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ABSTRACT

The Twin Rotor MIMO System is an aero-dynamical model of a helicopter with

significant cross-couplings between longitudinal and lateral directional motions. In

this project there are two main critical parts, which are the development of dynamic

models for the characterization of 1-DOF horizontal and vertical part and also the

design stage of the state-feedback controller to control the main and tail rotor of the

TRMS. The dynamic models ofthemain andtailrotor of theTRMS were obtained by

applying a step input to the rotors independently, one at a time. The step responses

were then evaluated to find the relevant information and quantities to develop second-

order transfer function. From these linearized models, the state-feedback controllers

were designed independently for the main and tail rotor by selecting desired pole

locations and calculating the feedback gains. Real-time experiments were then

performed using the feedback gains obtained toevaluate the performance ofthestate-

feedback controllers designed. Strong interactions between the tail and main rotor

also seen by performing 2-DOFreal-time experiments.
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CHAPTER 1

INTRODUCTION

1.1 Background of Study

Dynamic Modeling and Open-Loop Control of a Twin Rotor MIMO System (TRMS)

project, as the topic implies requires the development of a dynamic model of TRMS

and design of a control strategy to control the behavior ofthe TRMS.

TRMS consists of main and tail rotor in which there are significant cross-couplings

between the actions of the rotors, with each rotor influencing both positions angles.

The main rotor is responsible for the motion in vertical plane while the tail rotor is

responsible for the movement in the horizontal plane.

Creation of two 1-DOF separate models for horizontal and vertical plane is necessary

since there is no natural way to split 2-DOF complex model into two independent

parts.

The development of dynamic model for the main and tail rotor of the TRMS is very

important since it gives the input and output relationship of the system. By having a

good model for the tail and main rotor of the TRMS a better control strategy can be

introduced to the system to achieve desired response.

The design ofcontrollers for such a system is based on de-coupling. For a decoupled

system an independent control input can be applied for each co-ordinate of the

system.



1.2 Problem Statement

L2.1 Problem Identification

The Twin Rotor MIMO System (TRMS) is a high-order nonlinear system with

significant cross-coupling. In some aspects, its behavior resembles that of a

helicopter, with significant cross-coupling between longitudinal and lateral

directional motions. The approach to control problems connected with TRMS

involves sometheoretical knowledge of lawsof physics which results in complicated

mathematical modeling of the TRMS. Since this project requires the development of

a control strategy to control the behavior of the TRMS, hence the TRMS need to be

modeledfirst before the control strategy can be introduced to the system.

1,2.2 Significance oftheProject

The significance of this project is to obtain linearized model for the main and tail

rotor of the TRMS using the experimental approach and design a control strategy to

control the behavior of the rotors.

1.3 Objectives and Scope of Study

1.3.1 Objectivesofthe Project

Bytheend of the semester, the project isexpected tomeet thefollowing objectives:

• To obtain linearized models for 1-DOF main rotor and 1-DOF tail rotor of the

TRMS

• To design a controller so that the state vector of the closed-loop system is

stabilized around a desired point of the state-space and follows a given

trajectory.



1.3.2 Scope ofthe Project

Scope of study for this project is narrowed down to the design of state-feedback

controller using the pole placement method.

133 Relevancy ofthe Project

The designprocessof this project requires a strongbasic knowledge in controlsystem

design and analysis. As the TRMS is a model of a helicopter, this project is very

much relevant to the real control systems design for helicopter in which the TRMS

can be used to model the helicopter. A controller can be designed basedon this model

and the performance of this controller can be analyzed by using Matlab before

applied to the real system. Hence, by doing this project, student can have a better

understanding in the process ofdesigning a controlsystem.



CHAPTER 2

LITERATURE REVIEW

2.1 Control Systems*1'

The portion ofa system to be controlled iscalled theplant orprocess. It isaffected by

applied signals called inputs, and produces signals of particular interest called

outputs, as indicated in Figure 1. The plant is fixed as far as the control-designer is

concerned.

input

Figure 1 Plant to be controlled

A controller maybe used to produce desired behavior of the plant. The controller

generates plantinputsignals designed to produce desired outputs.

disturbances

control

inputs

Figure 2 Open-loop system



Those systems in which the output has no effect on the control action are called open-

loop systems as shown in Figure 2. In other words, in an open-loop system the output

is neither measured nor fed back for comparison with the input.

In any open-loop control system the output is not compared with the reference input.

