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TWIN ROTOR MIMO SYSTEM
GETTING STARTED PREFACE

THE HEALTH AND SAFETY AT WORK ACT 1974

We are required under the Health and Safety at Work Act 1974, to make available to users of this equipment certain information
regarding its safe use.

The equipment, when used in normal or prescribed applications within the parameters set for its mechanical and electrical performance,
should not cause any danger or hazard to health or safety if normal engineering practices are observed and they are used in
accordance with the instructions supplied.

If, in specific cases, circumstances exist in which a potential hazard may be brought about by careless or improper use, these will be
pointed out and the necessary precautions emphasised.

While we provide the fullest possible user information relating to the proper use of this equipment, if there is any doubt whatsoever
about any aspect, the user should contact the Product Safety Officer at Feedback Instruments Limited, Crowborough.

This equipment should not be used by inexperienced users unless they are under supervision.

We are required by European Directives to indicate on our equipment panels certain areas and warnings that require attention by the
user. These have been indicated in the specified way by yellow labels with black printing, the meaning of any labels that may be fixed to
the instrument are shown below:

A\ das

CAUTION - CAUTION - CAUTION -
RISK OF RISK OF ELECTROSTATIC
DANGER ELECTRIC SHOCK SENSITIVE DEVICE

Refer to accompanying documents

PRODUCT IMPROVEMENTS

We maintain a policy of continuous product improvement by incorporating the latest developments and components into our equipment,
even up to the time of dispatch.

All major changes are incorporated into up-dated editions of our manuals and this manual was believed to be correct at the time of
printing. However, some product changes which do not affect the instructional capability of the equipment, may not be included until it is
necessary to incorporate other significant changes.

COMPONENT REPLACEMENT

Where components are of a ‘Safety Critical’ nature, i.e. all components involved with the supply or carrying of voltages at supply
potential or higher, these must be replaced with components of equal international safety approval in order to maintain full equipment
safety.

In order to maintain compliance with international directives, all replacement components should be identical to those originally
supplied.

Any component may be ordered direct from Feedback or its agents by quoting the following information:
1. Equipment type 2. Component value
3. Component reference 4. Equipment serial number

Components can often be replaced by alternatives available locally, however we cannot therefore guarantee continued performance
either to published specification or compliance with international standards.

33-007-4M5 i
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C € DECLARATION CONCERNING ELECTROMAGNETIC COMPATIBILITY

Should this equipment be used outside the classroom, laboratory study area or similar such place for which it is designed and sold then
Feedback Instruments Ltd hereby states that conformity with the protection requirements of the European Community Electromagnetic
Compatibility Directive (89/336/EEC) may be invalidated and could lead to prosecution.

This equipment, when operated in accordance with the supplied documentation, does not cause electromagnetic disturbance outside its
immediate electromagnetic environment.

COPYRIGHT NOTICE

© Feedback Instruments Limited

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any
means, electronic, mechanical, photocopying, recording or otherwise, without the prior permission of Feedback Instruments Limited.
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CHAPTER 1

1. INTRODUCTION

1.1. CONTENTS OF THIS MANUAL

This manual is the one of a set of 6 which comprise the documentation on the Twin Rotor
Mimo System (TRMS).

The full set of documentation consist of:
* TRMS, Installation and Commissioning 33-007-0M5

* TRMS, Getting Started 33-007-1M5
* TRMS, Reference Guide 33-007-2M5
* TRMS, External Interface 33-007-3M5

* TRMS, Advanced Teaching Manual 1 33-007-4M5
* TRMS, Advanced Teaching Manual 2 33-007-5M5
The Advanced Teaching Manual 1 concentrates on the mathematical model and

theoretical approaches to design using MATLAB and SIMULINK to model the TRMS
dynamics.

It contains a detailed description of the TRMS mathematical model, identification
procedures, PID-MIMO controller and a simple (1-Degree Of Freedom in the horizontal
plane) LQ controller.

The TRMS mathematical model and identifications procedures allows a student to further
develop an experiment using the EXTERNAL INTERFACE toolbox

The TRMS Advanced Teaching Manual 1 is delivered with software for use with MATLAB
5.1 and Simulink 2.1 or above.
The software provided includes:

* the Real Time Kernel for MATLAB 5,

¢ simulation, identification and control software,

* installation and testing procedures.

33-007-4M5 1-1
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1.2. MAIN CONTROL WINDOW

The Main Control Window is shown in Figure 1-1. It is invoked from the main MATLAB
prompt by typing Al . It is described in detail in the Getting Started Manual — 33-007-1M5.

In addition to the menus and toolboxes described in the getting Started Manual (33-007-
1M5), is the Models & Control Systems menu. This is opened by double-clicking the
control (see Figure 1-2). From the Models & Control Systems menu the following
programs are available:

In the columns:

* open-loop simulation models,
* PID simulation systems,
* LQ (linear quadratic) systems for 1 degree of freedom

In the rows:

* 1-DOF in vertical plane,
* 1-DOF in horizontal plane,
* 2-DOF ('in both planes).

H

File  Edit Simulation  Format

TWIN ROTOR MIMO SYSTEM

TOOLS SETUP EXPERIMENTS

Open-loop Control
Controller

Set Base Address
Parameters

PID Controller Stabilisation Mode

Internal Excitation
Reset PID Controller Tracking Mode

Encoders Vertical
State Feedback Controller

Internal Excitation
Use Mouse

L& Controll
to Control ) Controller

Horizontal
DESIGMN AND SIMULATION

Models
&
Control Systems

Stethoscope

Figure 1-1: Main Control Window

1-2 33-007-4M5




TWIN ROTOR MIMO SYSTEM
Advanced Teaching Manual 1

CHAPTER 1

Introduction

+ hl_zimul

File Edit Simulation  Format

1-DOF
vertical

1-DOF
horizontal

2 -DOF

=] E3

MODELS PID SYSTEMS LQ SYSTEMS
Model 1-DOF 1-DOF system 1-DOF system
Yerical Plane weith PID Controller weith L2 Controller
Model 1-DoF 1_DOF syvstem 1-DOF zystem

Harizartal Plane

weith PID Controller

wyith L Controller

Maclel 2-DOF

2 DOF system 2 DOF system
weith simple weith complex
PID Cortraoller PID Contraller

2-D0F system
weith L2 Contraller

Figure 1-2: Models & Control Systems menu window.
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CHAPTER 2

2.  MATHEMATICAL MODEL

Figure 2-1 shows an aero-dynamical system similar to a helicopter. At both ends of a
beam, pivoting on its base, there are two propellers driven by DC-motors. The articulated
joint allows the beam to rotate in such a way that its ends move on spherical surfaces.
There is a counter-weight fixed to the beam and it determines a stable equilibrium
position. The system is balanced in such a way, that when the motors are switched off,
the main rotor end of beam is lowered.

The controls of the system are the motors supply voltages.
The measured signals are: position of the beam in the space, that is, two position angles,

and angular velocities of the rotors. Angular velocities of the beam are software
reconstructed by differentiating and filtering measured position angles of the beam.

tail rotor main rotor

tail shield " | " .

\ DC-motor +

tachometer
X free-free beam
counterbalance

'« main shield

DC-motor +
tachometer

pivot

Figure 2-1: Aero-dynamical model of the Twin Rotor MIMO System

2.1. NON-LINEAR MODEL

The mathematical model is developed under some simplifying assumptions. First, it is
assumed that the dynamics of the propeller subsystem can be described by first order
differential equations. Further, it is assumed that friction in the system is of the viscous
type. It is assumed also that the propeller-air subsystem could be described in
accordance with the postulates of flow theory.

The above assumptions allow us to define the problem clearly. First, consider the rotation
of the beam in the vertical plane i.e. around the horizontal axis . Having in mind that the
driving torques are produced by the propellers, the rotation can be described in principle
as the motion of a pendulum.

33-007-4M5 2-1
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From Newton’s second law of motion we obtain:
d’a ,
M, =3, 9@ (1)
where: M - is total moment of forces in the vertical plane,
J, - is the sum of moments of inertia relative to the horizontal axis,

a , - is the pitch angle of the beam.

\

IVlv:ilvlvi! Jv:Z'Jvi

=1 i=1

To determine the moments of gravity forces applied to the beam and making it rotate
around the horizontal axis, consider the situation shown in Figure 2-2.

Tail

/ rotor

Figure 2-2: Gravity forces in TRMS corresponding to the return torque which determines the equilibrium
position of the system.

