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SYNOPSIS

Aircraft specifically designed for short take-off and landing
(STOL) operations are particularly sensitive.to atmospheric tufbulence and
produce relatively high levels of vertical and lateral accelerations.
These acceleration levels cause discomfort, wﬁich is unacceptable in modern
transport aircraft. Such aircraft ought to‘have their dynamics improved by
the action of a ride quality control system (k,C,S,) which should effectively

reduce these accelerations thereby improving comfort,

Little attention has been given to date to the problem of
desigﬁing R.C.5. for exeCutive-jets° But with the developing use of such
aircraft which are increasingly of the STOL type the demand for an effective

R.C.S, has intensified. A few earlier studies used conventional theory to
derive the required control laws bﬁt so far the use of modern control theory
to derive laws based on a multivariable description of the aircraft responses

has not been widely tried.

Multivariable control theories can be applied to STOL aircraft
by making use of the active control technology (A,C.T,) concept. This
research has employed both A.C.T. and modern control theory to derive a
suitable optimal control system wﬁich uses several aerodynamic control
surfaces in such a way that the required reduction of the acceleration
levels can be achieved, The optimal control law used to provide ride

quality control involved the use of elevator, rudder and aileroms, in




conjunction with spoilers, and horizontal and vertical canards, The
subject aircraft chosen for this work was a specially-modified NASA
Jetstar, The uncoupled equations of motion of the aircraft, together with
disturbances due to atmospheric turbulence, were simulated on 2 digital
computer. Frequency response methods were also used to provide information

for comparison with results from conventional control,

The experimental investigations involved consideration of the
combination of surface activity, the effects of non-linearities in the
surface actuators and the dynqmic response to both manceuvre commands and
stochastic disturbances, The best results, expressed in terms of reduction
of the levels of the normal and lateral acceleration, were obtained when all
available controls were activated simultaneously and reductions of the order
of 40% were échieved, The effect of the optimal control law on the aircraft

handling qualities was also investigated and compared with idealised models.
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CHAPTER 1

INTRODUCTTON




; | |

1.1 PROBLEM DESCRIPTION

When an aircraft encounters atmospheric turbulence the randomly
induced loads on its wings and body, due to the gusts, tend to disturb its

motion which is characterised by unwanted vertical and lateral acceleration,

The ride discomfort for the crew and passengers of an aircraft
depend on the duration and frequency of occurrence of particular levels of
normal and lateral accelerations., Factors such as wing-loading, altitude,
speed of operation, structural modes et al determine the ride quality
sensitivity of an aircraft, To provide acceptable ride characteristics an
aircraft may need to be equipped with an automatic flight control system
(a.f.c.5.} by means of which it may be possible to achieve the necessary
attenuation of those undesifable features of ride quality which are
introduced by encountering atmospheric turbulence, Such a.f.c.s. are
referred to as ride control systems (R.C.,S.) and such a system is usually
designed to provide an aircraft with the capability of suppressiné ﬁndesirable

accelerations induced in flight,

The need for investigation of effective R.C,S, has intensified
in recent years with the advent of the Short Take Off and Landing (STOL)
aircraft and the economic pressure for its wider development in short haul
air transportation, The low wingloading associated with STOL aircraft
{maximum 8000 N/ mz) makes it particularly sensitive to atmospheric
turbulence, Since the STOL class aircraft is usually designed to operate
at low altitudes where atmospheric turbulence is more likely to exist the
need to provide acceptable ride comfort by incorporating R.C.S. on this type
of aircraft is evidently necessary. ‘Consequently the investigation of the

design of such a system is particularly timely,




The design of optimél R.C.S. and its performance was investigated
in this research using as an example aircraft the Jetstar which is an
executive jet characterised by its low wing-loading t2100 N /n?) fér this
study), Because turbulence is more likely to occur at low altitudes, as it .
was indicated above, the flight conditions selected for the subject aircraft

was’approachjwhich implies low speed low altitude,

The optimal design was studied by means of digital simulation.




1.2 HISTORICAL BACKGROUND

Ride quality has been of concern to aeronautical designers

- since the inception of manned flight, particularly in respect of controlling
the motion of the vehicle in gusty conditions., As experience of flight
accumulated it was learned that the structure of the aircraft must be
designed such that the airframe would withstand the most severe atmospheric
conditions envisaged. However, the constraints which the gust loads imposed
on airciaft design came in time to have an undesirable influence on the
-resulting motion of the aircraft, Consequently designers deliberately
considered special methods of achieving some alleviation of the loads
sustained by the airframe due to encountering atmospheric turbulence (for
example Hunsaker and Wilson [1915]). Whenever these means of alleviation
involved feedback_control'it was evident that the accelerations experienced
by the aircraft were reduced and conséquently some measure of improvement of
the ride quality of the aircraft was being obtained éimultaneously. Thus a
ride quality system will provide some improvement in the aircraft's
capability to withstand gust loaﬁs as well as improving the ride motion of
the aircraft in response to commands or to its passage through a patch of

atmospheric turbulence,

The first recorded investigation of G,L,A, systems was that
presented by Sprater in the USA in 1914 (Sprater [1914]) which was entitle
"Stabilizing device to counteract the disturbance and prevent it from having
an injurous effect on the stability of the machine™, Howefer. it was not if
until 1937, when the work of Von Karman and Taylor provided a suitable
mathematical description of atmospheric turbulence (Von Karman [1937] and

Taylor [1937]) that interest in the problems of G,L.,A, and R.C, was renewed, °*




In general two approaches have been used to design G,L.A. or.l

R.C, systems: the open- and the closed-loop design philosophies,

Early openuioop'designs were based on aeromechanical control to
alleviate the gust loads, Waterman [1930] built an aircfaft with wings
attached to the fuselage by skewed hinges. The wings were balanced by
pneumatic struts for steady lift forces, Unsteady lift loads caused the
wings to deflect, thus reducing the angle of attack, This system, however,
could not provide adequate lateral control since deflection of the aileréns
in turn caused the wings to deflect, In 1938 Hirsch conducted model tests™
of a flap-type alleviation system (Hirsch [1938]) which employed the
horizontal stabilizer as an angle of attack sensor., He was the first to
recognize the need to concentrate on long wavelength absorption and was not
concerned with the sensor lag of this configuration., Hirsch developed this
approach after World War II when he installed his system on a twin-engined

aircraft,

In the early 50's the open-loop design philosophy was
investigated by many researchers in this field. Most of these designs
were based on an angle of attack vane mounted on a nose boom. By means Off
this vane the relative direction of the gust and the pressure changes wereﬂz
measured, The output signals from the vane were filtered before being
transmitted to the control surfaces, It was hoped that by optimizing the
parameters of the open-loop control law desirable ride control and gust
load alleviation could be achieved, However, it was not sufficiently
appreciated at the time that a gust field has significant components normal
to the plane of symmetry of the aircraft nor that some secondary

aerodynamic effects (such as downwash, time delay in the development of lift,

Ve




aeroelastic deflections of wings, etc,) are also significant,

In 1949 the Bristol Brabazon was equipped with a G.L.A, system
This system was‘never tested in flight, because of other problems in the |
flight test programme as the aircraft project was cancelled before the |
appropriate phase of the flight test programme was reached. The Brabazon
used symmetrical deflection of the ailerons in response to gust signals whic%ﬁg

were detected by a vane mounted on the aircraft nose,

In 1951 details of a study of R.C.S, were published (Phillips
~and Kraft [1951]). Iﬁ this project direct lift flaps were driven through a
fixed gearing to the elevator from signals transmitted from an angle of
attack vane, Downwash effects at the tail due to flaps were corrected with
a small inboard portion of the flaps driven in direction opposite to the
main flaps. This control system was tested aboard a C-45.aircraft and a
reduction of approximately 45% of normal acceleration was achieved without

degrading the handling qualities of the aircraft,

In 1953 the Royai Aircraft Establishment carried out some flight
tests using a R.C,S, in a Avro Lancaster bomber. The vertical component of
atmospheric turbulence was sensed by a 'wind incidence motor' mounted on a
boom ahead the nose of the aircraft, The derived electrical analogue signal
was used to command symmetric aileron deflection so as to reduce anticipated
1ift increment, The results from this investigation were unsatisfactory,
however, it was found that the handling qualities were seriously impaired
because of a marked redﬁction of stability that arose from the very large
adverse pitching moment created by the symmetrical aileron deflection

(Zbrojek [1953]).




In 1957 there was reported work involving the implementation of
Weiner's optimum filter theory for the minimization of the open-loop -
aircrafﬁ response to atmospheric turbulence (Tobak [1957]). Tobak assume&j
that a sensor signal proportional purely to fluctuations in angle of attack
was available, His analysis validated some of the results obtained earlier

by means of classical analysis by Phillips and Kraft,

At the beginning of the 1970's Coupry [1971] proposed a systeéj?
for open-loop G,L.A. based on a similar analysis to that of Tobak, This
G.L.A. system was investigated in simulation and also in flight tests of the
Mirage T1IB figﬁter. It was shown that by using vanes, gyroscopes and
accelerometers and employing Weiner's optimal contrel theory substantial
reduction of acceleration could be achieved, a result confirmed in the

simulation tests but not confirmed from the flight tests,

In recent years NASA'has supported studies concerned with the
impleﬁentation of an aeromechanical system for R.C. and G,L.,A, on a Cessna 172?
a light aircraft, In 1974 and 1975 the results obtained from the investigation
of such a system were presented (Roesch and Harlan [1974], Stewart [1975]).

The asromechanical system.studied employed_small auxiliary wings to sense
changes in angie of attack and to drive the flaps to compensate the
resulting incremental 1ift, This system provided a reduction of normal

acceleration of about 50%.

The open-loop design philosophy for the early R.C,S. and G.L.A.sf
came about mainly due to the inadequate knowledge of the complete dynamics J/
and stability characteristics of aircraft, particularly the unsteady

aerodynamic effects and the effects due to structural flexibility, and




also from the lack of availability of sufficiently fast servomechanisms :Eéii—
which were required for the successful implementation of the design. The ]
open-loop design does not affect the stability of the aircraft. On the
contrary the closed-loop design can adversely affect the stability and the
handling qualities of an aircraft if the feedback gains are not chosen
properly., However, because fast servomechanisms were unavailable it was
necessary to sense the gust in advance to give more time for action at the
expense of precision, As servoactuator performance improved it was realized
that it was feasible to counteract the gust forces at the moment as they

weTe actually occurring and that the sensing could then be achieved by meag%) Gﬁ
we ¥ L

of strapped down accelerometers and gyros.

The closed-loop design philosophy unlike open«loop schemes does
not require any explicit knowledge of the atmospheric turbulence field, It
is based on the continuous correction of the output variables of the aircraft
by means of feedback to control surfaces being employed which means that
careful analysis of the effect of the feedback law on the handling qualities
of the aircraft considered must be undertaken.. It is the simplification of@{
the sensor requirements associated with closed-loop systeﬁ which makes this{d

i
approach more attractive from a practical viewpoint, -t

In 1955 a proposal for a R,C.S. based upon the closed-loop
design philosophy was made in which the linear and angular acceleratioﬁ of
the aircraft were sensed and used to drive auxiliary control surfaces (such

as direct lift flaps) and elevators to produce the control forces and

moments needed to minimize the aircraft accelerations (Atwood et al {19551).

In 1965 the USAF and its contractors commenced an extensive



development programme on the B-52 aircraft known as the load alleviation =y -~
and mode suppression (LAMS) programme, The first results were reported i:j)
1969 (Burris and Bender [1969]), Also in 1969 the results obtained from a
computer study of the design of an optimal direct lift control for the B-52
was presented (Lorenzetti et al [1969]), In this sfudy optimal control was
employed to derive the feedback gains which were used to drive the control
surfaces consisting of the elevator, spoilers and symmetric deployed ailerons,
The feedback states considered were the normal acceleration, pitch angle

and pitch rate, With this configuration a reduction of normal acceleration
at the c.g. of the aircraft of 50% was achieved, Later the work involved
with the design of a R,(C,S. for the Control configured vehicle (CCY) B-52

was reported (Stockdale and Poyneer [1973]), The objective of this study

station of the aircraft by 30%. To achieve this design objective auxiliary
horizontal and vertical canards were incorporated in the design, By using
pitch rate feedback to elevator and normal acceleration feedback to the
horizontal canards a 30% reduction of normal acceleration was achieved.
Similarly a 40% reduction of lateral acceleration was achieved by means of
feeding back yaw angle and lateral acceleration to the rudder and vertical

canard respectively,

In 1972 a research involving a R,C,8, for longitudinal and
lateral ride control for a STOL aircraft was published (Holloway et al [1972])
The longitudinal R.C.S, consisted of elevator and trailing'edge flaps driven
by pitch rate and normal acceleration feedbacks, A reduction of 70% of
normal acceleration was achieved in this way. Also the lateral R,C.S.

was to reduce the normal and lateral accelerations acting at the pilot
reduced the lateral acceleration by 60% by using the rudder driven by



feedback signals from yaw angle and lateral acceleration, A similar
longitudinal R.C.S, configuration to that proposed by Holloway et al

achieved a 50% reduction of normal acceleration (Oechman [1973}).

In the same year a feasgibility study for a R,C.S. for a STOL
aircraft investigated the De Havilland Twin Otter equipped with elevator,
~ symmetrical deflected ailerons and spéilers, and rudder for longitudinal
and lateral ride control respectively (Gordon and Dodson [1972])., Pitch
rate and nérmal‘acceleration, and yaw rate and lateral acceleration were
used as feedback signals in the longitudinal and lateral ride control
schemes, Although a 50% reduction of normal acceleration was achieved the
lateral ride control system was found to create major difficulties due to
conflicting requirements on the rudder. Several other studies (Lallﬁan
[1974], Erkenlens and Schuring [1975]-et al) have been conducted in recent
yearslon R.C.S, for STOL aircraft; Most of these studies used the same

principles and were successful.

A.RG.C,S° for a NASA Jetstar aircraft has also been studied by
Lapins (Lapins [1975]). His was the firsf study based on the closed-loop
design philosophy which was tested in flight. His work involved three
R.C.S,, two for longitudinal and one for the lateral case all of multiloop
feedback type, Two sets of unique control surfaces, direct-lift flaps and
side-force generators, were used in addition to elevator and rudder for the
mechanization, The simulation results achieved 50% reduction of normal
acceleration and a reduction of 80% for lateral acceleration, The flight
tests confirmed the results for longitudinal motion whereas the results for
lateral motion indicated that only a 30% reduction of lateral acceleration

could be achieved, However, it was concluded that, although the R,C,S.
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resulted in significant reductions of accelerations, it failed to provide
the aircraft with adequate handling qualities to meet the criteria in terms
of pilot opinion., It was therefore deduced that a stability augmentation
system (SAS) would also héve to be incorporated to provide adequate handling

qualities,

A recent study conducted by McLean [1978] employed modern contf?l
theorles such as optimal control and model matching to design a G,L.A.s
for a large flexible aircraft, In this study the CCV/A.C.T. approach was
followed to tailor the G,L.A.s for the aircréft. The longitudinal control
system used horizontal canards together with the conventional elevator
whereas the lateral control system used a vertical canard in conjunction
with ailerons and rudder, Substantial reductions for both longitudinal and
lateral accelerations were achieved together with effective attenuation of

the considered structural modes,
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1,3 SCOPE OF THE WORK

The purpose of this research was to design an optimal ride
control system (R.C.S.) for an executive jet aircraft by using the active

control technology (A.C.T.) concept.

The advent of A.C.T. has caused changes in the design process
for modern aerospace vehicles and it promises important improvements in

future control capabilities,

In a recent publication (Ostgéard and Sworzel [1977]) the
experience and knowledge summarized from the LAMS programme and the
development of the CCV YF16 were assessed in the following manner:-

'Advanced flight control technology is a very

future military and civil aircraft, Acceptance of
highly reliable fly-by-wire control systems and rapid
advances in electronics technology are opening new
avenues for exploration by the aircraft designers,
Inclusion of the flight control system specialist with
specialists in structure aefodynamics and propulsion
during preliminary design effects a synergetic benefit,
The design philosophy has become known as the Control
Coﬁfigured Vehicle appreoach to design, or the application

of active control technology’'.

With the advances of control science and technology it is now
possible to treat multivariable control systems, But only since the recent
advances in electronics have these control theories been capable of

significant driver in the design optimisation of both
implementation on an aircraft, ‘
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The implementation of the A,C.T. concept makes it desirable

to employ modern control theories for the design of a closed-loop R,C,S.

The approach'which was used for the design of such an optimal
R,C.5, for a rigid body aircr;ft was based on the evaluation of optimal
feedback control laws derived from the theories of linear optimal control
and model-matching, Figure 1,1 illustrates the block diagram of the closed-
loop R,C,S. which was the subject of this research, The optimal control
required that the feedback law depended on the availability of every state
variable, The‘gains of the linear feedback law were constant, Full state
feedback was fed by means of the optimal feedback matrix to the control

vector of the aircraft,

Three feedback control laws were investigated, Two of these
were derived from optimal control and the third from model matching theory.
The two optimal feedback control laws were employed for the minimization of
the accelerations associated withrthe aircraft's longitudinal and lateral
motions., The model matching control was used to ensure thaf acceptable
handling qualities resulted from the closed loop control and also to reduce

the acceleration levels induced on the aircraft,

The control surfaces involved were the conventional control
surfaces (such as elevator, rudder and ailerons) and an auxiliary direct
lift control (D.L.C,) and a side force éontrol (D.S.F.C.) surface
(horizontal cangrds and spoilers for longitudinal motion Qere used; for
lateral motion a vertical canard was used). The dynamics and the non-
linearities associated with the actuators were considered for each control

surface. Atmospheric turbulence was simulated by means of the use of the
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Drydeﬁ filter., The simulation of the dynamic responses of the aircraft

was achieved by means of a digital simulation language, SLAM (Simulation

.,

Language for Analog Modelling) which is automatically translated into

FORTRAN IV,

In Chapter 2 an analysis of the factors affecting ride comfort
is developed, Then in the same chapfer it is described how D.L.C, and
D.S.F.C. can be implemented to control the accelerations induced on the
aircraft, A description in terms of the force and moment coefficients of
the auxiliary control surfaces employed (spoilers, horizontal and vertical

canards) are also given in this chapter,

Chapter 3 is concerned with the modelling of atmospheric
turbulence, A mathematical representation of turbulence is given first
and it is shown how the power spectral density analysis can be employed to
formulate atmospheric turbulence for digital simulation, The Dryden model
was chosen to represent atmospheric turbulence, At the end of this chapter

the simulation results are summarized and considered,

In Chapter 4 the theory which was used to derive the feedback
control laws for the R,C,S. is presented. A brief presentétion of the
linear quadratic problem (L.Q.P.) and the theory of the output regulator are
used to introduce the optimal control concepts employed in this research,
Thg effects on the dynamic characteristics of an aircraft of closing the
loop by feedback control are considered separately, Modei matching theory
is described and it is shown how it can be used to derive control laws

which will provide acceptable handling qualities for an aircraft,
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The actuator dynamics and its mathematical modelling are
presented in Chapter 5 where an account of the physical limitations

associated with the actuators is given together with their definition,

In Chapter 6 the results obtained from this research are
presented and an anglysis'of the uncontrolled aireraft dynamics is also
given together with the results of several digital simulation studies.
The dynamic performance of the controlled aircraft employing the various
feedback control laws obtained from optimal control and model matching
theories was studied for both comﬁand and turbulence inputs and these

results are also presented,

In Chapter 7 can be found a discussion of the results obtained
from the research, This discussion is accompanied by a suggested method for
the design of the optimal R.C.S. which could be obtained with the methods

adopted in this study,

Chapter 8 presents the conclusions and recommendations for further
work based upon the results obtained from the research work reported in this

thesis,



- CHAPTER 2

RIDE CONTROL FOR A STOL AIRCRAFT




2,1 INTRODUCTION

As a result of increasing public demand for short haul air
transportation the Short Take Off and Landing (STOL) aircraft has been
found to be the best solution in terms of economy, noise reduction and

traffice relief (NASA SP-320 [1972]).