Thus, to each reference input there correspond a fixed operating condition; as a result,

the accuracy of the system depends on calibration. In the presence ofdisturbances, an

open-loop control systemwill not perform the desiredtask. Open-loop control can be

used in practice, only if the relationship between the input and output is known and

there are neither internal nor external disturbances.

input
+

error

Plant

output

feedback loop

Figure 3 Closed- loop control system

Feedback control systems are often referred to as closed-loop control systems shown

in Figure 3. In practice, the terms feedback control and closed-loop control are used

interchangeably. In a closed-loop control system the actuating error signal, which is

the difference between the feedback signal (which maybe the output signal itself or a

function of the output signal and its derivatives and/or integrals), is fed to the

controller as to reduce the error and bring the outputof the systemto a desiredvalue.

The term closed-loop control always implies the use of feedback control action in

order to reduce the system error.



2.2 State-Feedback Controller Using Pole Placement Method'21

2.2.1 Topologyfor Pole Placement

In the state space representation, a system or plant is represented by

x = Ax + Bu (1)

y = Cx (2)

and shownpictorially in Figure4, where light linesare scalarsand the heavy lines are

vectors. In a typical feedback control system the output, y is fed back to summing

junction. It is that the topology of the design changes. Instead of feeding backj>, all

ofthe state variables are fed back to the summingjunction.

Figure 4 State space representation ofa plant

If each state variable is fed back to the control, u through a gainfc,, there would be n

gains, A, that could be adjusted to yield the required closed-loop poles. The feedback

throughthe gains^, is represented in Figure5 by the feedback vector-K.

Figure 5 System with feedback



The state equations for the closed-loop system of Figure 5 can be written by

inspection as

x = Ax +B(-Kx +r) = (A-BK)x +Br (3)

y = Cx (4)

The design of state-feedback controller for closed-loop pole placement consists of

equating the characteristic equation of a closed-loop system to a desired characteristic

equationand then finding the valuesofthe feedback gains, k,,



2.2.2 Pole Placementfor System in Control Canonical Form

To apply pole placement methodology to system represented in control canonical

form, take the following steps:

1. Represent the system in control canonical form.

2. Feedback each phase variable to the input of the system through a gain, k}.

3. Find the characteristic equation for the closed-loop system represented in step

2.

4. Decide upon all closed-loop pole locations and determine an equivalent

characteristic equation.

5. Equate like coefficients of the characteristic equation s from step 3 and step 4

and solve fork,

Following these steps, the control canonical form representation ofsystem is given by

0 1 0 .. 0

0 0 1 .. 0
A =

-a„ -a, -a, .. -a*o "1 w-i.

B = ; C=[Cl c2 .. cn] (5)

The characteristic equation of the system is thus

s" +an_xsn~l + +tys +a0 = 0 (6)

Now form the closed-loop system by feeding back each state variable tow, forming

u = ~Kx (7)

where

tf-fc k2 k3 .. k„] (8)



Thekj 's are the phasevariables' feedback gains. Using equation (3)withequations

(5) and (8), the systemmatrixv4 - BK, for the closed loopsystemis

0 1 0 .. 0

0 0 1 0
A~BK = (9)

_-(«0+*i) ~(«t+*2) ~(fl2 +*3) " -K-1+*,).

Sinceequation(9) is in phase variable form, the characteristic equationofthe closed-

loopsystem can be written by inspection as

tet(sI-(A-BK)) = s" +{an_l+kn)S"-1 +(an_2 +kHA)s*-2

..+ ...(«,+ifc2)j + (ao+*1) = 0 0°)

Notice the relationship betweenequations (6) and (10). For plants represented in

phasevariable form, the closed-loop characteristic equation canbe written from the

open loop characteristic equationby addingthe appropriate k( to each coefficient.

Now assume that the desired characteristic equation for proper pole placement is

s" +dn_ls"-i +d^2s*~2 + +d2s2+dxs +d0 =0 (11)

where the*/, 's are the desired coefficients. Equating equations (10)and(11), we

obtain

d, =a, +ki+l / = 0,1,2,3,....,*-1 (12)

from which

kM-dt'at (13)



CHAPTER 3

THE TWIN ROTOR MIMO SYSTEM131

3.1 Introduction to Twin Rotor MIMO System

The Twin Rotor MIMO System is a laboratory set-up designed for control

experiments as in Figure 6. In certain aspects its behavior resembles that of a

helicopter. From the control point of view it exemplifies a high order non-linear

system with significant cross couplings.