O .4
le = 9%4'”} +ms§t _é%-'-rnmr +rnms§mEfowv _én?l)lb +mcb|cb§5|nav5 Equation 1

which may be expressed as

M, = o{[A - B]comn, -Csina, } Equation 2
where:

A=y e BB e e m B, =B 1

2-2 33-007-4M5
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<

<
iy

where: is the return torque corresponding to the forces of gravity,
- is the mass of the main DC-motor with main rotor,
- Is the mass of main part of the beam,
- Is the mass of the tail motor with tail rotor,
- is the mass of the tail part of the beam,
is the mass of the counter-weight,
- is the mass of the counter-weight beam,
- Is the mass of the main shield,
- Is the mass of the tail shield,
is the length of main part of the beam,
is the length of tail part of the beam,
is the length of the counter-weight beam,
- Is the distance between the counter-weight and the joint,
is gravitational acceleration.

g c g - = 3 §

33333333

-
[

- 3
1

o

o
o

(Q — — — —
1

To determine the moments of propulsive forces applied to the beam consider the situation
given in Figure 2-3.

/ vertical axis of rotation

horizontal axis of rotation
thrust of

/ / main rotor

Fy(Wm

Myt Myp \
Main rotor

Figure 2-3: Propulsive force moment and friction moment in TRMS

M, =1, F,(0,)

m v

M, - is the moment of the propulsive force produced by the main rotor,
W, - is angular velocity of the main rotor,

m

F (wm) - denotes the dependence of the propulsive force on the angular velocity of the

\"

rotor. It should be measured experimentally (see section 3.2.1).

33-007-4M5 2-3
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UOm m m
— 2 t m b .
Mv3 - _th%-l- rntr + mts@'t +§7+ rnmr + mms@'m +§7 Ib + mcblcb%gmvcog‘v

or in the compact form:

\

M,=-Q2 (A +B+C)sina cosa,

M ;- is the moment of centrifugal forces corresponding to the motion of the beam around
the vertical axis,

da
at (2)

Q, - is the angular velocity of the beam around the vertical axis, a, - is the azimuth angle
of the beam.

and: Q, =

M,, =-QKk,

v4

M, - is the moment of friction depending on the angular velocity of the beam around the

horizontal axis.

da
at ®3)

Q, - is the angular velocity around the horizontal axis,
k,- is a constant.

where: Q , =

According to Fig.2.3 we can determine components of the moment of inertia relative to
the horizontal axis. Notice, that this moment is independent of the position of the beam.

J,=m_FR

mr 'm>
|2
— m
Jvz—mmg,
—_ 2
‘]v3_mcb Icb
|2
— b
‘]v4_mb§’
— 2
JVS_rn[I’ Iti
|2
— t
‘Jv6_rnI§
— mms 2 2
‘]v7_ 2 rms+mms|m!

‘]v8: rntslé-l_msllz

2-4 33-007-4M5
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I'ss - 1S radius of main shield,
I, - is radius of tail shield.

Similarly, we can describe the motion of the beam around the vertical axis having in
mind that the driving torque’s are produced by the rotors and that the moment of inertia
depends on the pitch angle of the beam. The horizontal motion of the beam (around the
vertical axis) can be described as a rotational motion of a solid mass.

d’a,,
h d.tZ

M, =J (4)

where: M, - is the sum of moments of forces acting in the horizontal plane,
J, - is the sum of moments of inertia relative to the vertical axis.

Then: Mh:iMhi , thiJm :

To determine the moments of forces applied to the beam and making it rotate around the
vertical axis consider the situation shown in Figure 2-4.

thrust of tail rotor

!

vertical axis of rotation

Oh

Figure 2-4: Moments of forces in horizontal plane (as seen from above)

M, =1 F(w,) cosa,

w,- is the rotational velocity of tail rotor,

Fh(wt)- denotes the dependence of the propulsive force on the angular velocity of the talil
rotor (should be determine experimentally, see section 3.2.2)

33-007-4M5 2-5
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M, =-Q hk h

M,,- is the moment of friction depending on the angular velocity of the beam around the

vertical axis,
k, - is constant.

According to Fig.2.3 we can determine components of the moment of inertia relative to
the vertical axis (it depends on pitch position of the beam).

m
J,=—"H cosa, f
3
m
I :?‘ﬁlt cosa f

m
Jps = ?b A, sina B

Jh4 = mtr ﬁltcosavﬁzi
2
Js=m_H_ cosa i,
. 2
Jye = My A, sina E
m
J., :fré +mH, cosavﬁz,
Jg =M, 12

2
ms ms+ mms glm C(:)SCXV% !
or in the compact form:

J,=Dcos’a, + Esin‘a, +F,

where: D,E,F are constants:

m
— b2 2
D= Ib+mcb|cb’

3
m m
E= g e my, + m g5+ e m, +mogiz,

m
— 2 ts .2
F= mms rms + 2 rts

Using (1)-(4) we can write the equations describing the motion of the system as follows:

1
ds, ImFR(®p) -, k, +g((A - B) cosa, —Csinav)—EQﬁ(A+B+C)sin2av
dt J ®)

2-6 33-007-4M5
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da N )

)Y — Q Q - S + tr t
dt v ! \" \" JV (6)
ds, IR (w,)cosa, - Q Kk, _ I, R(w,) cosa, - Q kK, @
dt J, "~ D sina,+Ecos’a, +F
da J W _ cosa J. . Ccosd
- Q , Q - S + mr m \4 - S + - mr m \ 8

dt " o J, " Dsinfu.+Ecosta i F O

where: J,, - moment of inertia in DC-motor -tail propeller subsystem,
J..- moment of inertia in DC-motor -main propeller subsystem,
S, - angular momentum in vertical plane for the beam,
S, - angular momentum in horizontal plane for the beam.

Additional terms in equations (6) and (8) follows from principle of conservation of angular
momentum.

It should be noted that angular velocities are non-linear functions of the input voltage of
the DC-motor. Thus we have two additional equations:

du, 1 _

dt a Tmr (_ U + uv)’ Wy = I:)v(uvv) (9)
du 1
d—thh = T_tr(_ Upp + Uh)1 @, = Pp(Upy,) (10)

where: T, - time constant of main motor- propeller system,

T, -time constant of tail motor- propeller system .

u 1 u “'m
é_p -— W —_—
T, s+1 Pyluw)

—1 [ Y .
— ¢ >
Up T,s+1 I:)h(uhh) W

Figure 2-5: Block diagram of equation (9) and (10)

33-007-4M5 2-7
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The above model of the motor-propeller dynamics is obtained by substituting the non-

linear system by a serial connection of a linear dynamic system and static non-linearity
(Figure 2-5).

2.2. STATE EQUATIONS

Finally, the mathematical model of the TRMS becomes a set of four non-linear differential
equations with two linear differential equations and four non-linear functions. Variables of
the model (5) - (10) can be classified as follows (Figure 2-6):

05,0 Q,0
a O
S0 Sills
W, [0, . a . [, O,
U= H‘hH is the input, X = S:;”‘D is the state, and Y = %2‘ is the output vector.
v O v
I]]V I:I va D
(10) (5).(6),(7) and
> 0
o PN NL . . O
inputs L— O Fn FDONUER » Olh
» O
Uv Uvv Fv '
—p | DL NL » NL > > Q.
9 » (Wm
( ) outputs

v l v v VL v

states  Sh gp Un Sy Ov Uw

Figure 2-6: Block diagram of the model equations (DLE denotes a linear differential equation, NL denotes
non-linearity, and DNE denotes a non-linear differential equation)

In order to apply the model (5) - (10) for control of TRMS the parameters and non-linear
functions should be determined first. They can be divided in to three groups:

* physical parameters,
* non-linear static characteristics,
* time constants of the linear part of the model.

2-8 33-007-4M5
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3. BASIC PARAMETERS AND CHARACTERISTICS

3.1. PHYSICAL PARAMETERS

To obtain the values of the model parameters it is necessary to make some
measurements. First, geometrical dimensions and moving masses of TRMS should be
measured. Following are the results of measurements for a given laboratory set-up. The
notations are explained in Figure 2-2, Figure 2-3 and Figure 2-4.

m, =0.206 [kg]

[, =025 [m] m,, =0.228 [kgd]
l,=0.24 [m] m,, =0.068 [kg]
[,=0.26 [m] m, =0.0155 [kg]
l, =0.13 [m] m,, =0.0145 [kg]
r  =0.155 [m] m, =0.022  [kg]
r,=0.10 [m] m, =0.165 [kg]

m,. = 0.225 [kog]

Using the above measurements the moment of inertia about the horizontal axis can be
calculated as:

8
J,=% 3, = 0.055846 [kg A}

The terms of the sum are calculated from elementary physics laws:

J,, =m,12=0.01287%kg m?]

J, =m,l% =0.001149kg m?]
J,=m_I2=0.013132kg m?]

J,, =m,|%3=0.000322kg m?]

J,s =m_I12/3=0.000278kg m?]

J,c =m,12/3=0.000495kg m’]
J,=m_(r’/2+12)=0.015622kg m?]
J, =m(r2 +12)=0.011962kg m?]

