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Based on theoretical and experimentai investigations the application of individual blade control (IBC) promises
progress in the fields of vibration reduction, noise reduction, rotor stabilization, power consumption and dynamic stail
delay. In order to realize the potential offered by IBC systems EUROCOPTER initiated a technoiogy programme cakled
RACT (rotor active control technology) aiming at the usage of advanced IBC systems with flap actuation. First milestones
of the RACT programme are the implementation and the flight testing of closed loop control algorithms for simultaneous
vibration and noise reduction on an experimental IBC system based on a BO105 helicopter.

EUROQCOPTER has several years experience in the investigation and development of [BC. In the year 1990 first IBC
flight tests were performed on a BO105 helicopter the pitch link rods being substituted by hydraulic actuators. The higher
harmenic control of the IBC blade root actuators was based on open loop algerithms. In a subsequent step a corresponding
main rotor equipped with IBC was tested in the 40 ft by 80 ft windtunnei at NASA Ames. The hydraulic actuators
implemented for the windtunnel tests had a significantly increased authority. For the RACT programme the experimental
helicopter was upgraded with improved actuators, advanced sensors, extensive measurement equipment and a fast digital
computer by which the control laws are impiemented. Flight tests are scheduled for 1998.

Concerning first applications of IBC systems the focus on the vibration and noise reduction tasks is a logical choice.
These topics are of high importance for the industry due to the demands on modern helicopter design. Compared to HHC
systems based on actuaters below the swashpiate IBC offers the possibility to controi additional rotor modes e.g. the
differential mode. This special property of IBC will be used for the simultaneous control of vibration and noise relating the
differential mode to noise reduction and the remaining modes to vibration reduction. {n the paper emphasis is given to the
discussion of vibration reduction strategies by IBC.

A time domain approach of output vector feedback based on disturbance rejection concepts is selected for the vibration
reduction part of the RACT controller. The application of the 'internal model principle’ with respect to the harmonic
structure of the disturbances leads to the implementation of notch filters for the vibration controller dynamics. Regarding
the evaluation of the feedback gains madern procedures for the determination of optimal constant output feedback are
performed with respect to linear multivariable systems. Simulations are carried out in order to demonstrate the properties
of the investigated control designs.

For the controller design and realization numerical software and computer-aided control systems design (CACSD) tools
are of high significance. Concerning the description of the BO105 helicopter, the resulits in state space form obtained by the
comprehensive rotor code CAMRAD II are transferred to the CACSD system MATRIXx which serves as development
environment for the vibration controiler. Controller design, simulation runs, controller discretization and automatic source
code generation for the digitai IBC computer are integrated in the development environment as subsequent modules.
Available test data are used in order to validate the design procedure. In addition, hardware components with emphasis on
the vibration controller are discussed in view of hardware requirements by advanced IBC systems.

The paper demonstrates the benefits of modern control technelogy for the realization of future high perfermance IBC
systems.

Notations

A, B, C.D.E,F state space matrices t time

d disturbance u input vector

dt time step X state vector

F., F.F; hub forces y output vector

fo blade passage frequency z controlled disturbances

G transfer function Zy uncontrolied disturbances
K¢ gain matrix z Z variable

Ky, ks 2aing Ap phase shift

[ unity mairix AD control input

i imaginary unii W azimuth angle of blade m

J quality criterion 9 pitch angle collective made
M, My, M, hub moments 8¢ pitch angie longitud. mode
Q. R \veighting mqtrices 8 pitch angle lateral mode

q quality criterion 9 pitch angle differential mode
§ Laplace varlr%ble gm pitch angle of blade m

T transfer matrix ® rotor angular velocity




1. Introduction

From theoretical point of view multicyclic control of
helicopter rotors offers fascinating possibiiities for the
controi of the lift distribution on the rotor disk.
Controlling the lift distwribution aims on taking influence
on vibration, noise, performance and fuel consumption
as well as stall delay. This technology is described as
active rotor control. Individual blade control (IBC} is a
special case of multicyclic control established by
additional pitch conirol degrees of freedom for every
blade. Nowadays, several hardware concepts are
imaginable differing significantly in their realization
states.

The most conventional concept Is blade root
actuation, the pitch links substituted by actuatcrs. By
extension or contraction of the actuator the pitch angle
of the corresponding blade is changed without injuring
the other blades of the rotor. The blade root actuation is
— in some kind - comparable to higher harmonic control
(HHC) systems with the distinction that the actuators are
integrated in the rotating system of the rotor. [BC
systems are superior to HHC systems in case of rotors
with more than three blades due to additicnal control
degrees of freedom.

A more sophisticated concept consists in the usage
of rotor blade flaps, the actively controlled flaps (ACF).
The deflection of a blade flap acts primarily on lift and
moment variation. Regarding biade torsional flexibility
the flap moments induce ¢lastic torsion amplifving or
counteracting the flap lift. According to theoretical
investigations ACF has advantages in  power
consumption and controf forces compared to biade root
actuation. Due to the progress in the developmeni of
piezoeleciric actuaters the concept of ACF is now of
high interest for realization in the near future,

During  the last  decade EUROCOPTER
DEUTSCHLAND (ECD) made first steps towards the
development of 1BC s»stems by investigating flight tesis
and wind tunnet tests of the BGI0S rotor system. In the
vears 1990 and 1991 cpen loop flight test campaiygns
were launched using a BOI05 equipped with a tlade
root actuated [BC svstem. The authority of the actuators
developed by ZF Lufitahritechnik (ZFL) was limited 10
max. 0.42° for flight satery reasons. The investizazions
were mainly focused on single harmonic [BC inputs of
Sfrev, drev and Sirev swdying their influence on
vibrations and hub loads at flight speeds of 60 KIAS and
110 KIAS, The results demonstrated a percentible
influence on cabin vibrations within the feasible conirol
authority [I]. Nevertheless. an increase of the actuator
authority seemed to be desirable for the expioration of
the full potential of IBC.

in order to realize this potential, wind tunnel iests
with the rotor system of the BO105 were pertormed in
the years 1993 and 1994 in the 40 ft by 80 ft wind tunnel

at NASA Ames. Actuators with increased amplitude
were implemented for [BC blade root acruation. Single
harmonic, muiti-harmonic and wavelet [BC inputs in the
frequency range of 2/rev to 6/rev and amplitudes up to
2° were applied to the {BC system [2]. One key point of
the wind tunnel tests consisted in descent flight
conditions characterized by the occurrence of significant
biade vortex interaction (BVI) noise.

Thus, flight tests and wind tunnel tests demonstrated
the effectiveness of IBC systems for vibration reduction
and BVI noise reduction under selected conditions.
Therefore, vibration reduction and exterior noise
reduction are ideal candidates for the demonstration of
benefits of [BC systems improving the acceptance of
helicopters. Nevertheless, the tests showed a demand for
closed loop systems for both vibration and noise control
as the optimal IBC inputs are sensitive to flight
parameters. Furthermore, the input for vibration minima
did not necessarily correlate to the noise minima posing
the question of simultaneous control for vibration and
noise.