The advent of the STOL aircraft has basically resulted from the
need to design an aircraft with short take-off and landing capabilities,
For such aircraft the take-off (or landing) distance can be decreased
resulting in a reduction of the time of occupation of the runway. The
shortness of the take-off length depends upon how fast a lift force greater

than the aircraft weight can be generated, It can be shown (Stinton [1966])

that |
| v=x/ @ 3/ G- 75 2.1)

where
U: is the speed of the aircraft in still air, and may be, for

example, the take-off speed (Uto)
k: is a constant of proportionality | —
W: is the weight of the aircraft
S: is the wing area
p: is the air density
T: is the net propulsive force
L: is the 1ift force

and D: is the drag force,

From (2.1) it can be seen that provided everything else is constant the take-
off speed can be decreased if the wing loading, (W/S) is decreased. If the
take-off speed is decreased then the runway length may be reduced. Similar

treatment of (2.1) gives the same conclusions for the landing phase.
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Although reducing the wing loading on an aivcraft is beneficial in
terms of take-off (or landing) performance, it introduces other operational
defficiencies such as sensitivity to gust loads. It can be shown

(Taylor [1966]) that

o, = g{pU(acL/ag) g/2(W/S)to ' (2.2)

Z g
where:
caz: is the root mean square. (r.m.s.} value of the
aircraft's acceleration at the c.g. position
£ : is the gust response factor
(BCL/aa): is the variation of lift coefficient with angle of
incidence
o, * is the r,m,s, value of the normal to flight path component

g
of atmospheric turbulence

(2,2) correlates the r,m,s, aircraft acceleration at the c.g.
position to the r,m.,s. value of the atmospheric turbulence, It can be
seen that by reducing the wing loading of an aircraft it becomes more
sensitive to gust loading by increasing the r.m,s. levels of acceleration,
In order to suppress these acceleration levels and to overcome the high
level of workload required from the pilot in turbulent conditions a ride
quality control system (R.C,S.) is normally required for a STOL transport

aircraft,

Ride quality control is taken to refer to an automatic control
system whose purpose is to-reduce the accelerations to which passengers
and crew are subject to acceptable levels, The ride quality improvement
on the performance of an aircraft due to its automatic control system will
bé judged only if appropriate ride quality criteria are considered as the

basis for comparisom,
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Well defined criteria for ride comfort do not exist, although
a great deal of research is taking place nowadays in order to extend the
present knowledge and understanding of this very complex matter. However,
plenty of ride comfort models have been proposed so far by several
researchers in this field. Two likely measures of the ride quality afe

the ride discomfort index (R.D.I,) and ride comfort rating,
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2,2 COMFORT CRITERIA

From data obtained from surveys of the attitudes, habits and
journey preferences of air travellers with STOL aircraft the relative
importance, in terms of comfort, of various parameters was established

(Jacobson and Kuhlthau [1973]) and is represented in the following figure,
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FIGURE 2,1: Relative importance of the various factors
determining aircraft comfort
In determining the overall comfort.it is evident from Figure 2,1
that the factors due to the aircraft's motion are important, Of course
the above data do not always represent the actual Situation. For example,
if heavy turbulence is encountered then the effects of aircraft motion

would become more dominant as may be seen from the above figure, For the
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purposes of this research it was desirable to determine which were the
constituents of the aircraft motion which most affect comfort., From
several studies carried out elsewhere it may be deduced that two major
factors of the aircraft motion affect comfort., These are:

fa) The periodicity (or frequency) of a particular mode of motion

(b) The intensity of the motion occuring ﬁ/

The frequency ranges associated with organic interference with humans can

be summarized as follows {Erkenlens and Schuring [1975]).

Frequency band 0,1-1,0 Hz
This frequency band is associated with motion sickness and occurs

during flight manoeuvres and also during flight in high velocity gusts.

-

Frequency band 1.0-30 Hz
Motion in this frequency band induces important resonance
phenomena in the human body and these arise from turbulence excitation of

the structural modes,

Above 30 Hz the effects are readily attenuated and become less
important in relation to human body reaction, These frequencies may arise

for example from the engines,

For a STOL aircraft with rigid body modes the frequency band in
which it exhibits sensitivity is between 0,1 and 10 Hz, Therefore, an
unaugmented STOL aircraft is expected to provide undesirable effects in

terms of comfort.

The International Organization of Standardization {I.5.0.) has

proposed exposure limits for normal and lateral body vibration for a range
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of frequencies from 1 Hi up to 60 Hz, The standard épplies to human
exposure to whole-body vibration, The limits are intended to apply to
any periodic or random motion. A.number of these limits are illustrated
in graphical form in Figure 2.2 and Figure 2,3, The lowest level of the
reduced comfort boundaries is that below which no discomfort should be
experienced, From the graphs it is evident that the limits vary with

exposure time,
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2,3 RIDE QUALITY CRITERIA

There are, to date, two proposed measures of ride quality: the
ride discomfort index (R.D,I.) which can be derived from the equations
of motion of the aircraft, and ride comfort rating which is basically

obtained from experimental data,

2,3,1 Ride Discomfort Index (R.D.I.)

A R.D,I, has been proposed in the USAF military specification
document MIL-F-9490D. The index is proportional to the ratio of the wing-

1ift slope to wing loading, viz,

kCLG kSCLa
Iew= w75 ° % (2.3)
where k is a constant of proportionality and CL is the wing slope
a

curve, For the longitudinal rigid-body motion, the dimensional stability

derivative Zw is given by

pSU0 , . '
Zw T - (CL + CD) (2.4)
a
In flight through turbulence it may be assumed that CL >>CD, thus
a
oSU pl
s =B & -2
e ® " m CLQ 7% 8 Ipp (2.5)
Using the short period approximation for the rigid body dynamics the
heave mofion is représented by:
W= wa + qu + E 26.6' | (2.6)

j=1 %57

where j=1,2,...,p and p is the total number of the motivators.

The normal acceleration at the c¢,g., rigid body aircraft is

given by:

=w-U q
zc.g_ 0

a
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Hence:
a = ZwW+ E Z, 4,
Z W . 8,
CoBo j=1 7j J
OUO E
= - 3-8 IRDW + =125J6j (2.7
Thus for a given control surface activity, if a, is minimized IRD
C-g.
will also be minimized for that flight condition, However, IRD also
influences the stability, and hence the flyiﬁg qualities of the aircraft.
The static margin of an aircraft is defined as
C
My - . *ac (2.8)
CL < |
a
then from (2,3) CM
RD -
-(x, /¢
Hence, it can easily be shown that
2kI Mw
I % et % (2.10)
RD oUW X,
From (2.3) it can be seen that
2k
0 PUGE W (z.11)

Therefore to minimize IRD by using an automatic flight control system

implies that the control system must augment the static margin, and must
reduce either Zw or Mw’ If CM is small for an aircraft then IRD is low

and the aircraft will be expec:ed to have favourable gust response in

terms of ride quality., If Zw or Mw will be reduced then the short period WL,

dynamics will be affected and an augmentation control system might be

_ ks o |
Tep = (2.9)
required to provide acceptable handling qualities for the aircraft.
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‘ 2.3,2 Ride Comfort Rating

Ride comfort rating has been assessed by conducting exténsive

surveys of opinions of airline passengers in U.S.A. and also from ground

and airborne simulations in the same country., It is generally recognized
that_the comfort of aircraft passengers is affected by numerous physical
and physiological factors (Figure 2,1), There have been attempts to derive
comfort models that include the effects of manoeuvres, environment and
seating space comfort,‘ (Jacobson et al [1978]), Although factors such as
environment etc, cannot be disregarded in the design of any transport
aircraft it was beyond the scope of this research to consider comfort models -

- other than those based on aircraft motions.

Ride comfort rating is based on a rating scale describing the
ride comfort from very uncomfortable to very comfortable, Wolf, Rezek and
Gee [1975] defined ride comfort on a basis of a five-point rating scale,
Their model was based on passengers opinioﬁs of ride comfort obtained from
experiments using the NASA Jetstar airborne simulator, For cases where
the normal accelerations were greater than 1,6 times the transverse
accelerations as for the Jetstar aircraft the ratings arrived at were as

follows:
=20+ 7.6 oay + 11.9 Uaz- (2.12)

where 9, and o, are expressed in units of g, Table 2,1 shows how
z
ride quality is judged for different values of C by the five-point

rating scale,
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Rating, C Ride Description
1 Very comfortable
2 Comfortable
3 Acceptable
4 Uncomfortable
5 . Very uncomfortable
TABLE 2,1

An alternative seven-point comfort rating scale using seven points was
proposed by Schoonorer [1975}. The following model was derived using

linear regression analysis applied to the survey data:

C=1,65+832g_ +151qg_  + 21,50 +
a, ay a,

+ 0.183 O'p - 142 o'q - 0238 Gr (2.13)

Both Wolf and Schoonorer foumd that passengers were about twice as

sensitive to lateral as to vertical acceleration,

Jacobson and Kuhthau [1973] however, developed a comfort
model to study the effects of various combinations of the motion
variables over extended ranges of frequencies, amplitude and rates of
change. Their comfort criterion was based on a five-point rating scale,
Theydefined comfort, C, as being related to the r.m,s. accelerations and

the cross correlation, Thus,

%, 8 b1
C=Cyt i ay o, * ] f Bii 9q (2.14)
j=1 i j=1i=jel M35

1 2 1/2 |
where g = [= rT a,(t)dt] (2.15)
.a.j T o J
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are the r.m.s, accelerations in the vertical, transverse, longitudinal,
pitch, roll and yaw directions and
T
o = [-1-J a, (t)a, (£)dt]V2, 145 (2.16)
a,. T 1 ]
ij 0
are the cross correlations of each variable with all others. The
ais and Biés are weighting factors and the vis and uigs are scaling
exponents, A physical interpretation of the model is to consider a's
and B's as sensitivities of the human subject to the different directions
of acceleration., The scaling exponents are representative of the non-
linearity of the human sensor. From data obtained from a large number of
flights (2.14) reduced to:
C=1,8+11,5¢ +500¢ +100¢
a a .a
z y X
+ 0,250, + 0,4 0. + 1,9 0. (2.17)
q P r

Jacobson, Kuhlthau and Richards [1975] now using a seven-point
comfort scale, proposed a further model:

C=2,1+17,1 ay + 17,2 a, ' (2.18)

Several other such comfort models have been proposed by other authors
but those discussed here are more commonly used in U,S.A, and in most

other aviation circles.

27
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2.4 BRIEF INVESTIGATION ON THE MOTION FACTORS INFLUENCING RIDE COMFORT

From equations (2,12),(2,13),(2.14),(2.17) and (2.18) it is
apparent that comfort due to motion of an aircraft depends principally
upon the levels of normal and lateral acceleration. It can also be

inferred from (2,13) and (2.,17) that comfort depends on ¢ Orcé,c
' q

oroﬁ’

Ur or c;, but the weighting of these factors in the equations indicates
that the relative importance of the linear accelerations is greater. It
has also been seen that if the comfort rating, C, is reduced then comfort
increases according to the rating scale. In other words, comfort increases
when normal and lateral accelerations are reduced, From (2,7) it can be
seen that if a policy of minimizing the normal acceleration is adopted then
the R.D.I. is minimized resulting in better ride, The same result could
be expected for a R.D.I, for lateral motion. Such an index has nét yet
been proposed but the general principle of minimizing acceleration to
improve ride quality has been adopted for lateral motion in this research,
The need for minimization of the acceleration levels becomes greater in
the-presencé of atmospheric¢ turbulence where as may be seen from (2.2)

the intensity of the acceleratién is directly proportional to the intensity
of turbulence, From the above discussion and also from Section 2.1 where
general STOL aircraft characteristics were presented, it is obvious that
for such aircraft a ride quality control systemmay be included with advantage

to provide comfort to the pilot and passengers by reducing the lateral and

normal accelerations which are produced by the controlled aircraft.
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2.5 ACTIVE CONTROL AS MEANS OF IMPROVING RIDE QUALITY
: With the advances of science and technology higher targets for

the performance, life, etc, of an aircraft developed the concept of multi-
variable aircraft control systems, In order to fulfil these requirements

a considerable amount of research has been carried out in recent years in
the fields of modern mathematicé. The products of this research resulted
in new methods of approach and analysis for multivariable control systems,
The use of multi-input, multi-output control theories in automatic flight
control systems has made it feasible to apply the concept of Active Control

Technology (A.C.T.) in the design of a modern aircraft.

Active control technology could be defined (McLean [1978]) as
the use of an automatic flight control system to drive simultaneocusly many
control surfaces and auxiliary direct generators of férce or moment to
dynamically  improve both the flight characteristics and the séructural

behaviour of the aircraft,

Therefore, the purpose of A.C,T. is to provide, in conjunction
with advanced electronic technology and control theory, the potential to

improve the performance and the operational flexibility of an aircraft,

It is generally agreed that the ﬁost significant improvement in
aircraft performance and structural behaviour can be achieved by using any
or all of six major A.C.T. functions:

1. Relaxed Static Stability (R.S.5.)

2, Manoeuvre Load Control (M,L.C.)

3., Fatigue Control (F.R,)

4, Ride Control (R.C.)

5. Flutter Mode Control (F.M.C.)

6, Gust Load Alleviation {G.L.A.)
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The benefits which may result from applying these A,C.T. funcﬁions are
dependent on several aircraft parameters, The only function which is
considered beneficial, independent of the speed range of the aircraft,
is Ride Control, The effectivenéss of a ride control system designed for
an aircraft depends on twe major factors:
1, Selection of appropriate aérodynamic control surface
configuration

2, Design of control system

In the past most of the ride control systems designed for STOL
aircraft have used conventional control theory and employed direct 1ift
control (D.L.C.) for normal acceleration control, D.L.C, is defined as the
use of an independent, fast response high 1lift control surface(s) which in
conjunction with conventional controls such as elevator may achieve direct

control on the lift forces acting on the aircraft,

For longitudinal ride control the most appropriate lift control
point is direct 1lift control located on the wing, since gust inducad change
in wing 1ift is the main contributor for poor longitudinal ride, As a
result most of the ride control systems employing D.L.C. use spoilers or
flaps on the upper surface or the trailing wing of the aircraft respectively.
Most of the longitudinal ride control systems that have been developed in
recent years for STOL aircraft have employed D,L.C. action in conjunction
with the elevator, (Holloway et al [1972], Oehman [1973], Gordon and
Dotson [1973], Lallman [1974], Jacobson and Lapins [1977], etc.). Some
other studies consider only flap elements for longitudinal ride control
(Stewart [1975], Ekerlens and Schuring [1975] etc,), In nearly all these

studies, which employ conventional control theory to obtain the control
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law and its feedback elements, normal acceleration and pitch rate have

been used as the feedbacks signals.

For lateral ride control the most appropriate control suiface
is the rudder since the fin is the greatest source of laterally induced
accelerations, Most of the studies for lateral ride control for STOL
~aircraft use rudder with feedback of yaw angle (or yaw rate) and lateral
acceleration, An important point raised by Gordon and Dotson [1973] from
their studies on a lateral ride control system for a DH-6 Twin Otter was
the following:

"A lateral force surface located near the c,g. would be required to

achieve the design goal",

This statement implies the need for a direct sideforce generator to provide
direct sideforce control (D.S.F.C,) . Jacobson and Lapins [1977] have
employed a sideforce generator (on a Jetstar aircraft), It was located
near the c,g. of the aircraft and the lateral ride control system involved
its use together with tﬁe rudder; In this research the aerodynamic
control surface schemes were chosen to consist of elevator, spoilers and
horizontal canards for longitudinal ride control and rudder, aileron and
vertical canards for lateral ride control, The use of all the mentioned
auxiliary force and moment generators implies a control configured

vehicle (C.C.V,) which, by making ﬁse of active control technology will
attempt to improve ride quality, Assuming the availability of an onboard
computers modern control theory may be used to derive the control scheme
to drive the control surface configuration, Before dealing with the
feedback control laws required from the C.C.V, aircraft some insight into
the control action of the considered control surfaces will be given in the

following Sections 2.6 and 2,7,



32

2,6 LONGITUDINAL RIDE CONTROL

In the preceding Section 2,5 some aerodynamic control surface 1
configurations which have been used in the past for longitudinal ride ‘

quality control on STOL aircraft were presented,

In this research three control surfaces for longitudinal ride
control were examined. These were the elevator, spoilers and horizontal
canards, All the control surface configurations resulting from any possible
combination of these controls were examined, In order to show the relative
importance of each of these control surfaces in terms of its D,L.C.

effectiveness on normal acceleration the following analysis is employed, ‘
(Pinsker [1968])., ‘

2.6,1 Direct Lift Control Analysis

Assume an aircraft to be equipped with a control system which

applies a control lift L(8) at an effective moment arm x, with respect to

8
the centre of gravity (c.g.). The incidence generated 1lift Lgﬁ‘f acts at wf-/f
the aerodynamic centre which is located at a distance X from the c.g.