33-007-4M5 3-1
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The calculated moment of inertia about the vertical axis is:

8
Jp :Z‘]hi ,

where the terms of the sum are:

J,, =m,(l,cosa, )’/3=0.000322%00, [kg m?]
J,=m_(I_cosx,F/3=0.00027840¢0, [kg m?]
J,; =m, (I,sina, /3= 0.0004595inq, [kg m?]
Je=m_(_cosx,f =0.0131320¢0, [kg m?]
J,, =m,(l,cosn, ¥ =0.01287%0¢a, [kg m?]
J, =m,( sina, ) =0.001149zin%a, [kg m?]

3., =m_(r%2+12coga, ) = 0.000825+ 0.01031Z0ga,  [kg m’]

ts

3,s = m, (12 +12coga, )= 0.00540+ 0.012961 o, [kgm?]

ms

giving finally (Figure 3-1):

8
3,= Y J, =Dcosa, +Esin‘a, + F=0.0490%0sa, +0.0016065in’a, +0.0063306

Moment of inertia Jh [kg
0.06

0.05 /\

0.04 // \\

0.03 / \
0.02 / \
0.01f

-1.5 -1 -0.5 0 0.5 1 1.5
vertical position  a_Jd]

Figure 3-1: Moment of inertia J,,

3-2 33-007-4M5
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The returning torque from gravity forces is given by (see Equation 1, page 2-2)

O
le = g%-l_mr +msﬁt _%+%r +rnmsﬁmEfowv _%Ib +mcb|cb[§|l5inavg
1 2 3 4 5 6

7 8

The measured values of the eight terms in the equation above are shown below:

=-9.81m

00 N W N P O O b

giving (Figure 3-2):

=+9.81m, | .coxx,
=+9.81m,

ts't

cosa,
=-9.81m,|sina,/2 = 0.00286sina, [N m]
=-9.81m,| sina,

=-9.81Im, | cosx, /2 =-0.00171Fosn, [N m]
=-9.81Im | cosx, =-0.05380&o0sx, [N m]
| .cosr, =-0.053Icox, [N m]

ms'm

=+9.81m|l.,cosxr, /2 = 0.001937%o0osxr, [N m]

= 0.051%cogn, [N m]
=0.0412%0gx, [N m]

=0.0088&ina, [N m]

M, =9.81(-0.013931%0sa, +0.0117016065in a,) [N m].

0.2
0.15
0.1
0.05

-0.05
-0.1
-0.15
-0.2
-0.25

Returning moment [Nm]

n

N

N

N

N

\f/’

-1.5

-1 -0.5 0 0.5 1 15
vertical position s [rad]

Figure 3-2: Returning moment of gravity forcesM

33-007-4M5
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The moment of centrifugal forces is:

6
Mv3 :ZMVSJ ’

where:

M, = (m, +m)IZ QF coxn,sina, =0.023187%);cox, sina, [N m]

M, =ml? Qf cosa,sina, /2 =0.0002420%cox, sina, [N m]
M5, =m,l> QF cosa,sina, /2 =0.000371&cox, sina, [N m]
M s, =M l2 Q2 cosn,sina, =0.001149Z%cos, sina, [N m]
M s =m, |2 Qf cosa,sina, /2 =0.000201&’cosx, sina, [N m]

M6 = (M, +m_JI2 QF con,sina, = 0.02523028& cox, sina, [N m]
giving finally (Figure 3-3):

6
M, = Z M, =0.0503826&:cosx, sina, [N m].

Centrifugal moment [Nm]

0.01
0.005 // o

0
-0.005 ‘\_’///
-0.01

-15 -1 -0.5 0 0.5 1 15

vertical position a__ [rad]

Figure 3-3: Centrifugal moment for Q,=1 [rad/s]
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3.2. STATIC CHARACTERISTICS

It is necessary to identify the following non-linear functions:
* Two non-linear input characteristics determining dependence of DC- motor rotational
speed on input voltage:
wm = I:)v(uvv) ’ wt = I:)h(uhh)
* Two non-linear characteristics determining dependence of propeller thrust on DC-
motor rotational speeds:
F.=FR(w,)  F=-F(w,)
The time constants T,, and T, (see equations (9) and (10)) should be determined
experimentally.

The static characteristics of the propellers should be measured in the case when not
delivered with equipment documentation or if the propellers were changed by user. In this
case a proper electronic balance with voltage output [0-10V] is needed. The
recommended range of input force is from O to 2 N. The measurement procedures are
described in the following sections.

3.2.1. Main rotor characteristics

T
o Aij i

e -0

U~=0,-1

electronic
/ balance

Uu=0,+1

Figure 3-4: Measuring of main rotor characteristics.

Note: The experiments with the electronic balance described in this and the
next sections are not recommended for students. They show only methods of
measuring the static characteristics of the DC-Motor and propeller system.

To make the measurements correctly, first block the beam so that it cannot rotate around
the vertical axis. Place the electronic balance under the beam in such a way that it is
pulled vertically up by the propeller. To balance the beam in the horizontal position attach
a weight to the beam (as in Figure 3-4). Connect the voltage output of the electronic
balance to A/D input No. 3 of the PCL-812PG or RT-DAC data acquisition board.
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To measure the characteristic execute the following command sequence:

pw=fhl_call(‘getpwhoriz’);
pw(1:2)=[ 00 ];
dummy=fhl_call('setpwvert’,pw);
dummy=fhl_call('setpwhoriz’,pw),;
a=fhl_call('setalgno’,1);
disp('(POWER ON' );
pause
arr =[|;
vel = [];
ctrl = [];
count = 1;
fori=0:-0.25:-10 % line to be changed
pw(1:2)=[ 0 0.1% |
dummy=fhl_call('setpwhoriz',pw);
h=fhl_call(‘gethistory’);
pause(5)
h=thl_call(‘gethistory’);
ctrl( count ) = i;
arr(count) = mean( h(12,:) );
vel(count) = mean( h(7,: ) );
count = count + 1;
plot( [vel:arr]" ),
end
pw(1:2)=[00];
dummy=fhl_call('setpwvert’,pw);
dummy=fhl_call('setpwhoriz’,pw);
fhl_call(‘unloadlibrary’)

The above routine sends a normalised input signal ( from O to -1) which corresponds the
0 to-5[V] on the output of PCL-812 board to the main DC-motor and reads main rotor
rotational speed and thrust. To measure the characteristics for input range from 0 to +1

change the balance position as in Fig.3.4 and execute the routine having previously
changed the 12" line to:

fori=0:0.25:+10
The obtained measurements should be translated from internal system units to physical

units (newtons [N]), taking into account the construction of the balance. Example
characteristics are given in Figure 3-5.
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ROTATIONAL VELOCITY OF MAIN ROTOR [rpm] AERODYNAMICAL FORCE FROM MAIN ROTOR [pcu]
800 1000
600 800 /
400 600
400
200
200
0
0
-200
-200
AOO\/ 200l /
_6091 0.5 0 0.5 1 '69800 -400  -200 0 200 400 600 800
input voltage for DC-main motor rotational velocity of main rotor

Figure 3-5: Measured characteristics of the main rotor.

For further applications the measured characteristics should be substituted by their
polynomial approximations. For this purposes one can use the MATLAB polyfitm
function. An example is given in Figure 3-6. The polynomials:

w, (u,) =90.99u°, +599.73u, -129.26U, -1238.64u, + 63.45U;, +1283.41u,,
F(w,)=-3.4800"7w> +10900°w? +4.12300°w? -1.632[10" w2 +9.54410%w

were used in this case.

MODEL of ROTATIONAL VELOCITY OF MAIN ROTOR [rpm] MODEL of AERODYNAMICAL FORCE FROM MAIN ROTOR

800 1000
600 800
400 600
400

200
200

0
0

-200
-200
-400 400
-600 /f/ -600

-1 -0.5 0 0.5 1 -600 -400 -200 0 200 400 600 800
input voltage for DC-main motor rotational velocity of main rotor

Figure 3-6: Polynomial approximation of the main rotor characteristics .
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3.2.2. Tail rotor characteristics
Figure 3-7 shows the laboratory set-up for measuring the thrust and rotational speed of

the tail rotor. Notice that the beam was turned by 90 ° (after loosening the screw) so
that the tail rotor axis is vertical now !!.