At both ends ofthe beam, pivoting on its base, there are two propellers driven by DC

motors. The articulatedjoint allows the beam to rotate in such a way that it can rotate

freelyboth in its horizontal and vertical planes.There is a counter-weight fixedto 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 ofbeam is lowered.

tail rotor

DC-motor
tachogenerator

tail shield

free-free beam

pivot with optical
encodeis

main shield

main rotor
DC-motor

tachogenerator

counterbalance

Figure 6 Aero-dynamical model ofo Twin Rotor MIMO System

The TRMS helicopter system has main and tail rotor for generating vertical and

horizontal propeller thrust, and requiring only two easily measured outputs, the

horizontal and vertical angle (ak and av) ofthe helicopter.

10



In a normal helicopter the aerodynamic force is controlled by changing the angle of

attack. However in the TRMS model the angle of attack is fixedand the aerodynamic

force are controlled by varying the speed ofrotors.

The control outputs therefore are the voltages applied to the DC motors. A change in

the voltage valuewill results in a change of the rotation speedof the propeller which

results in a change of the corresponding position of the beam. There are significant

cross-couplings between the actions of the rotors, with each influencing both the

position angles.

11



3.2 Twin Rotor MIMO System Operating Modes

The TRMS can be set to operate in three modes

• A 1-DOF system using only the tail rotor - motion only in the

horizontal plane

• A 1-DOF system using only the main rotor - motion only in the

vertical plane

• A 2-DOF system using the tail and main rotor - motion in both

horizontal and vertical planes

This is accomplished by setting the two nylon locking screws which clamp motion in

either the horizontal or vertical plane.

The tail rotor horizontal motion can be controlled by mechanically blocking its

freedom to move in the vertical plane (by tightenmg the horizontal axis blocking

screw as shownin Figure 7). Whilethe main rotor motion in the verticalplane can be

set by mechanically blocking its freedom to move in the horizontal plane by

tightening the vertical axis locking screw.

Figure 7 Vertical and horizontal locking screws ofTRMS

The 2-DOF control motion can be carried out by releasing both of the vertical and

horizontal set screws in which the main and tail rotor can be controlled

simultaneously.

12



Motion of themain rotor upwards from the reference position is considered as motion

in the positive direction and clockwise rotation of the tail (viewed from the top) is

considered as positive.

vertical axis of rotation

Main rotor

Figure 8 Main rotor positioning ofTRMS

FlI**.

thrift of tail rotor
j

vertical asi* of rotation

Figure 9 Tail rotor positioning ofTRMS (viewed from above)
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3.3 Description of the HelicopterPID RTWT Block Diagram

Ffa Ei View Simulation Format Tods Hofc

Measure System States

Ready

I. Til Oil)
1. Rotor Orif

3. Ta nd four

Ifeart^fitfflffleoptBrEirpwtftiwtfiiwtfiPC/l

Output Control

Figure 10 Block diagram of HelicopterPID controller

The HelicopterPID command is invoked in the MATLAB command window to load

and execute the RTWT block diagram.

The RTWT block diagram for the HelicopterPID is shown in Figure 10 above. The

model providesPID control for each of the 3 operating modes of the TRMS; 1-DOF

tail rotor, 1-DOF main(vertical) rotorand2-DOF (both mainandtail rotor).

The selection is made by entering a constant value of 1, 2, or 3 in the "Experiment

Select"box coloredcyan in the top right cornerofthe block diagram window.

In Figure 10, the green blocks denote input/output operations of hardware and the red

block denotes the safety subsystem. The green blocks labeled Encoder Rotor Angle

and Encoder Tail Angle represent input of the vertical and horizontal positions as

encoder counts from two incremental encoders.

14



Priorto the start of a control experiment the system mustbe at the reference position.

Todothisdepress the STOP button and manually hold thecounterweight arm vertical

until the real-time target has been connected.

Thesereference verticaland horizontal positions will be referredto as 0 radians.

The scaling blocks convert from counts of the incremental encoders turning with the

motor, to unit angle in radians.

The green blocks labeled Voltage Rotor andVoltage Tail represent output voltage to

the main and tail rotor ofthe TRMS.

The Scaling block found in "Scaling and Safety" block is set to 1 so that a positive

input creates a motor torque thatactsto move the rotor in positive direction.

The Control Subsystem is shown as a blue block in the centerof Figure 10. The two

inputs represent the position error for the two rotors. Double click on this block to

open it (Figure 11). The"PIDRotor'* and"PIDTail" blocks are masked.

