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Abstract

We report on a into  the

application of H® optimal control theory to the
design of a low-speed full authority active
conwrol law  for a generic high-performance
single main rotor helicopter. Two new designs
are presented, cach based on an eight state
linearization of a non-linear helicopter model
provided by the Royal Acrospace
Establishment, Bedford. Both designs have the
same structure.  An inner loop feeds rate and
attitude signals directly back to regpective
activators, in a manner reminiscent of some
auto stabilization schemes in use.  An outer
loop then feeds back the contreiled oulput
megsurements to a dynamic controller designed

continuing study

using H* optimization. The use of the inner
loop helps relieve the task of robust
stabilization faced by the outer loop, by

providing a simple and direct improve-ment to
the unaugmented wvehicle’s stability. it aiso
makes the process of design of the second loop

simpler, and yields a lower order controlier.
Further-more, such a scheme offers the
advantages often associated with a

decentralized controller.  We offer an appraisal
of both control laws in the low speed flight
regime for which they were designed.

L INTRODUCTION

The high levels of non-linearity and the cross-
coupling characteristic of a typical single rotor
helicopter make the task of active control law
design difficult. It is however widely believed
that some form of augmentation is necessary to
case pilot workload, and meet siringent
handling quality specifications. In situations
where high performance and agility are
required this is particularly so. Given this
interactive nature, it is natural to look to
multi-variable control system theory to provide
a solution to the control problem., In so doing,

the important issues of robustness and
unceriainty need o be considered in order to
arrive at designs which arc  satisfactory. In

shall results  of

work under-taken o apply H™

this paper, we present  some

optimal control

theory to probiems relating to helicopter
control.

Let us explain in brief what is mecant by
uncertainty, and what a robust contro! system

is. Taking the latter first, it is often the case
that when a controller is designed, the exact
values of parameters describing the system 1o
be controlied are not precisely knmown. Even the
very workings of the system may not be
completely understood, or at least not readity
quantifiable. Obviously, if a contrelier is to be

satisfactory, it must be capable of
accommodating both changes occurring within
the system itself, and any departure of the
behaviour of the latter from the assumed
behaviour on which the controller design was
based. A controtler  which performs
satisfactorily in the face of such variations is

said to be robust.

Uncertainty is a collective term referring to the
effects arising from the imprecise or non-
inclusion to the model of any factors which
affect, or are part of, the real system. Such may
be as a result of ignorance, or as a result of
deliberate choice: e.g. in the case of using a
linearized model to approximate the behaviour
of a non-linear sysiem in the region of an
operating point, the beaefits afforded by the
use of linear techniques may justify the
deliberate introduction of  ‘imprecision’,
Bearing in mind that in mosl engineering cascs,
the mnon-lincar model itgelf is only 1o be
regarded as an approximation, this seems not
unreasonabvle.

The designs we have performed were all based
on linearized models taken  from  the
Rationalized  Helicopter Model (RHMI14)
supplied by RAE Bedford; as a lincarized model
was used the issue of uncertainty clearly must
be counsidered. Furthermore, the RHM14 did not

include a dynamic model of the rotors, thus
introducing  [urther uncertainty into  Lhe
probiem also, the designs we performed were

based on a model in which the engine dynamics
were not simulaled. We chose 1o use a reduced
order cight state model, thus ignoring actualor
and olher states.  This we did to simplify the
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design and to reduce the state dimension of the
final controliers. As will be shown in scction
four, enough robust-ness was built into the
designs that those uncertainties could be
accommodated without detriment to stability.

H* Optimal. Contrel

As interest in robust control design  has
increased a substantial portion of the literature

has been concerned with H™  optimization
techniques. Although solution methods have
been available since the carly 80’s, recent
theoretical developments have brought about
significant improvements in the solution
algorithms, which have enabled dramatic
improvements from a numerical/ computational
point of view [1,2]. Numerous applications of

the theory to design problems have been
reported(3, 4].
In recent work on the helicopter control

problem, Yue and Postlethwaite demonstrated
that H* control theory could be applied to yield
a fixed parameter contreller giving good
performance in the low speed regime, as well as
good robust stability over an extended range of
flight conditions. A low speed contrelier which
they had developed was tested in real-time in a
flight simulator at RAE Bedford where, even
when run into the high speed range, the test
pilot reported that the controlier made the
helicopter more pleasant to fly than the open
loop (uncoentrolied) helicopter.