This distance defines the c¢,g, margin, kn' by

| xn CMo.
kK = c ;== « coen 2.19)
_ n c CLa
where ¢ is the mean chord and CM and CL are the non-dimensional
@ 3

coefficients of pitching moment and lift due to angle of incidence

respectively, Using the above.notation and the 1lift slopes ' ‘

BCL 8CL
CL il CL =55 (2.20)
a 8
The equations for steady longitudinal motion can be written as: |
xu c XG
C; —a+ m =q+C ~§ =0 (2.21)
La ¢ q Y LG c
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& v’s{C.a +C 8} =mgn (2.22)
2 L L
o 8
where BCM
m = - (2.23)
gc.
239

and is known as the pitch damping derivative, Also,

n: is the load factor,

In this analysis only increments with respect to level flight

are considered and so CL can be ignored,

q

With the following kinematic relationship,

q = % g (2.24)
(2.21) and (2.22) can be solved for X, Xs
2 - - =
dn _ pU L] c
T =% ZW/S x. m (2.25)
§ BT |
where - u
c
p = 2B | (2.26)
pSc

and is known as the relative density,

The distance (xa—xa) is the distance of the aerodynamic
centre (a,c,) of the control lift from the a,c. of the aircraft., This
control 1ift moment arm has the characteristic of being independent of
the c,g. position and after division by the mean chord, ¢, takes the

non-dimensionalized form,

(2.27)

gl

This margin is defined in the same way as the conventional margins of
longitudinal stability theory being positive if the control lift acts
aft the a,c. of the aircraft, Figure 2,4 illustrates a relative position

of the margins kn'k and Hm which is the manoeuvre margin and is defined as,

§




FIGURE 2,4: Definition of longitudinal static stability and
control margins

(2.25) can be rewritten as

2 k
n _ pU 8
T C WS (2.29)
§ . m

The above equation is generally applicable whether the aircraft is
controlled by a conventional elevator or horizontal canards or spoilers.
The initial response in normal acceleration to a step application of

control is given by

n0 pUZ
dividing (2.29) by (2.30):
k
n 8
.. : (2.31)
Mo R |

From (2.31) it can be seen that the ratio (ka/Hm) defines an amplification
of the steady final normal acceleration to the initial value, Holding the
short period dynamics of an aircraft, with damping factor as a constant, and
varying the control moment arm, kd’ to cover the whole spectrum ffom
conventional elevator to spoilers and horizontal canards control the normal

acceleration responses of the aircraft are given in Figure 2.5,
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different positions of the controller the following conclusions may be
obtained:
(i) For k6>>Hm. This is the case of the rear elevator or moving tailplane,
The steady final response is much longer and in the opposite sense to,
the initial response, If the elevator moment arm is sufficiently
large the initial adverse response will be hardly noticeable and for

all practical purposes the control can be treated as a pure pitching-

moment generator,

(ii) k6=0' The control lift acts at the aerodynamic centre of the aircraft.

Considering some typical cases illustrated in Figure 2.5 for
The steady manceuvring response is zero, which means that apart from

imparting an initial 1ift impulse to the aircraft, the control is

{ii1) k6='Hm' This is the condition for 'pure' direct lift control. The
initial n commanded by the control is identicai to the steady
response, It can be said that the pilot has practically instantaneous
control over lift, All the lift commanded by the pilots control is
generated by the control mechanism without utilizing the potential
of the aircraft to produce lift via incidence, even as long term
response, Aerodynamically this is not attractive in flight conditions

where performance and hence economy is determined by maximum available

lift,

unable to control normal acceleration,
(iv) (-k5)>Hm. If the control 1ift acts further forward than -Hm, the

initial direct control lift will be further amplified by the incidence
response of the aircraft, Although this is not the ideal form of

direct lift control, it will still have the advantage of a large
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immediate response to control and better lift utilization for
sustained manoeuvres, This is in fact the most attractive regime

for a practical direct lift control system,

(v) (-k63>>Hm. This case represents control 1lift acting a long way
ahead of the aerodynamic centre of the aircraft, achieved typically
with horizontal canards, The direct 1ift contribution to the
aircraft response is now relatively small, but favourable, The
response shows the same general characteristics as that of a
cbnventionally controlled aircraft, The major portion of the lift
commanded by the control is derived from change in incidence and
the development of this 1ift is governed by the pitch response

characteristic of the aircraft,

‘In the foregoing analysis the relative direct 1ift control
characteristics of the elevator, spoilers and horizontél canards were
obtained, However, it is important to emphasize that the above results
were derived for a large aircraft with sluggish pitch responses, etc. For
an executive jet aircraft the situation is not the same, Although the
general assessment for the spoiler location will be identical the assessment
for the elevator and canards will be different., This arises mainly from
the smaller moment arms which a small aircraft possesses compared to those
of a large aircraft. Nevertheless the analysis showed the general response
characteristics that might be expected from a STOL aircraft and some useful
information on the properties of the considered controls was obtained, This
information, apart from giving genéral guidelines for the use of the
longitudinal controls and their contribution to D,L.C., is not enough to

predetermine their contribution in a dypnamic analysis. Hence, in order to
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obtain the necessary information on the dynamic responses of the aircraft

to these controls, digital simulation should be called upon,

At this stage it is necessary to consider the control surface
characteristics chosen for this study in order to represent the spoiler

and horizontal canards force and moment coefficients,

2,6,2 Longitudinal Control Surface Configuration

As has been already stated, the aerodynamic control scheme
considered for longitudinal ride control consisted of the elevator, spoilers
and horizontal canards, The NASA Jetstar is already equipped with an
elevator, Iowever this study is not concerned with any design alterations
of the original aircraft configuration other than adding auxilliary control
surfaces for ride control., Hence, the elevator was considered to be the
same with that used so far by the aircraft, However the addition of
" spoilers and horizontal canards'required their specific definition in terms

of their location and force and moment coefficients,

2.6,2,1 Spoiler characteristics

Extensive research in recent years has .considered the spoilers
as a particularly important éontrol surface, Spoilers can be used as
effective D,L.C. surfaces for flight path control as well as for reducing
normal accelerations imposed on the aircraft.,  Results to date indicate
that very adequate performance can be obtained from certaih types of
spoiler# systems, In addition, the simplicity and light weight of such
systems make them particularly attractive for use on light aircraft., From
a study of spoilers effectiveness applied to the GA{W)-1 wing (Neuhart and

Qetting [1977]) some useful information may be obtained. Figure 2.6 gives
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a diagramatic representation of the type of wing section which was

considered in the above study,

FIGURE 2,63 GA(W)-1 wing geometry

The following graphs were employed in order to show the
aerodynamic effectiveness of spoiler, Figures 2.7, 2.8 and 2.9 show the
aerodynamic effectiveness of a 15% chord spoiler located at 85% hinge line

on the GA(W)-1 wing for angle of incidence a=0°,
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The lift, drag and moment coefficients for all aerodynamic

control surface are given (McRuer, Askenas, and Graham [1973]) by:

: 2
Al 32 - pU”S
ocmowT T m G (2.32)
( tLm_ s | 2.53)
8 m 35 2m Dy .
A1 M plPseE | |
M T T O (2.34)
4 Y §
where C, , C. and C, are by definition:
L. D M
8 8 )
aC,
ac,
CDG = (2.36)
aC
M
CM6 = | (2.37)

Hence, once p,U,5,m,C and Iy‘are known for the specific aircraft the

coeff1c1ents 25, XG s . M5

From Figures 2.7, 2,8 and 2,9 approximate values for CL ,CD and CM can
8 8 $

be given from the slopes of the graphs, Assuming an approximate linear

and M_ can be determined if CL ,CD and C, are known,
8

operation of the spoiler from 0° to 30° the above slopes may be found,

in i
Hence, from Figure 2,7 . OU ae pr
y AC
¢,  =—la-03%_ _ 53/raq, (2.38)
L Ad 0,52
S SP
sp -
also, from Figure 2,8
AC
€. =P =28 12/rad. (2,39)
D6 ABSP +9
sp
and from Figure 2,9
AC '
M 065 _
CM6 -R-s—; = -—.g— .13/rad. (2o40)
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For Jetstar aircraft flying at sea level conditions the

following spoiler coefficients may be obtained from (2,32),(2.33) and (2,34)

Z, = -0,08255 o O (2.4D)
‘ sp
Xs = 0.0104S (2,42)
sp \
My, = 0,00065 - (2.43)
sp

For spoilers effective area. of 10ft2 the above equations result in the

following spoiler derivatives:

|
OA M.

Zg = -0,825 (2.42)
x6 = 0,104 (2.43)
SP
My = 0.006 . (2.44)
sP- '
In the absence of specific information from the manufacturers it was
assumed that the force and moment derivatives chosen for the simulation 3
ok -
of NASA Jetstar would be equivalent to the one-third of the corresponding _Ma
derivatives for the elevator. The derivatives are given by:
Z6 = -5,73 (2.45)
SP
Xg = 656 (2.46)
Sp
M6 = -,753 {2.47)
SP

From comparison of (2.42),(2.43),(2.44) with (2,45),(2,46) and (2,47)
it may be:deduced that the spoilers chosen for the modified Jetstar
appear to be more effective from those studied for the GA(W) -1 wing.
However, no direct comparisons can be made since the Jetstar aircraft
has a different type of wing. (NACA 63A112 at root and NACA 63A309

at tip}.
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2.6,2,2 Horizontal canards definition

Horizontal canards have been used in the past for military
high performance aircrafts (YF-16, F-4, etc,) as well as supersonic
transports (Tupolev 144, etc,}.,  They have been primarily used for D.L.C.
offering several options for flight path control (independent fuselage
aiming, variable pitch control and vertical translation control), It should
be noted, however, that the direct 1ift capability of horiiontal canards
~does not arise from their effectiveness as lift producers. The éanards can
generate a considerable nose-up pitching moment [figure 2,5) which may be
. trimmed by a trailing edge down horizontal tail deflection, This positive
tail deflection for trim contributes a relatively large amount of incremental
1lift which, when.added to the untrimmed canard increment, leads to a
significant level of D,L.C. A symmetrical deflection of horizontal canards
can be used for D,L.C,, pitch control and longitudinal stability augmentation
while an antisymmetrical deflection can be used for D.S.F.C. In this research
only symmetrical deflection of the horizontal canards ﬁas considered and

hence they were only used for longitudinal control,

Geometric Dimensions

The effectiveness of the horizontal canards as longitudinal
controls depends upon the area and moment arm ratio with the conventional
controller which in this case is the elevator, In this study the canards
were located at a forward station, FS150, in line with the wing, while the

centre of gravity location is at FS478, Hence the moment arm of the canards

will be 57
Xcy = 478 - 150 = 328 in (2.48)

The moment arm of the elevator is

xz = =391 in (2.49)
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Also the effective area of the canards was chosen to be one quarter of
that of the elevator thus

Sey = =25 Sg (2.50)

Derivatives
The effective moment generated by the canards is reduced
by 0,25 (due to surface areas) and also by ratio of moment arms (328)/(391)

with respect to that of the elevator, Therefore

328

Xs = -Xg ( ) (552) (2.51)
Scu 8,4 "391
328,

Z, = -Lg ( )( (2.52)
. 391'
328

Mg = =M ()( =7 (2.53)
S 8 4 391

The negative sign is arising from the negative moment arm of the elevator,
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2,7 LATERAL RIDE CONTROL

In this research three control surface configurations were used
for latéral ride control, The aerodynamic control surface configuration
for the aircraft was composed of the rudder, ailerons and vertical canard.
These controls were examined in terms of their effectiveness in all possible

combinations.

2,7.1 Analysis of Lateral Acceleration Constituents

In order to demonstrate, if possible, the relative effectiveness
of these controls on the lateral acceleration of the aircraft the following
approximate equation of lateral acceleration of the conventional Jetstar

(with rudder and ailerons) is employed. e
tA's
a =Yv+xXN1T+xNB+ (Y, +xN_)&_ + (xN_ )& (2.54)
Yy v T 8 GR GR R GA A
where ay represents the lateral accelerations as measured at a
X
distance x from the c¢,g, From (2.54) it can be seen that lateral

acceleration is related to many factors, In order to make an estimate
of the relative importance of the factors composing the above equation
it is necessary to determine the importance and contribution of the
coefficients Yv’Nr’N ,Y. ,N. and Né . The coefficients Y ,N_ and N

B! 6" % A
are the basic components of the damping and natural frequency of the

8

dutch roll mode while Ys ,N6 , and NG determine the effectiveness
R R A
of the rudder, and aileron.

Role of Y
v

This derivative is given by definition by
2, 3C

- Y _pUSS y _ pUS . ‘
v av 2 av  2m CYB (2.55)
where ac
C = et (2.56)
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The major portion of CyS comes from the vertical tail, It is usually
negative in sign and contributes substantially to the total damping.
Role ot 1
NB = Eg;ﬁﬂ Cn (2.57)
z 8 :

CnB is the "weather-cock" stability. The major portion of CnB comes
from the vertical tail area and lever arm, It is very important for |
lateral dynamic characteristics and positive values of Cn signify
static directional stability, High values of Cn aid thespilot in
effecting coordinated turns and prevents excessiﬁe sideslip and yawing
mot?ons. In turbulence high values of C“g magnify disturbances from
side gusts,
Rote ot %y ‘

| N = %%‘lz-cn ' (2.58)

: ‘z T
Cn is known as the 'yaw damping derivative'. The major contribution }
torthis derivative comes from the vertical tail, Cn is desirable to
be negative in sign and is proportional to the squar: of the tail level :
arm. It is the main contributor to the damping of the dutch roll mode :
and also is important to the spiral mode,
Role of Y6
__________ R
YGR = -‘?-5-;-;-5- CYa : (2.59)

Cy effects are relatively unimportant in lateral stability and control.
8
excgpt when considering lateral acceleration feedback to an autopilot.
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Role of N6 and N

- . T

These derivatives signify the effectiveness of the rudder and

aileron as yawing moment generators,

*
ke 0\/

PR
AAr
g

From (2.54) it can be seen that for a specific maneouvre reduction of
a_ can be achieved if the absolute values of Yv',Nr and NBare reduced. To

X
achieve the reduction of these derivatives the vertical tail size should be

Stata
reduced ond§ all these derivatives are strongly influenced from this factor,

Reducing the vertlcal tail size acceleration reduction will result but the
dynamic characteristics of the aircraft are likely to be degraded,
Minimization of NB'YV and Nr will affecf dutch roll, spiral mode
characteristics and probably lateral-static stability, Although for some
studies (R,H., Lange et al [1975]) etc, minimization of the vertical tail
size was of primary interest and stability augmentation systems were used
to augment the lateral dynamic characteristics of the aircraft, here no
éttempt was made to change the original design of the aircraft other than
to add auxi}}ary controls to improve ride. Therefore YV,NB and Nr were ~
regarded fixed in this research, However reduction of the lateral
acceleration can be achieved by appropriate treatment of the coefficients
of the control deflections, ;nspection of the coefficients (Y5 +xN6 ) and

R R

(xN5 ) of 6R and &, respectively indicates that the rudder coefficient is

A
mostsaominant by being larger, Even for small rudder deflections the rudder
will dominate the lateral acceleration expression. The effectiveness of
aileron is insignificant compared to that of the rudder, The need of a
third control surface capable of controlling directioral stability and

effective enough to counterbalance little use of the rudder control is

evident. The most appropriate control surface for this task is the vertical
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canard, A small vertical canard located at a forward point of the fuselage
would probably be able to share the work required from the rudder with less
penalty on the lateral acceleration. The use of vertical canard would

modify (2.54) as follows: ' ST

18
cv

(2.60)

a = va + err + xNBe + (Ya +xN6 )GR + (xN6 )6A + (xN

Yx R °Rr A cv

6
From the preceding discussion it is apparent that no definite.conclusions
about possible favourable effectiveness of an auxiliary vertical canard
can be drawn, It is therefore a matter of experimental investigation to
assess the effectiveness of vertical canard and as such digital simulation
is the most attractive means, Before embodying the vertical canard on

the aircraft it is first necessary to define its dimensions so that its

force and moment derivatives will be possible to be evaluated,

2,7.2 Vertical Canard Definition

Vertical canard has been employed on a very small number of
aircraft and mainly on military (B-52, YF-16, F-4 and others), It can be
used for D,S,F.C, offering several options for directional control
(independent fuselage, azimuth control, variable yaw control and lateral
translation control). The D,S,F.C, effectiveness arises from the rudder
trimming of the yawing moment produced by the vertical canard, The
vertical canard chosen for this research had a small surface area compared
to the rudder and it was located underneath the fuselage and at the same

forward station as horizontal canards,

Geometric dimensions

--------------------

The vertical canard was located at a distance of 27,3ft forward

of the centre of gravity, The area of the vertical canard was chosen to be
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equivalent to .125 of that of the rudder., Ience,

5

oy = <125 5 (2.61)

Hence all the moments generated by the vertical canard will be 0.125
those generated by the rudder, However the moments generated dépend
upon the moment arms. The moment arm for the canard is +328,0" and
for the rudder -391,0". Hence the moments generated by the same

deflection of the canard will be further reduced (with respect to

328 .
391

by the surfaces will act in opposite directions.

rudder falues) by - i.e, for a given deflection the moments generated

According to the above discussion the canard derivatives will

be given as follows

328, _
Y* = Y ( D (Gt (2.62)
Sy 9D
328
L = L ( )( =) (2.63)
Sy 391 :
1, 328 '
N} =N ( 2 &GP (2.64)
Sov 8, & 391"
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2,8 EQUATIONS GOF MOTION

The equations of motions of the Jetstar aircraft were formulated

based on the assumptions that the longitudinal and lateral motions of the

aireraft were uncoupled derived by using smallperturbation theory, the

aircraft was trimmed and that the aircraft behaved as a rigid body aircraft

(i.e, no elastic modes of the aircraft were considered). The atmospheric

turbulence components acting on the aircraft were also considered in the

state space

representation of the equations of motion, ' _

The following state equation was employed to describe the

longitudinal and lateral motions of the aircraft:

where
is

b

is

Ie

is

I=

and G is

X = Ax + Bu + Gn (2.65)

the m-dimensional control input vector

the s-dimensional gust input vector
an nxn state coefficient matrix
an nxm control input coefficient matrix

an nxs gust input coefficient matrix.

2.8,1 Longitudinal Equations of Motion

The perturbed longitudinal equations of motion of the modified

the n-dimensional state vector .
5

Jetstar for body axis system can be written in the form of (2.65) as

follows:



u Xu Xw 0 -g
w . Zu Zw uO 0
M 0
q Mu Mw q
19 .p 0 1 Q
X -x17T7
u W
Ty A -7
+ u w
=M -M W
u w
L_o 0

The output normal acceleration at a distance x from the c.g, of the

aircraft is given by

2,.8.2 Lateral Equations of Motion

The lateral equations of motion of the modified Jetstar

aircraft for body axis system can be written for primed stability

derivatives in the form of (2.65) as follows:

B Y o -l

r L! Lt L

P g p Ot

r] = |N! N' N
B P

& 0 1 0

U@ 0 0o 1

g/uO
0

0

0]

0
0

wm |
.
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(2.66)"

(2.67)

*The term -[Mﬁ-(Mq/uo)]v'vg was not shoum in (2.66) since it i3 a small
quantity, However, this quantity was included in the simulation of

the Jetstar aireraft flight in turbulence.




The output lateral acceleration at a fuselage station at x distance

from the c.g. is given by the following equation:

ayx =V - gd + uyT + X, T (2.69)

Yohe terms ~L} ég and -NJ ég were not included in (2.68) for simplicity

gince it wou1§ be required to define the gust equations which are
derived later in Chapter 3, Both these factors were considered in the

stmulation,
l




CHAPTER 3

MODELLING OF ATMOSPHERIC TURBULENCE
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3,1 INTRODUCTION

The environment in which an aircraft operates is the source of all
loads applied to if, When an aircraft flies through atmospheric turbulence
it absorbs some of the energy in that turbulence field, Any turbulence
field may be characterised by its velocity and that velocity can be
decomposed into orthogonal components, It is the vertical and lateral
components, i.e, those normal to the flight path, which produce loads on
the aircraft. If the turbulence were known precisely the aircraft loads
could be predicted from that knowledge, provided, of course, that the
aerodynamic properties of the aircraft were also known. However, the
atmosphere is in a state of continuous excitation, and, as a result, its
motion is best described if it is approximated to a random process.
Fortunately enough data have been obtained in recent years to permit an

adequate understanding of the basic structure of atmospheric turbulence.

