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Concepts using the theory of output vector feedback (a few
i

measured quantities) for controller design are worked out for the
' . !
. completely active oscillation isolation function for helicopters.

. These controller concepts are tested with various versions of i
the BO 105 helicopter and theirjperformancé is demonstrated. {
A compensation of the vibration%l excitations from the rotor, |
harmonics of the number Jf bladgs, are compensated for. There 1g

'

. also a fast and automatic trim function for maneuvers.
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NOTATION LIST

mp Mass of the rotor-gear unit
m,, (generalized) mass of the airframe
k,, d, (generalized) spring and damping constants of the body
?R(t) Vertical excitation force (in the fixed body system)
I ’ i
Z,s Zg Absolute deflectlion of the center of mass of the
body _
Az Relative deflection between rotor gear unit and body
PA(t) Actuator force
Z Actuator deflection
87 = g2 Normalized deflection of Az
R Normalized deflection of %,
mies-= ¥ + W, Helicopter mass
P
?anyiq . Normalized excitation force PR
a Rotation ffequency
e
6 o Normalized perturbation amplification
'J.ggg“" Masg’s ratio
z 4
E;JMEQS Normalized actuator amplification
Y oz, mpeRe ¢
Pg Supply pressure of actuator
Yenrt Rotor rotation angle
;zzé ;E . Normalized eigenfrequency of body structure
z. i
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Normalized control variable
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State wvector of
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of
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Actuator vector system

Acpyator vector system perturbat%pn

Measuremegt_matrix of system

Measurement vector Jf system .

Approximate body acc?lerat;on;

Time conétant when méasuringfbo@y acceleration

i

(generalized) spring and damping constant of the
intermediate support!

l-:- -

Isolation force

Control matrices
State vector of cont%oller
Extended output vector of systems

State vector of perturbation model

Dynamics matrix

L B
Input matrices of observer
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C#*

7Transformation matrix for extending the output vector

J

Pressure difference wof actuator

Parts of the quality criteric
Weighting coefficlients of quality criterion

Weighting matrices

Dynamics matrix of the Notch isolator.
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CONCEPTS FOR THE DERSIGN OF A (COMPLETELY ACTIVE HELICOPTER
"~ ISOLATION SYSTEM USING OUTPUT VECTOR FEEDBACK¥

‘. G. Schulz

"
-

INTRODUCTION

Within the framework of the ASIS ZKP program, the
DFVLR, I 1552 'in collaboration with the Firm MBB-UD, performed

theoretical investigations for t%e design of an active oseillation
tlsolatlon system (ASIS) for the BO 105 helicopter.

Also con-

trollers were designed for 1nsu1at1ng the isolations for

of low order. Using controllable hydraulic servoelements,

. these controllers have the purpose of isolating the rotor-gear

unit from the airframe of the helicopter, and the following

tasks are satisfied by them over, the entire operational range:

i) Suppression or strong reduction of'perturbing
airframe vibrations which are harmonics of the blade
number ' . R

. ; i
ii) Limitation of the static or quasi-static relative

motions between the rotor-gear unit and the airframe

. . L .
using an automatic trlm device.

i

!
DFVLR (German Research and Test Facility for Aviation and
..Spaceflight)-Internal Report.552=T6/ 12 o o e
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e cSdnee. exactly known dlscrete frequencies occur_ in_ hellcopg r

. vibrations, it is not necessary to provide wideband isolation
of the airframe. For successfull oscillation isolation, it is only

necessary to SUPPTess or attenuate the low blade harmonlc (that

S R ST L e e Tt e ok e -

{
|
is 4 Q to maximum 12Q) perturbamlon frequen01es ;
|

l
1 ~

Previous investigations of the Firm MBB [1] assumed that thé
differential equations (state variables) togebther with all the

_derivatiVes usgg in the computer model of the a%yframe/rdtor—geari

unit are measured, and are used as input variables for the con-

troller. With this assumption, the resulting controllers are t

“any eigen dynamics.. However,'in;the case of the helicopter not

extremely simple and easy to caleculate, because they do not have
) i

all state variables are available and therefore in this report ‘

. |
we make The realistic assumption for fhe controller design that ;
only a few output quantities areiavailable as measured variables.,