It was however recognised that the deterioration
in performance exhibited by the low speed
controller as speed incrcased would need to be
overcome by a future full authority active
control law. There are various means by which
this might be achieved.

Aims of this_paper.

We present two 16 state H™  -suboptimal low
speed controllers which have been developed as
part of our investigation inte how the ‘cffective
performance radius’ of a single fixed parameter
controller can be increcased.  We have used two

distinct H* optimization methods to derive the

controllers.  These will be [urther cxplained in
section two.  Both designs arce two stage.  The
first  stage consists  of  construcling  inner
attitude and rate  feedback loops.  We then usc
the same inner leoop in both designs, whose
second  stages consist  of HT robust

stabilizations with additional performance
constraints built in.
Both designs wc analyse, in lincar time and

frequency domain as well as on the non lincar
RHM14 model. Using a proposed American
military specification of handling qualities [5],

we  offer an  appraisal of the closed loop
properties.
The remainder of the paper is laid out as

follows: In section 2 we outline the main points
of the two H™ design methods of interest. A
description of the helicopter model is given in
section 3, together with a definition of the iype
of control required. The main resulis are
presented in section 4, in the form of a
description and an analysis of the designs, and

in section 5, where a handling gualities
evaluation is made on the basis of non-iincar
computer simulations.

2. Two H* Design Methods

The basic aim of the control law will be 10
achieve simultancous robust performance and
stability in the face of disturbances, parameter
variations, unmodelled dynamics etc.  We shall
now recapitulate some of the results and
methods relating 1o H® theory which will be
used in our work, A good introduction to the
subject is given by Francis [6].

Generally, problems in robust design involve a
compromise  between  performance and
uncertainty. In standard H®™ designs this trade
off is wusually embodied in a compound
performance index, which can be used to bound
functions which regulate both performance and
robustness.  The [first design which we present
uses this formulation in its simplest useful
form; we formulate the problem as a weighted
sensitivity and robustness problem, seme-times
called weighted S,KS. Consider the fcedback
arrangement solution in Figure 1.

’—‘A
U.. G .

- 7 - KA,— [ —
Figure 1
The aim of the y-suboptimal  weighted S,KS

preblem is Lo find a stablizving coutroller K
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which also achieves
W, (/+ GK)~!

Wy K (/+GK)™! (2-1)

(=]

Here W1 and Wy frequency dependent
weighting functions suppiied by the designer.
The basic motivation behind such a performance
index is as follows: Note that

are

(2.2)
(2.3)

Tpr=—Tog = (I+GK)!
Tyr = —Tyq = K(I+GK)™!
where, for example, the transfer function from r

to e is denoted by Tey. For any stabilizing K
satisfying (2.1), we have that

= = 2y
(Ter) = 0(Teq) < Y6(W ) (2.4)
- - -1
6(Tyyr) = 6(Tyyy) < yO(W7) (2.5)
Thus, by judicious choice of the weighting
functions W1 and W72 upper bounds can be
placed on the singuiar values of these four
trgnsfer functions at any frequency. For

example, making G(Tgp) =0 at low frequencies,
say 0 < @ < ©], would have the effect of making
the D.C. error of the system small. However,
trying to force too much bandwidth by
prescribing too large a W] would start to
increase the controlier bandwidth and thus
cause problems of robustness, implementation,
noisc etc.  Therefore, by ensuring Wo is ‘large’
at  frequencics above the desired control
bandwidth @R the energy content of the
control signal u can be kept down. Relerring to
Fig. 1, and eqn. 2.3 it will be secen thal
minimizing the cnergy gain teo the signal u also
optimizes  robustness  with  respect  to
unstructured  additive perturbations A to the
nominal plant G.