T Q

belarce @) :
veight / : electronic
: / balarce

Figure 3-7: Laboratory set-up for tail rotor characteristics

To measure the characteristic execute the following routine:
pw=fhl_call(‘getpwhoriz’);
pw(1:2)=[ 00 ];
dummy=fhl_call('setpwvert’,pw),;
dummy=fhl_call('setpwhoriz’,pw),;
a=fhl_call('setalgno’,1);
disp((POWER ON' );
pause
arr =[|;
vel = [];
ctrl = [];
count = 1;
fori=0:-0.25:-10 % line to be changed

pw(1:2)=[ 0 0.1% ],
dummy=fhl_call('setpwvert',pw);
h=fhl_call(‘gethistory’);
pause(5)
h=fhl_call(‘gethistory’);
ctrl( count ) = i;
arr(count) = mean( h(12,:) );
vel(count) = mean( h(6,: ) ),
count = count + 1;
plot( [vel:arr]" ),
end
pw(1:2)=[ 00 ];
dummy=fhl_call('setpwvert’,pw);
dummy=fhl_call('setpwhoriz’,pw),;
fhl_call(‘unloadlibrary’)
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The above routine sends a normalised input signal ( from O to -1) which corresponds the
0 to-5[V] on the output of PCL-812 card to the tail DC-motor and reads tail rotor
rotational speed and thrust. Than to measure the characteristics for input range from 0 to
+1 change the balance position as in Fig.3.7 and execute the routine having previously
changed the 12"
line to:

fori=0:0.25:+10

The obtained measurements should be translated from internal system units to physical
units (newtons [N]) taking into account the construction of the balance.
Example characteristics are given in Figure 3-8.

ROTATIONAL VELOCITY OF TAIL ROTOR AERODYNAMICAL FORCE FROM TAIL ROTOR [pcu]
2000 500 T T

1500 — /

1000

500

-500
-500
-1000

L
-1500 -1000
-1 -0.5 0 0.5 1 -1500 -1000 -500 0 500 1000 1500 2000

input voltage for DC-tail motor [nu] rotational velocity of tail rotor [rpm]

Figure 3-8: Example characteristics measured for the tail rotor.

For further applications the measured characteristics should be substituted by their
polynomial approximations. An example is given in Fig.3.9. The polynomials:

w,(u,,) = 2020u;, -194.69u}, -4283.15u;, + 262.27u?, + 3796.83u,,
F.(w,) =-300"w?-1.59510"w; +2.511M10" w? -1.808[10*w?+.0801w,

were used in this case.
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2000 MODEL of ROTATIONAL VELOCITY OF TAIL ROTOR MODEL of AERODYNAMICAL FORCE FROM TAIL ROTOR [pcu]
500 ,
1500 E—
1000 /
0
500 -
0
-500
-500
-1000
| ———
-1500 -1000 :
-1 0.5 0 05 1 1500 -1000 -500 O 500 1000 1500 2000
input voltage for DC-tail motor [nu] rotational velocity of tail rotor [rpm]

Figure 3-9: Polynomial approximation of tail rotor characteristics
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4. MODELS OF THE TRMS

This section presents Simulink models of TRMS. The models are based on non-linear
eguations given in Section 2.1.

Three models are considered :
* 1-DOF (1-Degree Of Freedom) model of the horizontal subsystem of TRMS,
* 1-DOF model of the vertical subsystem of TRMS,
* 2-DOF complete model of TRMS.

The 1-DOF models describe the situation when motion in one of the axis is blocked.

Creation of two 1-DOF separate models for horizontal and vertical plane was necessary
because there is no natural way to split 2-DOF complex model into two independent parts.

Both horizontal and vertical models are used for identification of 1-DOF systems. The
third model can be wused for sensitivity testing of the open system for changes of
previously identified coefficients. In general, these models help to understand physical
laws which govern TRMS and can be used for closed-loop control systems design (as
described in the following sections).

To open these models type in the MATLAB Command Window respectively:

* m_Ildofh.mdl - for the horizontal plane model,

(convention used for the function name: m_1dofh = model 1-DOF horizontal),
* m_Ildofv.mdl - for the vertical plane model,
* m_2dof.mdl - for the complex model.

You can open these models from the MODELS column in the Models & Control Systems
window (Figure 1-2).

4.1. MODEL OF THE HORIZONTAL PART OF TRMS

Figure 4-1 shows the Simulink 1-DOF model of the horizontal part of TRMS. Figure 4-1a
shows the grouped model with scopes for the visualisation of input, position and velocity.
It can be used to observe the behaviour of the open loop system. You can change the
shape and level of the input signal by selecting the type of input block from the Simulink
Library e.g. Pulse Generator , Signal Generator block or other. Figure 4-1b shows the
contents of the grouped model block. Figure 4-1c shows details of the driving torque
block and the speed of tail rotor block. Figure 4-1d shows the structure of the rotational
speed of main rotor block and the aero-force block. Here you can examine the static
characteristic functions: w, =P,(u,) and F=F,(w,), and modify them if necessary.
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a Simulink model - horizental part of Twin Rotor MIMO System (TRMS)
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Figure 4-1: Model of horizontal part of TRMS general form; b), c) and d) show details of the blocks
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4.2. MODEL OF THE VERTICAL PART OF TRMS

Simulink model - vertical part of Twin Rotor MIMO System (TRMS)

e [

werical welocity o
Ll

werticall position

I
- ” ]
INFUT 108 mainl rotor >
model of . position, welocity,
wartical ’_L"“ ut main ratar welacity
part TRMS and input in vertical
s plane
Model of vertical part TRMS friction torque

b

00545371

©

il out_ 1
() "E "E a.1 1is »(2)
in_1 out_2
speed of driving mo.mer]t of
main rotar tarque inertia

returning moment

out_2

gero-farce

Rotational speed of main rotar

o = o fo -0

Figure 4-2: Model of vertical part of TRMS — a) general form; b), c), and d) show details of the grouped blocks
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Figure 4-2 shows 1-DOF model of the vertical part of TRMS. Figures Figure 4-2b, Figure
4-2c and Figure 4-2d give details of the grouped blocks.

4.3. 2- DOF MODEL OF TRMS

The 2-DOF model of TRMS is shown in Figure 4-3. The model is based on the diagram
from Figure 2-4 and equations given in Section 2. In this form the model can be used for
observation of all the state variables in the open loop mode and for identification. The
model can also be used for developing closed-loop control systems as described in the
following sections.

P>
P>
P
P
o
P
P
P>

Figure 4-3: 2-DOF complex model of TRMS

Having ungrouped the block model of TRMS in Figure 4-3 you can see the details of it
(Figure 4-4). Notice the connections between the horizontal and vertical sub-models.

The model shown was constructed and calibrated on the basis of physical laws.
Therefore, it is simple to find all physical coefficients ( described in section 2) in the
masked or grouped blocks. On the basis of this model you can create your own models:
either simplified or more complex. You can confirm the quality of new models by real-time
experiments using RTK tools.

Note: It is strongly recommended to save this model in an archive directory
before changing any coefficients. It is the only place where the default (pre-
identified) values of the coefficients exist.
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0000471 6542

& b

Figure 4-4: Detailed 2_DOF model of TRMS
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5.  MODEL IDENTIFICATION

During identification the parameters of the mathematical model are tuned to obtain a
satisfactory degree of conformity of the model with the real system. The point is to tune
the parameters of the model in such a way, that the outputs of the model fit the
experimental data in the sense of an assumed objective function (criterion). The most
frequently used objective function is the integral square error.

Q= 2() dt=[ (y(9) ~y,()) ct

u(t
‘ TRvs Y |

/ CRITERION Q

MATHEMATICAL 4
MODEL OF
TRMS YfD)

/1t Algorithm min Q

Figure 5-1: Block diagram of identification procedure.

By changing model parameters, using an appropriate minimisation method, we find the
minimum value of the objective function Q and the corresponding values of model
parameters.

It is a classical problem of static optimisation. The knowledge of the system structure
makes possible the identification of selected parts of the model.

MATLAB offers many algorithms that can be used for this purpose; among them are two
functions fmin.m and fmins.m which are very simple to use. In the case when a limited
number of parameters is tuned ,elementary optimisation methods can be applied.

Figure 5-2 illustrates the idea of tuning two coefficients of the model using the Gauss-
Seidel algorithm, using trial and error.

Note, if available, the MATLAB Optimisation Toolbox provides a fast and
accurate Gauss-Seidel optimisation method.
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Figure 5-2: Gauss-Seidel optimisation method

It was demonstrated in Section 3.1 that most of the model coefficients can be determined
using simple physical measurements. However, there are coefficients connected with
friction which must be determined by dynamic experiments. They are: the friction torque
blocks in Figure 4-4 and the time constants T, and T, in Figure 4-1c and Figure 4-2c.

Other coefficients of the model can be verified using a similar method.
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5.1. IDENTIFICATION OF TRMS PARAMETERS

5.1.1. Example |. Tuning parameters of the friction torque in the 1-DOF vertical
model

The following experiment calculates the friction torque of the vertical motor, based on an
open loop plant response and simulation.

In this experiment is the beam is free to move in the vertical plane (This part of the TRMS
can be treated as the identification of the parameters of a pendulum).

