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Analiza rada aktuatora
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Analiza rada aktuatora
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Analiza rada aktuatora

Promatra se |
uzgon djeli¢a rotora. *
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Analiza rada aktuatora
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Integriranjem po cijeloj duzZini rotora (uz lin. ovisnost c(r) i @, () )
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Mjerenje parametara aktuatora

Napon | Brzina vrtnje rotora w rad /s | Brzinatoka v, m/s | Inducirana brzina vi m/s
4,04 194,465 3 1,5
5,01 241,170 4 2
5,99 284,105 4,9 2,45
6,99 328,820 5,4 2,7
8 367,357 6,4 3,2
8,99 403,171 7 3,5
10,01 433,540 7,6 3,8
10,99 464,223 8,1 4,05
12,05 490,088 8,6 4,3
Ovisnost v,
= 5
E
\Z e e
) =—L=00802 zaV,=0. ;
QR [ S N S S o N S L
@ | | ‘ | Interpolirana funkcija
_g 2f Tl & |zmjerene wrijednosti

1 | | | | | | |
150 200 250 300 350 400 450 500 550
Brzina wrtnje [rad/s]
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Mjerenje parametara aktuatora

Napon [V] Sila potiska [N]
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Actuatori | senzori

Benzinski motori

Servo motori

Electriécni motori

58



ﬂ Sveuciliste u Zagrebu, Fakultet elektrotehnike i raunarstva Upravljanje robotskim sustavima

m Zavod za automatiu i raunalno inZzenjerstvo 2009/2010

Actuatori | senzori

IMU — inercijalni mjerni sustav

- 3 akcelerometra
- 3 ziroskopa
- 3 magnetometra

Obrada signala mjerenja
- Kalmanov filter

59



ﬂ Sveuciliste u Zagrebu, Fakultet elektrotehnike i racunarstva

Upravljanje robotskim sustavima

m Zavod za automatiu i raCunalno inZzenjerstvo

Actuatori | senzori

IMU — inercijalni mjerni sustav

Attitude and Heading
Static accuracy (roll/pitch)
Static accuracy (heading)’
Dynamic accuracy?
Angular resolution®
Dynamic range:

- Pitch

- Roll/Heading
Maximum update rate:

- Onboard processing

- External processing

Interfacing
Digital interface

Operating voltage
Power consumption
Interface options i/o

2009/2010

RS-232, RS-485,
RS-422 (max

921k6 bps) and
USB (ext. converter)
4,5 - 30V

350 mW

SyncOut, Analogin,
Syncin (depends on
digital interface)

Maximum operational limits

Ambient temparature

Operating range*

-20...+60 °C
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Actuatori | senzori

IMU — inercijalni mjerni sustav

Sensor performance
Dimensions

Full Scale (standard)
Linearity

Bias stability®

Scale Factor stability®
Noise

Alignment error
Bandwidth

Max update rate

Rate of turn
3 axes

+ 300 deg/s
0.1% of FS

1 deg/s

0.05 deg/s/vHz
0.1 deg

40 Hz

512 Hz

Acceleration

3 axes

+ 50 m/s?

0.2% of FS
0.02 m/s?
0.03%

0.002 m/s2/yHz
0.1 deg

30 Hz

512 Hz

2009/2010

Magnetic field
3 axes

+ 750 mGauss
0.2% of FS

0.1 mGauss
0.5%

0.5 mGauss
0.1 deg

10 Hz

512 Hz
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foll o u radijanima

ﬂ Sveuciliste u Zagrebu, Fakultet elektrotehnike i racunarstva

Upravljanje robotskim sustavima

m Zavod za automatiu i raunalno inZzenjerstvo 2009/2010
Actuatori i senzori
IMU — inercijalni mjerni sustav
Estimacija roll-a
1.5 T I T I

kalman

acc I
gyro

samplow [5£25]

200

250
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pich [rad)

ﬂ SveudilisSte u Zagrebu, Fakultet elektrotehnike i raunarstva Upravljanje robotskim sustavima
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Actuatori | senzori
IMU — inercijalni mjerni sustav
Estimacija pich-a
' | | | |
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yaw [rad]

SveudilisSte u Zagrebu, Fakultet elektrotehnike i raunarstva

Upravljanje robotskim sustavima

ie

samplon [s/25)

Zavod za automatiu i raunalno inZzenjerstvo 2009/2010
Actuatori | senzori
IMU — inercijalni mjerni sustav
Estimacia yiwa
‘ | i T
kalrrian
kompas
05 gyr
1 -
05 - \‘H”-‘ y
A5
2l:n ﬂl'.'l 1L!l.':l 1*.143 :{lll:l
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Actuatori | senzori