Having decided on the form (2.1) of the cost
functional, the design becomes a malier  of
sclecting  appropriate weights W1 and W2. This

usually involves trial and error.  We mention in

passing that the solution to  the problem
associated  with 2.1 also  gencrally  requires
iteration, there  being no  dircet  way  of
calculating  the minimum ¥ for which a solution
exXists, Nountheless, retiable methods cxist 1o
enable optimal or suboptimal selulions o be
obtained using  standard  techniques from lincar

algebra,  The MeMitlan degree of the countroller

is in general of similar order t¢ the combined
degree of nominal plant plus weights.

L hapin 180 DI g

Our second design uses the loop shaping design
procedure based on the normalized left coprime
stable factor perturbation model developed at
Cambridge by McFarlane and Giover [7, 8). This
design procedure consists of first selecting pre
and/or post dyaamic compensators W] and W)
for the open loop plant G which shape the open
loop forward path transfer function Gg =

WoGW 1 (Recall that an inner loop feedback
stabilization has already been performed). See
Figure 2a. This loop shape will in general

embody the rcquiremen: for high gain at D.C.
and low frequencies for low steady state error,
whilst forcing a low gain at high frequencies in

order to control  the bandwidth, and for
considerations of robustness to  higher-
frequency model errors.  The loop shape may
also be chosen so as w0 modify the roll off rate
in the vicinity of the cross over frequency,
which c¢an help with the resulting system’s
stability margins. Thus far, no consideration of
stability 1s made. Having constructed the
desired loop shape, the robust stabilization

process which follows returns a

£, & | ¥
— i W1 G W2 ;
Lo eeerenecemesrese e et j
Figure 2a
ro, ¥
* w2 o K., Wl — g
Figure 2b
contreoiler which stabilizes the shaped piant

In doing so, the original
allered by ihe inclusion of
into the loop (sec Fig. 2b).
have been given for the degradation, and
provided the levels  of  performance  and
robustness demanded by the original loop shape
arc rcasonably compatible with the open loop
plant’s characteristics, then the degradation
has been shown to he small.

loop shape will be
the controller Koo

However, bounds

The swabilization actually  rebustly
stabilizes the shaped plant to perturbations on
its normalized coprime factors. models of
uncertainty  have  been Vidyasagar

process

Such
studicd by
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[91. Georgiou & Smith [10}. It has been shown
that they offer certain advantages over the more
commen additive or multiplicative models often
used. For example, the latter two do not aliow
for uncertainty in number of unstable poles in
the system; likewise, when there exist poles
with lightly damped resonances whose position
is uncertain, the normalized coprime factor
approach offers advantages as a mecans to model
this as a norm bounded perturbation. A
tutorial introduction to the method is given by
Giover et al [11} Finally it should also be
noted that McFartane and Glover showed that
this formulation lcads to an optimization
problem which has a closed form solution. Thus
no iteration is required to calculate the
controllers which give optimal robustness
properties, and the design procerss is
consequently much faster. This makes the
design procedure very attractive.

Heli r. Model an ntrol Law Typc
The non-linear model used for the work is the
Rationalized Helicopter Model (RHM14)
provided by RAE Bedford. This is a non-linear
simulation of a generic single main rotor
helicopter, and ‘is essentially the same as the
model which is used on the Bedford {flight
simulator. It runs from within the TS8IM
environment. The model consists of numerous
modules which calculate and simulate
acrodynamic forces, moments, actuators etc., at
a chosen flight condition. It is possible to
modify the flight condition and trim the
aircraft about a desired operating point.  The
TSIM language allows linearizations to be taken
at such operating points. The RHMI14 inciuded
no rotor dynamic models, and when the original
designs were performed, the cngine module was

not run with the model for technical reasons,
However, in previous work on a similar
problem, Yue and  Postlethwaite  had

deliberately opted to treat the rotor dynamics
as uncertain, and had found that by limiting the
bandwidth the effects of rotor-dynamic
uncertainty could be suppressed and were not
detrimental[3, 41. For present purposes, wc
shall ignore actuator dynamics from the linear
designs. These arc mddelled in the RHMI14 as
first order tags with rate and ampitude limits.
Finally a control law interface has been
developed at RAE which has cnabled the
controliers designed to be evaluated back on the
non-linear model [12].

