij)’ (22)

= ISEAWCI(TOi 18y )_ ISEAWCO(TOi 18y )’ (23)

AJ, = IAE ch1(T0i 2y )_ IAE AWCO(TOi )

AJ,

wherei andj are respectively values @ anda; in range of
theirs uncertainty (see Fig.12). Positive valueAdhfandAJ,

| Third test (analogoulsy to first one) verifies tiabustness of
the CDM controller on parametég (model gain) and time-
delayTo uncertainty. Simillar results were achieved adiexar
the CDM controller is robust fdx parameter uncertainty (the
controller tuned for nominal model tolerates gantertainty
adjusting the output signal from the controllegee Fig. 13.

Last test was performed for PID controller withiamindup
compenstator AWC1. To verify its parametrical rabess
results have been compared to the system withotit an
windup compensation AWCO and two integral qualitgices

correspond to degree of robustness improvement whesmre usedAJ; andAJds, defined as (24)-(25):
AWC1 scheme is used. Recorded values shows similar

results as it was before for CDM controller, higlbustness

for a; parameter uncerainty, however the robustness of

system with AWCL1 is increasing in comparison totsys
with AWCO while the time-delay paramet&s in increasing.
For smaller time-delays the differences are smapecially
for UBPRO unit. From the recorded valuesAdf andAJ; it

can be noted that for smaller dimensions of preplits
more important to used the anti-windup compensatofsr
bigger dimensions (bigger inertia) there is no niegiol

improvement in the robustness.

IAE AWCl(bOi vToj )_ IAE AWCO(bOi vToj )’ (24)

Js

= ISEAWCl(bOi +Toj )_ |SEcho(b0i +Toj )' (29)

4

wherei andj are respectively values bf andTo in range of
theirs uncertainty (see Fig.14). From the achieresiilts it
can be observed based 4 quality index that system with
AWCL1 definitely increases the effectiveness of ihass for
time-delay parameter uncertainty in comparison ystesn



without compensation AWCO. Analogously
controller, the model gain uncertainty are
compensated by controller gains.
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MN4014, c) USPRO with CDM controller

5. CONCLUSIONS

The comparison of two contoller tuning methods dase
pole placement were presented in this article. Biftthem
gives an ability to solve the Diophantine equatibrthe

difference is the method of how the poles of theset-loop
transfer function are being calculated. It has mpact on
damping the disturbances, output response chaistitterand
the parametric robustness. Those aspects weresadand
the CDM tuning method confirms that it can be used
controlling the thrust force in motor-rotor unitdat has
different dynamical characteristics and are applied
multirotor aerial robots.The biggest advantagehid metod
is that it has fast output response after the ohawfgthe
reference signal, but the disturbance damping (ssctvind
gusts) aspect needs to be imporved and this neectsgp
further research.
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Fig. 14. Integral quality indicedJsi AJs for the change dfo

i To parameters of the motor-rotor model: a) MN3110, b)

N4014, c) UBPRO with PID controller (system with
WC1 related to AWCDO)

On the other hand pole placement for PID contrslisran
effective alternative — however it is neccessarghoose to
correct type of AWC and it parameters. It helpgvercome
one of the most known issues of the PID controlers that

structure of model and controller is known. The mnai'> the control signal protraction when it gets eatted. The

effectiveness of control with AWC1 (that was catjie
characterizes with good dynamics (lower that CDkfipst

effective disturbances damping and high parametric

robustness. It is important in aspect of applyinig method
in aerial robots. In authors opinion the dynami€steady-
state time response after the change of referegnal<an be
improved because in this article the control wag no
optimized in accordance to predefinied aim functieng.
minimization of the control errors). It is worth ¢onsider the
optimization of the controller gains or to implerhéme non-
integer controller (such as fractional PID type tcolter).

This gives possibility to achieve two additionalnitg

parameters (orders of integral and derivative pdrtthe

controller). Further research will be focused as #spect.
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