The controller must then be d681gned using a method of output i

vector feedback and then has elgen dynamlcs i

i

In this report we design the controller with cutput vector

feedback according to two different methods. The designs are com-

* pared with respect to satlisfying tThe design criferia, suscepti-

o U s

bility to perturbations and the possibility of building themn.
We also discuss its use for higher order systems and when

= : b

é
4
. helicopter alrframe mode shapes are considered. ; i
i
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2.1. Computer models for welocity feedback of the cell
(Model 1)

In [1], the differential equations for the ¢ompletely active
oscillation insulation system with pressure servocontrol are
given. When these differential equations are established, the
gimple hellcopter computer model of Figure 1 1s.assumed Here
the rotor-gear unlt and the airframe are 1deallzed by means of
two discrete point masses which @are connected. together through
the active servoelement , Whichfis a force generator. There is
an additional soff support of the airframe through a special ;
spring-damper element, which siqulates the elastic airframe Behaﬁior
for each mode shape. The vertical excitation which is transferred
from the rotor to the airframe is introduced as an external per- -
7Fp?bation force PR' - f

The two mass system of Figure 1 leads to the following
differential equation system :

" = 2.5 - 2" 452 - 3 i 5+ LB
Az" = 2-w, Ez zz-i-mz zz-l_-“_m p+EPR (1) ,
L. - i m—— e m e ma - ENp— | !

L 2.'5?;..'5' P - SR . S 4

-H
T T T YR (2) |
i
!
where - -t t
;AE:CSV.u "l (3)

The derivatives a;%_ are derivatives with respect to the »

" angle §i; _ ;
The deflection of the rotor-gear unit Az and the velocity
"6T“tﬁé“aiTTfEmE“ﬁéfIéttiﬁn“E;T“aTE“m€asured“whi@h“then“are T

1S )
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“availableas “Input variables fof the controller. ~~The control
variable u is the output quantity of the controller.

The state._representation..for Model I .therefore has the

following appearance

§‘=3\:§+h-u+bs-v‘ (L})
e A m————— U |
Y =¢x
- S (5)
]
Wwith the matrices and vectors
T 3 T T :
) 0 3 0 [+ ] 4] y
; !
1 1
o ] 1 +] o !
A= b= C 1
! -2 — sV 1 6
i o v o - 2w, Ti-Hiy | | (6)
i : Ko !
=2 T sr: B 4
E o . By o -20@, TTRYT - ;
L E '
i T 1 )
; ba=10 Q g 01 i
!
'
; ET = { 'A:-z' Z, a'? z; ] !
1 -0 o o
cC =
o . o o 1
. Uy S
and v =P
The numerical values for the matrices A, b, bS are
1 2
4 * A
¢
: o] ) a [+ 4] l
} o 1 o o] [¢] [
A= b= bs = t
[s] ‘1_1.57 4] 0.068 8.15 6.53 ;
0 =11.587 0  ~0.068 ’ -1.24 o ' l
© ~~ The 'block "diagram of the. system with the controller is-

shown in Eigure 2.

/6



2.2, Computer model for the acceleration feedback of the _
airframe (Model II)

For the computer Model II with acceleration feedback,
again the helicopte? excitation model 6f Figure 1 is used. This
means that the same differential equations (1) and (2) result for
the systém as for Model I. In contrast to Model I, we now assume
that the airframe acceleration is measured z" and fed back. Be-
cause of the measurement technigue (exact acceleratlon measuring
devices), this 'acceleration feedback is preferred over velocity

feedback. In order to avoid that then a system results which

could jump (same degree of the numerator and denominator poly—
nomial), a delay unit (time constant T } is 1ntrodueed for
measuring the acceleration. This delay is represented by the
following additional differential equation

A 8y

-

If in Equation (8) we now replace ;;* by Equation (2),
then we find the following state model B