Low niroller

Our aim was to design a controller for the low
speed range, where it was considercd thal an
attitude command attitude hold sysiem  was
most appropriate.

Two linearizations of the ecquations of motion
were made at one knot. The first lincarizalion
had eight states, It can be expressed in
standard state space form as

x=Ax+Bu
y = Cx

where
x=[0¢pgruvwl
u=18o 055 Oc 6orl’
y=1ho ¢y’

see tables 1, 2, 3 below. (A nine staic model
with state wy (the yaw angle) was discarded on
the grounds that it led to similar resuits, ai the
cost of increased numerical difficulties and
higher final state dimensions). The ecight siate
model was used for the designs.

State Description Units
0 pitch attitude rad
¢ rofl  attitude rad
P roll rate rad s 1
q Jpitch rate rad s !
r yaw rale rad s}
u forward vel nos 1
v lateral vel g1
w downward vel s |

Table 1

Input Description Units
Bp  main rotor collective deg
B4 longitudinal cyclic deg
Bjc  lateral cyelic deg
Bot  tall rotor collective deg

Table 2
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Controlied Description Units
Output
h heave vel ft/sec
6 pitch attitude rad
[ reil  attitude rad
1 heading rate rad/sec
Scaling Pilot
Input
10 coll
0.2 long
0.5 LAT
0.3 PEDAL
Table 3

is unstable and poorly
1285) see Fig.

The open loop model
conditioned. (DC condition no. =
4,

The use of scaling given in Table 3 on the
outputs was suggested in [3]. This heips to
improve the numerical conditioning of the H®
optimization.

The controllers were designed with the aim of
robustly stabilizing the system, and providing
as much decoupling between the contracted
outputs as possible. Thus, for example, a unit
pilot input on cell should produce a 10 fifsec
change in heave velocity, with minimal change
in heading rate, roll or pitch attitude.

4. RESULTS QF CONTROLLER DESIGN

The overall contro! scheme consisting of inner
and outer loops is shown schematically in Fig.
3. The controller Ke is dynamic and will be

obtained via H®* optimal methods.
outer control loop.

It forms an

Inner Feedhack Loop

In order to improve the stability of the vehicle
prior to the H™ robust stabilization, three inner

feedback loops were made. These arc
represented by the constant feedback selection
mairix ~ F  shown in .Fig. 3, within the inner
loop.
r o, e . X Y
Figure 3

The main effect of this is 1o stabilize the
unstable mode which is basically a pitching
mode.  Also the roll and yaw axis feecdback

helps to improve the damping of the final closed
loop. After some experiment, the gains were sel
to the values given in table 4. These gaing were
used in both designs,

feedback
axis  signal gamn fed back to
pitch 0 0.4 deg/deg B¢
(1.2 deg/deg/scc B
rotl o} -0.2 deg/deg B¢ o
p -0.1 deg/deg/sec IR
yaw r -0.2_dcg/deg/sec B4y -
Table 4
The pole positions of the  compensated and

uncompensated plant are given in Table 3

Poles
-11.4%
- 229

0.23 £ 0.54
- 020 %0.59
~ 0.63
- (.52

compensated -126.38

-13.37
- 5.65
- 1.78
- 007 £0.08
- 0.50

uncompensated

Table 5

The outer loop design can now be performed.
This will give the dynamic controlier Keo |
whose inputs will be the errors on cach of the
four outputs which are to be controlled,

4.1 Design |

Design 1 is a weighted $,KS design.  We chose
W so as Lo ensure low steady slate crror in all
charnels as well as a satisfactory dynamic
response. After some trial and crror, we
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eventually used the following Wy :

Wils) =

(L 1(s+12)
G+ 012)
17B{s+8.43)
1785 +58.43)