According to Von Karman (Von Karman [1937]); atmospheric
turbulence may be considered to be a continuous, random, physical process
which varies in three-dimensional space, In order to account for the
statistical properties of the atmosphere the American authorities have
adopted for the motion of the aircraft certain assumptions of linearity |
so that atmospheric turbulence may be defined by means of power spectral
density (P.S.D.) functions, The power spectrum model is concerned both
with the energy in relatively long patches of turbulence,.and with its

" description with respect to wavelength., The aircraft response is then
evaluated on the assumption of "Statistical equilibrium between excitation
and response, To introduce turbulence effects into any flight control

study requires some simplification of the mathematical form representing

B ' o I o o o J
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the turbulence, Before outlining the method of P.S,D, analysis'it is
important to indicate the assumptions made to ensure that the theory of

representing turbulence in this way remains valid,

When atmospheric turbulence has to be accounted for it is
generally considered acceptable to neglect the interaction with the main
air flow, but even then only the simplest models are possible, The physical
properties of the turbulence are identified over volumes chosen to be

sufficiently small so that they are reasonably uniform,

The assumptions used in this study are:
{(a} Turbulence is homogeneous
The assumption of homogenity implies that the statistical

properties of turbulence are the same at each point in the field,

{(b) Turbulence is isotropic
Isotropy implies that the intensity of all three components of
velocity, viz, u,w,v, are equal, This assumption implies that:

o, =9, %O, (3.1)

g g
where the g; are root mean square (r.m.s.) values. Isotropy also

means that both the cross-correlation and cross-spectra between the
three components vanish, Hence

¢1;1V = ‘Puw = ‘I’VW =0 (3,2)

4 g g

This property ensures that the statistical properties of turbulence

are unaffected by any translation, reflexion or rotation of the axes

used to define the three-dimensional space, By using this assumption
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turbulence may be described relative to the body fixed axis system of the

aircraft, which, in this study was the stability-axes set,

(¢) Turbulent field is "frozen"

In traversing the velocity field of turbulence,.any variations
with time are stétistically equivalent to any variations with distance,
In other words the statistical characteristics of the disturbance input
to an airplane flying through a turbulent field are not appreciably
affected by the variation of that field with time; that is to say that
turbulence may be treated as though it has a pattern "frozen" in space,

This is often referred to as Taylor's hypothesis (Taylor [1937]).

Based on these assumptions a theory of the behaviour of the
intensity and scale of turbulence may be described as a distribution of
energy with an appropriate wavelength, Then two models commonly referred
to in aviation literature as the Dryden model and Von Karman model, are
first derived and then transfdrmed into the frequency domain so that the
P.S.D, analysis can be carried out. At the end of this chapter it is
explained how the Dryden model can be used to generate atmospheric

turbulence in a digital simulation,
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3.2 ANALYTICAL REPRESENTATION OF TURBULENCE

Over the intervals of time and space which are of interest, the
velocity field of the turbulence may be regarded as comprising a steady

velocity mean value with a turbulent fluctuation superimposed.

When an aircraft penetrateé turbulence the energy that it absorbs
canrbe described in terms of the root mean square (r.m.s.) values of the
velocities and the amplitude of these fluctuations, The feature that
distinguishes one patch of atmospheric turbulence from another is the
total turbulence intensity, o, which may be defined as the kinetic energy

of turbulence per unit mass of air. Thus:

= fw o(K) d(k) (3.3)
where #{k) is the energy disgribution of turbulence, The argument,
k, is the inverse of the wavelength, A, of the turbulence. The
description of the kinetic energy of the turbulence in terms of wave-
length, ), is employed in order to represent the distribution of turbulence
in terms of distance, The concept of inverse wavelength, k, is nothing
more than a mathematical treatment of turbulence describing the frequency
of appearance of a particular wavelength per unit length of travel, (It
is similar to the frequency used in the frequency domain analysis), Note
that (3.3) results in r.m.s, values of velocity which are twice the value
of the kinetic energy per unit mass. (3,3) is therefore equivalent to the
definition of the r.m.s, intensity of.a random signal destribed in terms

of its power and frequency, viz.

g% = f 8(w) dw (3.4)
0

The autocorrelation function of the turbulence velocity for two points

o

x and x+r along the x-axis is defined (Von Karman and Howarth [1938]) as:
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R, (1) = u{x)u(x-ﬁr)/uz{x) (3.5)
g
where
— .1 [T -
ug(x)ug(x+r) = ;if T-foug(x)ug(x+r)dr (3.6)

RuEr) describes the degree in which the velocity ug(x] at point x is
correlated to the velocity ug{x+r) at point x+r, From the c¢onventional
definition of autocorrelation function for a random stationary process

and from its relationship to the P,S5.D, function it can be deduced using

(3.5) that - :
3, (K) = 4° I R (r)cos(2rkr)dr | (3.7)
u u u
g g0 g
3 (k) = 402 me (ricos{2rkr)dr (3.8)
W W W
g g0 g ‘ .
It has been shown (Von Karman and Howarth [1938]) that for incompressible
fiow
- ez in
ng(r] = Rug(r),+.r/2 = Rug(rj (3.9)

When analytical functions are used to describe the energy density

‘they will include a parameter which has the dimension of length and

it will be proportional to the scale of the turbulence., The actual
value of that scale may be chosen to be AT so that the quantity ke (k)
is a maximum, or it may be chosen for purely analytical convenience,

The turbulence scale length can be defined as

L = J R (r)dr - (3.10)
0 ug . .
or alternatively as w
L=2 [ Rw (r)dr (3.11)
0 g

When the scale of turbulence is large compared with the aircraft

]
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surface being loaded the turbulence velocity may be assumed over the whole
surface to be the same at any instant. The one-dimensiocnal energy density
for lateral turbulence s (k) is then applied. In the one-dimensional case

~ g
the distance r will be in the direction of either -x or -y only,

It can be shown (Taylor [1965]) that the autocorrelation

functions, Ru (r) and Rw {r), can be describéd as follows

g g
R, (9 = [(/2)"/2" (ae1) 11K (2/2) (3.12)
g
and non
R, (v} = [(r/a) /2" (n-1)1](2k (r/a)-(r/a)k _,(r/a)] (3.13)
g
where

a and n are parameters governing the shape and scale of the

above expressions;

kn are Bessel functions with an imaginary argument

(n~1)! are gamma functions when n is not a posi;ive integer,
Substituting (3.12) and (3,13) in (3.10) and (3.11) and also using (3.9)
the scale of turbulence is given by

L= [/7 - %a!/(n-xyz]a (3.14)

The energy density functions for turbulence velocities both
longitudinal and lateral, for the one-dimensional case are then

obtained from (3.7) and (3.8). The solutions then reduce to:

o, (K) = 407 L/ (Leanaliy™ 1/ (3.15)
d ’ K
an .
o, (k) = 207 L[1+8n%ak’ meD) 1/ (19420 kP2 (3.06)
g wg
where
a = {(n-l)x//?tn-%a:]L (3.17)

(3.15) and (3.16) give the energy distributions in terms of the scale

turbulence, L, and a shape parameter, n, By assigning values ton a



range of shapes may be obtained, If n is selected as 1/2 the resulting
formula is identical to the empirical model proposed by Dryden [1938].
When n is equal to 1/3 then the model is identical to that proposed later

by Von Karman, (Von Karman [1948]).

DRYDEN MODEL

When n is chosen as 1/2 then from (3,17),

a=1L {3.18)
Hence, 2 2
¢, (k) = 4o’ L/[1+(27kL) 7] (3.19)
g g ' '
and .2, 2 2.2
9, (k) = 20“ L{1+3(27kL)"1/(1+(27kL) "] (3.20}
g g

Since it was assumed in Section 3,1 that the gust field was isotropic

then it follows that:

Lt

2, (k) = ¢ (k) (3.21)

g g

VON KARMAN MODEL .

When n is selected as 1/3,then, from (3,17),
a= [1,3399]L (3.22)

Thus,

@u (k) = 405'L/[1+{2n(1.339L)k}2]5/6

g g

(3.23)
and

2 2
¢ (k) =@ (k) = 20, L[1+8/3{2n(1,339L)k}"]/

g g § 2.11/6

[1+{27(1,339L)k}“] (3.24)
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3.3 POWER SPECTRAL ANALYSIS

The analytical method of using P.S5.D. functions to determine the
response of an aircraft to atmospheric turbulence has evolved through a
continual effort to account more precisely for the unpredictable nature of
gusts, P.S.D. analysis is often more effective in determining the true

nature of aircraft response to turbulence than using a discrete gust model,

The form of mathematical model used to represent gusts in the
digital simulation program, employed in this work, was derived from the

P.S5.D. method,

3.3.1 Power Spectral Density Function, &{w)

The power spectral density of any function, x(t), is a real
function which describes the distribution of the mean square value (m,s.v,)

of x(t) with frequency,

Any point on the graph of P,S,D. versus frequency represents
the m.s.v. of x(t) at some frequency within an infinitely narrow band

centred about a particular frequency, w, The P,S.D. function, ¢(w), may

be expressed as: 2
o) = Lim LEW@I" (3.25)
T T

where F{w) is the Fourier transform of the fumction x(t) and it is
defined as T
F(w) = [ x(t) e"Tutqe : (3.26)
=T
The m,s.v. of x(t) can be obtained by integrating the P.S.D., ¢(w),

over all positive frequencies, viz,

2ty = rd’(m)dm (3.27)
4]



Thus, the square root of the area under the power spectrum curve is a

measure of the root mean square (r.m.s.) value,

Typical power spectra of atmospheric turbulence are shown in

Figure 3.1,

Power Spectral Density, ¢(2), (ft/sec)z/(radians/ft)

107
g , ft/sec
Severe storm 13,38
r
104 -
Cumulus cloud
6.10
103 L
. Clear air
4.46
100
10
[ — ] L
10,000 1,000 100
1 wavelength, ft
1 . 1
,0001 .001 .01 .1

FIGURE 3.1: Typical Power Spectra of Vertical Gust Velocity

Reduced frequency, Q, radians/ft
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To remove the effects of variations in flight speed from one analysis to
another, power spectra of the atmosphere are calculated on the basis of a
spatial frequency, defined as:
‘ e |
Q = ™ (3.28)
where Uy is the relative speed of the airflow. The relation between
the original and the transformed power spectra is given by
: 1
d(w) = —2(Q) (3.29)
u
0
Spatial frequency (or wavenumber), Q, can also be represented in terms
of inverse wavelength, k, in the following way
Q= 2nk (3.30}
which results in the linear transformation
2 (k) = 2Znp(Q) (3.31)
Cpmbining {3.28) with (3.30) and also (3.29) with (3.31) yields the
relationships
- W
k = E;T;; (3.32)
and 2(k) = 2mu 0 (u) (3.33)
Using (3.32) and (3.33) the Dryden and Von Karman models can be
represented by power density functions. {3.32) and (3.33) transform
(3,19,20) and {3,23,24) into the following:
Dryden Model
_______ 2 Lu 1
¢ (w} =a ) (3.34)
Yg Yy 1+(£”m]2
. u
0
L 1+3(L w/u )2
¢ (w) = 02 =) W0 5 (3.35)
g g ™o (1L /)]
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Since it was assumed (section 3.1) that the gust field was isotropic then
2
L 1+3(Lvm/u0)

2 v
Vg Vg TTUO [1+(va/uo) ]
Von_Karman Model
202 L _
= ! (3.37)
¢ (w) = o
Uy Ug [1+{1.339Lum/u0}2]5;6 |
2
]
. "3; L [1+8/3(1.339Lw 55) ]
o, (u) = ‘1?%"“ vl (3.38)
g 0 [1+{1.339L 2~ 1}°]
W uo

similar expression to (3.38) can be used to represent ¢v(w) as in
Dryden Model,
Since a« and B are sometimes used in aircraft analysis rather

than w and v the following conversions can be used

o () = 250, (0 (3.39)
g . v g
and
1
QB (W} = = L (w} (3.40)
g u, 8

3.3.2 Computer Simulation of Atmospheric Turbulence

This section presents an account of how atmospheric turbulence
can be directly implemented in the digital simulation and how the effects
upon the behaviour of the simulated model representing the aircraft can

be incorporated,
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3.3.2,1 Signal Transmission in Linear Systems
Figure 3,2 illustrates a general linear system which is completely
described by its weighting function h(t) relating the input x(t) to the

output y(t)

INPUT OUTPUT

x(t) . LINEAR y(t) -
SYSTEM
h(t)

FIGURE 3.2: Block diagram of linear system

If x(t) is a stochastic signal, the output y(t) will be also a stochastic

signal,
From the definition of convolution integral
y(t) = fm dtlh(tl)x(t—tljl" (3.41)
and T
y(t*t) = fw dt,h(t,)x(t+r -tZ) (3.42)
By definition of the autocorrelation function, viz, .
T . ™
- i \
¢, (1) = lim %T'f dt y(t) y(t+) ™ (3.43)
T -T

It can be shown (Newton, Gould, Kaiser [1957]) by using (3,41),(3.42)

_and (3,43) that

_ . { f -] R ‘I:‘/
NOR fuwdtlh(tl) I_wdtz h(t,)é_ (rst -t,) (3.44)

-

Multiplying (3.44) both sides by e 7 and integrating over the infinite

e

\.‘.i‘
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range in T yields the following Fourier transform

—

> /st S ast e ®
[-mdt e ¢Yy(r) = !_méi e fjwdtlh(tl) [-wdtzh(t2)¢xx(f+t1-t2) (3.45)
=St

Now e can be written as

st o
e-ST - e-S(T+t1-t2)°e 1 ,e-StZ (3.46)

Therefore {3.45) becomes

-5t N

o st o0
ST . 1 2
[fmdr e ¢yy(r) = I-wdt1 e h(tl) f-mdt2 § h(tz)

' -s(1+t1-t2)
fwmdr e ¢xx(t+t1-t

2 (3.47)

and output signals in terms of the autocorrelation functions then

[1[>
—

2 (s) ﬁj_mdr e‘5‘¢xx(r) | (3.48) ™

and

e
[

¢yy(s) E}'I dr e“5’¢yy(1) ' (3.49)

In other words the power spectral density of a signal is the Fourier
transform of the autocorrelation function of the signal, Therefore,

in view of (3.48) and (3.49),(3.47) becomes

@yy(s) = H(-s)H(s]@xx(s} {3.50)

where H(-s) and H(s) are the Fourier transforms of the weighting

finctions h(tl) and h(tz). For real frequencies (3,50) becomes
4’),),(3“) = H(-jw)H(ju)e  (s) (3.51)

For any realisable system the real ‘part of the system function is an
even function of frequency and the imaginary is an odd function of

Employing the definitions of power spectral densiiies for the input
frequency., Thus H({-jw) is the conjugate of H(jw) and their product
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is the square of the magnitude of H(jw), Thus (3.51) can be written as

0, G = HGa | o Gw e

When the input to the linear filter is white noise then the P,S.D.

function @xx(jm)=1 and (3.52) becomes

o () = [H(jw) 12 (3.53)

3,3.2,2 Digital Simulation of the Dryden Model

As has already been shown, when the input to a filter is white
noise, then the output power spectral density is related to the transfer
function of the filter according to (3.53). Alternatively it could be
said that if the power spectrum of the output function is known then the
transfer function needed to produce the required output characteristics
is also known provided only that the input spectrum is known, Since the
power spectrum for white noise is wumity then, when it is used as input,

the required transfer function can be easily derived.

It has already been shown that for homogeneous, isotropic
turbulence which satisfies Taylor's hypothesis, the power spectral density
is known and it can be expressed mathematically, The frequency
distributions of the gusf spectra are described usually by the Dryden
- form of P,S.D,, which approaches asymptotically to a constant value
according to the -2 power of frequency, for high spatial frequencies «).
The Dryden form is relatively easy to 51mu1ate on a computer while that
form proposed by Von Karman is very difficult to simulate due to its

non-integer exponents,

o
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Therefore employing the Dryden model to generate a simulated
atmospheric turbulence, and combining equations (3.53) and (3.35), the
following relationship is obtained
2 2 2 b “3("‘4‘*‘/“0)2
[ ()] = [k (s)]” = (o, ) (5 ) (3.54)
g g 4 0 [1+(wa/u0) ]
where k can be regarded as a scaling factor of the white noise and
is defined as
L
L
k= Uwg _—-"uo {3.55)
To derive the transfer function of the model the following equation
is used _
16(s)|® = G(s) G(-5) (3.56)
from which G&s) takes the following form
Wy |
1+(/§'Lw/u0)s :
G(s) = (3.57)

Ve (1L Ju)s)

Since digital simulation works in the time domain, it is necessary
to re-express (3.57). By introducing the p-operator (pggéa, (3.57)

can be rewritten as

C1+(/3 L /u)p
qu) - w 0 .
g {1+(Lw/uo)p}

The following block diagram shows the ideal situation for the digital

simulation of atmospheric turbulence represented by a Dryden model,

ot
( 3.5 8) Si .-1“.‘\.-;:1{‘
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FIGURE 3.3: Ideal situation for turbulence simulation

Since white noise is a signal with a spectral content constant
over an infinite frequency range it is impossible to produce in practice
because it would require infinite power. However, it is possible to
generate an approximation to white noise, Most noise generators produce
a signal that.is "approximately' white and Gaussian, that is, they have a
flat frequency spectrum characieristic similar to white noise but only over
a finite range of frequency. The pseudo-random number generator is a noise
generator used in digital computer simulafions° It consists of a program
which produces numbers by using as a parameter a stream variable., Each
time the sampling function is called the current value of the stream
variable is operated on by a random number procedure to produce the next
value in the sequence and a new value of the stream variable, For each
separate stream variable an independent sequence of random numbers is

produced,

The noise generator is called pseudo-random because the sequence
of numbers produced is not truly random for it will repeat if run long

enough., In most digital random number generators the program generates
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the same sequence of random numbers each time unless a different sequence
of the stream variable parameter is used, This was found to be very
helpful during the simultation because in this way the results could be

compared,

In this work a normal distribution noise generator was used in

order to represent the noise input distribution,

The following block diagram shows how the Dryden model was used

in the computer simulation,

Zero mean o mm e mm — — m - —m ey
Gaussian noise f
generator | SHAPING FILTER |
! TO
n(t),cw | SCALING FACTOR } s 4
w oW
g I K N e ! g g
| " 1) [
! i
i 1
| |
; !
| )
, |
ke D e e - - ——— i

DRYDEN FILTER

FIGURE 3,4: Actual simulation situation

According to the above presentation it can be seen that if the standard
deviation of the Gaussian noise input is equal to the predicted r.m.s.
value of the output variable then because of its multiplication with k
which contains the expected r.m.s, value of the output signal (cw ) the
final output r,m.s. value will vary according to a relationship o% the

form

34

a (3.59)

Qa»
2
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. This effect has been shown when the r.m,s. values of the output variables
for different standard deviations of the input noise were plotted, The

result was a parabolic relationship (Figure 3,5,3.6).

So far the model of atmospheric turbulence does not degrade the
assumptions of homogenity, isotropy and of the 'frozen' velocity field once
all these were embodied in the power spectral density representation. A
question arises about.the fourth assumption made which assumes that the
process deséribing the gusts is Gaussian, However, an important prdperty
of Gaussian variables is that "a linear combination of Gaussian random
variables is also a Gaussian random variable'", Thus the fourth assumpfion

is valid.