For continuation on active rotor control. ECD
participates in a technology programme called RACT
{Rotor Active Control Technology) [3]. One of the key
points of RACT consists in the application of closed
ioop control for vibration and noise reduction during
flight tests. Therefore, the experimental BGI05 [BC
system was upgraded with improved actuators and a
complex electronic equipment for data processing.
Controt algorithms has to be developed and coded as
real-time applications for the digital control computer.

In this paper the development of control algonihims
with focus on vibration reduciion is presented siarting
with theoretical considerations. Then, the evolution trom
theoretical work to automatically generated real-iime
code performed by advanced computer tools s
discussed from industrial point of view. Finally an
outlook to future activities is given by transferring the
controller design process to the case of actively
controlled flaps.
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2. Controiler Concepts for Noise and Vibration
Control

2.1. Noise and Vibration Sources

Compared to fixed wing aircraft, fundamental
differences are inherent to rotorcrafis concerning noise
and vibration sources. The high noise and vibration
ievels are mainly based on the unsteady aerodynamic
environment of the rotor blades during a revolution in
forward flight. The flow pattern around the rotor blades
is dominated by a global asymmetry evoked by {light
velocity and angular velocity of the rotating biades.
Local flow phenomena as biade vortex interactions,
reverse flow, shock and stall effects are superposed to
the global flow leading to significant changes of local
stream conditions. {f gusis and transient manoeuvres are
neglected the flow pattern is of periodic structure. In
Fig. | and Fig. 2 the periodicity of the flow pattern is
demonsirated by time histories of pressure data
measured at blade tip.
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in case of blade vortex interactions a puise-tvpe
noise is generated due to the interference of a vortex
structure indueing high velocities at rotor blades which
pass the vicinity. This kind of noise is known as BVI
noise which appears especially under descent flight
conditions. [n Fig. 1 the occurrence of BVI noise is
visible by spikes of the pressure data. Several wind
tunnel and flight tests demonstraied that BVI noise is a
primary candidate for higher harmonic control [4].

As the local flow phenomena are of higher harmonic
nature, the blade lift shows a broad frequency spectrum
forcing the blades to adequate movements. Therefore,
forces and moments acting on the hub are produced by
higher harmonic aerodynamic, inertia and elastic loads
of the blades. The assumptions of pure periodicity and
identical blades lead to a discrete fuselage vibration
spectrum based on integer multiples of the blade passage
frequency, see Fig. | and Fig. 2. Usually the peak value
is assigned to the blade passage {requency.
Unfortunately, the corresponding frequency range is
very sensitive for passengers demanding on special
efforts for decreasing the peak.
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2.2 Simuitaneous Control of Noise and Vibration

Results of the NASA Ames wind tunnel tests
indicated that the optimal control for BVI noise
reduction may differ from optimal vibration reduction
control under descendent flight conditions. Furthermore,
cases exist where BV noise reduction leads to an
increase of hub load components, see Fig. 3. Therefore,
advanced control concepts aiming on the simultaneous
reduction of noise and vibration may have to deal with
contrary targets.

For the four bladed BOI10Q5 rotor, the property of
IBC systems - contreiling the blade piich angles
independently - allows the usage of an additional
control mode compared to pure swashplate control. In
multiblade coordinates this mode is described as
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differential pitch input, Fig. 4d. In order to separate

noise

control from vibration centrol a definite
assignment of controi modes to control task exists. s
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longitudinal and the lateral control modes. Under steady
conditions these control modes are excited at blade
passage frequency of 4/rev by the vibration contrelier. If
these multiblade inputs are transformed to individual
blade inputs the pitch frequency of the blades is spread
t0 3rev, 4/rev and S/rev.

bladed rotor
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Figure 4d: Differential multiblade coordinate for a
four-bladed rotor

This kind of separation leads 1o a block oriented
structure of the controller as demonstrated in Fig. 5. The
architecture allows to handle complex controi tasks by
dividing them in sub-tasks.
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Figure 5: Controller architecture for simuitaneous
control of vibration and BV noise

2.3. Noise Control

According to the results of the NASA Ames wind
tunnel tests {4] several control principles and their
mechanisms for the reduction of BV{ noise for
descendent flight conditions are discussed. As the
interaction of a blade tip vortex to the rotor blade is
identified as noise source. concepts which decrease the
influence of the vortex are taken into consideration.
Main parameters are the vortex strengih at the formation
location and the distance of the vortex passing the blade.

The approach is coincident with measurements
showing minimum BV! noise for two azimuth positions
where the first minimum of multicyclic pitch input is
related to the locations of vortex formation and
interaction, see Fig. 6. The functionality of the BVI
noise reduction does not depend on a special harmonic
although 2/rev blade pitch input offers the advantage of

low amplitudes [2]. For the BOT03 main rotor a higher
harmonic blade piich amplitude of approximately 1°
proves to be sufficient for significant BVI] noise
reduction. The appropriate phase value depends on
flight conditions. Improper control inputs lead to
increased BV noise.

The lack of an appropriate plant model makes the
noise controller design difficult. Furthermore, the
question of on board sensor systems arises as the
objective aims on the reduction of the far noise field.
Therefore, open loop flight tests were performed serving
as data base for BVI noise controller development {3].

BVI noise control is split into two stages. The first
stage consists in the detection of BV noise as BV! noise
obviously appears only under certain flight conditions.
Blade mounted pressure transducers and microphones
fixed at the landing gear supply data for BVI detection.
In case of occurrence a 2/rev control has to be defined
by amplitude and phase values. The 2/rev amplitude
may be fixed to 1° blade pitch according to the results of
the wind tunnel tests whereas the determination of the
phase values depends on the selected controller design.

6
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Figure 6: Powered descent condition with [BC inputs,
{(NASA Ames wind tunnel results)

A variety of controller concepts is discussed for BVI
noise control differing in the choice of sensors and the
kind of processing data. A more complex approach is
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suggested by Deutsches Zentrum fir Lufi- und
Raumfahrt {DLR)} including an on-line identification
algorithm into the controller.

[n this report the controiler design is concentrated on
the vibration reduction part.

2.4, Vibration Control

Regarding vibration reduction the flight test
campaign of 1990 and 1991 demonstrated that a
significant change in cabin vibrations couid be achieved
for level flight at cruising speed [1], Fig. 7. The
investigations of the flight test campaign were focused
on single harmonic pitch input of 3/rev, 4/rev and S/rev
for vibration reduction purpase. The multicyclic pitch
input leads to altered higher harmonic hub loads. if
amplitude and phase values of the muiticyclic pitch
input are properly selected a cancellation of hub load
components takes place,
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Figure 7: 4/rev vibration control by IBC (open loop)
BO103 level flight tests 1991, u=0.14

For the determination of the hub lead changes due to
multicyclic input, dynamic properties of the main rotor
have to be taken into consideration. For the BO103 main
rotor blades especially the first torsional eigenfrequency
in the vicinity of 4/rev is of high importance for the
dynamic behaviour. Fig. 8 shows ithe changes of 4 rev
vertical hub forces due to higher harmenic input based
on flight measurements and calculations.