File Edit View Simulation Format Tools Help

&-+$
in_1 out 1

PIO-Rotor

©—•5
in 2 out.2

PID-TaM

M00% odel

Figure 11 Control subsystem mask
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To reveal the structure right click the mouse and select "Look under mask". The

structuresare shown in Figure 12and Figure 13.

Figure 12 PID main rotor secondary block

Figure 13 PID tail rotor secondary block

This operation is repeated on the PI blocks which appear to show the structure of the

controllers shown in Figure 14 and Figure 15.

16



R heIicopterpid/.../PID-Rotor/PIDhh
File Edit View Simulation Format Tools Help

0-
in_1

Kdhh dhh

r*K]> •duttt

—JJ> •p"
Kihh

1e4

s^GJsMea

Velocity Filter!

£>
Kphh

»=>c

Sum1 Integral
Isath

•<g*-
D1

Ready 100% odel

+H1

out 1

Figure 14 PID controller main rotor

S helicopterpid/.../PID-Tai!/PIDvy
Re Edit View Smutabon format Tools Help

0 eS HU T[e»*w^

r*£>-H=Hss;
V.lodty FIKerJ

©•
•*^>-+0 >^P

Kiw tw fc»ti»

Ready 100%

*©

odel

Figure 15 PID controller tail rotor
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CHAPTER 4

METHODOLOGY AND PROJECT WORK

4.1 Twin Rotor MIMO System Modeling and Identification

i. System Modeling

The purpose of system modeling is to establish the relationships between

parameters in physical systems and transient behavior of the systems. There

are two ways in modeling a system, which are the mathematical approach or

empirical approach.

The mathematical approach has limitations, which generally results from the

complexity of mathematical models. Thus, modeling most realistic system

requires a large engineering effort to formulate the equations, determine all

parameter values and solve theequations, usually through numerical methods.

Theempirical modeling is specifically designed forplant process control. But,

this method can be applied also to any physical systems by applying a step

input to the system. The resulting dynamic response is used to determine the

model. A linear transfer function developed using this method is adequate for

manysystemcontroldesigns and implementations.

Stepstaken in identifying dynamic modelsofthe TRMSare as follows:

1. A step change is introduced in the inputvariable.

2. Collectthe output response until the outputreachessteady-state.

3. Perform relevant calculations to determine the parameters for the second-

order model.

18



Thereare two physically meaningful specifications for second-order systems.

These quantities can be used to describe the characteristics ofthe second-

order transientresponse just as time constants describe the first-order system

response. Thetwo quantities are callednatural frequency, mn anddamping

ratio, £.

The natural frequency, wn ofa second-order systemis the frequency of

oscillation ofthe system without damping. It relates to the speed ofthe

response for a particularvalueof£.

• When£ < 1.0, the system is said to be underdamped and will overshoot

the final steady state value. If£ < 0.707, the system will not only

overshoot but will oscillate about the final steady-state value.

• When £ > 1.0, the system is said to be overdamped and will not oscillate

or overshoot the final steady-state value.

• Whenf = 1.0, the system is said to be critically damped and yields the

fastest response without overshoot or oscillation.

The general second-order system transfer function looks like this:

T(s) =̂ -^ T

19



O-lcfhwi

Figure 16 Second-order underdamped response specifications

For underdamped second-order system, the other parameters associated with it

are percent overshoot, peak time, settling time, and rise time. These

specifications are defined as follows (see Figure 16):

1. Peak time, Tp: The time required to reach the first, ormaximum, peak.

2. Percent Overshoot, %OS: The amount that the waveform overshoots

the steady-state, or final, value at the peak time, expressed as a

percentage of the steady-state value.

3. Settling time, Ts; The time required for the transient's damped

oscillations to reach and stay within ± 2% ofthe steady-state value.

4. Rise time, Tr: The time required for the waveform to go from 0.1 ofthe

final value to 0.9 of the final value.

Refer to Appendix A for useful design formulas for underdamped second-

order systems.

20



ii. Model Identification

During the identification process, the parameters of the model developed are

tuned to obtain a satisfactory degree of conformity of the model with the

actual system. The point is to tune the parameters of the model in such a way,

that the outputs of the model fit the actual output of the real system. A good

model is a model that can represent a small error when compared to the actual

system. Identification procedures are verytime consuming but it is necessary

to carry them out precisely. Designof the controllers is more effective when a

reliable identified model is used.

u(t)

Identification

Model

Figure 17 Block diagram of identificationprocedure

21
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4.1.1 Tail Rotor Modeling and Identification

The RTWT Simulink block below is used for real-time experiments to determine the

step response of the tail rotor. In this experiment, the beam is allowed to move in the

horizontal plane only.