E=hx+butby v, ey
roieE - (5) ..
. st . |
with the matrices and vectors s
J‘ [ [o] 1 [+ 3 [s] Fs} y ™ o 9
: |
; © o 1 o o 0
- _2 — csv’
LB o wz o ZEmz o] _b_ = TT-_!'I—)?
‘ _ 2 . Coy. it
; o] mg 0 2tuz 0 . , =y 1 (9 )
2, o . .h:-z. . 2[(.)2 ; . —1- CSV'H' - - = =
S A S T s R
18 )
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and v = P

R’
!
The numerical values for the matrices A, b, ES are

: - ) ST 1 T T T
o 1 o - o - o o !
' o ‘o . 1 -0 o 3] ‘ ;
A= |0 11.57 0 0.068 o b= 8.15 ' (10} .
L ' 0 -11.57 ' o :0.088 o ~1.24 ) |
o --i1.57-10° o  =-0.068:10°  -10° 8.15-103_| ‘ N
_ - — ]
- f

. bg=f0 ©- 65 0 ©01 . ) "

2.3. Computer model for feedback of the actuator '

pressure difference (Model IIT)

In order to determine the computer Model IITI for feeding
back the actuator pressure difference, an 1ntermed1ate support
between the rotor gear mass and the mass of the hellcopter air—
frame is assumed (see Figure 3). Based on the experience with
Model I [1], we here only assume a feedback of the relative ;
deflection sz' of the rotor gear unit and the pressure difference
le in the pressure servo. In this way the deflections of u
ére attenuated as fast as possibile, because the helicopter
cairframe is only excited to perform vibrations through the

coupling of the servo Py -~ T because there is no soft
i

"dAntermediabfe. SUDRROT e e e e e ’

10

iy

et



Figure 3 shows the free system without ground support (kz, dz).
In {2] a differential equation system is given for it which
contains only the relative defleetion Az and the pressure
difference Ap of the pressure servo with the derivatives as state
variables. The acceleration Eg of the airframe is determined
from a linear combination of the state variables through the
force FTZ which acts on the airframe or the rotor-gear unit:

F =-L;“_;m2.;'. : (1)

?'rz = 0.34485 LZ - £.270%0 4P + 0.02299 LERe

T T i = " = J(930lation condition) (12)
The state vector contains the following ‘elements / 8
& =18 &5 & &1 . (13)

The numerical values of the matrices of the state model

according to Equations () and (5)

E'“A5+-§u+28v (LL)
Yy =Cx
(5)
are
0 0 1 o o
o o o 1 o
A= f b = . (14)
2,655 32.88152 - 0,177 0 - o
0 -805.33179  -204.1257 -28.37837 805.33179

T
Bo* [0 © 6,52455 0 ]

wWhere v = PR and

5]
RIGINAL PAGE
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3. METHEBRS OF DESIGN OF CONTROLLERS FOR OUTPUT VEGCTGER - - Y

FEEDBACK

In Sections 3.1 and 3.2 we give two methods of controller
design which allow the system to be controlled without knowledge
of the total state vector x. These concepts are Tallored to the
boundary conditions found in practice, where there is only a
limited number of elements of the state vector available, which can
be measured, and only these are available as input signals for the
controller. Using this method, the number of measurement unlts
can be considerably reduced or, if the mode eigen oscillations
of the airframe are taken into account, 1t becomes possible to
control the helicopter without measuring all components of the
eigen oscillation mode.

3.1. Design of a dynamic compensator with additional

noteh-isolator (Controller I)

Starting with the investigations of [3], a numerical method
of controller design with output vector feedback is developed in
F47 and [51. A separate consideration of the design criteria
mentioned in the introduction is then possible:

i) Suppression or strong attenuation of perturbing air-
frame vibrations which are harmonic with the blade

number

II) Idimitation of the static or quasi-static relative motions
between the rotor-gear unit and the airframe with an
automatic trim device

Both criteria were separately weighted during the design and

this led to a single controller.

i2
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During the optimization, the generalized quality criteérion
is minimized which consists of a weighted sum of three individual
]
criteria