The vibration controller regards undesired hub icads
at blade passage frequency as disturbances 1o be
climinated. The task of the controiler is the canceliation
of these sinusoidal loads by exciting additional hub
foads with appropriate amplitudes and opposite phase,
Contirol theory cails this approach disturbance rejection.
Due to the knowiedge of the disturbance nature —
sinusoidal at blade passage frequency - modemn control
theory offers special methods for controller design e.g.
the implementation of servo-compensators [6]. Fig. 9.
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2.5, Frequency Domain and Time Domain Concepts

Due to the perodicity of the excitations a
conventional approach tor vibration conirol is based on
a Fourier analysis of the disturbances in order to derive
a periodic control input by Fourier synthesis. The
application of Fourier transformations leads directly to a
frequency domain concept relating Fourier costticients
of the disturbances to Fourier coefficients of the
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multicyclic blade pitch input. A transfer matrix T
expresses the relationship berween input and output
assuming a quasisteady tehaviour of the helicopter.

Z =7, + TAB

z controlied output
(Fourier coeflicients)

Zy uncontrolled disturbances
(Fourier coefficients)

T transfer matrix

Al controi input

(Fourier coefficients)

This relationship allows the calculation of control
inputs eliminating or minimizing disturbances, The
applicability of frequency domain vibration controilers
is demonstrated by several institutions [7],[3].
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Figure 8¢:  4/rev vertical hub force change dus to 3'rev

IBC input {(nominal amplitude 0.4%)

Regarding sampling of the disturbance data for the
Fourier analysis, information of at least one rotor
revolution is required from theoretical point of view
leading to a certain time delay for control. Furthermore,
the assumption of quasisicady behaviour requires a
dying out of the rotor transient response after updating
the (nput. Therefore, the time delay has to be extended.

Hall etal [9] showed that the time delay of.
conventionaf frequency domain concepts corresponds to
low gain controllers. Low gains may cause an

insufficient behaviour during transient manoeuvres and
with respect to random disturbances.

Due to its basic simplicity, research teams has been
interested in frequency domain concepts aiready in an
early stage of multicyciic control development. An
overview of scveral aspects concerning frequency

domain vibration coatrol is given in [10]. In addition
Chopra et.al. [11] discussed numerical results of open
and closed loop systems with and without identification
showing possible sources of instability for some
configurations.
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Figure 9: Disturbance rejection by output feedback
congrol

On the other hand time domain controllers process
time history information avoiding Fourier operations.
Therefore, time domain controllers overcome the
restriction of quasisteady behaviour as dynamic effects
are implicitly considered. Concerning advanced
controller designs, modern conol theory focuses on
time domain concepts based on linear time-invariant
systems. The challenge is now to benefit from the
perceptions of modern control theory for the helicopter
vibration task.

In order to make a popular time-domain approach
suitable for helicopter vibration controi Gupta [12]
suggests the modification of a linear-quadratic Gaussian
(LQG) design procedure by the inclusion of frequency-
shaped cost functionals tuned to the blade passage
frequency. Hall et. al. [9] demonstrated some
interesting similarities regarding the frequency domain
approach and the time domain approach with respect to
the narrow band disturbance rejection of classical
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control theory. Furthermore, the role of the gain is
discussed for a single input single cutput (SISO} system.
The consideration of random disturbances leads to the
demand for “"high” gains obviousiy favouring time
domain approaches.

The classical LQG design as well as other modemn
control concepts supposes a linear time-invariant (LT
system. Under theoretical aspects the helicoprer
vibraiion problem in forward flight poses a linear time-
periodic (LTP) problem due to the periodic conditions at
the rotor biades. In order to consider the periodicity for
controller design, procedures for optimai output
feedback are worked out especially adapted to time
periodic systems [13].

Linear time-periodic (L.TP) system:

Xty = A(tyx(t)+ B(t)ult)
y(t) = C(tyx(1) + D{t) u(t)
X: state vector
u: input vector
v output vector
i time
A....D: time-periodic matrices

In order to reduce the LTP system into an adequate
LTI system the matrices of the stale space system are
averaged in time. Before averaging the state space
system is transformed into multiblade coordinates
{(MBC)} improving the quality of the LTI svstem [14].
The quality of the consiant coefficient 2pproach
increases with the number of blades and with decreasing
advance ratio.

Linear time-invariant (LTI} system:

()= Ax(t)+But)
vty =Cx()+ D ult)
A,....D: constant mairices

Beside the vibration contrel task, the time domain
concept permits the transfer of other solutions of modem
control theory for control tasks. An important topic for
helicopter rotors consists in the modification of the
system dyramics by feedback stabilization. The skilful
use of augmented modal damping leads to swabilized
ground and air resonance conditions or improved
response characteristics.

Ore goal of the RACT programme is to point our the
benelits of time domain controller for active rotar
control. The vibration control task is selected for several
reasons. On the one hand the vibration conmol is of
major importance for comfort improving the acceplance
for passengers. On the other hand flight tests will
directly demonstrate the applicability of this kind of
controller,

3. Modern Control Theorv_Applied for Vibration
Reduction

3.1. Qutput Feedback

The vibration control task consists of the elimination
of a load vector (hub forces and moments at bilade
passage frequency) due to an input vector (multicyclic
biade pitch inputs) defining a multipie input-multiple
output (MIMO) system in terms of control theory. For
the dynamics of MIMO systems the classical way of
description is the usage of state space equations.

A typical representative for this approach is the
linear quadratic Gaussian (LQG) regulator basing on
state feedback. As the corresponding states of a
helicopter responsible for vibrations are not directly
measured — a problem occurring at the majority of
control problems - control theory looked for alternative
approaches. A straight forward way is the estimation of
non-measurable states by state reconstructing leading to
a more complicated controller design.

An alternative way is the direct feedback of output
values eliminating the needs to know the states of the
dynamic system [13]. An algorithm for the evaluation of
optimai output feedback gains for a LTI system is given
in (16] whereas Calise et.al. (13] focus on LTP systems.
For the vibration control task an output feedback
approach is selected as basic {avout.

For control system design the dynamic system
representing the helicopter is usually set up by the
following time-variant linear system of equations whose
state vector X, control vector u. disturbance vector d and
output vector y are related by the following state space
equations:

()= A() x(O+ B ult)+ EO A(t)
v(1) = C{Ox(t)+ D) u(ny+ FO) &)
A....Fu time-periodic matrices

This equation svstem is based on the presumption of
small perturbations due to the linearization of the
cenerally non-linear helicopter behaviour. For steady
flight conditions the defining matrices are periodic with
respect to the main rotor azimuth angle (tail rotor
periodicity is neglected). Further simplifications are now
introduced by averaging the svstem matrices to constant
matrices. The disturbances are introduced by explicit
disturbance values d.

ty=Ax()+Bu(t)
y}=Cx()+Du()=1d(t).
A....,D: constant matrices

l: unity matrices

in its simplest form the output feedback is
introduced by relating the output y to the input u by a
constant feedback gain matrix:

AS03 -8




u(ty=-Ke y(t)
Ke: feedback gain matrix

in a more general form the feedback foop includes
additional dynamic components e.g. servo-compensators
[6]. For the vibration controller Fig. 10 shows the basic
output feedback loop consisting of:

* Plant

¢ Disturbance vector

+ Servo-compensator biock
e Feedback gain matrix

¢ Filter block (Wash-out )
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Figure 10: Basic components of hub {oad feedback
loop for vibration control

The plant is partitioned into two dynamic svstems
modelling the actuators separately from the helicopter.
The plant is excited by disturbances consisting of hub
loads at blade passage frequency. The design goal is 0
eliminate these hub load components by output
feedback.