Because the equations of motion describing the dynamic behaviour
of the aircraft are most conveniently represented for simulation purposes
in the state variable form, it becomes appropriate to express the dynamics

of the Dryden filter in the same form,

State Representation of Dryden Model

According to (3.54),(3.55) and (3.57) the transfer fimction of

the filter representing the normal to the flight path gust velocity l{w (s)

g
can be defined as
H (s) = klis—*PLz (3.60)
.8 (s+a) '
where
Zu
0
k1 - Gw aL
o/ Tw
a-= uOILw

o
I
o;:
~
)
—
x5
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Then Hw (s) can be expanded by partial fractions:

g -
| _ 1 . b-a
HW (S) = kl {5“‘3 + 7] (3-62)
. (s+a)
(3.62) represents the transfer function of the following system
-2 1 0
x X + n (3.63)
0 -a 1
= b-a) . 1]x 3.64
L kl[( ). 1]x (3.64)
Then
wg = kﬁb-a)xl + 532 (3.65)
= -aw + kfb-a)x, + kn (3.65)
Let
*2
x = (3.66)
W
g
Then
X -a 0 x 1]
¥o k(b-a) -3 L

In a similar manner the state representation of the transfer function,

HB , can be obtained thus JELV
g * e SR
HB (s) = Eg Tu L 2
& (s =X s)
0
Therefore
. -l
x2 a 0 x2 1
= +*
. n
Bg kl(b‘_a') _al B k’

(3.68)

(3.69)

76



77

where Iy u 7

k"—:-—_—-—o-
u

0 wLV

2t =yl } (3.70)

bt = uolfg L
v J

With the Dryden model defined for the simulation it remains only to
decide upon the flight conditions to be used so that appropriate values

of the scale length, L, and the gust intensity, g, may be specified.

Selection of L and 9
' £

The flight conditions of the transport aircraft used for this

research are assumed to be relating to a straight and level flight at low

altitude and moderate speed, . According to Taylor's theory (1937) the scale

of turbulence can be regarded as constant for an isotropic environment for
small intervals of time, A table giving the scale of turbulence L as a

function of altitude is given here (R, Heath {19721)

heee) L, L, L,

h > 1750 1750 1750 1750
100 < h g 1750 h 14503 145p1/3
h < 100 100 145n%/3 145173

.. For h=100ft, L =100ft and L =673ft.
These scale lengths were used when the vertical and horizontal turbulence

models were employed, The choice of , and g, was based on probability
4 4

Ysince height 18 expressed in feet it has been appropriate in the work

to use the scale length in feet
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density curves, For vertical component of gust a choice of Gw_=7.6 was
made which, according to Figure 3.7, corresponds to a probability density

of 6*10_3. The lateral intensity G, , corresponding to the same

probability density was found to be equal to 8.4ft/s, The values of 3w;:}

g
and GV- corresponded to noise standard deviations of 6,0 and 5,0 which
4 .

were obtained from Figure 3,5 and Figure 3.6 respectively, The values
chosen for the vertical and lateral r,m.s. components correspond to

moderate-to-heavy turbulence.
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3.4 SOME CONCLUDING NQOTES

In this chapter it has been demonstrated how atmospheric
turbulence may be described by meaﬁs of models based upon power spectral
densities, It was also shown how atmospheric turbulence.can be directly
implemented in digital simulation by means of the Dryden filter, which is

the most convenient way to simulate continuous atmospheric turbulence,

A noise generator was used to generate a pseudo-random number
sequence with a zero mean Gaussian probability distribution. The output of
this generator was fed to a particular Dryden filter to shape the random
signal appropriately to represent those components of atmospheric turbulence
which were regarded as being important for the simulation, To simplify the
representation of atmospheric turbulence, 6n1y the vertical (Qg) and lateral
(Bg) components of atmospheric turbulence were incorporated in the simulation,
The other components of atmosphericrturbulence were not considered because

they were regarded as being comparatively insignificantt

In this section a short account of this technique will be
presented together with the simulation results obtained for the components

of atmospheric turbulence which were considered to be important.

3.4.1 Relative significance of u r and
1 gn _g’pg’ o q

The significance of the ug component of atmospheric turbulence
for an aircraft dynamics could be judged from the resuliing'effect which it
has on the longitudinal motion of the aircraft. Since ug is the component

of atmospheric turbulence acting along the x-axis of an aircraft (for body

*The relative amplitude of these other components was sufficiently small
for this assumption to be acceptable.
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axis system) its significance may be estimated from the resulting induced
drag variation in terms of the weight of the aircraft; It is possible to
show (Houbolt [1972]) that the drag;to-weight variation due to the

contribution of ug is very small compared to that due to the flying speed

of the aircraft. Hence, ug.may be ignored,

To investigate the significance of the pg,rg and qg on the
motion of an aircraft Figure 3,8 was employed, This figure shows the
power spectra of the ag’Bg and pg compenents of the atmospheric turbulence

for a wide range of frequencies° From this figure it can be deduced that

the magnitude of 9 ( ) is much smaller than that of ®( ) and Q(B ). Since

(r ) and m( ) are of the same order of magnitude as @( ) -due to the
assumpt1on of isotropy three components may be ignored due to their ‘:l?
relatively small contribution as compared to ag and ag’ h?jijﬁJ :

e
wn j g\,"";;‘,lrr_)\

3.4.2 Results from the Simulation of Atmospheric Turbulence

Figures 3,9 and 3,10 illustrate the resulté obtained from the
simulation of the vertical and lateral components of the atmospheric
turbulence for 305 runs (wg.and Bg'respectively). These figures represent
turbulence with a probability of equalling or exceeding Ty =7.6 and o, =8,4 ft/s
of the order of 6x107°, 8 &

The sampling interval chosen to evaluate turbulence in the
digital simulation was 0.25s, From Figure 3.9 it can be seen that the
.vertical gust wg achieves a maximum value of 28 ft/s at about 20s. At the
\same time the lateral gust (vg) achieves its maximum value which is
approximately equal to 24 ft/s, (Bg=0.09 rad), Theée peak gusts correspond

to severe turbulence., However from closer inspection of Figure 3.10 it can

be deduced that the sequence length of the random number generator (which is
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a pseudo-random binary sequence (p.r.b,s.)} in SLAM has obviously been
exceeded by 20 sec, and then the p.r.b.s, repeats and hence the r.ms.

turbulence levels will increase,

Due to this effect it would be expected that the peak gust
encountered would scale up significantly the dynamic response of the

aircraft at these peak gusts,



CHAPTER 4

OPTIMAL RIDE CONTROL SYSTEMS FOR AIRCRAFT
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4,1 INTRODUCTION

In section 4 of Chapter 2 the relationship of different levels
of acceleration to the ride quality provided by any aircraft was discussed
and it was indicated there that both the normal and lateral accelerations
due to rigid-body response are the principal cogstituents of'the motion by
which passengers or crew judge ride quality., The purpose of a ride quality
ccntfol system (R.C.S.) must therefore be to reduce to acceptable levels
those accelerations which give rise to discomfort, At the same time, of
‘course, such reductions should not be achieved at the expense of excessive
control surface activity for reasons of equipment reliability, life, and
complexity, Nor must any ride control system result in the degradation
- of the handling qualities of the basic aircraft, If those were acceptable
before the R,C.S, was fitted then they must remain so after it has been
fitted, This requirement, of coufse, does not preclude the possibility
of those handling qualities being enhanced by virtue of the R.,C.S., action.
Thus, it is evident from this brief introduction that the R,C.S5., should be
designed to reduce acceleration levels at specified fuselage stations,
subject to constraints on the use of the control surfaces, and upon not

degrading the handling qualities,
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4,2 REPRESENTATION OF ACCELERATION IN TERMS OF STATE AND CONTROL VARIABLES

In order to study analytically the effects of the flight
induced acceleration levels on .the ride quality of aﬂ aircraft it is
necessary first to define the equations which describe the normal and
lateral accelerations and showing also the way that they vary at different

fuselage stations,

The general equations that describe the normal and lateral
equations for a rigid-body aircraft for any position along the fuselage

are given by:
' a =w-ugqg- Xq (4.1)
Mo q .

x ,
and ' ““ﬁ
2

uOB - gb + uyT +XrT {4.2)

n
1]

where a, and ay are the normal and lateral accelerations measured
X x :
at a distance, x, from the centre of mass on the fuselage. The

distance, x, is defined by convention as positive for any station -
forward of the centre of gravity (c.g.}.
Normal and Lateral Accelerations at the Cofle
At the centre of gravity the distance, X, equals to zero
and so from (4.1) the normal acceleration becomes:
a, = W - ud (4,3)
Cofo

Substituting for w from (2.66),(4.3) may be re-expressed as:

8, S LU LMY Iy Op + Iy Ogp* Ty Sy (4.4)

C.ge E SP CH
(4.4) represents generally the variation of the c.g. acceleration

when all the controls are activated, When a particular control is not



88

activated then the coefficient associated with the specific control in the

above expression is assigned the value zero,

The lateral acceleration at the c.g, is given by putting x=0
to (4.2). Thus:

a =ug - g+ ur - (4,5)
yc.g. Q 0

Substituting for é, from (2,68) yields:

. = Y Y*
a Uy'yB Ut Sp t Y

Y8 (4.6)
Ye.og R Scv

cv

Both (4.4) and (4.6) may be expressed in a matrix form as follows:

g o
A w SP
y 2 a = [z 7z 00] + [z, 2 Z. Ji¢ (4.7)
zc.g. u w g GE 5SP GCH CH
which has the form
y = Cx + Du (4.8)
Also, g
A [u. ¥ 000 0] : Y u ¥ ul R (4.9)
y = 3 = u : r + u ' u I :
Ye. g 0 v b §p 0 8ey 07 |8y
L)

which can also be described in the form of (4,8).

Therefore for each axis the acceleration is a function of

both state and control vectors.

The R.C,S. may sometimes be required to minimize levels of
acceleration at particularly sensitive fuselage stations other than
the ¢,g. In that case the distance, X, will not then be zero and (4.1)

and {4.2) will represent the acceleration at the station of interest,



Normal ‘and Lateral Accelerations at OQther Fuselage Stations

39

As has been explained already (4.1) and (4.2) represent the

normal and lateral accelerations at other fuselage stations.

Substituting in (4.1) for q from (2.66) and arranging the result

in a

[(7,-xM -xZ M) Ty

y A . - (ZW-XMw-xszﬁ) W
x (~xM&uo-qu) q

— 0 = L—e—

i.e. y = Cx + Bu

For the lateral acceleration, substituting T from (2.68) in (4.2),

(Z6 ~XZg

(Z, =-xZ
58? 8

(Z, =~xZ
GCH (]

results in the following matrix equation:

.

u

0

Y +xN
v

B

xN
P

-

T
8

P

r

¢

LY

which is also of the form of (4.11),

matrix form, the following expression is obtained:

M. -xM; )

E E E

M&-XM
Sp

M-« xM
cu ¥

6SP

8

CH

=T r -
Sk
)
bgp
)
5
4 L CH

(4,10}

(4.11)

(4.12)

(4.10) and (4.12) show clearly that € and D are strongly related

to the fuselage station which indicates that for different fuselage

locations and for the same disturbance different acceleration levels can

be expected,

Evidently from (4.10) and (4.12) any control system designed
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to minimize accelerations must involve the minimization of both state and
control variables, Such minimization accords with these requirements for

an ®.C.S. outlined in the Introduction 4.1. :

The need to minimize the control variables to ensure reduction
of accelerati;n also directly assists in achieving the aim of reducing
control surface activity. Consequently a suitable method for designing
an optimal R,C.S. is one which will involve the simultaneous reduction of

the state vector and the control vector.

’/
'
W

-

-

”
.

S
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4,3 LINEAR QUADRATIC PROBLEM (L.Q.P.)} FORMULATION

One of the modern methods of optimal control design which has
found considerable practical application is that to obtain the solution
which is known as the linear quadratic problem (L.Q.P.). The method of
design is based on the minimization of a quadratic performance index by
a suitable choice of the optimal control, uo(t), which, it turns out, is

obtained as a feedback control,

A performance index (P.I,) is a single measure of the performance
of a system. It can be chosen to emphasize those characteristics of the
response thaﬁ are considered to be particularly importaﬁt. In optimal
control design, the performance index, J, replaces the design criteria
used in conventional control, such as peak overshoot, damping ratio, gain
margin, phase margin, etc, A designer must be able to select the P.I,
properly so that the resulting system will perform satisfactorily according
to physical criteria, which‘are generally interpreted more easily by means

of the performance criteria used in conventional control,

Although various forms of performance index have been used in
the past the quadratic form has been found to be most useful in the design
of aircraft control systems, The general form of a quadratic P,I. has
been found most acceptable because for linear systems there exists a
solution which can be'readily obtained numerically by means of digital
computation. Furthermore, the control itself is linear and the method is

very readily applied to multivariable systems.

Since the solution of the optimal control problem is wholly

analytic in its development the problem is stated here formally:




"Find the control, 2?(t), that will minimize the performance

index t

£
! F(x(t),u(t),tldt (4,13)
t

0
given the initial state 50(t0)=50 and that the solution is subject to

J

the constraint of the dynamic process to be controlled which is

described in the most general way by:
x(t) = £[x(t),u(t),t] (4.14)

(4,14) is the state equation and describes the dynamics of the system

to be controlled."

For a completely controllable, linear, time~invariant system

the state equation is given by:
i(t) = Ax(t} + Bu(t) (4.15)

where A(nxn) and B(nxm) are constant matrices, The state vector x(t)
has dimension, n, and it represents an array of the state variables of
the system, The contfol vector u(t) of dimension, m, is to be selected
to minimize a weighted sum of the square values of the state variables
and the squared values of the control variables, The quadratic
performance index is merely a mathematical statement of the preceding

"least squares' requirement and is expressed thus:

te

J = %E-T(tf)sl‘.(tf) + %‘Jtofzt_T(t)Q_{(t) + P_T(t]GE(t)}dt (4,16)

where the matrices 5,0 and G are generally symmetric,

The matrix, G, which weights the control vector must be-
positive definite; the matrix Q which weights the elements of the state

vector needs only to be positive semi-definite, S can be a null matrix
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when it is not important that the error at the end of the interval

should be carefully controlled.

When the interval of the performance index is semi- infinite
the problem is referred to as the Linear Quadratic Problem (L.Q.P.)} and

the P.I, is then defined as;:

J = %' IN{E?(t)QE?(t) + ET(t)GEIt)}dt (4.17)
0o~ . |

It has been shown (Kalman [1960]) that an optimal control

exists, is unique, is stabilizing and is given by:

u’(t) = K% x(t) | - (4.18)
where K® = -G'IBTK (4,19)

K is a constant nxn positive definite matrix which may be obtained
by solving the equation (4,20} known as the algebraic Riccati

equation (A.R,E.} viz:
T -1.T
0 = -K(t)A-A K(t)+K(t)BG "B X(t)-Q (4,20)

Figure 4.1 gives a block diagram representation of the L.Q.P. K

matrix can also be evaluated by using eigenanalysis (Marshal and
Nicholson [1970])._ The eigenanalysis method is superior with regard

to computational time and therefore as such it was preferred for digital

programming,

Solution of L,Q,P, by Eigenanalysis

The Hamiltonian associated with the performance index
t

described by (4.17) 1 f T T
J = -z-f (xQx + u Gu)dt (4.17a)
¢ _

0
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is given by
H= %(E_TQ;_(' + ETGE.) + 51;_T{A3_c_ + Bu} (4.21)

where y is the co-state vector. Hence, since

. H
ié - ‘g';(" . (4022)
p o= -Qx - ATy (4,23)
Also
3 _ T, '
s==Gu+ By _ (4.24)

M &g (4.25)
au -
Therefore, from (4.24) and (4,25),

u® = 678"y | (4.26)

For G"1 to exist it is necessary to restrict G to be positive definite
(Pod-) .
Now, from (4.15),(4.23) and (4.26)}, the following set of

vector differential equations is obtained

x = Ax - BG 15Ty
. T (4.27)
$=-Qx - Ay
These vector equations can be written in a matrix form, viz,
% A -pe"lBT] [x
. - : T (4.28)
- ¥ - -A |y
If a new composite vector ; is employed and is defined as
X
2T (4.29)
¥
then
L= Mg (4.30)
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where .
A -pe it '
M= _ (4,31)

(4,30) is the canonical equation of the optimal system., The éptimal
solution is given b} the solution of (4,28) with the known boundary
conditionsliﬁto)zo and iﬁT):D. An expliﬁit sclution of (4.28), based
on the condition of asymptotic stability, may be obtained in the form

of two single-point boundary-value problems using eigenanalysis.