0

{

S H
”Juo..l:}'.l-i-o.z é+cr,3J3 . . P (15) !
H

H

’

t

where

. T
Jm j{memxm-!-u R u}dti

2 .“_.

o

5

For m = 1 the Qeviatioﬁs are welighted when there. is a disturbance

(Figure Ha) For m= 2 the devratlons when there is a nominal

value jump w.ig welghted (Flgure 4p)., For m = 3 the transient I
. 1

- behavior of the system after an dnitial deflection Yo (Figure lLe):

" guality criterion J and the de31gn criterion ii) is considered --

' with the quality crlterlon J

. detecting the perturbation. Figure 5 shows. the structure of

e Pt
|

" transient behavior (guality crlberlon J3) is prevented by slow ;

is weighted.

Therefore the design critefion i) is considered using the\;“
5 The additional weighting of the
transient processes.

A Notch isolator is installed in the controller for

controller T. One can see three main components (meaning of the
dashed line - see Section 4.4):

i) On the- top the 1ntegrab1on of output ylaw1th subsequent

ampllflcatlon k ;

ii) In the center the proportional feedback of output y.

iii) Beloﬁ the dynamic part iof the control with the dynamics

matrix Kﬁ whlch also contains tHe daynamic matrlx N of the Notch

1solator.

™

H

[}

|

. —— - = kg - e e R L e T R A o T YT T AT e — r—p—e, TR = e W ETR IR e e T
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L A . . - . -
vieene The..matrices K% are summarized as follows in_the matrix K¥

F ¥ 1 2 ! }
S U RN Ao [ ————— (16)
| | !
oK z
The notch isolator is contained in K¥ as follows:

. K 1 © (17) !

! . | 1

K4= —"--I_—_ .
1 ‘ '
2} i N 1

The optimization program now calculates the free parameters '
of the K¥ matrix and the additional integral feedback parameter
kl using minimization of the gquality criterion J.

3.2. Design of a state and perturbation observer with

- - subsequent Riccati -feedback (Controller II). e

For this observer design [6] with subsequent Riccati feed-
back, the complete state of the system and the perturbatlion are
reconstructed from the available measurements (relative deflection
AZ of the rotor-gear unit and the agﬁframe velocity E;). In thiq

way no notch isoélator is required in the controller. The informa-

i

tion on the perturbation is given by the observer (perturbation
observer) (Figure 6). . )

P T £

-1
i

Using the Riccati design [7] a constant feedback matrix
f Kc - [Kl’
gquality criterion according to Figure Ua)

J2] is designed using a minimization of a guadratic

‘Jﬂf{ETQR_:S-i-_g_TRRgldt (15) !
o -7 oRT .
where o T
] .
' xTa[xT _'g] | |


http:in.-t.hb

e m ez L n AR s mea s R T mL m o e S Sk e m e L el L e e s T g

Hb*mﬂFlgure f—shows the resultlng controller. First-Fhe—single- |
and double integral of the First component ﬁjtﬁi of The output
is formed and the vector y is extended to form the new vector y¥

(Figure 6c¢c).

The matrices F, Gu,‘Gy, H and T (where 2z = T-x) are calculated

in the observer design. The matrices KC = [Kl, K2] follow from
The Riccati design. The following conversion then gives

L S
[ 1

- - Te

; ] i 3 ‘1
R, = % ,_Rzi = [R 1 %y i
13

where Hzfgi'u (Figure 6b).

— e T 2

(18)

]
]
|
:
[
[
I
s

T.
1
!
!
|

—_— = - ’ » - T '

and the intermediate numerical values are calculated.

In contrast to controller I, the design criterion (i) is
systematically covered (according to Figure La). By proper
'selection of the weighting matrices QR and RR, the design
~criterion 1i) (see introduction) is approximately satisfied.

CEHGBHAI:I%HHEIS
OF POOR QUALITY,
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4.... . COMPLETELY ACTIVE OSCILLATION ISOLATION OF THE. HELLCOPTER

BO 105 - CALCULATED RESULTS' AND SYSTEMS ANALYSIS IN THE TIME

AND FREQUENCY RANGE

In this section we will discuss the performance of the con-
troller discussed in Section 3 and its use for oscillation isola-
tion in the helicopter B0O:-105. The following design goals must
be met - discussed in Sections 4.1 and 4.3.