For the elimination of the disturbances servo-
compensators play an impertant role as discussed in
chapter 3.3. Additional filters — e.g. wash-out fiters —
are also impiemented in order to avoid adverse effects
on primary flight control. A gain matrix appended 0 the
servo-compensator block offers the possibility to adjust
the properties of the vibration controller. The
determination of this gain matrix is the key point {or the
functicnality of the controller.

The state space system is defined in multiblade
coordinates in order to improve the constant coeificient
approximations,  Therefore, the feedback loop
determines the blade pitch inputs defined in the fixed
system. The blade pitch vector consists of the collective
contro} mode as well as the lateral and longitudinal
controi modes. The vibration controller has three
degrees of freedom to its disposal for fuifiiling the
contro! task.

For a straight forward approach of the disturbance
rejection principle, the number of control degrees of

freedom equals the number of disturbances to be
eliminated. Consequently, the hub load vector for
control is limited to three elements. The controller
affects also the remaining hub load elements in
advantageous or disadvantageous sense depending on
the piant properties. For simulation purposes two cases
are selected, the elimination of the hub force vector (F,,
Fy, F.) and the elimination of the vertical hub force, roll
moment and pitch moment (F;, M,, M,), in this paper
described as hub load vector,

3.2. Plant Model

3.2.1. Helicopter Model

For the evaluation of the linearized state space
system the comprehensive rotor code CAMRAD II is
applied. CAMRAD I [i7] offers two procedures for
state space systems, the application of Floquet theory
accounting for periodic systems and the performance of
a constant coefficient approach approximating time
variance by application of multiblade coordinates [10].
For the controller design the constant coefficient
approach is selected.

The state space model of the BO1035 is calculated in
a two stage procedure of CAMRAD 1. In a first step of
the analysis the model has to be trimmed to a given
flight condition. In order to represent a typical cruise
flight condition the controiler design is focused on level
flight at {10 KTAS. Then, the state space systemn is set
up by a linearization of the system equations using the
trim selution as pivot point,

The helicopter model implemented for the vibration
control purposes consists of two main components, the
main rotor and the airframe including tail rotor. Finite
element beams build the backbone of the elastic main
rotor structure. Applying modal techniques seven blade
modes (first and second lead-lag mode, first to fourth
flap mode, first torsion mode} are considered for the
main rotor. Using multiblade coordinates, the blade
modes are transformed to rotor modes resulting in a
frequency shift of + l/rev of the eigenvalues for the
cyclic modes. The collective and differential modes are
not affected (drive train modes are neglected).

Up to now the fusclage of the BO105 is implemented
as rigid body introducing the inertial characteristics of
the helicopter into the analysis. The impiementation of
an elastic airframe will follow. Aerodynamic effects of
the fuselage and the stabilizer are considered by table
data whereas the taii rotor is ireated as a rigid rotor
without degrees of freedom. For comparison two
configurations of the heiicopter mode! are used for
deriving the state space svstem, a free flight
configuration and a configuration with fixed rotor hub.
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The free flight configuration includes rigid airframe
degrees of freedoms representing the motion of the
helicopter centre of gravity. Therefore, tTight mechanical
modes are part of the system leading to slightly unstable
poles (phygoid). Controller optimizing algorithms often
require a stable systems as starting point for the
optimization procedure. In order to avoid unstable
modes the rigid body degrees of freedom are eliminated
fixing the rotor in space. The corresponding state space
sysiem is described as baseline case,

In order to model a dynamic system of the plant by
CAMRAD U a first order state space system consisting
of the four time-invariant matrices A, B. C and D was
numerically evaluated. The dynamic behaviour of the
plant obtained by CAMRAD II is described by the
following equations:

() =Ax()+But)
y(£) = Cx(t)+Du{t)+ [dt)

The disturbance of the dvnamic system is considered
by a disturbance vector d obtained by the CAMRAD Il
trim (The unity martrix [ is introduced for matrix
notation),

Validation of the state space system is a critical point
especially due to appropriate data. For validation
purposes comparisons are made referring results of
CAMRAD 1l to data of the flight test campaign {991,
Fig. 8 shows the variation of the vertical hub force at
blade passage frequency due to multicyclic input for
several test paints which differ in input phase. The flight
conditions represent typical cruise flight at [ {0 KIAS.

The actuators link the swashplate movements 1o the
pitch horns introducing biade pitch to the rotor blades.
For primary flight control the role of the actuaiors is
identical to conventional pitch links. For IBC this
arrangement aliow to affect zach blade individually by
extension or contraction of the corresponding actuator.

in the frequency range of interest the actuators show
& dynamic behaviour in experiments which has to de
considered for controller design. see Fig. it The
dvnamic model of the [BC actuators bases on
measurements of amplitude and phase values at different
frequencies under unloaded and ioaded condition.
Theoretical work on the dvnamic modeiling of the
actuator behaviour concluded that a transfer function of
third order afllows a good description of the actuator ia
the critical frequency range. Nevertheless. first or
second order approximations are used for controiler
design in order to trade numerical stability of the design
algorithms against accuracy.

3.2.3. Sensor System

The sensor system for the vibration controller
consisis of DMS sets for rotor shatt moments and blade
bending moments. Accelerometers are mounted at
several {ocations of the airframe. The hub loads required
for output feedback are calculated by the available shaft
and biade bending moments.

Concemning the shaft bending moments eight DMS
sets are attached to the rotor shaft at two different
planes. The DMS allow the measurement of four shaft
bending moments, i.e. two perpendicular moments for
every plane.

QGain - db

Phase - deg

Frequency - Hz

Dynamic behaviour of IBC blade root
actuator

Figure f1:

On every rotor blade two pairs of DMS sets are
appiied in order to measure blade flap moment and
biade lead-lag moment. The DMS sets are located in the
blade neck area. Hub forces and moments are estimated
by extrapolation of the blade moments.

For modelling purposes hub forces and moments are
directly selected as output variables. Concerning the
hardware ii has to be kept in mind that — contrary to the
model — additional uncertainties are inherent in the
determination of the hub loads by extrapolation.

3.3 Role of Servo-compensators

Ham [18] discussed and tested time domain
controllers for active rotor control applications. The
suggested system controls blade lag, flapping and
bending dynamics leading to 2 modal control concept.
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A more direct way for vibration reduction is the
canceilation of disturbances by controiled excitations of
corresponding magnitude and opposite phase values. In
classical control theory this concept is known as
disturbance rejection. An advanced way to handle
disturbance rejection is the implementation of servo-
compensators leading to robust controi designs,
According to Davison [6] a servo-compensator is a
feedback compensator consisting of a number of sub-
systems with identical dynamics depending on the nature
of the disturbances.

The application of the "Internal Model Principle”
implicitly considered in the servomechanism problem
gives an mstruction how to design the dynamics of the
servo-compensator. [n case of the vibration problem the
disturbances are of sinusoidal nature at biade passage
frequency. The "Internal Model Principle” postulates
now a model of the disturbances which has to be
included in the controller dynamics. Therefore. the
sinusoidal behaviour of the disturbances is translated to
undamped oscillators tuned to disturbance frequency.