The time response of the system described by (4,30) can be
defined for distinct eigenvalues in terms of the eigenvector components
of the matrix, I, Thus

y = Uty (4.32)
where T = tf-to (4.33)
and U is the 2Znx2n modal matrix of eigenvector columns associated '
with the shape of each system mode, and el is a diagonal matrix with

Alr Azr AZnT
elements e ~ ,e ~ ,...,€ . The corresponding equation relating the

eigenvectors is
MU = UA (4.34)

The matrix M possesses convergent and divergent mode pairs, with
eigenvalues equal in magnitude and opposite in sign, Partitioning

the eigenvalues of A into two sets of n eigenvalues, namely AI=[Ai].
with i=1,2,,..,0 and negative real parts, A2=[Ai], with i=n+1,n+2,.,,,2n
and positive real parts, Similarly, partitioning the soiution of (4,32},

results in

1<
=
c
o
=
-
»

0
ax| (1Y 12 =0 (4.35)

{<
=
()
—
=
[
N
Qo
o
-
)
o
<
™
~
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where v11'V12'V21 and sz represent the components of the inverse matrix
-1

U~ ", The time solution of (4.35) for the state variables is then given by
AT Aot

- 1 2
x=1U {V11 o 12¢ } o+ U ,e {

11°

Vo1%0tVa2lo! (4’.36)

The divergent modes, which correspend to the unstable roots, must now
be eliminated to satisfy the assumed condition of asymptotic stability,

From (4,36), this requires the condition that

-1 _
Yo = V2221 % (4.37)
~1
| = UpUin%g (4.38)
(using the relationship VU=I).
Hence from (4.36),
: At
x=1U e 1 v )x
- 11 117 12 22 21
A 1
= Ut UnX | (4.39
Similarly, from (4,35)
Mt 1
b=Une UnX
1
= Uy (4.40)

(4.39) and (4.40) define the optimal solution as two single-point
boundary-value problems in terms of the partitioned eigenvector
components associated with the n stable modes of the 2nx2n matrix M,
The optimal control law to be applied for all time, t, may nbw be
obtained directly from (4,26) and (4.40), Thus,

° = 678, U] x . (4.41)
The optimal-control law for the linear system, with quadratic

performance and asymptotic-stability conditions, can thus be determined

explicitly using the maximum principle of Pontryagin,
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4,4 THE OQUTPUT REGULATOR PROBLEM

It was shown earlier, in section 4,2, that any aircraft
acceleration of interest can be represented as an output equation of the

form: :
X. = Ci + n}i (4,42)

y is the output vector of dimension, p. C and D are matrices of the

order (pn) and (pxm) respectively. The minimization of acceleration

can be attempted implicitly by minimizing a performance index involving
the states and the control inputs in the manner described in the

preceding section, Direct minimization of acceleration involves minimizing
a performance index described in terms of écceleration only, However it is

usual still to add to the index a term which governs the use of control,

Under the assumption that all sensing elements needed to measure
the required state variables at any given time are available, the quadratic
performance index used in minimizing the acceleration i.e. the output vector

(4,42) is given as:

1 [T T
JO =3 fo{z Qy + u Guldt . (4,43)
~ Substituting (4.42) in (4.43) yields
1 {7 T T '
J0 = :2-[ {(C_>_c_+Dv;1_) Q(Cx+Du) +u Gg}dt (4,.44)
0

which can be shown (Annex A) to reduce to

J.= 1| (xax+6T Ga}dE (4.45)
ERCEE S R |

where _ _

ral -

Q = c'{[11-q0 [0 qo+6] "I 1qc }

. T (4,46)
and ¢ = D'QD+G
and Q = gﬁ-ﬁ-lei (4.47)

where W= cTqp (4.48)
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From (4.15) and (4.47) the following equation may be obtained:

X = Ax + B(u_’i_-ﬁ’lt':Ti)
-1.T A
= (A-BG "W )x + Bu (4,49)
or x = Ax + Bi - (4.50)
- A :
where A = a-86"MWT = a6 cTqo (4.51)

According to (4,18) and (4,19) the optimal control ﬁ?(t) which
minimises the P,I., given as (4.45) 1is obtained from the following

equation:
A
¥ = 5 xxey (4.52)
where K may be found from an algebraic Riccati equation of the
following form:

A -
0 = -KA-ATK+kpgt

BTK-G (4.53)
However, K was evaluated by eigenanalysis as it was shown in section 4,3,
Therefore the optimal control E?(t) is obtained from (4.47)

and (4.52) as:

E_o - /}:].o - E-IWTE
A
= 61 eTkewlyx (4.54)
Hence, 3
}_1.0 = Ko_a_c_ (4,55)
where %° = -?;'I(BTKHVT) (4,56)

Figure 4,2 gives a block diagram representation of the output

regulator problem,
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Block Diagram Representation of the Optimal Output Regulator
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4,5 DESCRIPTION OF THE DIGITAL PROGRAMS 'WAYMX' AND 'OUTREG'

In order to derive the optimal feedback matrix for the output
regulator two digital programs were employed. These were 'WAYMX' which
was used to provide the elements of the diagonal weighting matrices Q and
G, and the 'OUTREG' which was used to determine the optimal feedback laws
for the output regulator problems for some specific choice of matrices Q

and G, A short description of these two digital programs follows,

4,5.1 Determination of Appropriate Q and G Matrices

In order to minimize the performance index, J., described by

OD
(4.43) it is necessary first to choose the matrices Q and G, There is oyt P

however no theoretical method available to date for obtaining appropriate
matrices Q and G and the choice must therefore be made such that the
resulting feedback control produces acceptable levels of y and u. A choice

(Bryson and Ho [1969]) which turns out to be quite acceptable is,

Q'l = n(tf-fo) x maximum acceptable value of
diag{zﬁt)z?(t)} (4,57)
-1

and G m(tfrto) x maximum acceptable value of

diag{Ejt)uT(t)} (4.58)

By specifying the maximum values of the state aﬁd control vectors it is
then possible to evaluate the Q and G matrices to ensure that when the
resulting optimal control law is applied to the system the resulting
states and control inputs in the closed-loop system never exceed the
specified limits,

Let

t-t. =1 (4.59)

Then Q and G matrices are given by
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1 2- _________ 0
X
nt(xl,max) !
[ ~ . !
3 -~ |
Q= . RN ! (4:60)
| o
. - - m e e = - 2
| 0 m'.(xn,max)
and
1 o == - - -0
t
mr(ul,max) -~ ' I
i ~ - 1
G = ' S ' (4.61)
l ~ '
! - 1
4 ! D ————
0T T T T 7T 77 mt(u )2
L m,max’ |
where xl,max""’xn,max and ul,max"“?um,max represent the maximum

possible values of the elements of the state and control vectors respectively. ‘

Hence for this specific choice of weighting the quadratic performance index

which was to be minimized had the following form
2

2
(x:} (x )
JO= '1!:]_-; [_'i"—'m'_z- + L3 + _—__r}-'--_'z_] dt +
0 (xl,max) (xn,max)
2 2
1 (u)) (u) :J
+ ?ITT e — 2 + as 0 + 2 dt (4-62)
) (ul ,max) (um,max) '

Hence, the weighting corresponding to each element of the state and
control vectors was inversely proportional to its maximum value and
the time of interest, However the relative weighting of state and

control vectors further depended on the dimensions corresponding vectors,
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4,5,1.1 Choice of the Maximum Values for the State and Control Vectors

for Longitudinal Motion

The maximum values chosen for the elements of the state and

control vectors in this work were the following:

— —_ — -
U ax + 25 ft/s
Worax +4 ft/s
X .y = Q. = ¢2°/s (4.63)
o
--e max - Ez o
and
T ] 323° ]
max _
o
_ |8 - £7.5
Emax - Spmax (4.64)
o

The reasons for these choices are briefly discussed here,

Choice of maximum denation of forward speed B oax

- P AR S Em o S A S R W R AR . A e MY T A R M NS A Al S AR S Y RS AR owm

The stalling speed of the aircraft for the flying conditions
considered was us=160 ft/s. The equilibrium airspeed of the aircraft was
uo=2§4 ft/s. Hence, a choice of the perturbed velocity u=+25 ft/s would
he a reasonable figure since the resulting total velocity would remain
well above the stalling speed and the variation on equilibrium speed
remains within 10% thus obeying the assumptions involved in the small

perturbation theory used in deriving the equations of motion,

Choice of Weax? I and 8

The choice of the maximum values of the perturbed q,w and §
was based on the control anticipation parameter (C.A.P,) and the maximum

value of the parameter Nz which determines the maximum acceptable values
a
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of induced accelerations for changes in the angle of attack (see Annex D2),
The C.A.P. was found to be 25°/s/g. Hence for normal acceleration
of 0.1g, which was considered to be an acceptable level, the maximum

correspondinglvalue for q would most likely be

Upax = 2.5?5 also O ax = 2,5° ,
The parameter Nz was equal to 6,32 g/rad,
Therefore i aN
N8 === 6.32 (4.63,1)
a [ ]
hence for 1g the maximum angle of attack is
2 = 6,§2 or Zg'ax - '6?%':?‘ (4,63.2)
Thus,
W © 40 ft/s | (4.63.3)
Hence, for 0,lg, wmax‘would be 4 ft/s,
Choice of GE 'GSP , and GCH
............ max___.max ______..max
A maximum deflection angle of 23o was chosen for elevator _—
(SEmax) since it was assessed that it was the most effective control Eiif
surface for ride control for the Jetstar aircraft, The drag penalty due
to the use of elevator is less than spoilers and so it could be used more,
However the choice of 6E was such that it would allow the elevator to
be used for other flightm::sks. The maximum deflection allowed for
spoilers (6SP =7.§5 was low mainly due to the high drag penalty which
their use impgzzs on the aircraft, since spoilers have to operate from a
/

biag@d position, Finally, horizontal canards were allowed to deflect by
{

a maximum of #5° so that their use would not significantly affect the

airflow over the wings nor disturb the inlet airflow to the engines of

the aircraft,
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4,.5,1,2 Choice of the maximum values for the state and control vectors

for lateral motion

The maximum values chosen for the elements of the state and

control vectors associated with the lateral motion were the following,

’Bmax" r+5 -1
0
Prax +20° /s
o
|l r - +207 /s .
Xoax 5| Tmax . : (4.65)
¢max +30
o
_wmax_ +50 ]
and
TsR +10° 7
max
= = : o
oo dcvmax +5 (4.66)
EA :250
max - L -
Choice of 8 , T and ¢
max’ “max max

T Tl A L T LY

From the aircraft specifications it was indicated that the

' . . . N o)
maximum excursion of g at the c¢.g. occurring within two seconds was 20,

Hence, o
Bmax = 20 (4.65.1)

and T T 10%s (4.65,2)
The absolute ratio of |¢$/8] for dutch roll mode was given by

|¢/8] = 1.22 (4.65,3)
Hence from (4,65.1) o

bmax = 25 (4.65.4)
Thus the choice of Bmax’rmax’¢max described by (4.65) would be reascnable for

~ the ride control scheme,

From the handling qualities requirements for the type of aircraft

and mission chosen for this research {Class I, flight phase B
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Level 1) acceptable roll performance is roll angle of 60° in 1.7s.

Hence the maximum value for the roll rate was chosen to be

p

o}
max 20 /s {4.65,5)

The value of ¢max was chosen arbitrarily and was

b0y = 50° (4.65.6)

Choice of GR ,BA and §
max ' max max

- D mm S AR e M W A TR R AR R R At W e e TR

A maximum deflection angle of 10° was chosen for the rudder _:/11
3 Y

o

(GR ) since the fin is the main source of the induced lateral o
accz?:ration on the aircraft and hence it would be desirable to use as
little rudder activity as possible in the ride control scheme. Compared
to rudder use, a choice of higher maximum deflection for aileron of 259
was made, The reason for such a choice was that if rudder activity was
reduced the aircraft requires more aileron activity to compensate for the
reduced contribution of the rudder, However, the maximum values for both
these controls were restricted so that they would allow sufficient control
activity to be available for other flight tasks,
The maximum deflection angle allowed for vertical canard was
only :50. This choice was based on the high drag effects which would be
expected to result due to higher angles of incidence of the vertical canard.
Hence from knowledge of the specified values for 5ma¥'£max
and ¢, 'WAYMX' was simply evaluating the matrices Q and G described by

sn,m

(4.60) and (4.61),
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4,5,2 Determination of the Optimal Feedback Matrix (ﬁ?) for the Qutput
Regulator

The matrix X° was obtained by using the digital program 'OQUTREG'
From the weighting matrices Q and G, the corresponding matrices a and E
were obtained by means.of {4.46)}, Once a and E were determined then the
canonical matrix'ﬁ, for the system could be determined provided A is known.

i,e, from (4.31)

. 86" 1gT
M = . (4.67)
K Al
. ' . : AT
A numerical procedure to determine the eigenvectors of (4,67} was used eq
e’

and then these eigenvectors were adjusted so that they comprised

A
appropriate columns of the modal matrix, U, This matrix was then

e . . . A A A A
partitioned as in (4.35). Once the sub-matrices UII’UIZ’UZI and U22 of
the modal matrix were defined then by forming the inverse of Gll' (ﬁ;i) it

i

. A Aa
was possible to determine the matrix product U, U, , and hence, according

21711
to (4.41) the optimal feedback law ?o’ was obtained from

Ao A-1.Ta ~-l
k° = &8 0,,07, (4.68)

By setting D=[0] and allowing C=[I] in (4.42) (4.43) becomes

1 [T, Ta T
Jg = E—f {x'Qx + u Guldt (4.69)
where A T 0
Q=CQC=Q {4,70)

Therefore, from (4,69) and (4.70) it can be seen that the
output regulator reduces in this case to the L.Q.P, Then .any minimization

of acceleration is achieved implicitly,
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4,6 HANDLING QUALITIES REQUIREMENTS FOR AN EXECUTIVE JET AIRCRAFT

An automatic flight control system (a.f.c,s.) designed to
perform a particular task for an aircraft should always be assessed in
terms of the effect it has on the handling qualities of the aircraft. An
a,f.c.s, which is found to be successful, for example, in terms of the
operational task for which it has been designed, may possibly be
unacceptable for use if its operation results in the handling qualities of |

the aircraft being degraded.

Handling qualities criteria which define the flying characteristics
of an aircraft are not objective functions and depend upon the opinions of
test pilots, The assessment of the handling qualities of an aircraft by
its pilot depends on a large number of factors including: stability and |

control characteristics of the aircraft, the type of mission being undertaken; ‘

the cockpit layout, the external environment, etc.

To be able to assess the handling qualities of an aircraft there
must be available a suitable technique by which it will be possible to
make appropriate'judgements. For this purpose there exist rating scales
which classify an aircraft according to the handling qualities they are
adjudged to possess. One of the most widely known rating scales is that
suggested by Cooper and Harper [1966], This employs a pilot rating scale
from 1 to 10 where 1 corresponds to excellent, i.e, pilot compensation is
not considered to be a factor for desired performance and‘lo indicates
major deficienties i.e, the aircraft is considered uncontrollable, Other
techniques have also been applied to the rating of handling qualities,

The rating scales are generally taken to correspond to some of the dynamic
parameters of aircraft motion such as damping, natural frequency, stick

force, etc,
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Extensive research in this field has been summarized in the USAF
military specification document MIL-F-8785 (A.S5.G.) which was first adopted
in 1954 and subsequently revised in 1959 and 1968, The latest version
(Chalk and Wilson [1968]) has provided a framework which permits tailoring
each requirement according to:

(a) the kind‘and mission of an aircraft (class)

(b) the different control tasks required from an aircraft (flight
phase)

{¢) the degree of acceptability of the dynamic characteristics of

an aircraft for some specified mission (levels)

In Annex B a detailed classification of a military aircraft
according to the type of mission and fligﬁt phase is given (MIL-F-8785
revision)}, From Tables Bl,B2, the NASA Jestar may be classified as class I,
in flight phase B, which represents a small light airplane in cruise. To
meet airworthiness requirements three distinct specified values of stability,
or control, parameters, must be achieved, Each value is a limiting condition
to satisfy one of three levels of acceptability. These levels are related
to the ability of the aircraft to complete the missions for which it is
designed, The levels are defined as follows:
Level Definition
1 Flying qualities clearly adequate for the mission
flight phase.
2 Flying qualities adequate to accomplish mission
flight phase, but with some degradation in mission
effectiveness, or increase in pilot workload, or

both,




110

Level ' Definition
3 Flying qualities such that the aircraft can be
controlled, but the mission effectiveness is
élearly inadequate, or the total workload of the

pilot is apprqaching the limit of his capacity.

Level 1 was adopted in order to represent acceptable flying qualities of
the-NASA Jetstar in cruise flight phase. Table 4.1 gives a description of

the specified flying qualities,




TABLE 4,1: Handling qualities for an aircraft of class I,
in flight phase B with acceptable level 1

LONGITUDINAL MOTION

Phugoid response

2 0,04
p

Short period response

0,3 <tz <20
s5p

w /w5 0,1
P sp
LATERAL MOTION
Roll Mode Time TR < 1.4
Constant (TR)
Sprial Mode Time
for Bank Angle of 20° 20 s
to double (sec.)
Dutch Roll Mode
Damping Ratio, (Cd) a2 .19
Damping factor, (Cdmd) a¥d 2 .35
 Natural frequency (wd) 3 1,0
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4,7 CLOSED-LOOP RESPONSE

In the earlier section 4.3 it was shown how the linear quadratic
regulator theory was able to be used to provide an optimal feedback control
law for some specific choice of the weighting matrices, § and G, When
applied to an aircraft such a feedback control ensures the stability of
the aircraft and also minimizes its mean square values of the state deviation
and control variables. As a result of such minimization the acceleration
levels will be minimized too. Although minimizing the acceleration levels
will provide a better ride quality for the aircraft, as described in
section 2.4 such a result does not ensure that the handling qualities of
the aircraft have not been degraded, In othef words, the optimal solution
obtained from the L.Q.P. will not guarantee that desirable aircraft handling
qualities (acceptable to the pilot) will result,

In order to incorporate the need to attain good flying qualities
simultaneously with improved ride and to investigate how the optimal
vcontrol affects the performance of the aircraft in terms of its handling
qualities, it is convenient to use the state representation of the equations
of motion of the aircraft. Thus, |

_J:c_ = Ax + Bu (4.71)

where the nature of this equation in respect of aircraft dynamics has
been discussed in Chapter 2,
Using state feedback gives
W = K% (4.72)

where K° is obtained from (4.56)., The closed loop system may then be

described by . Ao
X = Ax + BK x_ + Hr (4.73)
~=c - = -

where the subscript c, represents the closed loop situation, The
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vector r, of dimension q is a commaﬁd or reference vector, representing
the command inputs from the pilot or his navigation systems. H(nxq) is
the coefficient matrix of the command vector, (4.73) then reduces to:

x = (WBK%)x_ + Hr (4.74)
The characteristic equation of the open loop system described by (4.71)
is given by,

|x1-A] =0 - (4.75)
For the closed loop system, however, the characteristic equation is

|AI-(A+BK)| = O | (4.76)

From a comparison of (4,75) and (4.76) it can be seen that
the resulting eigenvalues will not be identical, Such differences will
affect these dynamic characteristics that describe the handling qualities
of the aircraft, The way in which the handling qualities for the closed
loop controlled system will be affected depend on the feedback matrix K°
which in turn is dependent on the particular choice of the weighting matrices
Q and G, In order to obtain desirable handling qualities for the aircraft
when using an L.Q.P. solution the selection of the matrices, Q and G should
be made with care., A trial and error procedure could prove to be very
laborious and inefficient since there does not exist a method of obtaining
appropriate Q and G matrices which are unique,

A variety of methods of obtaining suitable weighting matrice§ for
the L.Q.P., have been prdposed {e.g. Bryson and Ho [1969]; Harvey and Stein
f1978]). However no explicit method is yet available by means of which
Q or G may be selected so that specified handlingCSPa%iiifs are obtained.
In an effort to overcome this difficulty it was ;égzgﬁ;d to make use of

: e

the model-matching, or as it is often referred to in the literature,

model-following technique,
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4,8 A MODEL MATCHING METHOD FOR HANDLING QUALITIES IMPROVEMENT

The ﬁse of the ﬁheory of model-matching makes it possible to
provide for an aircraft a control law which will force its output variables
to follow closely the output variables of some desigﬁer-specified model,
Such a model is an idealization and is generally chosen to provide flight
characteristics which are stable and invariant throughout the flight
envelope,

There exist severai methods that can be used to achieve model
matching between the model of the aircraft and the desired, or ideal, model,
The two most widely-used methods are explicit (or model-in-the-system) and
impliciﬁ model following (or model-in-thé-P,I.). Explicit model-following
uses the desired model in the control system as a prefilter ahead of the
dynamics of the aircraft (Tyler [1964]). Implicit model-following uses
optimal feedback gains to modify the characterigtics of the.uncontrolled
aircraft such that they approach the model Characteristics. In this ﬁethod
the model is usually incorporated into the performance'index. Generally
explicit model-following needs the synthesis of input derivatives and for

this reason the method of implicit model-following is more effective in

aeronautical engineering,

4,8,1 Implicit Model Following

For the reasons explained briefly above the implicit model-
following was found to be more appropriate for the purpose of this work,

Implicit model-following requires a solution that produces a
perfect match between the output variables of the models representing the
aircraft and the ideal dynamics., Instead of minimizing directly the error
between the motion variables of the aircraft and the model states implicit

model-following imposes a somewhat weaker condition which in mathematical
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terms is stated as follows (Erzberger [1968]). Let the aircraft dynamics

be described by

j(_ = Ax + Bu (4.77)
y = Cx ‘ {4.78)
where  £ is an n-dimensional state vector;

u is an m-dimensional control vector;
y is a p-dimensional output vector.
The matrices A,B and C are invariant and have dimensions nxn, nxm and pxm
respectively.
Also, it is assumed that nzm and n3p. .The mathematical

description of the model aircraft dynamics is taken to be

Z=1lz (4.79)
where L is the model matrix of order (&x2)
and 2z is an t-dimensional vector,

The objective of implicit model following is to find a
feedback law, u=Sx to be placed around the aircraft dynamics so that
its output vector y approximates as closely as possible over some
spgcified time interval to _ ‘
y = Ly | (4.80)
In contrast to Kalman who proposed to achieve this objective by the
use of the optimal control law which minimized the quadratic

performance index of the following form
t
f .
3= | [(g-LyTQ(-Ly)+uRuldt (4.81)
%o
Erzberger suggested the algebraic solution which was employed in this
work.,

Using (4.77) and (4,78) and requiring that (4,80) be a strict

equality, then



116

y = LCx | (4.82)

and Y = Cx = CAx + CBu (4.83)

Therefore equating the right hand sides of (4.82) and (4.83) provides:

LCx = CAx + CBu ' (4.84)
or . CBu = (LC-CA)x (4.85)
Hence, o + :
u = [CB]} (LC-CA)x (4,86)

where [CB]+ represents the pseudo-inverse of the matrix [CB]. Its
evaluation is possible by using any of several available algorithms.
If perfect matching is achieved then from (4.85) and (4.86)

(Le-cA)x = [cB1[cB] T (Le-cayx
+ {{cB)(cB]T-1}{(LC-CA) }x = [0] | (4.87)

For perfect matching (4.87) is zero for any x, If perfect
matching is not achieved then, because of the properties of the pseudo-
inverse, the feedback matrix [CB]*(LC-CA), is guaranteed to yield a
weighted least-squares match between the response of the resulting

controlled system and that of the model.