0
a) Oscillation isolation (Criterion i)) must be obtained

with the normalization of the variables

1. u‘"<' 1_/3 ,
2.. .E; bzw. E; - O s

3. &% < 0.2

B) In order to limit the quasistatic relative motions

Criterion ii)) (maneuver case) wWe must have

In Section 4.4 we apply the following design criteria with
different normalization of the variables

a} “te u < 0.6
2. Az < 0.2 .

3. AP < 0.6

; B) 1. 4z < 0.2

4.,1. Design of the dynamic compensators (Controller I) for

velocity feedback (Model I)

The optimization of the controller results in the following

controller matrix K#*¥ (see Section 3.1)

16



~21.87 ° ~3.22 ] © 1 o t ]
401.49 25.21 o -26.46 0
K* = 256.88 12.868 1 -15.23 .0 "~ O (19)
0 6.67 : o 0 o -6
o -0.2 | o 0 1 o]
—— e+ — e —_— o4
and the additional feedback
Ky, =~ 3.33

v —— ————

of the integral through Az.

The time wvariations of the sftate and controller variables
for the perturbation compensation are given in Figures 8 to 13.

Figure 8: Variation of perturbation.

Fipures 9 - 12: Transient. behavior of airframe. The air-
Trame settles down after about 1.5 rotor revolutions
{(Figures 10 and 11).

The actuator variable u then goes to zero (Figure 13).

FTigures 15 to 18 show the trim behavior of the system
after a 2.5 g maneuver given in Figure 14 (1 - 2.5 g in 0.5 sec).

The maximum deflection of Az remains below 0.2. We have
a7l @ 0020 (Figure 16).

The design criteria given above are therefore satisfied.

The error sensitivity if there is a mismateh of the notch
Isolator is shown in the feollowing. Figures 19 - 23 show The time
variation when the perturbation frequency is changed by - 3%.
Figures 24 - 28 show the time variations when the perturbation

oIS
ORIGINAL PAG 17
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freguency is changed by + 3%. The helicopter airframe no longer
sefttles down.

The Bode dlagrams of the perturbatlon transfer functions
of the control system are given in Figures 29 - 31. Clearly the
effectiveness of the Notech isolator can be seen in Figure 31
for w = L.

h,2: D951gn of the dynamic compensater (Controller 1)
for acceleratlon feedbake (Model IT)

Optimization of The controller gives the feollowing controller

matrix X
[~ 8.06 ~0.3¢4 1 o 1- o 1]
n e e wa o T e (20)
k' = | so.ss 1.66 ; - 8.90 0 0
0 o0.26 | o 0 o -1
o -0.20 ; o o 1 o

and the additional feedback

ky = - 1.39

of the integral through Az.

The time variagtions of the state and controller variables
for the perturbation variable compensation are given in Figures
32 to 38.

Figure 32: Perturbation history.

Figures 32 to 37: Transient behavior of the airframe. The
airframe settles down after about 2 rotor revolutions.

The controlled variable u goes to zero (Figure 38).

18
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- ~Pigures 40 to 45 show the trim behavior o¢f the -system-for ---

a 2.5 g maneuver of Figure 39.

The maximum deflection in 4z remains below 0.2, and we

:Iﬁéﬁfﬂﬁhmxﬂpﬁﬁ(Figure b1y,

e e s Mttt s i

Therefore the design criteria .given above are satisfied.