The need for undamped osciilators in the feedback
loop leads to the implementation of tuned notck filters.
The notch filters are impiemented in MATRIXx in state
space form by the following equations:

RPN
o o)

tv: main rotor angular velocity.

The notch filter has a pole pair located on the
imaginary axis at a frequency of 4w. According to the
structure of the output matrix C both states of the notch
filter are exported as output signals duplicating the
number of signals. In Fig. 12 the dynamic behaviour of
the nosch filter is displayed. It is interesting to note that
an approach of Gupta {12] using frequency-shaped cost
functionals aims also at the usage of notch fiiters.

3.4. Gains and Stability

in order to studv the servo-compensator concept
theoretical investizations were made for the hover case
where axisymmetric rotor conditions lead to a simplified
rotor behaviour. The feedback of the vertical hub force
acting on the collective input is selected for
demonstration purposes in order to deal with a scalar
value only.

Fig. 13 presenis the block diagram of the feedback
loop used for the disturbance rejection problem of the
vertical hub force. The vertical hub force component is

fed into the notch filter. The notch filter duplicates the
feedback signal into two branches supplying both states
of the notch. Two gains (factored for didactic reasons)
K ki and K k, process the signals of the branches
before they are summed together. This arrangement
corresponds to some kind to classical PD controllers.
The filter included in the block structure is of highpass
kind used for wash-out of all signal components which
may affect the primary flight control system.

50
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Figure {2: Dynamic behaviour of the notch filter,

design frequency 4w = 28.3 Hz
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Figure 13: Vertical hub force feedback loop for hover

The closed loop transter function of this system
results in the following equation:

z(s) ]
Gis)= —2L =
{(s) a(s)

1+ (KKiGno(s) + Kk2G oo/ mt(5)) GRAH(S)

using the abbreviation
GFAH = GFiilcr GHcIicoptcr GAc(unlor .
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z output: controtled hub force
component

d: disturbances: unconirolled hub
force component

K ki: signal gain

K ky:  derivative gain

Ger transter functions notch signal

Gonone: transfer function notch derivative
transfer funcrion filter, actuator
and helicopter block

Gean:

At the blade passage frequency the ransfer functions
Gna and Gpngpe Of the notch filter increase to infinity.
From a physical point of view this behaviour is
coincident with an undamped oscillator resulting in
unbounded osciliations if excitations occur at resonance
frequency. For the complete svstem (ciosed loop) the
notch filters introduce the required transmission zeros
for arbitrary gains K k, K k, (stability supposed). This
concept is wused for cancelling out sinusoidal
disturbances at blade passage frequency,

G(idw) = 0 (transmission zero)

teading 1o disturbance cancellation
#idw) = G(idw) d(ide) = 0.

Therefore, the contreller rejects any vertical hub
force components acting at biade passage frequency for
arbitrary Kk, K ki {0} in theory.

Nevertheless. the choice of the gains K ki, K ko is
restricted due te contreller stabiiity reasons. The
determination of the gains is aimed on a favourable
response  behaviour under transient  conditions.
Numerical tnvestigations show that the condition of
closed loop stability limits the appropriate selection of
the gains,

[n order to study the influence of the zains to the
controller behaviour. a vertical force at blade passage
tfrequency is applied to the <¢losed loop. In Fig. 15 a
simple integral value representing the decay behaviour 1s
chosen as ordinate. The evaluation of this value starts
with the activation ot the controlier and stops 20 rotor
revoiutions later. The absolute area of the controlled
outpui curve builds the ordinate vaiue normalized by the
disturbance curve. see Fig, 4.

A low level of g means a fast decaving response,
Levels greater than one indicate instabiliny of the closed
loop svstem. As demonstrated in Figo 13 only a finie
interval of gain seis is appropriate with respect to
stability. In order to interpret the mechanism of the gains
K k, and K k- the transfer behaviour of the feedback is
investigated {or the case of a pure harmonic signal at
blade passage frequency,
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Figure 14: Definition of quality criterion for transient
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Figure |13: Stability and iransient response of vertical
hub force feedback for gains K k. K k-

As the two notch fiiter states consist of a signal-
signal derivative pair the states (outputs) of the noich
filters are perpendicular for pure harmonic excitations.
Vector diagrams are an appropriate tool for a
seometrical interpretation of the gains. The vectoriai
linear combination of the two vectors due to the gains
K k;, and K k; offers the possibility to generate any
desired amplification and phase shift of the incoming
signal, see Fig. 16. The amplification and phase shift are
given by the following formula:

AS03-12




Amplification KyKi2+(4mK2)?

Phase (shifty tan~!| 29K2 |

Ky

w: main rotor angular velocity.

For disturbance rejection a vertical hub force
component has to be generated by feedback with the
same amplitude as the disturbance and opposite sign
equivalent to a phase shift of 180°. As demonsirated
above this condition will be fulfilled for_every not
vanishing combination of K k; and K k.. In the
following approach emphasis is given on the role of the
phase shifts A, for stability and {ransient response.

Notch
Qutput
a imaginary axis Feedback
Signal
K(K, i + K, 1)
) Noich
Queput
i
real axis

Figure 16: Composition of notch signals at blade
passage frequency

The best transient response for the controller is
expected for a total phase shift of 180° in the feedback
loop as the feedback signal acts in phase opposition. For
a signal at blade passage frequency, phase shifis of the
components are calculated by the evaluation of ihe
corresponding transfer functions with the Laplace
variable set to idw. Concerning the notch filter, perfect
resonance conditions are assumed leading to a phase
shift of -90° for the notch signal and a vanishing phase
shift for the time derivative. Tuning the total phase shift
of the feedback loop to 1807 is achieved by special
combinations of K k, and K k,. The defining equaticn
is:

> Ag; =180°,
i

i = {notch filter, gain, filter. actuator, helicopter |
leading to

iMPG:un: 180°- (A(PNuu:h +A(pFilu:r +A(PAC£ +L\(pHci| )

For the components of the verticai feedback loop the
sum of the phase shifis obtained at blade passage
frequency amounts to

A(pl"v'o(x:h + Aq:)l"'illc*: + A‘-p,!\ct + A‘"pHcli = ..}18.0°

The phase shift Apgun depends on the gains K El
and K k; by the foilowing formula:

_if dwk2
ki

APgain = tan

Combining these equations leads to a relationship
between k; and k, demanding for a phase shift of 198°.
[n order to determine the gains additional conditions are
required for the magnitude.

According to Fig. 15 gain sets which approximartely
tulfil a phase shift of 198° show preferable transient
behaviour compared to other gain .sets with same
magnitude. Furthermore, phase shifts exist where no
stability occurs. The extension of the stable area
demonstrates a certain robustness of the controller with
respect to magnitude and phase shift. These results may
be used for a controller design procedure in combination
with additional conditions dealing with stability
considerations,

[n order to increase the stability boundary towards
higher gains work on extended controller concepts of the
servomechanism problem is in progress, <.2. the
generalized three-term controller [6].