Fto E* Vta StatuWton format Tools H*

O.B3HS ' TIE*""" ~3 M0 web

Measure System States

\Feedback Helicopter Experiment withPdj

R««o> T»«,Z» odol

Figure 18 Simulink block diagram used to obtain step response oftail rotor

Before any other actions, the TRMS was set to 1-DOF horizontal plane by

mechanically blocking its freedom to move in the vertical plane by tightening the

horizontal axis locking screw. A constant value of 1 was entered in the "Experiment

Select" box colored cyan in the top right corner ofthe block diagram window.

A step input with amplitude of 0.5 was applied to the DAC block of the tail rotor of

the TRMS. The step input applied was reduced to 0.5 to avoid the tail rotor from

reaching the limit which will give inaccurate response ofthe system.

22



Simulation was conducted until the step response reachedsteady-state value. The step

response was saved to perform the calculation to determine the value of £and a>n for

second-order model system modeling.

VAhBlicopterPIDmnfc'

Fte E± Wen arauWlm Format Toob Hot)

D & a S •• TW*™<* 3

Figure 19 Tail rotor model identification

After the approximate second-order transfer function for the tail rotor has been

obtained, model identificationprocedure was carried out as shown in Figure 19.

The identification process was carried out by tuning the second-order model

parameters until the step response of the developed model match the step response of

the real system.

23



4.1.2 Main Rotor Modeling and Identification

The Simulink blockdiagram shown in Figure 20 is used for real-time experiments to

determine the step response for main rotor. In this experiment, the beam is only

allowed to move in the vertical plane.

Ffe E* Hew Staifeftn Format Tods Hsk>

Measure System States apHtiHitMsn
f.WOrtt

2. Rotor My
a.TNmd ROW

Ootput Control

onwnaiianoi _
P.I »"

Winki

^a
e"l|*n

0- a

[if
jfttocttacft HeMeopteragwriftwtf twtt PCJ]|

llfHtROWW^I

Display Results

JJfUMIlgJMBIMllJjQIr

"""f""" ,

T=40.296 odel

Figure 20 Simulink block diagram used to obtain step response ofmain rotor

Before any other actions, theTRMS was setto 1-DOF vertical plane bymechanically

blocking its freedom to move in the horizontal plane. A constant value of 2 was

entered in the "Experiment Select" box colored cyan in the top right corner of the

block diagram window.

A step input with amplitude of 0.2 was introduced to the DAC block of the main

rotor. The amplitude was reduced to 0.2 so that the step response obtained will

capturethe accuratebehaviorofthe main rotor.

24



The real-time experiment was conducted as described previously for the tail rotor

part.Calculation wasthencarried out based on the response obtained to determine the

value of £and <on for second-order system modeling.

Figure 21 Main rotormodel identification

From the second-order model developed, model identification was carried out using

Simulink block connections as shownin Figure21 to ensurethat the modeldeveloped

conformed to the actual system.

The identification process was done by tuning the parameters of the second-order

modeluntil the outputofthe main rotormodel fit the actualoutput ofthe real system.

25



4.2 State Feedback Controller Design

The models developed earlier are used as the basis of the design of the state feedback

controllerfor 1-DOF horizontal and vertical systems. The 1-DOF controlproblem can

be formulated as follows. Design a controller that will stabilize the system, or make it

follow a desired trajectory in one plane (one degree of freedom) while motion in the

other plane is blockedmechanically or being controlled by anothercontroller.

Thedesign process comprises the followings:

• convert the transfer function into state-space representation, control canonical

form,

• calculate eigenvalues of the open linear system by typing in the MATLAB

Command Window eig(A),

• select desiredeigenvalues ofthe closed-loop system,

• calculate feedback gains using acker function,

• simulate the closed-loop state-feedback system with the linear model and

check the behavior ofthe system,

• if it is necessary, change thedesired pole locations andrepeatthe simulation,

• perform real-time experiment with the feedback gains obtained.
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CHAPTER 5

RESULTS AND DISCUSSIONS

5.1 System Modeling and Identification

Open loop response test using a step input is carried out to define the system by

determining the damping ratio, £ and natural frequency, abusing the response

obtained.