The Bode diagrams of the perturbation transfer functions of
the control system are given in Figure 46 — 8.
4.3. Design of the observer with Riccati feedback (Con-
troller II) for velocity feedback (Model 1)

Optimization of the controller gives the following con-
troller matrix XKy (see Section 3.2)

- 79.41 ~11.92 - J0.36 56.30 1 51.79 - 252,90 . 3.21 Z 25,40 .\
-~ 77.39 0.74 - 2.21 2.95 | 0.47 - 21.B2 0.34 - 2.68
. ' 1 R (21)
'KR‘—' - 15.82 - 0.92 - 2.90 7.0% I 3.36 - 45.98 Q.52 - 4,10 1
1 o1 51w 132.28  -238.74 | -220.52  C1081.16  -15.68  .110.17
iy 27.14 - D.2F - =~ 10.91 25.08 ][ 20.31 =, 99.57 L= D74 - 11.97

The time variations of the state and control variables for
the perturbation compensation are given in Pigures 19 to 54.
1]

Figure 49: Variation of perturbation

‘.
-k

Figures 50 - 53: Transient behavior of airframe. The
airframe settles down after about 1 1/4 rotor revolutions.

The controlled variable u goes to zero (Figure 54).

Pigures 56 to 60 show the trim behavior of the system for a
2 .5 g -maneuver--of -Figure-55b~-- - = e e o e
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The maximum deflection Az just reaches the allowable limit
of 0.2. 14n additional réduction in the deflection Az leads to
a controller which-does not completely compensate for the
vibrational disturbance. Residual vibrations then remain.

)

The air sensitivity for a perturbation frequencyf%“‘%“+3”|

increased by 3% is sbown in Figures 61 to 65. It is shown in

Figures 66 to 70 for -7 . The releyant quantities,

wg = og (T 5,34

the airframe deflection Ez and the airframe velocity E;, have ‘
deflections which are about 10 times smaller than when controller
T is used (Figures 19 to 28). This perturbation observer is

less sensitive to mismatches than the Notch isolator.

The Bode diagrams of the perturbation transfer functions
(Figures 71 to 73) confirm this }nsensitivity regarding the mis-
matceh as Figure 73 shows. The gap at w = 4 is clearly wider 1;?__1_&}1’1:
"in Figure 31 or Figure 48.

4.4, Design of the. dynamic compensator (Controller I) for /15

feedback of temperature difference of the actuator
(Model III).

The optimization of the controller results in the following
.controller matrix K¥ '

S - ,
b -5.00 - 1.95 i o 1 o, -1 |
s TS T T T T T T T T T
: i 2.33 15.93 i o} -2,83 o o | (22) .
K* = 28,54 -~ .29_.! 1 =736 O o [}
i 1.02 -16289 - L o v} ‘0 -16 ‘
1 - t
’ | - 0.20 - .72 | o o, 1 o \
- - - .- — .|
1 .
and the additional feedback kl = - 0.41 - T om e -

' i

of the integral through Az.

TEW L LD mTIMTT L SDOTII I T T e o e B o e Db s e e umleml TP adoE L e om e = L

b oo



“-— --Fn- contrast to the basic antroller I (Figure-5)—the—integral
SLoiszan is also introduced into the dynamic part of the controller
* {see dashed 1line). For this purpose, the matrix K§ is extended
‘ to I ) :

SIS L BT e ek — LT T AT T T W ML T e e e i mTIT ix s apm e

T 2,33 . 15183 1.56 | |

I
. R ! 2
. 28.54 - .29 ] 3.36 i (23) i
K, = !
g3 1.04. ~16.99 } o 1 ,
- -~ 0,20 - 72 1

-

+ |

The time [variations | of the 5state and control variables for

the perturbation variable compensation are given in Figures T4
to 80. Since Controller I doesinot simulate the state, the
Notch i1iscolator is also not exc1ted according to the isolation

. condition (Equation 12). The alrframe acceleration Eéﬁ is pro-

. portional to Fﬁz and does not;go completely to zero.

=" Figures 82 to 86 show the~trim behavior of the system after

. a 2.5 g maneuver according to Figure 81. The relative deflectlon

e

. remains within the permissible limit |“! ”°°ﬁ .

The Bode diagrams of perturbation transfer functions are
given in Pigures 87 to 89.