IMU — inercijalni mjerni sustav

pomak po X
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Actuatori | senzori

IMU — inercijalni mjerni sustav

brzine
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poloZaj [m)]

ﬂ Sveuciliste u Zagrebu, Fakultet elektrotehnike i racunarstva

Upravljanje robotskim sustavima

vrijeme [s]

m Zavod za automatiu i racunalno inZzenjerstvo 2009/2010
Actuatori | senzori
IMU — inercijalni mjerni sustav
polozaj
2 ] ! 1 ] ]
1F Ve -
—— . \\/ﬂ
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Actuatori | senzori

GPS — geostacionarni pozicijski sustav
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Actuatori | senzori

Vizualna povratna veza
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Upravljanje robotskim sustavima
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Upravljanje letjelicama

Pozicije i brzine

3D trajektorija

\
\
)
\
o o 3
o
N

(4) z- = spmype

]

(oos

/) peads

North = x (ft)

East =y (ft)
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Upravljanje letjelicama

Situation Awareness

v

Mission Planning

Obstacle Avoidance
[/ Target Tracking

v

2009/2010

Mode Selection

v

I

Mode Transitioning

Fault Tolerant
Control

Obstacle / Target
Identification

!

Flight Control System

1

Obstacle / Target
Detection

A

A4

UAV
!

Yes

Continue
No Mission

|

Diagnostics

|

Sensors

'

Sensor Fusion
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2009/2010

__________________________________________________________________________________________________________________

Motion Pak

3-Axis —_
Magnetometer
Altitude
Sensor

Ethernet

On Board System

Computer

R-1 Integrated Avionics System

[N

Wireless Modem

Parallel

D-GPS Ground Unit

|
Mission Control Station

Digital
Data Link

Airframe

-—-.-.ll"l;c&“-:ﬁr.

i
e

% \Z N
\

Hand Held Radi
Control Transmitter

Wireless Modem

Human Safety Pilot

Hardware configuration
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Upravljanje letjelicama

U, " P - kanonicka struktura
U, ol e/ Yo
U N
» P > >
11
ur ”/::;,;:'f’"" “‘:‘.‘Zl}:::.‘ ym P 12
- |
Helikopter Py
- sustav s viSe ulaza i viSe izlaza
- linearizacija u radnoj tocki Uy Y2
> P22 >

- jedna postavna veliCina moze djelovati
na vise upravljanih veliCina
=> sprega varijabli sustava

Y(s) =P(s)-U(s)
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Upravljanje letjelicama

| |
| |
|

Xpp + V7 u iul |
Rl Rll 10 »CAJ //—\ i > Gll >: 3
| |
| |
| |
| |
e i - G, |
| |
| |
| 3
| —» Gy i
\ e T |
| |
Y
X + u \ ‘uz }
= R,, = >é i > Gy >

- ‘ ‘
| |
|
| PROCES |
| |

v

Rasprezni regulatori

74



@ Sveuciliste u Zagrebu, Fakultet elektrotehnike i raunarstva Upravljanje robotskim sustavima
m Zavod za automatiu i racunalno inZzenjerstvo 2009/2010

Upravljanje letjelicama

UlO + R12 UZO

U, = UlO +RU, = U, = 1-R.R , Yl — GllUl + G12U2,
124421
U,,+ R, U Yz — G22U2 + G21U1,
U,=U, +R, U =U, = 120_R 2;{ =,
12+°%21
1
Yl — [(Gll + G12R21 )Ulo ]’
1- R12R21 /
=0
1
Y, = ‘ + (Gzz + G,y Ry, )Uzo ]’
1- R12R21
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Upravljanje letjelicama

G, +GuR, =0= Ry, =—

12

11

G
G21 T G22R21 =0= R21 =——=

G

22

2009/2010

Problem prakticne
ostvarivosti raspreznih
regulatora.
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helikopter malih dimenzija

- ve€ina medudjelovanja
moze se zanemariti

(24
;i
U,
G,
=z
GRZ -
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helikopter malih dimenzija

—»
—»{UR
(7))
y
fi_ref —Pp alpha
—
; s+2.14e4
Fi_ref A K theta_r >
s+22.4
K_theta_r
>
K_theta p>|betha
Theta_ref ) s2+14.975177.632
K psi_ R
$2+40.925+414.848 theta »(5)
K_psi_R theta
)4
Psi_ref psi >@
psi

Nelineami model
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Niz naredbi
vert. gore=>unatrag=>lijevo=>naprijed=>
desno=>vert. dolje=>u polaznu toCku=>

kruznica

Controlled helicopter model accomplished path

ot - —— reference path
simulated path

2009/2010
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>
=

Niz naredbi (S raspreznim reg') Controlled helicopter model accomplished path
naprijed=>lijjevo=>naprijed=> T
desno=>naprijed=>vert. gore=>naprijed |