5.1.1 1-DOF Tail Rotor

The step response of the tail rotor for 1-DOF motion in horizontal plane using a step

inputof 0.5amplitude is shown below. The parameters for second-order underdamped

systemcan be directlydetermined from the response obtained.

/ v

Figure22 Step response of tail rotor
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The valueof damping ratioB, and naturalfrequency a>n cannot be directlyfound from

the step response. Some simple calculations need to be carried out using appropriate

formulas to determine these parameters. In order to minimize the calculations, the

formulas for peak time and rise time are used for this purpose (refer to Appendix A).

The characteristics or specifications of the tail rotor step response are tabulated in

Table 1 below. The rise time, settling time and peak time yield information about the

speed of the transient response.

Table 1 The second-order specifications oftail rotor

From step response

1 Peak time, Tp 8s

2 Percent Overshoot, %OS 25%

4 Settling time, Ts 15 s

Calculated values

5 Damping ratio, £ 0.5618

6 Natural frequency, a>n 0.4746

By using the general transfer function for second-order systems, the initial tail rotor

transfer function obtained is as below:

T{s) =
0.2252

s2 + 0.5333s+ 0.2252

In order to determine the accuracy of the transfer function developed earlier, model

identification is carried out to obtain satisfactory degree of conformity of the model

with the real system.
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Figure 23 Model and system step responses of tail rotor before identification

The step responses of the tail rotor model and real system before identification are

shown in Figure 23 above. Since the denominator of the transfer function will only

affect the nature of response -exponential, damped sinusoid and so on, hence only the

numerator of the transfer function need to be changed (since it affects the amplitude

ofa response component) so that the outputs of the model fit the real system outputs.
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Figure 24 Model and system step responses of tail rotor after identification
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The tail rotor model and system step responses after identification are shown in

Figure 24. The best approximation ofthe tail rotor transfer function is given by:

T, , 0.5180
T(s) =

s2+ 0.53335 + 0.2252
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5.1.2 1-DOFMain Rotor

The step response of the main rotor is shown in Figure 25 below for 1-DOF

movement in vertical plane only. The step input with amplitude of 0.2 is applied to

the main rotor to avoid getting inaccurate response ofthe main rotor.

Figure 25 Step response ofmain rotor

The second-order parameters of the main rotor are tabulated in Table 2. Using the

calculated damping ratio, £ and natural frequency, mn obtained, the main rotor

transfer function before identification is as below:

rw =
-4.44

s2 +0.13345 + 4.44
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Table 2 The second-order specifications ofmain rotor

From step response

1 Peak time, Tp 1.5 s

2 Percent Overshoot, %OS 53.3%

4 Settlingtime, Ts 60s

Calculated values

5 Damping ratio, £ 0.0317

6 Natural frequency, mn 2.107

The model identification for main rotor is carried out using the linearized model

obtained. Step responses of the main rotor model and systembefore identification are

as shown in Figure 26 below using step input with amplitude of 0.2.
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Figure 26 Model and system responses ofmain rotor before identification
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Model identification is carried out to the model ofthe main rotor to make sure that the

model develop conform to the real system. Since the amplitude of the model response

differs from the actual system, the numerator ofthe transfer function model should be

tuned until the outputs ofthe model fit the real system outputs. The main rotor model

and system responses after identificationare as shown in Figure 27 below.
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Figure27 Modeland systemresponses of main rotor after identification

Thus, the best approximation of the main rotor transfer function after identification is

given by:

-8.88
T(s) =

s2 +0.13345 + 4.44
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5.2 State-Feedback Control of TRMS

5.2.1 1-DOF Tail Rotor

Pole placement is a viable design technique only for systems that are controllable. If

any of the statevariables cannot be controlled by the control u, then the poles cannot

be placed at desired points.

The tail rotor transfer function is given by:

0.5180
T(s) =

s2 +0.53335 + 0.2252

The state variables x{ and x2 are defined as follows:

xx = y = ct{ where at is the tail angle

x2 —x{

Then the state spacerepresentation of the tail rotor in controlcanonical form becomes

0 1

-0.2252 -0.5333

y =[0.5\80 0]
x,

+

0

1

The controllability of the system can be determined by examining the controllability

matrix of the system. The rank of

"0 1

1 -0.5333
m =[b ab]=

is 2. Hence, the system is completely state controllable. The open-loop poles of the

tail rotor are at

- 0.2665 + J0.3927 and

- 0.2665-yO.3927
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The desired locations to place the eigenvalues of the closed-loop tail rotor system are

selected to be at

- 2 + 7O.5 and

-2-70.5

to have a faster settling time to step input. The feedback gain matrix,K that achieves

the desired closed-loop poles is

£ =[4.028 3.467]

The state-feedback system with linearized model is simulated to check the behavior

of the closed-loop system. This simulation is done using MATLAB and the result of

the simulation is shown below.