Before any other actions, set the TRMS system to the 1-DOF vertical plane by
mechanically blocking its freedom to move in the horizontal plane (by tightening the
vertical axis locking screw as shown in Figure 5-3).

horizontal axis
locking screw \\ rotor arm

vertical lift rotor

horizontal motion rotor

™\ vertical axis

locking screw

pendulum
counterweight

ON OFF
green red

2

base unit \/g

Feed baCk Twin Rotor MIMO System &
remote

ON/OFF switch

Figure 5-3. TRMS vertical and horizontal axis locking screws

Invoke hl_1doff from the MATLAB Command Window.

Set the sampling time and the initial conditions of the model as they were in the real-time
experiment.

Put the beam in the horizontal position and then let it move freely. Measure and save the
response of the sub-system.
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! hi_1doff [_ [O]x]

File Edit Simulation Format

IDENTIFICATION

tuning of 1-dof vertical subsystem Double click
here for

HELP

Set the begrn in the horizontal position and the fet it move freaiy
Seject ShmuiationyStan
to start monitaring

POS_VER
to workspace

e TIME

Clock to workspace

WERTICAL

¥

HORIZONTAL Real Time Task

STOP
Practical

Figure 5-4: Block diagram of hl_1doff experiment.

Next, start the simulation part of this experiment using the Simulink model of the 1-DOF
vertical system. In order to carry it open the m_1doff model from MATLAB Command
Window and start simulation. Set the Simulation parameters — Stop Time to 100 for both

experiments.
i m_1doff M=l Ei

File Edit Simulation Faormat  Tools

IDENTIFICATION
tuning of 1-dof vertcal part of TRMS

0 ——f- | FosWer_m

WERTICAL WVertical

input EfDEI:I;r:

model of
vertical @—b time
part TRMS

Clock time

Figure 5-5: Block diagram of m_1doff model.
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After the experiments are finished, type the following command at the MATLAB prompt

Trmsl

This file collects the outputs from the last two experiments and compares them by
producing plots.

Figure 5-6a shows free responses of the real system and those of the model. Notice, that
the oscillation periods, damping and steady states are different.

a) 0 beam position in vertical plane a,_ [rad] b) o beam position in vertical plane o, [rad]
— Real
TRMS f\
fa) 0.2 N

A o firrrereey
il

A .

Bl
LA U VI

-1 -1

-1.2 -1.2
0 10 20 30 40 50 0 10 20 30 40 50

Time [s] Time [s]

Figure 5-6: Comparison of free oscillations of the beam (model and real system) a) before and b) after
identification of the model coefficients..

Now carry the Gauss-Seidel identification procedure changing coefficients connected with
friction, return torque and moment of inertia (Figure 4-4). Figure 5-6b shows the
comparison of the free responses of the system and the model, with new values of
coefficients calculated after the tuning procedure.

The Gauss-Seidel identification routine could be executed much faster and with greater
accuracy by using the Optimisation Toolbox from MATLAB. If this is not available, use the
trial and error method.
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5.1.2. Example Il. Tuning of time constants of the 1-DOF vertical motor-propeller
model

Another example of identification is the determination of main-motor propeller time
constant T, First, invoke hl_omv from MATLAB Command Window and then carry

experiment. In this experiment a step response of w,(t) is measured (see Fig.5.8.a
TRMS curve).

File Edit Simulation  Format

IDENTIFICATION
tuning of time constant of main rotor

Select SimulationiStart
to start monitoring

Real Time Task

- @ g
Clock to wodepaced

Figure 5-7: Block diagram of hl_omv experiment

nm

WERTICAL

O

to o tisp ace

HORIZONTAL

Next, invoke m_omv from the MATLAB Command Window and run the simulation of the
model.
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i m_omy Hi=l

File Edit Simulation Format

—fo o]

rotational speed

WERTICAL

spaed of of main rotar
main rator
Cl_) I time_w
Clock time_w

Figure 5-8: Block diagram of m_omv model.

If the step input response does not match the simulated one, then it is necessary to adjust
the time constant in the m_omv.m file until the two responses give similar results. The
identified value for Ty, in this case is 1.234 seconds. The responses of both real and

simulated systems are shown in Figure 5-9, and they can be obtained by typing the
following command at the MATLAB prompt.

Trms2
a) rotational speed of main rotor @, [rpm] b) rotational speed of main rotor ), [rpm]

600 600 T
500 \[/ e, § 500
400 /<

f A —  mode 400
200 /\ TRMS

’ / TRMS 300

model

200

2001
100

100
0 \/W /
-100 i o=

-200 -100 y
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Time [s] Time  [s]

Figure 5-9:Results of time constant T, identification. Model and system step responses —
a) before b) after identification

5.1.3. Example IIl Tuning of Time constant for 1-DOF Horizontal propeller

This example of identification is the determination of the tail-motor propeller time constant
T, . Before any other actions, set the TRMS system to the 1-DOF in the horizontal plane
by mechanically blocking its freedom to move in the vertical plane (by tightening the
horizontal axis locking screw as shown in Figure 5-3). First, invoke the file hl_omh and
carry out the experiment which is similar to the previous one.
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In this experiment a step response of w,(t) is measured (see Figure 5-12 -.a TRMS
curve). Then, run the simulation of model m_omh .

{ hi_omh |- (O] ]

File  Edit Simulation Format

IDENTIFICATION

tuning of time constant of tail rotor
Select Simulation/Start
to start monitaring
WERTICAL

OM_H

ﬂ-”—“ > rotational speed
HORZONTAL Real Time Task of tail rotar

e L]

Clock time

Figure 5-10: Block diagram of hl_omh experiment

: m_omh =]

File  Edit  Simulation  Format

M onr

rotational speead

HORIZONTAL speed of of tail rotar
tail rotor
@ | time_h
Clock time

Figure 5-11: Block diagram of m_omh model

Figure 5-12a and Figure 5-12b shows the results of the time constant T, identification for

the tail rotor, and they cab be obtained by typing the following command at the MATLAB
prompt.
Trms4
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a) 1200 rotational speed of tail rotor w_  [rpm] b) 1200 rotational speed of tail rotor @, [rpm]

1000 1000 1

800 [ [ e 800 /% % e

600 /7\ 600 %\ %\

400 ( / \\ e 400t / \\

200 I/ \ \ 200

| AN 1
200, 1 2 3 4 5 6 2005 1 2 3 4 5 6
Time [s] Time [s]

Figure 5-12: Results of the time constant T,, identification. Model and system step responses
a) before b) after identification

Identification procedures are very time consuming but it is necessary to carry them out
precisely. Design of the controllers is more effective when a reliable identified
mathematical model is used.

If you obtain results that do not match the simulated model, this could be caused by a
change of the rotation of the propeller in an opposite direction, leading to negative values
which need subtracting.

0.25

The best approximation of the real time constant of the tail rotor is given by: ———
0.384x+1
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6. TUNING OF PID CONTROLLER

In general, tasks of a TRMS control system can be listed as follows:

 stabilisation . Design a controller so that the state vector of the closed-loop system is
stabilised around a desired point of the state space.

» tracking. Design a controller so that the closed-loop system output follows a given
trajectory.

The control problems considered in this section are the following. Design a PID controller
that will stabilise the position of the TRMS, or make it to follow a desired trajectory in one
plane (1-DOF) while motion in the other plane is blocked. If the TRMS is free to move in
both axes we refer to the control as two degrees of freedom (2-DOF problem).The
description of the PID controllers applied for TRMS is given in the TRMS Getting Started
Manual - 33-007-1M5.

Four control systems are considered and the appropriate files can be used to model the
behaviour of closed-loop systems:

* 1-DOF PID control system - horizontal plane (file: ss_I1dofh.madl )
» 1-DOF PID control system - vertical plane (file: ss_1dofv.mdl )

e 2-DOF Simple PID control system (file: ss_2dofs.mdl )
» 2-DOF Cross-coupled PID control system  (file: ss_2dofc.mdl )

You can invoke any of these control systems by typing the appropriate name of the
system in the MATLAB Command Window or by using the Models & Control Systems
button in Main Control Window (see Figure 6-1).

+ hl_zimul [_ O]
File  Edit Simulation Format
MODELS PID SYSTEMS LQ SYSTEMS

1-DOF Mode! 1-DOF 1-DOF =ystem 1-DOF system
vertical Wertical Plane wvith PID Controller wiith LG Contraller

1-DOF Madel 1-DOF 1_DOF system 1-DOF system
horizontal Harizontal Flans with PID Cortrallar with L2 Controller

2 DOF =ystem 2 _DOF system 2.DOF system
2 -DOF Model 2-DOF wyith simple wvith complex: with L@ Controller

PID Controller PIC Controller

Figure 6-1: Models & Control Systems window
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The control system models can be used for design of PID controllers (by any method).
After calculating the PID coefficients you can study the behaviour of the modelled closed-
loop systems and then confirm the quality of control by real-time experiments.