=>vert. dolje=>naprijed

55 -

50

45

reference path
path with decouplers
path with no decouplers

40

z [m]

35

30

25
40
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Upravljanje letjelicama - quadrotor

A
i Y;‘] .ﬂ.l.l‘lﬁ_l'lbﬁ:lﬂl..lﬂi
Ta ! ! T navigation
]
P 1 / N o
: / \V/ ..
¥ AL Y S :
1'g 3 £ ;?Z ; ) Pasition
- =M = control layer
U_r;;{"' P = rar X "

OgraniCenje energije + nelinearnosti =>
manevar se razlaze na slijedece korake
1) promjena visine,

2) promjena XY pozicije,

3) promjena kuta skretanja. Hibridni regulator
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Promjena visine

Automat s tri stanja — promjena pojacanja + uklju€enje integratora

([Recover from
flip/
Iswitch=0; ) DL=1: = I ~—_End Flip
Hswitch=0; - ) Iswitch=0;
Kp=Kp1; Hswitch=0; \
OL=1. Kp=10; FLIP/

: S OL=0;

Iswitch=0;

settling state/ Hswitch=0:
|switch=1; Kp=0;
Hswitch=0-
Kp=Kp2;
OL=1;

i ‘

g

Howver state/ " " Flip ctrl
lswitch=0; g
Hswitch=0;

Kp=Kp2:

OL=1;
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Promjena XY pozicije

Linearizirani sustav (male promjene kuteva) — kaskadno upravljanje

f ™
Angle controller dynamics
Propulsion system gain Total thrust
1 g

PDTI o 1 N N

1 X & S 3 S
Position controller 2. cascade controller | 1. cascade controller Torque Speed _ Position

= Ir
9= :
I » 1
——————§ +—s+1

K K K (LU K,

\ J K W K x> = v=1U
A
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—_ ¥ axis
E z axis [|
=
=
Z
[
o
a5
=T I AU IS T A U T (1 S S i
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]
e
e e T N _
=
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= yaw [
=
g 0.5 e L e LT TR —
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'5 1
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70 75 an a5

time [s]
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Navigacija — planiranje trajektorije (npr. pretrazivanje prostora)

Ho-Cook metoda interpolacije (splines) + LQT optimalni regulator

$.000= 5,000 =0

5'3:--1{55'3:--:.} = SH—L{EEH—L} =10
3 (AL ) = 524 (0)

S AL = 544, (0)
Siat) = 5:2,(0)

_ % et,)S(t,)e(t,) + % [[e)' Q)ee) +u' () ROU(D) et
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LQT optimalni regulator

=

-

—

-t

-
o)
—
=

v+

L M

i

&
L 4
!
P
=

s

L3

=

(?) Closed-Loop Optimal Controller

SR Q=7
R(OB'(t)

npr. Brysonova metoda ¥ P(t)x*(t) %7
+

g(t) P(t)
Off-Line Simulation of P(t) and g(t)

Desired z(t)
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position control
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position contral

LT with spline

LT without =pline

R R el s e el et it T

[w] uoipsod x

25 a0 35 40
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time [s]
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position cantral
— LOT with =pline

LOT waithout =pline
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>
=

T Y N R

pasition cantral

— LT with =pline
— LT without spline

20 25 30 35 A0
time [z]

15

10
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Upravljanje formacijama

Coordinated Operation of

Highly Autonomous UAVs

ir=]

@

o
S T A

Multi-Level \\ B

Control %
Technologies 5
\ Simulations

From UAV

R

Investigators Run-Time Support

Methods

Open Control Platform
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« Dinamicka mreza (dynamic network)

— “A dynamic network is characterized by a spatially distributed set of
dynamic nodes which are coordinated (or integrated) by the mission
objectives and possible dynamic coupling between the nodes. The
mission objectives are to be obtained in the presence of large
uncertainties due largely to a hostile environment. Within this context,
nodes may fail at various levels, measurements may be highly
corrupted and communication channels may be severely limited due to
jamming.”

S. Banda, J. Doyle, R. Murray, J. Paduano, J. Speyer, and G. Stein. Research needs in dynamics and control for
uninhabited aerial vehicles (uavs). Draft available at http://www.cds.caltech.edu/ murray/notes/uav-nov97.html,
November 10 1997.
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Dinamicke mreza — svuda oko nas!