4,8,2 Selection of the Model Matrix (L)

If it is possible to specify the eigenvalues of a closed-loop
system which result in some desired output characteristics then it is
possible to derive the matrix L which is characterised by these eigenvalues.
In this work the L matrix was selected empirically to proﬁde reasonable

dynamic characteristics to the model, by basing the choice on coefficient

e T
\

o

acceptable handling qualities, i

matrices associated with aircraft dynamics which are known to provide
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4,8,2,1 Selection of a model for longitudinal motion

The selection of the model for longitudinal moﬁion was based on
the criteria for acceptable handling qualities (Table 4.1). Approximate
expressions-describing the dynamic characteristics of the sp and phugoid
modes of the aircraft were employed for the selection of corresponding
model parameters which would result in desirable handling qualities for the
aircraft, |

From the two degree of freedom approximation for the short period

motion Ogp and Ssp MY be described (McRuer et al [1973]) as

sp qu-MWUO (4.88)

-(Zw+Mq+U0M&)/2wSP ‘ (4.89)

w

and csp

From the three degree of freedom approximation for phugoid motion wn

and Cp may be described as follows:

2 g Muzw
W = - (z + )] o (4.90)
P U0 u Mw
and
M (U.X -g)
ro= {-X + -2 0M T4 o, (4,91)
P MUy P

If some appropriate choice of the stability derivatives viz, xw,zw,

M, i
Mw,Mq,Xu,Zu,Mu and M. is made to ensure that ;sp’; and wsp/wp are

P
within the ranges specified for acceptable handling qualities, then
these parametérs may be used to construct the model matrix for longitudinal
motion,

In section 2.3,1 of Chapter 2 in which the ri&e-discomfort index
was presented, the ride comfort of an aircraft was shown to be directly
proportional to either Zw or MW. Thé smaller the values of these

derivatives the less is the resulting ride discomfort index and hence

better ride comfort will result,
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However, since the primary aim of the implementation of model-
matching theory was to provide acceptable handling qualities, an initial
choice of a model matrix was made to satisfy the handling dualities
Table 4,2 shows the choice of the stability

requirements for the aircraft,

derivatives for the model,

TABLE 4,2
| Vi
AtRcrarr | MODEL
Ko .108 .1 . Lot
x> -1,01 1,65 N s
M, -.0099 | -,02
v Xy -0{}66 -0,136
/2y -.175 -0,0305
M 00131 .000727
VMq -.546 -1,33
M -.00091 | -,000906

The model stability derivatives are very nearly identical to
those of the aircraft flying at sea level, at a somewhat higher speed

and increased all-up weight (and correspondingly higher wing-loading).

4.,8,2.2 Selection of a model for lateral motion

‘In a similar fashion the lateral motion model was chosen to
satisfy the handling qualities criteria presented in Table 4,1,

The selection of parameters the model was based on the
description of the lateral motion characteristics by means of the

following approximate expressions (McRuer et al [1973]).
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From the three degree of freedom approximation for dutch roll

w4 and tq May be defined as follows:

= /Eil 1
Yy B * Ner (4.92)
and
= (=Y ~N!?
24 ( Yv Nr)/2wd | (4,93)

For the same equations of motion the solution of the following

equations give the time constants of the spiral and roll subsidence modes

(TS and TR respectively),
bg
= L it | L ]
Tg-Tp = V{g= (g7 N1 ~ LD} | (4.94)
0 '8
1 .1 Lg ’
et P ee— = L‘ - e (N'&g/U ) (4.95)
TS TR é D 0
If an appropriate choice of the stability derivatives Yv,Lé,Né,Lé,

Né,L; and N; is made, to ensure that the resulting handling qualities
agree with the requirements presented in Table 4,1, then these derivatives
may be used to construct an appropriate model matrix, Table 4,3 shows

the values which are more chosen for the stability derivatives of the model,

TABLE 4,3

BASIC AIRCRAFT MODEL
YV -.14 ~.229
Lé -4,05 -7.28
N} 1,34 5.47
L! -1.85 -2.,0
N! ~.245 -1,87
L! «317 17
N! ~.19 -2.4
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Since no ride discomfort index has been proposed for a lateral

motion the choice of the model was made in the absence of any possible

constraints for ride comfort,

Table 4,4 summarizes the dynamic characteristics of the basic

aircraft and the models for both the longitudinal and lateral motions.

TABLE 4.4

Handling Qualities Characteristics for Basic Aircraft and Model

LONGITUDINAL MOTION

Acceptable handling Basic Aircraft Model
qualities (H.Q.) H.Q. H.Q.
c >0,04 0.0087" 0,059
Csp 0,3< and <2.0 a.5 0,616
w /w 04 o.11f 0.035
p’ “sp |
LATERAL MOTION
Acceptable handling Basic Aircraft Model
qualities (H.Q.) H.Q. H.Q.
t 2.19 0,0247" 0,465
wy ;lfO 1,397 2.35
g .35 0,0347 1.09
TR <l.4 0.474 0.444

*dénotes wunacceptable handling qualities
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MATHEMATICAL MODELS OF THE ACTUATING ELEMENTS
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5,1 INTRODUCTION

The operation of a control system consists of three elemental
ﬁrocesses: sensing, signal processing, and actuation. In any aircraft
flight control system sensing elements are employed to sense {or measure)
the absolute or relative value of particular motion variables, The output
from such sensors will be signals which have to be processed by some on-board
controller, or computer, according to a predetefmined flight contrel program,
At the same time the controller will also process the command signals from

the pilot, or any automatic guidance system, to drive the actuating element(s).

The actuating elements {(A.E.) for an aircraft are those system
components which drive the prime movers (i.e. engines, control surfaces, etc,)
in response to commands, The A.E. required to move an aerodynamic control
surface usually consists today of an hydraulic actuator and associated
powered flying control wnit (P.C.U,). Figure 5,1 illustrates the control
activity of a typical two-stage hydraulic actuating element, The command
signal from the pilot or from an on-board controller activates an electrical
lineay actuator which moves the control valve of the hydraulic actuator
accordingly., The flow from the hydraulic power supply’ generates a force
which acts on the piston of the actuator and this force then moves the piston
which is connected with the valve of the P.C,U. The same procedure is then
repeated for the P.C.U, component which gives rise to a force which finally

moves the control surface through appropriate mechanical linkages.,

The selection of an actuating device is determine& primarily by
the power required to drive the load, Other factors to be considered include
the dynamic characteristics, the existing power supplies available, the
physical and economic limitations of the equipment as well as the complexity

and the likely reliability of the resulting system, For modern high




a, Control configuration of the A.E.

e
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c. Block diagram representation of A,E.
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FIGURE 5.1: Two stage hydraulic actuating element
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performance aircraft it is required that continuous control of the motion
variables should be achieved easily and rapidly with precision., The
continuous, rapid and accurate response of the A,E. to a command signal
impases very serious "life" constraints on the actuating system, Consequently
the design of a hydraulic actuator and the associated mechanical linkage
stages should be very carefully considered in the early designing of an
automatic control system in order to achieve an acceptable fatigue life of

the actuating elements,

In this work no attempt was made to design such actuating systems
but the models of the actuators and power control units were chosen such
that they represented realistic actuating systems, Special consideration
of the limited power capabilities available for use was made in terms of
imposing displacement rate limits upon the actuating element and this is
discussed in Section 5,3, In Section 5,2 the mathematical models employed

to represent the considered control surfaces are described,



5,2 MATHEMATICAL MGODELS FOR THE ACTUATING ELEMENTS EMPLOYED

The dynamic response of an aerodynamic control surface to a
command signal depends upon hoth the dynamic characteristics of the A.E.s
composing the actuating system and the nature of the hinge moment, Generally
such hinge moments are non-linear and depend to a considerable degree upon
the mechanical arrangements adopted in the design of each aircraft.. However,
the non-linearity can often be represented as a saturation characteristic,
Therefore it was decided in this work to account for such characteristic
implicity by the imposition of displacement limits, As a result, the
analysis remained linear with dqg}ggziqiffe being taken, when appropriate,

of response degradation due to existence of these limits,

An actuating element can be classified as a first, second, etc.,
order system depending on its dynamic response characteristics, Consider

the following configuration for a simple ram

q(t) o ——

0il flow rate \\\\ LY
AN
I '

y(t)

-~
]

FIGURE 5,2: Simple ram

It can be shown (Schwarzenbach and Gill [1978]) if ram inertia, viscous
forces and compressibility effects are considered then the following

equation for flow rate input may be obtained,

' 3 k.M 2 k u
v dy(e Lo wv, doy(t) L dy (¢t
q(t) ......kBA _lc;f.jl + (T + FBT) dt2 + ( =+ A).)ét_). (5.1)



where v: volume of trapped fluid
M: total mass being moved
A: effective ram area
K,: bulk modulus of the fluid
K : leakagé coefficignt

u: friction coefficient

For é hydraulic servomecha.nism. with mechanical feedback control as shown
in Figure 5,1b the rate of flow through the valve is proportional to the
area of opening, say,

q(t) = ¢ e(t) (5.2)

where ¢ is a constant and e(t) can be found by geometry, viz.

e(t) = —p x(t) - =2 y(t) (5.3)
if a=b then )
‘ e(t) = _x_(_ti-zﬂ_t_)_ (5.4)

and (5,2) becomes

q = ¢ LHRY(E) (5.5)

from (5.1) and (5.5} the following transfer function may be obtained

Y(s) . c/2 (5.6)
X(s) v 2 KLM uv KLu )
S{E;-A- 57 + (T + ;(;'\.)s + (T + A)} + ¢c/2

If leakage is assumed to be negligible then the transfer function

described by (5.6) simplifies to

Y(s - ef2 '
—&')' = (5.7
X(s) s i R AN c/2

KBA KBA

For an actuator or a small power unit the trapped volume v and u,

will be small and compared to the high bulk modulus of oil it can be

125
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eliminated from (5.7). Hence,

Y{s) _ c/2

X(s) © sA+c/2 (5.8)

Hence, for an actuator and a small power control wumit which.COuld be

used to drive a small control surface a first order representation

would be a good approximation, For a larger power control wmit (5.7)
gives a third order system, Experimental testing can be used to prove
(Schwarzenbach and Gill [1978]) that a second order approximation for

such a system would be adequate for representing the dynamic characteristics

of the P,.C.U,

In choosing the A,E,s it is important to cqnsider the range of
frequencies over which they operate, so that their natural frequencies
will not interfere with the rigid-body motion and the natural frequencies
of the structural modes of the aircraft, 1In the case of a STOL aircraft,
assumed to be perfectly represented by its rigid-body motion alone, this
constraint on the natural frequencies of the actuating system is translated
according to section 2,2 as

0, > 63 rad/s (5.8)
ALE,

From the Bode diagram (see Annex C) of the dynamics of the actuator
and power unit associated with particular control surfaces it can be
seen that (5.8) is satisfied, indicating that little interference with

the aircraft response by the actuator dynamics will occur, -

The actuating element is considered to comprise (Fig,5.1) an
actuator, which may be, depending on type, 1st or 2nd order system and

the power unit, which is regarded as being a lst order system,

The following models were used to represent the actuating

elements for the control surfaces considered,
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\ﬂsuyﬂ
L ONGITUDINAL MOTION W e
ACTUATOR POWER CONTROL UNIT
ELEVATOR
GE(SJ _ 1 1 1 . (5.9)
S, (s} 0.08s¢1 ) e 10796240, 75¢ 10" 2541
SPOILER
Sgpls) 1 1 5. 10)
5 © 0,8s+1 -2 (5.
5P, (s) 0.5 10 %s+1
HORIZONTAL CANARD
se(s) 4 1 5,11
GCHC(S) 0.,08s+1 0.025'.’1
LATERAL MOTTON
RUDDER
§p(s) ) 1 1 (5.12)
Srets) 0% 0,27774107 %550, 75x 107 %541
AILERON
5 0,033s+1 0,01ls+1 *
Ap(s)
VERTICAL CANARD
8~ (s)
cv's) 1 1 (5.14)

GCVC(S) 0.04s+1 0,02s+1

STATE REPRESENTATION

For a second order actuator transfer function of the following

form 5
i 1 1
= . (5.15)
Gi T152+T s+l T35+1

c 2

the equivalent state representation may be given by
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X = Ax + Bu (5.16)
y = Cx | (5.17)
in which
o 1 0]
A = 0 0 1
1 (T2+T3+T2T3) 1
T T T
o -
B = 0 ,and C=1[1 0 0]
1

An actuating system with a first order actuator has a transfer function

of the form:

§.

i _ 1 1

5.  T,s+l T.s+1 (5.18)
i 1 2
C

Hence,
0 1 0
A= 1 TpT)y s B=
T T, T,
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5.3 POWER LIMITATIONS OF THE ACTUATING ELEMENT

The consideration of the actuator and power unit dynamics in the
simulation is necessary when a realistic knowledge of the aircraft's
behaviour is required. But once realism and therefore applicability is
considered the assumption of complete linearity of the control system should

be doubted,

Independent of its dynamic characteristics a physical system is
constrained by specific design limitations which in effect have the result
that particular tasks commanded from a linear automatic control system
cannot be performed within the linear range of the system. A common problem
of this nature is that the maximum rate at which thé A.E, can move, in order
to follow a command signal is limited, The displacement rates of A,E.'s
characterize the power demanded from the actuating system. These physical
limitations are ﬁainly,imposed upon the weight and volume of the fitted
system, Currentiy the power/weight ratio of an hydraulic A.E, is about

2W/N and the best available ratio for an electric A,E, is about O,5W/N,

As a“result of such power limitations a control system could prove
' to be unusable on an aircraft because it would then degrade the performance
by being unable to perform the commands from the linear control law, To
prevent, and cure, if needed, a similar situation rate limits of the A.E.s
were considered in the simulation, Figure 5,3 gives a block diagram

representation of the actuating system with rate constraints,

8. ACTUATOR S, g, HLIM
i 1. 1 8.
c 1 2 I/— i
[P | :]_/1_- — I -
N

FIGURE 5.3: Actuating system with rate constraints
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The function HLIM ensures that the rate limits will not be exceeded at any

time., Whenever the linear control law demanded from the A.E, rates larger

than could be provided, the HLIM function allowed only the maximum available

rate to act on the control surface,

represent for this work realistic models and they were as follows:
Elevator
Spoilers

H,.Canards

Rudder

V.Canard

Aileron

25°/s
180°%/s
1400/5
700/5
120°%/s

140%/s

The rate limits were chosen to

(0.436
(3.141
(2.443
(1.222
(2.094

(2,443

Deflection angle limits were also employed to

due to hinge moment saturation,

rad/s)
rad/s)
rad/s)
rad/s)
rad/s)
rad/s)

T s
C‘.‘.»,#?’ //

account for non-linearities

Figure 5.4 gives a block diagram

representation of the actuating system with deflection angle constraints,

ACTUATOR

POWER UNIT

FIGURE 5,4: Actuating system with deflection angle constraints

The deflection limits employed for this research for the considered

aerodynamic control surface configurations were chosen to be

HLIM

-

i

\
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Figure 5,5 gives a full block diagram representation of the control system

with actuators and rate and deflection angle limits included,
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CHAPTER 6

ANALYSIS OF THE DYNAMIC RESPONSE

OF THE MODIFIED JETSTAR AIRCRAFT
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6.1 INTRODUCTION

The analysis of the dynamic performance of the modified Jetstar
was based on the results obtained from digital simulation and frequency
response analysis. The modifiéd Jetstar aircraft u;ed in this ride quality
study is presented in Figure 6,1, The table presented in this figure
summarises all possible combinations of the conventional and the auxiliary
aerodynamic control surfaces which were investigated in this research, The
dynamic response of the aircraft was studied separately for deterministic

and stochastic (turbulence) inputs.

Deterministic analysis was used to determine the dynamic
characteristics of the aircraft due to the activity of different control
surface combinations for different types of deterministic inputs and optimal
feedback control laws, In the deterministic analysis the dynamic responses
of the uncontrolled and controlled aircraft were studied separately, The
dynamics of the uncontrolled airctaft were investigated by using both

frequency response analysis and digital simulation,

Stochastic inputs were used to evaluate the ride quaiity
performance of the modified Jetstar in turbulent flight., The same optimal
feedback control laws which were used in the deterministic analysis were
also employed, However, a nmonlinear controller was also considered in the

stochastic analysis,
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FIGURE 6.1: Jetstar Modification

SPOILERS

HORIZONTAL CANARDS

S = 542.5 ft?
5, = 16.2 £r 2
R
2
S, = 31.2 ft \
E 2
S, = 24.4 ft”
A
b = 53.75 ft
c = 10.93 ft
‘\\'“'VERTICAL CANARD
INVESTIGATED CONTROL SURFACE CONEIGURATIONS
LONGITUDINAL MOTION - LATERAL MOTION
HORT ZONTAL VERTICAL
ELEVATOR | SPOILER CANARD RUDDER CANARD ATLERON
OPTION.1 X : X
OPTION. 2 X X
OPTION.3 | X X
OPTION.4 ; X X X X
3
OPTION.S | X X X X
OPTION.6 ‘ X X X X
i
OPTION.7 i X X X X X X




6.2 ANALYSIS OF THE DYNAMIC RESPONSE OF THE AIRCRAFT SUBJECTED TO COMMAND

INPUTS
The deterministic analysis was developed by studying the
dynamics of the uncontrolled and optimally controlled aircraft separately,
In each of these studies the dynamic characteristics of the loﬁgitudinal

and lateral motions were also investigated separately.