There are several methods of designing of closed-loop control systems. In order to obtain
optimal (or sub-optimal) settings of parameters for PID controllers the so-called tuning
methods can be used. The following tuning methods can be distinguished:

* tuning (time or frequency based). An experiment is performed with the process
and with the model of the process. Tuning rules are based on time or frequency
responses of the system.

* more general is the method of an objective function minimisation. The idea of
this method for TRMS with a PID controller is shown in Figure 6-2.

NEW
A 4 /
Ymd €m Um mathematical Ym
—VO——P PID(K,Ti,Td) > model of >
+ CONTROLLER TRMS

T'/

v

CRITERION PROCEDURE
Q(Em,um) Min( K'Ti’Td )Q(Sm,Um)

A4

Figure 6-2: Schematic diagram of tuning of PID parameters (for TRMS)

The most commonly used criterion’s are functions of square error 2. The following
criterion was used for the experiments described below:

Q= }s 2 (Hdt

Notice, that selection of the criterion is a rather complicated and difficult task and is
closely related to the project assumptions.

Optimal values of the coefficients of PID controllers must be passed to RTK in order to
start the experiments (see section 6.5).
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6.1. PARAMETER TUNING OF PID CONTROLLER FOR A 1-DOF
HORIZONTAL SYSTEM

The tuning of PID controller parameters is performed using the Simulink model ss_Idofh

(1-DOF system with PID controller button in 1-DOF horizontal row in Figure 6-1) and a
Gauss-Seidel minimisation procedure. The beam is allowed to move only in the horizontal
plane. Figure 6-3 shows the Simulink model used in this case, and Figure 6-4 shows the
structure of the PID controller. Note that the PID controller uses only the position signal
from the TRMS model.

i 2z _1dofh Hi=]

File Edit Simulation Format Tools

CONTROL SYSTEM - 1-dof horizontal plane - with PID controller

positian,
desired position el Lo

desired position,

¥

model of harizontal welocity
— o part TRMS and contral
wel oty magenta -
At =
g N NN
oooo - = =
oo = position
generator [FII®
fanual
) d
desired position Suviteh control " >
108 or generator walue of criterion
[0 | S
Ll Ll
CRITERION

Figure 6-3: Simulink model of 1-DOF harizontal PID control system

| PID
regulator PID-h [mask)
1-D0F contraller

Parameters
F.phh
! PIDhh - O] Kikh

Eile Edit Simulation Fomnat Tools 045

K.dhh
Kdhh dkh BE

|hhzat
43
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1
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Figure 6-4: Structure of PID controller and its mask
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To obtain optimal values of the PID controller parameters the following steps should be
performed:

1. - invoke ss_ldofh model,
2. - open PID block,
—® 3. - click Simulation,
4. - change parameters of PID controller in PID block according to Gauss-Seidel
algorithm,
5. - observe value of criterion,

if this value is minimal finish tuning,

otherwise go back to 3.

Figure 6-5 shows the response of the model to a square wave reference input having
previously completed the parameters tuning procedure.

horizontal position of TRMS beam ap [rad]
; TR f
0.4

4 v v

0 20 40 60 80 100
Time [s]

00

Figure 6-5: 1-DOF horizontal simulation for Q ZIS 2(1) dt tuning criterion
0

The selected values of parameters of the PID controller can be transferred to RTK (see
section 6.5). Figure 6-6 shows the results of a real-time experiment.
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Figure 6-6: 1-DOF horizontal experiment for Q = Isfn(t)dt tuning criterion
0

6.2. PARAMETER TUNING OF PID CONTROLLER FOR 1-DOF
VERTICAL SYSTEM

The tuning of PID controller parameters is performed using the Simulink model ss_I1dofv
(1-DOF system with PID controller button in 1-DOF vertical row in Fig.6.1) and Gauss-
Seidel minimisation procedure. The beam is allowed to move only in the vertical plane.
As before, the PID controller uses only the position signal from the TRMS model.

The tuning procedure includes the following steps:

1. - invoke ss_1dofv model,
2. - open PID block,
—» 3. - click Simulation,

4. - change parameters of PID controller in PID block according to Gauss-Seidel
algorithm,

5. - observe value of criterion,

if this value is minimal finish tuning,

— 7. - otherwise go back to 3.

Figure 6-7 shows the response of the model to a square wave reference input after the
minimisation procedure was completed.
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vertical position of TRMS beam o, [rad]

A / \
A / \ /

N V4

0 20 40 60 80 100
Time [s]

00

Figure 6-7: 1-DOF vertical simulation. Criterion: Q = I g2 (t)dt
0

The optimal values of parameters of the PID controller can be passed to RTK. Figure 6-8
shows the results of a real-time experiment.

vertical position of TRMS beam a, [rad]

o1 JARN

: i

0 20 40 60 80 100
Time [s]

0

Figure 6-8: 1-DOF vertical experiment for Q = J-Sﬁ](t) dt tuning criterion
0
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6.3. PARAMETER TUNING FOR 2-DOF SYSTEM WITH SIMPLE PID
CONTROLLER

In this case the beam can move in both planes. Using Simulink model ss 2dofs (2-DOF
system with simple PID controller button in Fig.6.1) and minimisation procedure, as
described in Section 6.1, parameters tuning of PID controller can be performed. To
obtain optimal values of the PID controller parameters the following steps should be
performed:

1. - invoke ss _2dofs model,
2. - open PID-hh and PID-vv block,
—» 3. - click Simulation,
4. - change parameters of PID controller in PID blocks according to Gauss-Seidel
algorithm,
5. - observe value of criterion,

if this value is minimal finish tuning,

—— 7. - otherwise go back to 3.

Figure 6-9 shows the Simulink model and Figure 6-10 shows the structure of the simple
PID controller used during this experiment.

i 35_2dofs M=
Fil=  Edit Simulation Format  Tools
CONTROL SYSTEM - 2-dof vertical and horizontal planes - with simple PID controller
HORIZOHTAL

desired position
A(t) or generator dezired position-horizontal i1 | BT .

vel-hariz. .
oooo =h M ‘ poshariz. o
i T
oo i g + - .
rot -speed tail
P 0011
: HORIZONTAL
%DDDD — ¥ cantral -horiz ) - »
- > & qreen gl desired position,position
Manual — welocity, rotor welocity
=
Swiitch es PID-2 madel of des poswert. wellow and control
TRMS
WERTICAL pos-wert. magenta

desired position 1 pos-werl. cyan
rot-speed main red
WERTICAL

Aty or generator
ozl syailiea] green - dezired position, position

welocity, robar welocity

and santral
walue of criterion

Y Y

¥

¥

¥y ¥ ¥

h

y¥r

criterian

Figure 6-9: Simulink model of 2-DOF with simple PID controller
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Structures of the blocks PID-vv and PID-hh in Figure 6-10 are identical as in Figure 6-4.
Figure 6-11 shows the responses of the model after the minimisation procedure. The
reference inputs are: a sinusoidal wave in the vertical plane and a square wave in the
horizontal plane. Notice, the strong interaction between the step change of input in the
horizontal plane and response in the vertical plane.

: PID-2 M= E

File Edit Simulation  Format  Tools

(D0 »(1)

in_1 out_

@-@ »2)

in_z out_2
P 10w
' PID-ww + PID-hh
regulator PID [maszk) regulator PID-h [mask)
PID 1-DOF 1-D0F contraller
Parameters Parameters
foprese F.phh
Klivw Kihh
05E 0.45
Ko k.dhh
1.8765 1.3221
[veveeat |hhzat
1 L3341
wmnas Ihmax
1 1
Help Cloge Help Cloze

Figure 6-10: Structure and masks of the simple 2-DOF PID controller
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position of TRMS beam in vertical plane Oy [rad]

0.4
0.3 Nop
o IR
0.1 A f

. Ly
.. e el
-0.2 1 Y §

Y
0.3 { U U
045 100 150 200
Time [s]

0.4 position of TRMS beam in horizontal plane Oy [rad]
0.3 M
0.2 \UI\/\VA . \V f\unu!\un.vf\vnvnvl\v,\v,.
0.1

0
-0.1
0.2 ANN f\,
0.3 [ }
o y J
0'550 100 150 200

Time [s]

Figure 6-11: Results of simulation for 2-DOF system with simple PID controller

Fig.6.12 shows the responses of the TRMS with the PID parameters passed to RTK in a
real-time experiment. The reference inputs have the same shapes as in the simulation
experiment. Interactions between the vertical and horizontal responses are also seen.
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Figure 6-12: Results of experiment with 2-DOF system with simple PID controller
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6.4. PARAMETER TUNING OF THE 2-DOF SYSTEM WITH A CROSS-
COUPLED PID CONTROLLER

All simulations and real-time experiments described in this section are similar to those
described previously. The only difference is in the PID controller structure. In the present
case the Simulink model ss_2dofc (2-DOF system with complex PID controller button in
Figure 6-1) is used.