L 3+.01

The second weight Wo has to embedy con-
straints on control effort and bandwidth arising
out of actuator performance limits and
robustness  considerations. Yue and
Postlecthwaite had shown using a non-linear
helicopter model Helisim (which had a rotor
dynamic model) that rotor blade uncertainty
became important at above 10 radfsec.  With
this in mind, together with an estimate of the
available actuator bandwidth, we eventually
settled on the following value for Wy

0.1(s+0.0001)

Walo = T

The weights® frequency responses are shown in
Flg. 5. Having formulated the optimization, it
was found that the optimal controlier had 15
states, and that the optimal cost, Yopt= 0.617.
However, in order to obtain a strictly proper
controller, we used a suboptimal y= 1 for the
final design.  The sensitivities and robustness
functions are shown below, (Figs. 6, 7, 8). Also
shown are singular value plots of the forward
path transfer function GK and the controlier K
(Figs. 9, 10). The optimization has introduced
high gain at low frequency, which rolls off at a
little beyond 4 rad/sec.  From the plot of &; (I
+ KG)-! it can be deduced thal the gain and

phasc margins [for each input channel are
approximately

GM (342, .59)

P.M. + 41.59

These marging arc probably pessimistic as the
unstructured singular ¢ (*) tends 1o give
conservative results. Indced, where
information is available as to the structure of
the uncertainly, the structured singular valuc
(L is a more appropriate tool.

1(s+10)

4

Linear time simuiation,

Fig. 11 shows the response of the closed loop
helicopter to step demands input on each of the
four pilet controls. The correspording control
actions are shown in Fig. 12.

The control action remains within the
saturation limits of the actuators and the
performance appears te be good. The goal of

reducing the interaction between the four axes
has also been successful.
simulation,

Non-linear time

Responses are shown to step demands on each of
the four pilot controls. The non-linear
responses do not differ significantly from the
linear responses above. Using the control law
imserface provided by RAE, the controller was
linked to the RHMI14 model. (Figs. 13, 14, 15,
16).

Design 1. _non-lingar_ time. simulation

Responses are shown [lor the respective output

and actuator responses (Figs, 13-16). Tt was
noted that the pitch, roll and yaw axes
responded in virtually the same way as they
had on the lincar simulation. The heave axis

had however become a good deal more sluggish
in its response when compared with the linear
responses (Fig. 11).  This degradation is due to
the omission of engine dynamics from the linear
model which was used for the design; the
RHM14 model used in the non-linear evaluation
presented in  this paper incorporated a fully
working engine-dynamic model,

DESIGN 2

We now describe the loop-shaping/ normalized
left coprime factor robust stabilization design.
This was also performed on a 1 knot linear
model, and the design aims were the same as
those of the first design.  We used the same
inner feedback structure with identical gains.
The loop-shaping design was carried out on the
squared-down system, whose inputs were the
errors  associated with each of four controlled
outputs. The pre- compensator  Wi(s) (see Fig.
2a) was chosen with the simplest dynamics
which vyiclded sausfactory results. It consisted
of integral action in cach of the four channels,
followed by an alignment  Ka, which is simply a
constant matrix, followed by a further constant
diagonal gain which was uscd to bhoost the gains
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differentially in each channel. The choice of
W is shown in Fig. 17. The weight has forced
the basic shape required to obtain low steady
state error, whilst providing a steady rell-off of
gain at higher frequencies which is required
for robustness, as well as to ecliminate noise
problems, contreller bandwidth problems and
so on. Having chosen this loop shape, the
robust stabilization stage of the design was
performed. The resulting controller had a state
dimension 15, {(The optimization leads to a
controller for the shaped plant with one fewer
state than the shaped plant.  This controller is
then cascaded with shaping weights Wi and
W2 {(sce Fig. 2b) in order for it to control the
original unshaped plant). The optimal cost
associated with the optimization was v =2.2258,
small enough 1o ensure a satisfactory stability
margin g = 1fy =0.449 with respect to
perturbations on the normalized coprime
factorization. {N.B. The stability margin & can
only lie in the range 0 < ¢ < 1), McFarlane and
Glover have shown that the closer the value of €
15 to the value 1, the less is the degradation
caused to the chosen loop shape by the
introduction of robust controlier. Thus, & small
value of the implies that the required loop
shape can be accommedated with a good degree
of robust stability.