— Mapiranje i pretrazivanje
— Transport

— Komunikacije

— Mobilni senzori

— Klasteri satelita

— Jata

— Formacijsko letenje

rjeSavanju problema

Linearizacija po povratnoj vezi,
Teorija grafova,

Teorija jata,

RazliCiti oblici prediktivnog upravljanja,
Virtualni potencijali,
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Razine upravljanja formacijom
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Abstrakna razina

Optimizacija
Kinematika

Lokalno
upravljanje

Upravljanje
Nelinearna dinamika
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Reynoldsov model — najjednostavniji model

» Definiraju se lokalna (Reynoldsova) pravila koja vrijede za svaku jedinku
«  Skup jedinki modeliran na ovaj nacCin predstavlja samoorganizirajuci viSeagentni

sustav
MODELI TIJELA
. JEDINKI b
@ —
: £ £
83 o
3 N,
N REYNOLDSOVA 2

PRAVILA

Pravilo kohezije
Pravilo separacije
Pravilo usmjerenja
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Reynoldsov model

- ograniCena percepcija okoline
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Pravilo kohezije (cohesion)

Nastojanje jedinke da se nalazi u blizini drugih jedinki u jatu.

4
4
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Pravilo separacije (separation)

Nastojanje jedinke da odrzi odredeni razmak od drugih jedinki u jatu.
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Pravilo usmjerenja (alignment)

Nastojanje jedinke da smijer i brzinu gibanja uskladi s drugim jedinkama u jatu.

4 |
4

> A
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Ukupni vektor gibanja
Vi = C Ve + 5 Vg + A Vi

V o .
p Utiecaj C, S i A mip mip
Utjecaj dinamike ‘.
Veliko jato ‘.

v Vektor migracije ‘.
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Formacija — polozaj jedinke unutar grupe definiran

ar=[¢17 %7 --- ¢s7]"T - zadana formacija

0o = [910 920 --- qnal” - pocCetni polozaj

Zadatak algoritma upravljanja - formirati i potom odrzati formaciju
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Upravljanje metodom privliacne i odbojne sile
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Pokazatelji kvalitete — situacija zamjene mjesta u kruznoj formaciji
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K

Zbroj brzina gibanja svih jedinki
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Udaljenost medu jedinkama
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Ukupna udaljenost od zadane formacije
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ie

Upravljanje metodom linearizacije po povratnoj vezi

“leader-follower” konfiguracija

v o, X,=v,c080., p=vsind, 0 =o,
I,
Vi) 0 R; Izlazni vektor: z, ="
R, ) v,
< . d
Zj— Gl(zj)uj +Fi(z;,u;), I, =k} -1)

> = m) Y, =k -v,)

. o
@k(z N ALY
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Opis formacije grafom

leader R,

Initial control graph ~ — —=Control graph refinement
from spanning tree  ......

— Sensor Visibilit
y »Additional control links
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Upravljanje metodom rastera

- STARA FORMACIJA

- NOVA FORMACIJA

3

4

@

A

A

Y

2009/2010
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. -ROBOT1

. -ROBOT2

4 5 6 7 8 9

3 Spajanjem na viSeradni
EIEEF Sy ’ resurs onemoguéuje se
istovremeno koristenje iste
¢elije od stranje viSe robota

—

(2,2) (1,2)
oo tonm S0 ¢ N put{1}=[34 56 6 6 6;
og toga $to ¢e se u petom koraku .
roboti nalaziti u istoj celiji, dolazi do 333345 6]'
sudaral
put{2}=[8 8 8 7 6 5;
6544 44]: DES kontroler
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Upravljanje metodom potencijalnog polja

éi+b4i+viU(q,qT)=O, b>0,V, =—

2009/2010

19
g,

U(0,d;)= Zu( i ) Z[ (’71’0)+MA(U’O-A)]

i<j

- elementarna funkcija potencijala (zvonoliki oblik)

u:R°xR" >R,

u(p,a):u[/ij u(x) <u(0);Vx 20,

O

Vu(O)zO.
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Potencijal jedinki 42 2
i ij

T

-I‘ir
s

Potencijal zadane

formacije O - parametar upravljanja
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Sustav je stabilan zbog oblika funkcije potencijala.

Odrediti vrijednost parametra ¢ tako da vrijedi Q = QT‘ gdje su

[—>0

O={q, 42}
O = {QTJ’QTZ’-"’QTN}

Adaptacija parametra o

< p

”,:”382, o, = 1+ p)o,,
>

1(0.0,)> &, 12p>0

h(0,0;)= max[ min (d,-j )} - Hausdorff distance

9,€0 | 9,1 €0r
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Simulation parameters

Duration

[-1515-1515]

HErE

10, 0-5; 4 8 -5 -10]

Pause Dizplay Potential
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