Figure 6-13 shows the model of the closed-loop system. Figure 6-14 shows the block
diagram of the cross-coupled PID controller. This structure of the controller was proposed
for reducing interactions between motions in both planes. The equations of the TRMS
system are of the sixth order but can be naturally separated into two three-order sets
representing the horizontal and the vertical motion, respectively.

Unfortunately, there is an important amount of interaction between the vertical and
horizontal motion. The goal of uncoupling of the system is to design a controller such that
a change of reference value for pitch will cause only a vertical movement of the beam with
no change of azimuth (the beam position). A similar effect in the other axis is expected
when a de-coupling controller is applied.

To obtain optimal values of the PID controller parameters the following steps should be
performed:

1. - invoke ss_Z2dofc model,
2. - open PID-vv, PID-hh, PID-vh and PID-hv blocks,

—® 3. - click Simulation,
4. - change parameters of PID controller in PID blocks according to Gauss-Seidel
algorithm,

5. - observe value of criterion,

if this value is minimal finish tuning,

— 7. - otherwise go back to 3.
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Figure 6-13: Simulink model of 2-DOF with cross-coupled PID controller
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Figure 6-14: Block diagram of the cross-coupled PID controller

6-12

33-007-4M5




TWIN ROTOR MIMO SYSTEM
Advanced Teaching Manual 1 Tuning of the PID Controller

CHAPTER 6

i+ PIDhy

0451 543215
0.021 .987EEE
0,434 || 1.987ER

Figure 6-15: Structure of cross-coupled PID 2-DOF controller and masks of this controller
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Figure 6-16 shows responses of the model after the minimisation procedure has been
completed. The reference inputs are a sinusoidal in the vertical plane and a square wave
in the horizontal plane. Notice that the influence of the step change in the horizontal
plane on the response in the vertical plane is weaker than with the simple PID controller.

This effect was achieved by experimental tuning of 18 parameters of the 2-DOF cross-
coupled PID controller.. Figure 6-16 shows the responses of the TRMS in the real-time
experiment with the parameters of PID previously passed to RTK. The Reference inputs
have the same shape as in the simulation experiment. Weak interactions between the
horizontal and vertical responses can be found in Figure 6-16 and Figure 6-17.

Note: Theoretical aspects of non-linear MIMO system de-coupling will be considered in
the TRMS Advanced Teaching Manual 2 — 33-007-5M5.
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Figure 6-16: Results of simulation (2-DOF system with cross-coupled PID controller)
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Figure 6-17: Results of experiment (2-DOF system with cross-coupled PID controller)
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6.5. PARAMETER TRANSFER TO RTK

There are two ways of transferring the parameters to the RTK.

Method 1

The first one uses the Set controller parameters window. A special communication
window was constructed, for transferring the values of the parameters to RTK (Figure
6-18), and this can be opened any time by clicking the block Controller Parameters
window.

I TRMS: set contioller parameters _ (O] x]
Load Save

Descr. Gl CURR e -

UNRECOGNISED
Kpwv | o[ 05| 4| a
kewh o o1 4] il
Kiew | o[ 28 | w4 ] b
Kivh 0] 0| 4 | a
Ko o[ 43 | w4 ] a
Kebvh | U | U | 1 LJ i Start alg.
Kphw o[ 24 | w4 ] a 4
Kphh | o[ 213 | w4 b
ki | | 0] 4] ]
Kibh | 0 [ 1334 | w4 | b
LG 0| 0| 4| ]
Kdhh i 1.98 m A r

| | | — J — & Jze 'Set!
lsabey | o 13 | w4 | a _
|zatvh | 0 0] 04 N " Immediately
Izathy | o | 10 A ] St
lsathh | o[ 187 | Ik ]
Llvman | 0 | 1 | 1 4 »
Uhmax | 0| 1 14 3 Update |
FID controller Help
Cloze

Figure 6-18: Set controller parameters window for PID controllers

If an arbitrary algorithm is running and next this window is opened then the algorithm is
marked (the black dot) with the current active values of parameters. If none of the
algorithms are running, then the UNRECOGNISED button is marked without any visible
parameters.

You can select the type of the algorithm by clicking the PID, SF or LQ radio-button.
Each algorithm has its own set of default parameters, which can be changed by typing
an appropriate value or by dragging the slider.
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When the Use ‘Set’button is selected the parameters are passed to the RTK after clicking
Set button. When the Immediately button is selected, each change is passed to the RTK
immediately.

Any set of parameters previously saved can be loaded using the Load menu option. The
default parameters are loaded from the hl_cpar.mat file for inactive algorithms, whilst for
the active algorithm (working in the background) the parameters are loaded from the RTK.

The Update button is used to show the current parameters of the RTK. If you click the
Update button then the parameters window is updated. It means that current values of
parameters from RTK are transmitted to the parameters window. Therefore all changes
introduced lately outside the visible window, for example: in the MATLAB Command
Window, etc are transmitted to that window.

If you mark a control algorithm and click the Start alg. button then the new control
algorithm will be chosen and it will start.

Method 2

The second way to setting the controller parameters is to type appropriate values directly
to the mask of the Real Time Task block in the Simulink model. (Figure 6-19).

In this mask you can set all 18 parameters of the PID controller. After the start of the
experiment, these values of the parameters will transfer to the RTK, if the check box is
marked, otherwise the parameters set in this block will not be updated to the “Controller
Parameters “ window.
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! Real Time Task
Real Time Task Parameters [mazk)
Real Time Task Parameters

Farameters

Set controller parameters: [ Epww Kpwh Eivw Kivk ]

Set controller parameters [ Kdwy Kdvh Ephy Kphh ]
[43024 219

Set contraller parameters [ Kivh Kbk Kdhy Kdhh ]
[01.39340198]

Set controller parameters [ 1satvy [zatvh lzathy [zathh ]
[1.3001.87]

Set controller parameters [ Uvmax Uhmas |
[(11]

Sarmple tirme:
oo

Downzampling ratio;
1

¥ Set RTE pararneters ?

¥ Stop practical after simulation stop 7

‘ | Help ‘ Cloze |

Figure 6-19: Mask of Real Time Task in the PID stabilisation case.

The procedure described above, is relevant for all real-time experiments.

It is also possible to insert the values calculated for the PID controller parameters into
either of the tables shown in Figure 6-18 and Figure 6-19, and compare the results with
the theoretical (simulated) ones.
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7. LQ-SYSTEMS FOR TRMS

The synthesis of the continuous LQ controller for TRMS is described below. For a very
small value of the sampling time the response of the discrete system converges to the
response of the corresponding continuous system, which is the case we require.

The most important question for the designer of a control system, as far as LQ regulator
problem is concerned, is how to select the weighting factors of the cost function.

The linearised dynamic model of TRMS is described by the linear differential equations in
the general form:

9(:AX+B u
dt

y =Cx

where the matrices A,B,C are obtained using appropriate MATLAB function (see next
section).

A typical quadratic cost function has the form:

I(u = (DY QY + u' () RY ] dt

if the following conditions are fulfilled:

. the matrix Q=0, Q is nonnegative definite,
. the matrix R>0,R is positive definite,
. the (A,B) pair is controllable.

The weighting matrices Q and R are selected by a designer but they must satisfy the
above conditions. It is most easily accomplished by picking the Q's to be diagonal with all
diagonal elements positive or zero. Some positive weight (|R|#0) must be selected for the
control, otherwise the solution will include infinite control gains.

The values of elements of Q and R matrices are weakly connected to the performance
specification. A certain amount of trial and error is required with a simulation program to
achieve satisfactory result. A few guidelines can be recommended. For example, if all
states are to be kept under close regulation and Q are diagonal with entries so selected
that a fixed percentage change of each variable makes an equal contribution to the cost.
The matrix R is also diagonal.
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Then the optimal scalar control u” and the optimal trajectory vector x are given by:
u=-Kx

where K is the feedback matrix.

The optimal control problem is now defined as follows: find the gain K such that the
feedback law minimises the cost function subject to the state equation. The calculation of
the control variable which minimises the criterion is a dynamic optimisation problem. This
problem can be solved by variational calculus applying the maximum principle due to the
Bellman optimisation principle. The procedure returns the optimal feedback matrix K, the
matrix S, the unique positive definite solution to the associated matrix Riccati equation:

SA+ATs-sBr-1BTs+Q=0

Because of the quadratic appearance of S, there is more than one solution, and S must
be positive definite to select the correct one. The procedure returns also the matrix E, the
closed-loop roots:

E = eig(A - BK)

The vector K can be calculated by a numeric iterative formula on the basis of the Riccati
equation. The associated closed-loop system:

dx/dt = (A - BK) x
is asymptotically stable.