design at the
y =23,

controller KINF
dimension of 16. The actual

obtained when this controller was
into the loop is shown in Fig., 18.
with the candidate loop shape
confirms that the basic shape remains
altercd.

slightly
This led 1o a
wilth a state
ioop shape
introduced
Comparison
(Fig. 17)
little

We performed the
suboptimal value of
strictly proper

Desien 1. Linear Evaluation

The output responses of the ciosed loop
hnearized system to step demands on cach of
the pilot contrels are shown in Fig. 21, (Recall
that the outputs are scaled in accordance with
Table 3, section 3). It was noted that a slight
overshool characterized the responses to  step
demands of heave wvelocity and pitch and roll
attitude; however, these phenemena were not
considered to be a sericus defect. By pre-
filtering the respective pilot demands with a
first order iag of tme constant 0.5 sec it was
found that the ovce-sheoots could be virtnally
eliminated without significantly alfecting
performance.  The respeclive control actions are
shown in Fig. 12, The actuator rule  and

amplitude behaviour is within

limits.

provisional

From Fig. 20, the following gain and phase
margins for each input channel can be deduced:

G.M. = (1.11, 0.909)

PM. =+ 57 deg
It would thus appear that the stabilization
procedure has, whiist providing near optimal
robustness with respect to stable factor
perturbation, yielded poor gain and phase
margins. However, we caution against
interpreting these margins as evidence of lack
of robustness of the design, reminding instead

that gain and phase margins can, in the
mulitivariable scenario, lead to extreme
conservatism,

Design Non-linear evaluation

The step responses of the controlled helicopter
as predicted by the non-linear simulation are
shown in Figs. 23-26. As in design 1, the major
difference is a deterioration in heave axis
performance which is due to the presence of the
engine model, The response of pitch, roll and
yaw axes have however maintained virtually the
same characteristics as in  the linear
simulation, showing low levels of cross
coupling, and responses which appear good,

Robustness of the designs

Comparison between the linear and non-linear
time responses confirms that both the designs
were robust to the uncertainties introduced by
the usec of a linearization for the contro! law
design. The additional presence of engine
dynamic uncertainty, whilst causing some
performance deterioration, was mnevertheless
accommodated by both designs, Regarding the
question of rotor dynamic uncertainty, in this
present study we have not been able 10 make a
comprehensive assessment of its impact on the
robustness and stability of the two designs.
However, we believe, on the basis of studies by
Yue and Postlethwaite (3], that control probliems
relating to rotor dynamic uncertainties can be
overcome by forcing bandwidth constraints
(Figs. 8, 9, 18).

Finally, we consider a phenomenon arising out
of the use of lincar perturbation model to
approximate a noun-lingar system. The cxtent 1o
which changes in the periurbation model with
forward speed alfect the performance of a given
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controller is a key issue in determining the
effective performance radius of that controller.
However, if the controller is to be used in a
regime other than that for which it was
designed by treating that regime as a
perturbation about the design point, any
robustness which it has to parameter variations
in perturbation model due to change in flight
condition may be lost as a result simply by
being too far from the nominal flight condition.
This may cause much greater deterioration in
performance than would result if the controller
could be trimmed-in at the new operating point.

The time responses show in Figs, 13-16 and 23-
26 were obtained by trimming in the
contreliers to the non-lincar model at 1 knot.
We performed the same tests on the controllers
trimmed in to the model at various speeds up to
50 knots, The results showed that once the
controlier was trimmed-in it provided good
control even far away from its design region.
This has led us to conclude than an important
feature required to enable the performance
radius of a single controller about its design
point o be mazimized 1s some form of trim
scheduiing, which would help overcome the
effects of non-linearity and varying nominal
values.

5. HANDLING QUALITIES EVALUATION

In this section, we assess the handling qualities
afforded to the helicopter by each of the control
taws described in section four. We do so by
analysing appropriate time histories obtained
from the mnon-linear simulation, using
performance criteria laid down in a “Proposed
Specification for Handling Qualities of Military
Rotoreraft” [5].