For preparation of the general MIMO case this
procedure is now wanslated to the usage of transfer
functions. The totai phase shift of =180 is expressed by
the following formula based on the transfer function
product of the components in the feedback loop:

I I G; =-K, Kreal and positive
i
i = Inotch filter, gain, filter, actuator, helicopter ;

The transfer function of the notch fiiter is unbounded
at blade passage [requency. As only phase informartion is
evaluated in the following steps the transfer function of
the notch filter is replaced by the imaginary number -i
and K is set to 1. Solving the product with respect to the
zain ieads to

Geuin = (i GF:\H)-i

using the abbreviation
Gean = Griee Gheticoprer Gacruator.

The real and imaginary part of the compiex value Ggyin
are rearranged leading to:
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El = FEﬂi(GGain)

k2 = imag[—GG‘“" J
4w

The parameter K allows the adjustment of the
controller with respect to stability and twansient
behaviour resulting in the {inal equations:

kl =K Ei = Kreal(GGﬂm)

kh=Kky=K imag(g@iﬁ.
4

3.5. A Design Procedure for a Decoupled Controller

The extension {Tom the single input-singie output
(S51S0) system of the last chapter to the complete
multiple input-multiple output (MIMO) svstem regplaces
the two gain values Xk, and k; by a gain matrix
connecting six inputs (from three notch filters) w0 three
outputs {collective, longitudinal and lateral pitch input),
see Fig. 10. The gain matrix has the following block
structure:

Notchl Notch2 Noteh3
iy {N~.0A) (ny.n3)
[ N, T et
kll ki: ku RH le k|6 }CO“:}CII\E
KC = ki?_ klE k23 k24 kzs k:.’.ﬁ } longit‘udinal
k|3 k::. ks} !\':,4 l\'_;_; k}é_ll} lateral

This paper presents two appreoaches for 2vziuating
the gam matrix. a design procedure based on decoupling
the MIMO system and a standard procedurs of modern
conirel theory.

The design procedure based on decouriing is
derived straightforward from the results of he last
chapter combined with a decoupling of e three
teedback channels in order 1o build threz svsiems of
SISC kind. The eguations of the SISO cas2 changes
from scalar to matrix form. The transfer funciions G, are
now matrices. the corresponding signais veciors. In
order w decouple the feedback channeis. X s now
defined as 3x3 real diagonal matrix with 2ositive
elements.

i ] Gy=-K, K=dagK,. K. K
i
1= {notch filter, gain, filter. actuator, helicopiar .
In accordance to the scalar case notch fiiters are

considered by the matrix (-i 1) and K is set 10 unity tor
the evaluation of the phase conditions.

The real and imaginary parts of the complex wansfer
function Gg,, have to be rearranged for the evaluation
of a real gain marrix:

K2j-ij = real (gij) .

8jj

Kaj = imag(}EJ, i==1.2.3.

Up to now the procedure bases only on criterta for
decoupling and phase shift. According to the SISO case
the elements K|, K; and K; of the diagonal maerix K are
used for an adjustment of the controller with respect to
stability. Therefore, the elements of K¢ are defined by
the following equation:

kKitkiz kizkie kiskge

K, 0 0
Ke={0 Ky 0] |karkan kakae kaskos
0 0 KsJ iy ka kaskss ksskse

The decoupling offers the possibility to determine
the magnitudes of the diagonal elements by the
application of single input - single output (SISO)
procedures accounting for stability for each feedback
channei separately. This property is useful for
experimental approaches e.g. defining the gain of each
feedback channel by manual adjustment.

For decoupling, this approach needs only
information of the dynamic system a: blade passage
frequency. Thus, results of flight tests allow an
adapration of the controller gain mainx with
experimental resuits. This approach closes to some
degree the gap between frequency and time domain
although the controller bases on time domain concspts.

3.6. Optimal Qutput Feedback

The procedure for controller decoupiing has
assumptions and simplifications resiricting the feasible
performance of output feedback. The demand for
decoupling of the feedback channels leads to a srong
timitation for the gain matrix. Furthermore, stability is
not implicitly considered. Therefore. methods of modem
control theory are of interest for the evaluation of the
gain matrix in a more advanced way.

The determination of the feedback gain marrix is
equivalent to the optimal constant output fesdback
problem [§3]. [15] posed by the following equations. A
linear time-invariant system is given by the following
system of differential equations :

)= Ax(t)+Bu(t)
y(t)=Cx(t)+Dult)
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In case of the vibration control task this state space
system s the extended system including additional states
of actuators and filters, As performance measure a
standard infinite time quadratic performance criterion is
defined
e ex+u ORuIE
0

The matrices Q and R account for different units and
weights of the state and input variables. Usually the
matrices QQ and R are selected as diagonal matrices. The
choice of Q and R offers a possibility for the user to
adjust the controller.

j=1
2

For output feedback the control u(t) is generared by
output linear feedback with time-invariant feedback
gains:

u(t) = — Ke y(0)

The determination of K. is established bv an
optimization problem minimizing the performance
criterion J. An iterative algorithm is descriped by
Moerder et.al. [16]. The presented resulis arz obrained
by the application of the computer program MIMFOOF
derived from [19].

3.7, Simuiation Results

3.7.1. Suppression of Hub Loads: Baseline Case

The baseline case is defined by the Dilowing
properties:

configuration with fixed hub

level flight 110 KTAS

controller design by optimal output fe2gack
no stabilization compensator

simulation of continuous system

The dynamic properties of the helicopter wodel are
represented by 36 states composed of seven modes for
each blade. The state space system is defined in the
fixed system. Therefore, components of the roating
systemn are transformed into multiblade coordinazes. e.g.
blade pitch input. Additional siates referving to the
actuators and to the filters exist.

In the baseline case the hub force vector £ F\, F))
is used for output feedback. The input vector 5 defined
in multiblade coordinates using the colleciive. the
longitudinal and lateral control modes for vibration
control. The inverse multiblade transformation relates
ihese values to the pitch inputs of the individuai biades.

Applying optimal output feedback theory, the
controller depends on the appropriate choice of the
diagonal matrices Q and R. For the presented cases the
diagonal elements of Q are optimized with respect to the

attenuation of the controlled hub forces. R is selected as
unity. A non-linear iterative solution procedure leads to
the elements of the gain marrix.

Fig. |7 presents a simulation of the baseline case
showing a satisfying attenuation of the controlled hub
forces in a few rotor revolutions after activation of the
controller. Fig. 18 displays the eigenvalue solution of
the closed loop system. The key point consists in the
shift of undamped notch poles towards increased
damping by feedback gains. The decay times of the
controlled hub forces relate to ihe damping ratios of the
notch filters.
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Figure |7: Suppression of 4/rev hub forces by [BC
biade root actuation, level flight 110 ks
{baseline case)

Furthermore. other poie locations alter by output
feedback. The changes of the corresponding frequencies
— defined by the ordinate values - are moderate
concluding that the overall characteristics of the rator
are preserved.

Siabality Chersctansncs (1140 kial

Figure 18: Analysis of 4/rev hub force disturbance
rejection controtler (baseline case)
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The functionality of the transmission zero is
demonstrated in Fig. {8 comparing the controiled hub
forces to the disturbances, Similar resuits vield for the
feedback of kub roll and pitch moment components, see
Fig. 19, Fig. 20.