File EoJt View Insert Toob Window

Step Response

System HORI
Rise Time (seel 1.56

Time(sec)

System: HORl
Time (seel 2.66 _-_— -_—

System: HORl
Peak amplitude* 0.121

Overshoot (%):0
flitime(sec)>3

__! ...J _j

Figure 28 Simulation results ofthe closed-loop tail rotor model with state-feedback

After the simulation, a real-time experiment is performed by setting the controller

parameters in the Control Subsystem block at the center of the HelicopterPID RTWT

block diagram (refer to Appendix B for setting).
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The real-time experiment conducted using 3 differenttypes of reference signal which

are sine wave, square wave and saw tooth. Results of the real-time experiment by

using different types ofdesired trajectories are shown in Figure 29 to 31.

Figure 29 Tail rotor real-time experiment results using saw tooth as reference

*) Scope

Figure 30 Tail rotor real-time experiment results using sine wave as reference
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Figure 31 Tail rotor real-time experiment results using square wave as reference

The real-time experiment to study the system response to external disturbance is also

performed by pushing the TRMS beam by hand in the horizontal plane when the

systemis stabilized. A result for this experiment is shownin Figure32 below.
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Figure 32 Tail rotor real-time experiment results with disturbance
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5.2.2 1-DOF Main Rotor

The main rotor transfer function is given by:

-8.88
m=

s2 + 0.1334^ + 4.44

The state variables x, and x2 for the main rotors are defined as follows:

#i = y = cxm where a is the main angle

Jtj "— Jvt

Then the state space representation of the main rotor in control canonical form

becomes

-4.44 -0.1334

Xj
+

0

1

,y =[-8.88 °]
x,

J\"\

The controllability of the system can be determined by examining the controllability

matrix of the system. The rank of

*0 1

1 -0.1344
m =[b ab]^

is 2. Hence, the system is completely state controllable. The open linear systempoles

ofthe main rotor are at

-0.0667 + y'2.1061and

-0.0667 -72.IO6I

The desired locations to place the eigenvalues of the closed-loop main rotor system

are selected to be at -4 and -3 to have faster settling time to a unit step input. The

feedback gain matrix, .£ that achieves the desired closed-loop poles is

£ =[7.57 6.8666]
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The state-feedback system with linearized model is simulated to check the behavior

ofthe closed-loop system. The result of the simulation is shown below.
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Figure 33 Simulation resultsfor closed-loop main rotormodel with state-feedback

Real-time experiment for main rotor is performed by settingthe controller parameters

in the Control Subsystem block in HelicopterPID RTWT. The results of real-time

experiment usingdifferenttypes oftrajectories are as shownin Figure34 through36.
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Figure 34 Main rotor real-time experiment results using saw tooth as reference

: % t. \ ;

Figure 35 Mainrotorreal-time experiment results using sinewave as reference
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Figure 36 Main rotor real-time experiment results using square wave as reference

The real-time experiment to study the system response to external disturbance is also

performed to main rotor by pushing the TRMS beam by hand in the vertical plane

when the system is stabilized at 0 radian angle. A result for this experiment is shown

in Figure 37 below.

') Scope B@§

•^l#m&&^to&&&r. *& i
Figure 37 Main rotor real-time experiment results with disturbance
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5.23 2-DOFSimultaneous Main and Tail Rotor

Real-time experiment to control both main and tail rotor simultaneously is also

carried out. Figure 38 shows the responses of the simultaneous control in which the

reference inputs are sinusoidal in the horizontal plane and a straight line at 0 radian

angle in the vertical plane.
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Figure 38 Simultaneous tail andmainrotorcontrol results
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A real-time experiment to study the 2-DOF system responses to external disturbance

is also performed by pushingthe TRMS beam by hand in the vertical plane when the

system is stabilized. A result for this experiment is shown in Figure 39 below. Notice

that, there are strong interactions between the vertical and horizontal response in

which when a disturbance applied to the main rotor, it will also influence the tail

angle position.
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Figure 39 Simultaneous tail and main rotor control results with disturbance
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5.3 Discussions and Findings

The model developed by using the step response gives a linear relationship between

the input and output. Although it does not provide enough information to satisfy the

analysis requirements, a linear transfer function model developed using this method

are adequate for control design implementations.