4.5, Comparison of results regarding satisfaction of the

de51gn criteria, the perturbation sen51t1V1ty of the

d651gn, the computer icalculation requlrement for the

design and the feasdbility

Investigations in this chapbter have shown that the method of
output vector feedback for controller design can be applied to theb

problem of osecillation isolationl of helicopters using a few |

measured “quantities. The éystem motions remain Within the™ ~ “”ii

g design limits. Two different memhods of controller design were ' -
1 investigated,. .a - dynamic, compgnsa¢orﬁigpntroller I).and an observer

AL, St O M LA S . 4

!
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with Riceati feedback (Controller II). /16

The system motions during the transient processes for
perturbation compensation are <clearly smaller for Controller II
than for Controller I. For the Controller I in Figure 11, we have

Tl ®0%  and for Controller IT in Figure 52  I%,lyy = 0004
The duration of the transient process is about 1 - 1.5 rotor
revolutions in both cases. On the other hand, the maximum de-
flection Az of the rotorigear unit for Controller I is clearly
smaller |42,y 0,02, Figure 16) than for Controller IT

42,y v 0.2 5 Figure 57). TFor Controller II, we reached the

design limit at the relative deflection Az. For Controller I the
amplitude of EZ can still be decreased to offset Az. One can
also expect that the error sensitivity will decrease if there

is a mismatch of the Notch isolator (Figures 19 to 28 compared
with Figures 61 to 70, also the Bode diagrams, Figure 31,

compared with Figure 73).

The systematics of the design of Controller I allows one to
consider several criteria but the computation times are large
(about 30 to 50 minutes of CPU time). On the other hand, the
Controller II only requires small computation times (about 1 - 3
minutes of CPU time) for a computer run.

In addition, the Controller I has a reduced number of
parameters (about 10-15) and is easier to build than Controller II
{about 40 parameters). Controller II is more complex. The
simple integral over Az is not sufficient to satisfy the design
goals. The relative deflection Az must be integrated twice in

order to reach the design goal 10 (aZ] < 0.2

Sections 4.2 and 4.4 discuss the Controller I for two .
additional helicopter models (II .and III), and its effectiveness
is demonstrated.

' ' 13’
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We were able to show that tested and effective controller
concepts with output vector feedback are available which allow
a completely active osecillation ilsoclation system for a helicopter.
These controllers do not reguire the complete state vector of the
system as input variables, to eliminate disturbance or for guaran-
teeing trimming during maneuvers. They only require the output
vector, which has a low order (a few measurement terms). This
means that these controllers can also be used when eigen oscilla-
tioﬁ modes of the airframe are considered, without measuring the
corresponding oscillation mode and their derivatives. We must
only guarantee that these oscillation modes can be observed with
a singlie measurement variable.

5. SUMMARY AND OUTLOOK /17

In this report we discussed concepts for designing a com-—
pletely active helicopter isolation system using output vector feed-
back. Three different dynamic models of the helicopter including
rotor-gear unit were introduced. Two bhigh performance methods
for controller design using output vector feedback were applied
to the helicopter models ment ioned above; a dynamic compensator
and an observer with Ricéati feedback.. The two design criteria
for perturbation compensation with wvibration excitation which 1is
harmonic with the blade number as well as trim bebavior for a
2,5 g maneuver were maintained with the controller design. These
controllers do not require the knowledge of the éntire state vec-—
tor for satisfying the design goals. Therefore, their structure
is very well sulted for controlling higher order models, i.e.,
helicopter models including modes of the airframe.

23
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Figure 11.

Figure 12.

:Figure 13. Control wvariable.
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Figure 14. 2.5 g maneuver perturbation
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Figure 34. Delayed airframe acceleration.
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Figure 39.

Figure 40.

Figure 41,
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Figure 49. Perturbation. AL
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Figure 55. 2.5 g maneuver perturbation.
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Figure 76. Differential pressure

of actuator.
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Figure 77.

Figure 78.

Figure 79.
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Figure 81. 2.5 g maneuver perturbation.

i1
_ i
1 -
- )
o
. {
. [
i ¢
N |
i v
i
i
i
1
|
{ !
i
' |
! o, i

Figure 82. Control variable.

0.1

M N .
' ‘ . s
f - . +
.
'

Figure 83. Relative deflection.




Figure'8h. Differential pressure of actuator.
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