Stabelity Charsctenistics {110 kta)

Varticsl Faree Tranater

Fioure 20:  Apalysis of d/rev hub load disturbance

rejection controiler, level flight, 110 ks

For comparison the paper focuses now oa the
attenuation behaviour of the longitudinal hub force. in
Fig. 21 the baseline controfler and the decoupied
controller  show  obviously  similar  performances
although the procedures for cafculating the gain matrices
are quite different. For the decoupled cortroller
optimization of the attenuation curves defines the
missing scaling parameters,
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Figure 21: Comparison of optimal output feedback
controfler and decoupied controller

3.7.2. Helicopter Model

In a next step the complexity of the plant model is
increased adding rigid body degrees of freedom to the
baseline madel. In this case the plant contains flight
mechanical modes including the slightly unstable
phveoid.

In Fig. 22 simulation rcesults for the baseline
controiler applied to this plant model are presented. The
inclusion of an elastic airframe is of interest for future
work,

3.7.3. Controlier Sensitivity to Flight Speed

The robustness of the vibration controller is a main
topic due to the varying flight conditions affecting the
dvinamic properties of the helicopter. Simulations are
performed with feedback gains designed for different
ilight speeds.

[n Fig. 23 a gain matix derived for the low speed
transition regime (40 KTAS) is combined with a plant
model representing a cruising flight speed of 110 KTAS.
Fig. 23 demonstrates the abifity of the controlier to
handle this mismatching condition with moderate
performance degradation. No case of instability
occurred for all investigated combinations of flight
speeds ranging from 10 to 110 KTAS - obviously a
consequence of the selected robust coatroi concept. [f
some performance degradation is acceptable the
vibration controller does obvigusly not require gain
scheduling.

ASG3-16




_,chu3 ‘ ‘ , — Exc.rtatxon

< 0.2k 4= - 1 &

30, AR AL I EE

2 | |

2 0

T o ' : ' - HARTH -

e TRy AR

goept 1B rrd-LL AL AL ST

0.3 1 2 3 3 5 6
FRotor Revoiutions

0.3 : r

2z —— Baseline Plant (ﬁxed Hub)

é°-2 T - F'lant:nd FlngydBodyDOFs

go.1

£

2 0

T o1

g

90.2

03 i 2 3 4 5 6
Rator Revolutions

Figure 22: Comparison of baseline controller
L LA L_i} p
behaviour acting on different plants

- Excitation

Long. Hub Force
-

b 5 b
[av]

O(A

Rator Revolutions

] i ] 1 ]
!+ Raseline Controller
i_crw Sp-aed Control!er

ng. Hub Force - kN

S-0.2

0 3 2 3 ’ 5 6
Raotor Revolutions

Figure 23: Comparison of baseline controller
performances at different rlight speeds
(baseline 110 kts, low speed 40 kts)

3.8. Actual Aspects for  Controller _Design

Development

The simulation resulis presented in the fast chapter
are very encouraging for planned applications on flight
tests. Nevertheless, some fields are identified for
improvements. First, the attenuation rates achieved by
the decoupled controller as well as by optimal output
feedback are obviously limited to similar levels.
Increasing the gains significantly above the achieved
tevel leads to unstable modes. Therefore, the benefit of

higher gains can not be used without limitation. An
approach for circurnventing this limitation consists in
the integration of additionai stabilization compensators.
Davison [6] suggested a general three term controller for
the case of output feedback.

A more conceptual problem is seen in the
disturbance rejection principle realized by the
elimination of three outputs (hub loads) due to three
rotor controls {collective, longitudinal, lateral control
modes). Two different approaches are presented
differing in the consideration of inplane hub forces or
hub pitch and roll moments for output feedback. For
hingeless rotor systems the elimination of hub forces
could result in an increase of hub moments and vice
versa depending on the plant properties.

As the simultaneous elimination of all load
components is obviously not feasible by blade root
actuated IBC, a minimization of these components is
required. Mapping procedures are studied transforming
the minimization approach into elimination conditions.
As the transformation depends on flight states adaptive
algorithms are envisaged.

4. Controller Realization and Implementation

4.1. Hardware Equipment of the Experimental
Helicopter

The experimental IBC system is equipped with a
rather complex hardware architecture in order to fulfil
the challenging requirements for closed loop vibration
and noise control. Two digital computers connected by
iransputer links build the core of the digital system: a
system called 'IBIS' of the DLR Braunschweig and the
digital computer on which the feedback controller is
finally implemented. The 'IBIS' system is responsible for
the processing and supply of sensor data. For digital
systems in real-time operating conditions, characteristics
as time steps and time delay are of major importance.

The core of the digital computer of the vibratien
controller is a Motorola 68060 processor. The
infrastructure of the computer bases on the VME bus
system. The sample rate of the real time application is
adjusted to 64 times per cycle {nominal rotor frequency
7.07 Hz) sufficient for an appropriate Nyquist raic
regarding vibration control. An angular encoder is used
for synchronization of the computer clock to the rotor
azimuth. The svnchronization is used to tune the notch
filters on-fine to the actual rotor speed.

Tests of a prototype controller demonstrated that the
performance of this computer fulfils real-time demands.
The sample rate of the 'IBIS’ system is higher in order to
get a satisfying resolution for the pressure transducers
used for BVI detection. The total time delay of the
feedback controller is composed by the following items:

AS03-17




+ Processing data and data transmission '[BIS": The
time used for processing sensor signals and transmitting
data from 'IBIS' to the vibration control computer is
approximated by lms. .

¢ Processing Time: In order to calculate the
required feedback control, the vibration contol
computer needs a finite time step. A time step of about
2 ms has to be taken into acceunt according to the
sampling rate.

¢ Zero Order Hold (ZOH): The biade root
actuators are controlled by analogous signals. Therefore,
digital-analogue converters (DAC) of the output beard
wanstorm the digital signals operating in a zero order
hold modus. This means that the output signais are kept
constant during a time step. Improved concepts inciude
the linear point connector (LPC).

The resolution of the sensor signals is limited 0 {2
bit, the resolution of the output boards amounts 0 16
bit. Quantization effects due to the limited resolutions is
a point of interest for future work.

4.2. Controiler Realization

The progress of numerical tools supporting the
design and implementation of feedback controllers on a
high level leads to the development of program
packages specialized for the design of conirol systems.
These packages basically developed {Tom malrix
environments and block diagram tools are known undar
the designation Computer-zided Design (CAD} for
contrel or more precisely Computer-aided Control
System Design (CACSD) [20].

These tools support the designer in a wide range of
different disciplines from simple matrix manipuiations
to transfer of the design into an embedded reai-iime
controller code. The usage of such highly integraied
sackages is in coincidence with the ideas of rapid
prototvping having advantages on the fiel cs of
flexibility, time and quality assurance compa
conventional methods. The design of the vibra
controfler &5 performed by the CACSD paL g
MATRIXx [21]. Fig. 24 gives an overview with ¢
to the integration of the modules used for the
process.