In the state-feedback controller design using pole-placement method, the pole of the

system can be placed at any arbitrary locations only if the control signal, ucan

control the behavior of each state variable. If any of the state variables cannot be

controlled by the control u, it is not possible to place the polesat desired locations.

The reason for adding feedback is to improve the system characteristics or transient

response such as rise time, overshoot, and settling time. The tail and main rotor

systems transient responses after adding the state-feedback controller are much more

improved compared than before.

In the state-feedback controller, the properties of the system are changed by the

design of the controllergain matrix,£. The degree of freedom in choosing the pole

locations is the main crux in the pole-placement method. The pole-placement strategy

should be introduced to improve only the undesirable aspects of the open-loop

response.

By selecting desired poles far into LHP of the s-plane, the system will have faster

response and larger bandwidth. An increase in bandwidth will result in increase of

system sensitivity to disturbances and measurement noise. Thus, the pole-placement

strategy should avoid large increases in bandwidth.

The state-feedback controller leads to PD (Proportional & Derivative) type

compensators. Since the state variables of the TRMS are the position angles and

angular velocities of the tail and main rotors, these make the state-feedback controller

to be the same as the PD compensators.
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In this project, it is assumed that all states of the system are measurable. But, it is in

fact the angular velocities of the rotors are reconstructed by differentiating and

filtering the positionangles ofthe rotors.

The reference input is introduced in such a way that the system output can track the

external command with acceptable transient characteristics. The results of the real

time experiment show that both main and tail rotor able to follow the desired

trajectory with significant steady-state errors.

From the individual real-time experiment of the tail and main rotor, it can be said that

both systems are stable even when external disturbance is introduced by pushing the

TRMS beam by hand in the horizontal and vertical plane the TRMS still capable to

come back to track the external commands.

Strong interactions between the tail and main rotor are also seen by performing 2-

DOF real-time experiment. When a disturbance introduced to the main rotor, it will

also affect the motion of the tail rotor in the horizontal plane and thus the position

angle ofthe tail rotor.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The state-feedback controllers designed in this project used the linearized models of

the tail and main rotor due to the complexity of the mathematical modeling of the

system. A linear transfer function model developed by evaluating the step responses

of the tail and main rotors are proven to be adequate for control design

implementations.

The state-feedback controllers for 1-DOF tail and main rotor designed in mis project

are able to follow the desired trajectory but with significant steady-state errors. The

TRMS with state-feedback control is also stable even when a disturbance is applied to

the system; it is still able to come back to follow the desired trajectory.

In conclusion, it can be said that the objectives of the project to obtain linearized

models for 1-DOF main rotor and 1-DOF tail rotor of the TRMS and to design

controller so that the state vector of the closed-loop system is stabilized around

desiredpoint ofthe state spaceand follows giventrajectoryhave been achieved.
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6.2 Recommendations

This project can be further improved by means of any other approach mat will

develop a model that can describe the real system much better. By having a more

accurate model of the TRMS, a better control strategy can be introduced to the

system.

The state-feedback controller designed for the TRMS can be further enhanced to

eliminate the steady-state error by designing an integral controller for the TRMS.

Integral control by the addition ofanintegration before the controlled plant can force

the system so that the output follows the input command signals with zero steady-

state error.

Since nowadays, artificial intelligence techniques such as neural network, fuzzy logic

and genetic algorithm have become popular control system approach, these methods

alsocan be applied to control the behavior of the TRMS.
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APPENDIX A

DESIGN FORMULAS FOR SECOND-ORDER SYSTEMS

The design formulas presented here arevalid forsecond-order systems of the form

•

s2+20j+e>„2
Settlingtime (to within2% ofthe final value)

r= 4
s s

Percent Overshoot

%OS = 100e

Time to peak

T n
p a>„JTe

Rise time (timeto rise from 10%to 90% offinal value)

2.16^ + 0.60
T =-
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APPENDIX B

HELICOPTERPID CONTROLLER PARAMETERS SETTING

To set thecontroller parameters, follow the instructions below:

1. Double click the Control Subsystem mask colored blue at the middle of the

HelicopterPID RTWT.
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2. To set the gain K of the main rotor double clickthePID-Rotor block andset

the valuesofthe feedback gains obtained.
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3. To set the gain K of the tail rotor double click the PID-Tail block and set the

values ofthe feedback gains obtained.
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