To solve the LQ controller problem the Iqry function can be used from the Control System
Toolbox. The synopsis of lqryis: [K,S,E] = Iqry (A, B,C,D, Q, R).

The control u is not constrained. Such assumption can not be satisfied for a real physical
system. One must remember that if the control u is during practical saturated then the
obtained control is no more of the LQ type. To return to the LQ problem the amplitude of
the u signal should be diminished. In such a case the designer tunes the relative weights
between state and control variables. As far as it happened the simulation tools are
recommended to be applied.
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7.1. LQ CONTROL OF 1-DOF HORIZONTAL SYSTEM
7.1.1. Simulation model for LQ design

The simulation model shown in Figure 7-1 is used as the basis of the design of the LQ
controller for a 1-DOF horizontal system

MModel of horizontal part TRWS for L(}-control

driving
torque

O 0

in_1 mith momert of
speed of inertia

tail rotor @

ph_

Figure 7-1: Model of the horizontal part TRMS applied for LQ-control
The design process comprises the next steps:

* linearise , in fixed point, the non-linear model presented above using linmod
MATLAB function,

* select Q and R matrices,
» calculate feedback gains using /gry function,

* simulate the closed-loop LQ system with linear model and check the behaviour
of the system,

* ifitis necessary, change Q or R and repeat the simulation,
* simulate the closed-loop non-linear system,

* perform a real-time experiment with the feedback gains obtained.
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7.1.2. Calculating LQ feedback gains for 1-DOF horizontal

First double click the Models & Control Systems block, followed by double clicking the 1-
DOF System with SF Controller for 1-DOF horizontal. The appropriate window for LQ-
controller will appear (see Figure 7-2).

I:[ LQ - design and simulation.

Solve LA problem

LA linear model

LQ non linear model

Figure 7-2: LQ-design and simulation window for 1-DOF horizontal system.

Now, write in the edit fields Q and R the elements of the matrix Q (i,j) and the scalar R..
Click Solve LQ Problem. In the edit fields Khh-vel, Khh-pos and Khh-rot the optimal
gains of LQ-controller will appear after a short time (see Figure 7-3).

D LA - design and simulation. !EE

Khh-wel Khh-pos :

Q.1): 2 L3) ¢ LA linear model
ag2.1y :

LA non linear model

Q.1 :

Figure 7-3: LQ-design and simulation window for 1-DOF horizontal system after clicking Solve LQ problem
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7.1.3. Linear LQ system simulation

To carry out the simulation experiment for the linearised mathematical model with LQ
controller click LQ-linear button in LQ-design and simulation window. Fig.7.4 shows the
simulation diagram applied for this purpose.

{ hl_mhml _ O]

Fil= Edit Simulation Format  Toolz

L@} controller for linear model of horizontal part TEWS

wel oty e e[| o .
- Ll
= Ax+B iti
AL e
cyan

State-zpace e 002 e
o_hy_hp_h Dutputs
sontroly | 4 red > and cantral

F

— K o/ K e MUx

F

F

K inv(Cl=L

Figure 7-4: Simulation diagram for LQ-system for 1-DOF horizontal part of TRMS (linearised)

Matrices A,B,C,D of linear model were calculated before and they are available in the
WorkSpace. In the State-Space block (see Figure 7-4.) you must enter the initial
conditions for the state variables (the succession of states is defined in the variable xstr
in WorkSpace ) and the mask of the State-Space block is shown in Figure 7-5).

i State-space o_h.v_h.p_h
State Space

State-space model:
dx/dt = A= + Bu
y=Cr+Du

Parameters

Iritial conditions:
[010]

| ‘ Help | Cloze ‘

Figure 7-5: Mask of the State-Space block for initial condition definition of linear model of TRMS
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Values of the state variables are reconstructed from output variables in the block INV( C)
=L.. The LQ closed-loop system responses are the results of a simulation experiment
from initial conditions to zero point.

Remember that the system is linear and that the state variables are deviations between
non-linear system states and the point of linearisation. See Figure 7-6.

E Dutputz and control | [Of =]
[0 210 dalE 2]

Figure 7-6: Results of the simulation of the linear TRMS model with LQ controller

You can calculate eigenvalues of the open linear system by typing in the MATLAB

Command Window:
» eig(A)

MATLAB responds with:
ans = 0, -0.8550, -2.6042

and to see the eigenvalues of the closed-loop system, located in the matrix E:

» E
E = -3.5679, -1.7087 + 2.3511i, -1.7087 - 2.3511.i

Note that the open system is unstable, but that the LQ closed-loop system is
asymptotically stable. Note also that the open system has just one eigenvalue equal to
zero, connected with the position state variable. This means that all the positions are
identical from the point of view of linearisation. In other words, the matrix A obtained from
the minimisation procedure, is independent of the choice of linearisation point.

If your results are as expected, go to the next step and click LQ nonlinear model in LQ-
design and simulation window .

If not, repeat Solve LQ problem (button in LQ-design and simulation window ) using
different Q or R matrices.
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7.1.4. Non-linear LQ system simulation and results of real-time experiment

Double click LQ non-linear model to show the Simulink model of the LQ non-linear control
system (Figure 7-7).

{ hi_mhmn =13
File Edit Sirmulation Format  Tools

L} controller for non-linear model of horizontal part TRMS

muodel of harizontal part TRMS

wel oty . 5::: el owy »
Ll
-
Ll
% :l position . 2::: magenta.
Ll
_”.”.“ L rotor an
| 01 [T -
Fulze
Generator
control ! 10 i
Ll
“ DuterFs,con‘trnI
disturbans w! a0 reen and disturbans
Ll
— E ] E =] fluz
K L=inwiC) it

Figure 7-7: LQ controller with the non-linear model of TRMS (1-DOF horizontal part of TRMS)

Using the Simulink model of the non-linear LQ system, you can study the system
responses to an external disturbance (for instance a strong blast of wind). Observe how
the system comes back to the starting point (see Figure 7-8).

Note that appropriate initial condition must be typed in the integrators in model horizontal
part of TRMS, after ungrouping this block.

Eﬂutputs,cnntml and disturbans

(0212 @l £

Figure 7-8: Results of simulation of the LQ controller with non-linear TRMS model (with impulse
disturbances)
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After the simulation you can start a real-time experiment. - remember that this
experiment will apply a stabilising LQ controller in the horizontal plane only.

At the beginning block the system in one axis so that it cannot move in the vertical plane
(by tightening the appropriate screw).

Next prepare the calculated parameters to be transferred to RTK. according to the
procedure described in section 6.5.

Click Controller parameters block and choose the LQ radio-button (see Fig.7.9).

Then type in values of Khh-vel, Khh-pos, Khh-rot and Uh-max parameters. Set all others
to zero.

To change the parameter set, click the Set button in the Controller parameters window.
The controller now uses the default values, which can be changed by the sliders.

EZ TRMS: set contioller parameters Hi=]E3
Load Save
Descr, kAN CURR b
" UNRECOGMISED
Kome-poz | il | il | 10 4 L
Koavw-vel | o o 1m0 A 2 © FID
Foame-rot | 0| | 1o A | o
Ko ——r—
vhpos | 0| 0| 0 A4 M sis
Fohovel 0 0 10 A B[ e
Khrot | . | U | 1 ! id Start alg.
W-offset | 0| | 0 A 3
Khw-poz | 0 | 0 | 10 4 i
Khivel 0| o L 4
Eheerat 0| o m A 4
Khhpos | 0 [ 01414z | 0 4 2
Khbrvel 0 0.143 04 ’
| | | — & Use 'Set’

Khberat | 0 [ oooode | 10 A id :
Heoffset | 0 0 T R 7 Immediately
Lvmax | 0| | 1 4 | cet
U hirnax [ o 1 1A 2

Update |
LA contraller Help

Close

Figure 7-9: Controller Parameters window for 1-DOF horizontal real-time experiment with LQ controller

When the system is stabilised, push the TRMS beam by hand in the horizontal plane and
observe the behaviour of the system.
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Next double click LQ Controller block in the Main Control Window.

The window shown in Figure 7-10a opens.

Next open the mask of Real Time Task ( see Figure 7-10b) and set the appropriate LQ
controller parameters values (these values now taken as the default).

Click Simulation/Start button. - the experiment starts with the values of the parameters

taken from the mask of the Real Time Task.

The results of this experiment are shown in Figure 7-11.

L3 CONTROLLER
stabasatan mode

v e il

®

Eu Tamie Tak
SEMTS_hisE t i T
Te Workiphos —

k

4 L
o \ [ o
il

k.

b) |

Figure 7-10: a).Real-time experiment window for LQ controller b). Real Time Task mask for the LQ controller
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Figure 7-11: Real-time experiment results
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