The plant is obwined by combination o e
aeromechanical state space medel of the helicoprer as
result of CAMRAD | and the actuator mode! defined ov
a transter function. Further algebraic components axist
e, the muliblade and  inverse  muliio
rransformations. The components are connected
assignment of inputs and outputs. s

iade
n

Y

The controller is realized by the implementation of

notch filters as servo-compensators and additional filiers
- e, wash-out filters, The assembly of plant and
contreller components is used as input data for the

controller optimization procedures based on optimai
output feedback [19] for the vibration controller. The
implementation of other controller configurations — for
instance i, — is easily performed by the modular
architecture of MATRIXx.
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lu_tut}
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Plant Modej

MATHIXx F"“’Ef,‘i,“m?es‘g“ 1

'
;
3
B

Gain Optimization
Stablity/Simutation|
MATRD

Hybrid Simuiaton

MATRIX &

Code Generation
MATRI(:
Stand Alone Testy I
an Host Compeurisd

Resl Time Tests |
on Torgnt Comrmpustme |

IMPLEMENTATION

Figure 24: Flow chart of vibration controller develop-

ment process using CACSD-tools

Next, the optimized gain is inserted into the biock
structure of the controller closing the loop of the
feedback system. MATRIXx offers eigenvaiue soivers
for stabitity investigations of the closed loop system as
well as time domain simulations revealing the transient
behaviour of the conirolfer. MATRIXx supports the user
transforming the continuous system into discrete or
hybrid form.

The code generation moduie leads to autcmatic
coding of the isclated controlier or the emire conwol
system, Implementation and testing on the host is
possible as well as cross-compiling for reai-tims
evaluation and application on the target computer. The
usage of templates allows customizing the generatad
code tor the application.

Concluding the design procedure the coawotler
development is an highly integrated proces
guarantezing flexibility and fast development times as
well as high quality due to the elimination of possibie
manuai fauits.

i)

4.3, Discrete and Hvbrid Svstems

Time delay may play a disadvantage role for stabiiity
of closed loop systems. Therefore, the affection of time
delay on closed loop performances is a point w0 be
investizated. As the controller gain optimization is based
on a continuous svstem, the digital hardware
components are emulated with adequate time delays.

The transtformation of a continuous block inte
discrete form is a typical task for the favourable
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application of CACSD packages. MATRIXx offers
several methods for the transformation procedures
divided into numerical differentiation methods. Z-
transform and pole-zero mapping. As indicated by the
number of methods the mapping of a continuous system
into a discrete system is not unique. All methods have
disadvantages due to distortion.

For the vibration controller the preservation of the
servo-compensator design frequency is unimpeachable.
Therefore, special emphasis has o be given on the
ransformation method for the servo-compensator.
Tustin’s rule in combination with prewarping is a
method preserving the blade passage frequency as
design frequency. The following transformation is
applied:

z-1
s = 2nf cot (nfdt)—,
z+1
s Laplace variabie {continuocus)
f biade passage frequency
de time step
z z variable (discrete)
O bcartabramd F_Ju,>—|
Ay Hub Losds F,II, +
Actmion F —-——! . b
{Fiwwd Sysem) Piare (Fonat 3 rossm ) i) L2 |
Cotecwve 0 o] — e
e oA N
¥, Holod . 1]
i o T
ot [ — e
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Block diagram of the vibration control
feedback loop including digital sysiems

Fieure 23;

Fig. 26 presents a simulation of the hybrid system
shown in Fig. 25 which is compared to the
corresponding continuous system including time delays.
No significant degradation is noticed confirming the
applied transformation.

Fig, 27 presents the block diagram of the vibration
contreller with respect to physical sensor and control
data. Thercfore. muitiblade transformations and their
inverse counterparts have to be considered explicitly
transtorming data between the rotating and the fixed
system.

4.4. Automatic Code Generation

For users the capability of an automatic generation
of real-time code has already been of high interest in an
early stage of the CACSD development. The
development of code generators is still in progress

emphasizing on optimization of execution speed and
memory allocation.
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Figure 26: Comparison of the controller performance:
continuous versus hybrid simulations
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Figure 27; Block structure of the vibration control
feedback loop including transformations
between fixed and rotating system

The automatic code generation of MATRIXx is
designed under the aspect of adaptivity in order to serve
a variety of applications ranging from stand-alone
simulations on the host up to real-time applications on
the target, Therefore, MATRIXx uses template files for
customization of the code generation.

For a real-time applicaiion a template program is
typically composed by the following modules:

» Scheduler: The scheduler serves as frame of the real-
time program. The scheduler is responsible for the
performance of external input/output functions and for
the dispatch list containing the tasks to be executed.
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Further administraiive tasks are assigned to the
scheduler, too.

# Dispatcher: The dispatcher passes control to the task
with the highest priority in the dispatch list. A
& Sub-systems: The sub-systems or tasks butid the core
of the controiler. Each control task is translated to a sub-
system.

¢ Timer Interrupt Handler: The timer interrupt handler
defines the time for the scheduler. For simulations on
the host the timer interrupt handler is not needed.

o [nput/Output Routines: [nput/output routines are
mainty used for the stand-alone mode (e.g. on the host)
using external files for input and output.

The user has the possibility to tailor each of these

modules to his specific needs.

4,5. Flap Actuation: A Case Studv Using CACSD
Tools

According to [22] and [23] the actively controiled
flap offers advantages in the fields of power
consumption and airworthiness. Therefore. the RACT
programme embraces the development of a piezoeleciric
flap control unit in addition to the work on the
conventional IBC svstem. This unit was developed by
the Daimier-Benz Research and Technology Sector and
recently tested in the transonic wind tunne} of the DLR
in Gottingen [24],

For preliminary investigations of  blade 1lap
actuation the BO103 model is modified bv additional
flap definitions demonstrating the benefits of the highly
integrated development systern. The development tools
presented in chapter 4.2, offer the possibiliny to repeat
the controller design with minor changes. The modified
actuation svstem affects the matrices B and D of the
helicopter state space model. These matrices describe
the connection between conirol and state vecior in cise
of B and control and output vector in case of D.
Actuator  dynamics are neglected assuming an
appropriate bandwidth of the flap actuators. The fap
extends over 0% blade span and 15% blade chord.

Fig. 28 shows that the flap has the potenual w0
reduce vibrations exhibiting a behaviour simiiar to those
of conventional blade root actuated IBC sysiems.
Further points of interest e.g. flap defleciions. power
consumption and pitch link loads have w0 be
investigated,

5. Summary

For an actual research programme on the fieids of
multicyclic control this paper focuses on the vibration
control task which is one of the key points for future
improvements of helicopter technology. Two aspects are
emphasized for the development of the vibraiion

controller. First a time domain concept for the controller
is presented relating this concept to modem control
theory and comparing it to alternative approaches. The
controller development aims on closed laop flight tests
of a BO105 moedified for [BC by blade root actuators.
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Figure 28: Suppression of 4/rev hub forces by blade
flap actuation, level flight 110 kts

Beside these more theoretical considerations the
paper lights the role of modem simulation tools under
industrial points of view, The appiication of these tools
starts with advanced modeiling capabilities of the
helicopter and ends with downloading of the real-time
code automatically generated for the digital control
systen. The usage of integrated and automated
procedures leads to a highiv flexible controller
development environment ailowing investigations of
alternative concepts (actuation. controiler concepts. ...)
in a minimum of time.

In order to underline the idea of tlexibilitv in
controller development and 1o give simultaneously an
outlook for advanced actuation svstems — a case study
replacing the bilade root actuation by an actively
controlled flap — is discussed with respect to the
controlfler design process.
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