The criteria given in this document are
intended to go some way at Jleast towards
quantifying the behaviour of rotorcraft, and to
enable obiective statements o be made about

their handling qualities. The specifications
given primarily define desirable levels of
aircrafl  response to pilot inputs and state

valucs for acceptable inter-axis coupling.  For

more detailed discussion of handiing gualities,
see {5].
We offer an cevaluation of both control laws

bascd on the following:

i) heave axis response to collective
1) heave to yaw coupling

iii) pitch axis response

iv) roll axis response
v) pitch to roll coupling
vi} roll to pitch coupling
mall _amplitude pitch and rotl i

changes: Short Term Response

We evaluate the bandwidth and phase dclay
parameters defined in Fig. 2 (3.3) of the
specification in order to classify the short term
responses of the pitch and reli axes. Out of
necessity, the appropriate frequency domain
parameters were obtained by analysing a series

of time respomses from the non-linear
simulation,  The bandwidth and phase delay
parameters Typ and Q gw for both designs arc

plotted in Fig. 27, onto which boundarics are
superimposed demarking the various handling
quality classifications. Both designs are within
the level 1 region.

Pitch-to-roll and
during aggressive

2) Inter-axis coupling:
roit-to-pitch coupling
manoeuvreing

For an attitude responsc type, the specification
lays down that the ratio of peak off-axis
response (Bpeak/dstep OF Ppeak/Osiep) must
be < 0.25 (< 0.65) [for classification as level 1
(level 2). We tested cach design with three step
demands of 10, 20 and 30 degrees on roll and
piteh axes. The greatest coupling induced was
5 deg peak pilch t0 a step of 30 deg on roli; both
designs were comfortably within the level 1
region.

3) Collective induced vaw

With the design 1 controller, a step demand in
heave velocity induced a maximum yaw rate of
approximately 4 deg/sec.  Furthermore, it was
found that larger amplitudes heave-velocity
step demands caused proportionately higher
induced yaw rates. The design 2 controller
caused a lower maximum induced vaw rate of
approximately 2 deg/sec.  However, it was also

found that the situation worsened at  higher
heave velocity demands. These  resuls  are
shown in Fig. 28. Design 1 is level 2, and

design 2 is borderline level 1/2.

4} Height response to_colicctive

“The wvertical rate responsc following a step
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collective input shall have a qualitative first-
order appearance, given by

h  Keds

éc 1+8T

The limits on A and T are given by

level T A
1 5 0.2
2 ) 0.3

The approximate parameters for
were found to be

each design

Design 1 T = 1.5 sec

A = 03 sec
Design 2 T = 1.44 sec

A = 0.2 sec
Thus, owing to the relatively large effective
time delays present, both designs only
satisified level 2 in this test,

6. CONCLUSIONS

Two attitude-command attitude-hold low speed
control laws have been presented, each designed
by a separate H™ optimization procedure. Both
designs were configured so as to ensure
robustness to modelling error and parameter

variation due to changing flight condition.

The use of an inner loop consisting of constant
gains feeding back attitude and rate signals has
been proposed. The importance of the rates in
achieving good control and decoupling has been
seen. In  performing these designs, it has been
found that it is more difficult to achieve good
control by forming an inner rate/attitude
feedback foliowed by a H®™ optimization than it
would have been to feed all the signals directly
back to a suitably designed H*™ controller.
However, the inner loop feedback structure
used in this paper offers the advantages of
simpler weighting function selection in the 5KS
design as well as a lower state order of the final
controller.  The use of this basic structure,
with alternative inner-loop feedback schemes,
remains a topic of rescarch.

The presence of the engine model in the final
non-linear tests demonstrated that both designs
were robustly stable.  However, there was a
price to pay for this, primarily in terms of

heave axis response. We aim to re-design both
controliers using updated linearization.
Otherwise, both designs achieved good robust
stability and fairly good performance and
decoupling.
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