6.2.1 Dynamics of the Uncontrolled Aircraft

The general transient characteristics of the dynamic response
of an aircraft may be inferred from frequency response analysis, In this
research Bode diagrams were employed to illustrate the characteristics of
the modes of motion of the aircraft for different aerodynamic controel
surface inputs, Bode diagrams show how both the amplitude ratio and the
phase difference between an input and output variable change over a wide
range of frequencies, From these frequency response diagrams it is
possible to judge the relative effectiveness of the considered control

surfaces on each motion variable of the aircraft. The frequency response

analysis using Bode diagrams provides valuable information for single-input,

single-output {§.1.5.0.) systems and for systems where sinusoidal excitation

is physically realizable, However, such an approach cannot provide

information for multivariable control systems other than indicate a general

knowledge of the effectiveness of each control acting alone. In order to
obtain better information about each control and any possible combination
of controls on the dynamic response of an uncontrolled aircraft, time-
domain analysis and simulation should be employed, 1In this research both
step function deflections of the controls and initial conditions were used

to provide the required excitation,
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The use of a step function as the reference variable is very
useful as it represents an instantaneous jumwp in amplitude which provides
a lot of information about the system's dynamic characteristics. Further
since a step function, in principle, contains a wide band of frequencies
in its spectrum as a result of the jump discontinuity it is equivalent to
the application of an infinite frequency series of sinusoidal functioens.
Another way of testing the dynamics of an uncontrolled aircraft is by
releﬁsing it from initial conditions. Bode diagrams, step inputs, and
initial conditions were all used to determine the relative effectiveness
of the control_surfaces employed and the transient characteristics of the

uncontrolled aircraft for both longitudinal and lateral motions.

6,2.1,1 Longitudinal Motion Analysis

The Bode diagrams of the open loop transfer functions
of the aircraft were.established for an appropriate range of
frequencies, Figures 6,2{(a),(b),(¢) and (d) represent the Bode diagrams
of the motion variables u,w,q and & in response to elevator input., From
these figures the two basic modes of longitudinal motion, the phugoid and
the short period oscillation, (s.p.o.,) may be identified, The phugoid
lies in the low frequency range and its matural frequency is mp=0.19 tad/s.
The s,p.0. lies at higher frequencies and has a natural frequency m5p=1.7
rad/s., Also tﬁe damping ratio of the phugoid and s,p.o. are gp=0,009 and
Esp=0.5 respectively (see Annex D)., From compafison of the damping factors
it can be said that the phugoid is a very lightly damped low frequency
mode while the s.p.0. is a well-damped, high-frequency mode, These
dynamic characteristics correspond to the phugoid and s.p. modes of the
basic Jetstar at low, straight and level, flight conditions, Figure 6,2(a)

shows that the amplitude ratio [u/GE] is much smaller at the natural
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frequency of the s.p.o, than at that of the phugoid, In other words,
phugoid introduces the largest forward speed changes, Figures 6.2(b),(c)
and (d) show that the values of the amplitudes [w/6E|, Iq/GEland ]B/éE|

for the s,p.0. and phugoid are of nearly the same magnitude,

Figures 6.2(a) and (b) illustrate the strong effect which
elevator has on u and w motion variables, From equation (4.4) it can be ?7'
seen that the normal acceleration at the c.g., of an aircraft depends on |
these two motion variables, According to Figures 6,2{a) and (b) elevator
will be expected to be an important contributor to normal acceleration,
From comparison of 6.,2(a) and (b) it may be deduced that the normal

acceleration contribution, due to phugoid is slightly higher than that

due to the s.p. mode,

Figure 6.2(c) indicates that the aircraft exhibits a relatively. 7
slow pitch response to elevator commands which is a desirable feature for
a transport aircraft, Similaf shapes of amplitude ratio variations, over
the same frequgncy range, were cobtained for the same motion variables when
spoilers and horizontal canards were used for inputs, Figure 6,3 illustrates
the amplitude ratio and the phase change of the normal acceleration transfer

functions 32/55’ az/dsp and az/dCH over the same range of frequencies,

PRI

*‘e""‘b\‘ L‘;h

Figure 6.,3(a) confirms the prediction that the acceleration
induced on the aircraft due to the phugoid is higher from that due to the
s.p. mode, From the same figure the relative effectiveness of the
selected longitudinal control surfaces on normal acceleration may be
judged. It can be seen that the acceleration due to elevator input is by
approximately 10db higher from that due fo spoiler which in turn is

approximately 1,5db higher from that due to horizontal canards, Hence it
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could be said that the elevator is more effective from spoilers by a
factor of 3 and from horizontal canards by a factor of 4,5, It should

be noticed that these factors correspond to the ratios by which the

force and moment coefficients of elevator is related to the spoilers

and horizontal canards respectively. From the phase angle change diagram
the canard is seén to be 180° out of phase with elevator and spoilers for
the frequency range of interest, This property of horizontal canards
could be proved to be very important in terms of normal acceleration
control when they are considered to act in conjunction with elevator or
spoilers in a controlled situation, In order to investigate the
combinational effectiveness of the considered control surfaces and to
verify the results obtained from frequency response analysis time domain
analysis should be employed. Figure 6.4 illustrates the dynamic responses
of the modified Jetstar aircraft subjected to 0.01 rad, step input commands,
From this figure the two longitudinal modes of motion may be easily
identified, The high frequency mode (s.p.0.) dies out in the first 5 sec,
indicating that it is a well damped mode while the low frequency mode
(phugoid) will take a long time before it will die out (lightly damped).
From 6,4(c) it can be concluded that the normal acceleration due to
phugoid dominates the average value of acceleration which accords with
the frequency response analysis conclusion., In terms of the control
surface effectiveness it can be seen that horizontal canards are 180° out
of phase with the elevator and spoilers, Also the horizontal canards

are less effective than spoilers as may be seen when they are applied
simulitaneously on the aircraft, An important conclusion which may be
drawn from Figure 6.4 is the dominance of the elevator which was also

shown in the frequency response analysis, Elevator dominates the
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longitudinal motion when equally used as the other controls, As it can
be seen from 6.4{b) elevator induces comparatively high pitch rates which
in turn (6.4(a)) results in changes in heave motion and hence induces
normal accelerations on the aircraft, The sameleffect on acceleration is
achieved in smaller scale by the spoilers indicating that they act more
like conventional flaps rather than 'pure direct 1ift' control as defined

by Pinsker (Section 2,6,1),
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6.2.1,2 Lateral Motion Analysis

The same procedure, as in the analysis of the longitudinal
motion, was followed for the investigation of the lateral dynamics of
the modified Jetstar aircraft, The frequency response analysis by Boede
diagrams was based on Figures 6,5 and 6,6, Figures 6,5(a),(b),{c) and (d)
jllustrate the variation of amplitude ratio and phase angle of the motion
variables B,p,r, and ¢ for rudder input over a wide range of frequencies,
From these figures it can be seen that the dutch roll mode dominates the
lateral response of the aircraft, This mode has a natural frequency
0, =1,4 rad/s and damping ratio, %fo,ozs which indicates that it is a
high frequency response with low damping (see Annex D). Comparison of
the phase angle of p and r (obtained from figures 6,5(b) and 6.5(¢c)
respectively) indicates that these two motion variables are 180° out of
phase, This is a typical characteristic of the dutch roll mode showing

the strong coupling of the directional and pure lateral motion,

Spiral and roll subsidence are of minor importance as one can '?
infer from their small contribution to the frequency response diagrams,
The time ;onstants of the spiral and roll subsidence modes are TS=3703
and TR=O°SS (Annex p). From equation (4,6) it can be deduced that sideslip,
B, is an effective contributor to the lateral acceleration measured at the
c.g, of the aircraft, Figure 6,5(a) shows that dutch roll considerably
affects the sideslip and hence the lateral acceleration. Whenever other
modes make insignificant contributions to the motion compéred to that of
the dutch roll only the dutch roll mode will be considered therefore to

represent lateral motion, The relative effectiveness of the rudder,

aileron and vertical canard on lateral acceleration can be assessed from
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Figure 6,6, From Figure 6.6(a) it can be seen that the rudder is more
effective at all frequencies about 0,2 rad/s than the aileron which, in
turn, is more effective than the vertical canard, particularly in the low
frequency region, From Figure 6,6{a) it can be seen that the rudder is
more effective by approximately 20db from vertical canard which corresponds
to a factor of 10 equivalent to the ratio of the force and moment

coefficient of these two control surfaces, From the phase angle of the

Bode diagram (6.6(b)) it can be seen that the vertical canard is 180°

out of phase with the rudder (compare the situation of the horizontal

canards in relation to elevator), It can be also seen that rudder and } &&@ik‘

) L e
aileron are out of phase, ahjk‘jz
: : : P

For the same reason as in the case of longitudinai motion time-
domain analysis of the lateral motion of the aircraft was employed.
Figure 6,7 shows how the lateral motion variables B,p,r,¢,¥, and ay vary
with time when the aircraft is subjected to input step commands of 0.01
radians to the lateral aerodynamic control surfaces, The dominant role
of the dutch roll mode which wés determined in the frequency response
‘analysis can also be detected by inspection of Figure 6,7, However, from
Figures 6,7(b),(e) and (f) the presence of the spiral mode can also be
detected, It may be deduced {from Figures 6.7(b},(e) énd {£f)) that it >
is the ailerons more than any other control surface which excite the -
spiral mode, As a result of the action of the ailerons yaw rate, r, bank
angle, ¢, and heading angle, ¢, build up faster than when the use of the

rudder or vertical canard is considered, Due to the spiral mode the



— . RUDDER 149
=== =--=--~ V,CANARD
B(raq,) —— -+ ~—..— AILERON
X212'* RUDDER, V.CANARD and AILERON
A
[
) N (&l
) \ A AN N /\J \/ Vi '
' L VAYAYA
ol ) i WECINYATA A A A
" A . 1 i\ K T
<: i 1.: I" ) " ,\@j: =V‘ \‘ \r t‘ Irq ‘\\UI \\// 5\\', w‘ 5
WV IU‘ V7 R Ul S O L) \ v 2/ X1@
i l | P l._.i g 14 1” 'J TINE S
K, i e A\ \/ -
-1 |z,'- ‘I:h “: \J 4
Mooy v
v I v
u (a)
-2
r{rad/s)
x1272
"B
4
2in
l"‘
e
2
-2
-4
b
6. (®)
FIGURE 6,7: Dynamic Responses of the lUncontrolled Jetstar Aircraft for
0.01 rad Step Commands to the Lateral Control Surfaces
ft/s
y( / )
X127}
20
19
12

{c)



p(rad/s) 150

(d)
3
—— .—— RUDDER
¢(rady e __ V. CANARD
x19-1 : ———-. ———  AILERONS
12, ' RUDDER,V.CANARD and AILERONS
5.

- FIGURE 6.7: (Continued)

p(rad) ‘ ”
x1271 /

12,

(£)



151

aircraft behaves as if performing an uncoordinated turn with increasing
bank and yaw angle which gives rise to the comparatively higher levels
of sideslip angle, B, and, in turn, higher levels of lateral acceleration

(See Figure 6.8),

From Figures 6.7 and 6,8 it may be deduced that the ailerons
were not as effective as the rudder or vertical canard in controlling
lateral acceleration since they excited the spiral mode of the aircraft,
However, no definite conclusions about the relative effectiveness of the
control surfaces employéd can be drawn from the analysis of the lateral
motion of the uncontrolled aircraft, unless the controlled aircraft is
considered where it is expected that the slow dynamic effects due to
the spiral mode, as well as to the weakly damped dutch roll, will be

eliminated,
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6.,2,2 Dynamics of the Optimally Controlled Aircraft

In Chapter 4 the theories of optimal control and model matching
were_employed to derive feedback control laws for the modified Jetstar
aircraft, These feedback control laws were used to minimize the acceleration
levels induced on the aircraft and also to improve the handling qualities of
the aircraft, The minimization of the acceleration was attempted 'implicitly’
and ‘'explicitly' as described in sections 4.3 and 4.4 of Chapter 4, but which
are summarized here for convenience:

'implicit' minimization means here the indirect minimjzation of
‘acceleration which is achieved by means of minimizing a performance

index which consists of elements comprising the state and the control

vector of the aircrafe,

'exglicit' minimigation means here the direct minimization of

acceleration by minimizing a performance index whose elements are

the acceleration and the control vector. -

The optimal feedback laws derived for the 'implicit'
minimization of the acceleration were those principally used in the
simulation and those for 'explicit' minimization were employed for
comparison, The optimal feedback control laws which were considered for
handling qualities improvement were examined in terms of their effect on
acceleration {Section 4,8), The effectiveness of these control laws on
the motion variables of the airc¢raft was judged by comparison with the
uncontrolled aircraft response for the same initial condieions. Table 6,1
summarizes the three optimal feedback control laws which were investigated

in this research,




154

TABLE 6,1
OPTIMAL FEEDBACK CONTROL LAWS FUNCTION
Control Law I Implicit minimization of acceleration
Control Law II Explicit minimization of acceleration
Control Law III Handling qualities improvement

The CONTROL LAW I was tested for command signals which would

_ As

result in the same steady state response ljké/those obtained from step
) Fe

input commands to the uncontrolled aircraft. The ride quality performance

due to each of these feedback control laws was judged according to the

resulting acceleration levels, All possible control surface configurations

of each control surface configuration was evaluated. Actuator dynamics,
power and hinge moment limits were also considered and included in the

|
were examined for the CONTROL LAWS I and IIT. The relative effectiveness (
feedback loop. ‘

However, it is important to emphasize that the relative
effectiveness of each control surface activity, in the optimally controlled
aircraft analysis, is a factor depending significantly on the particular

weighting of the control vector elements in the performance index which is

chosen to be minimized, In this research the weighting corresponding to

each component of the control and state vectors was determined from the digital‘

program WAYMX (Section 4,5), Different weighting matrices, G, other than
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those obtained from WAYMX were also investigated for s.p'ecific control

surface configurations,

The analysis of results was based on the dynamic response of

the aircraft obtained for 30s digitally simulated flight,




156

6.2,2.1 Longitudinal Motion Analysis

The optimal CONTROL LAWS I obtained from the digital program
OUTREG were applied to all the possible control surface configurations
of the modified Jetstar aireraft, Figure 6,9 illustrates the effect of
the optimal CONTROL LAWS I on the motion variables w,q and 2, for various
configurations, From this figure it can be seen that the long period
dynamics of the aircraft (phugoid) have been eliminated in less than 8 sec,
and the short pefiod dynamics have been effectively damped out, The most
effective minimization of the motion variables has been achieved when the
elevator was involved, From 6,9(a),{(b) and (c) it can be seen that spoiler
is more effective than horizontal canards but both of them, even if acting
together, are not as effective as when the elevator is acting on its own,
It is evident therefore that the elevator is the most important control
surface for longitudinal ride control, In order to investigate the ride
quality effects of any possible combination of the elevator with the other
control surfaces and to examine the relative advantagés of each configuration
in terms of r,m.s. deflection angles Figure 6,10 was employed, Figure 6,10(a)
represents the r.m.s, acceleration levels for all configurations without and
with the consideration of the actuators dynamics in the feedback 1009. From
this figure it can be seen that whether or not the actuators are considered
in the digital simulation the elevator alone provides the best result in
terms of acceleration reduction, The reduction of acceleration r.m,s.,
value when elevator acts alone is of the order of 76.7% compared to the
uncontrolled aircraft, When the actuator dynamiés of the control surface
are considered the acceleration r,m.s, value is increased but still
elevator alone achieves the best result which is a reduction of 70%,

Figure 6,10(b) also shows the favourable effect of using only the elevator,



«o+ - UNCONTROLLED AIRCRAFT
====+=-- ELEVATOR
— = SPOILERS
H.CANARDS
io I 20 25 30
TIME,S
-4
-6
-8,
(a)
q(rad/s)
x127%
12,
5f;
R 20 25 3e
TIivE,S
_5.
=12,
(b)
FIGURE 6.9: Dynamic Responses of the Aircraft when CONTROL LAW T was
considered
a_(ft/s%)
x12-2
B'I
&
4
15 2., . . 25 ..3e
TIMES
(c)
.8 -




- 158
x10 4
5.0 ——  NO ACTUATORS <
' \\\ ELEVATOR
_____ ACTUATORS
- 4.0 ——.— UNCONTROLLED AIRCRAFT SPOTLERS
{l. CANARDS
3.0
34}
]
E r
=
(=1
qu-O r—--! I----'1
d — - - . ' I
° S o
= 1 .
: -‘n * | | |\ t ) -
1oL A N . N
. N N ) \'._'
- \ :. \ ..
% o 76.7 54 32.4 75.6 75.6 64,3 71,8
aZ
reduction (a) |
x10~%
4,0 [
3.0 +
v
]
Y]
- P- |
«:;H 2.0 + =] —ry
o] -t
-
1.0 F A
- |
) |
1]
(b)

FIGURE 6,10: Optimally Controlled (CONTROL LAW I) Longitudinal Motic




159

The combined use of the elevator with spoilers or horizontal canards
results in an increase in the activity required from the elevator. This
conclusion reinforces the inference drawn from Figure 6,10(a} that the
lower the degree of activity required from the elevator the more it may
be used for other flight purposes such as trim or flight path adjustments.
The power limitations of the actuators and the surface deflection limits
were considered but it was found that they did not materially affect the
response, This implies that the CONTROL LAW I in these conditions did

not require rates or deflections exceeding the available capabilities,

From Figure 6.10(3) it is evident that second order actuators
(as in the case of the elevator) result in levels of acceleration higher
than when first order actuators are employed (spoilers and horizontal
canards), However‘a general conclusion which could be drawn including
actuator dynamics in the feedback loop is that their presence results in
time lag of the control surface activity which in turn decreases the

effectiveness of the control law,

In order to investigate the dynamic characteristics of the
aircraft when using the optimal feedback CONTROL LAW I a digital program
called SSCOM (steady state éommand) was developed, This digital program
could be used tordetermine a command vector r which when used as input to
the optimally controlled aircraft would result in appropriate sfeady state
values of the output vector for comparison purposes, Figure 6,11
illustrates the block diagram for the above situation, The requirement
to evaluate the command vector r of dimension p for a fixed coefficient

matrix H(nxp) was formulated mathematically as follows:
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X, = (A+BK)_§C +Hr (6.1)
at steady state x_ =0,
'  ss
Hence (6.1) becomes
0 = (A+BK)5c +Hr (6.2)
S8
solving for X, (6.2) yields
$S
x, = -l g (6.3)
SS _
But
Yss = Cxgg (6.4)
 hence {6.4) by using (6.3) gives:
-1
Yo = -C(A+BR "H r (6.5)
solving (6,5) for r
_ -1,.-1
r = -[C(MBK) "HY Ty (6.6)
—
ijo,v%
By using this program it was possible to determine the ez

command vector required to produce the same steady states of the output
variables as when step inputs of 0,01 rad were applied to the uncontrolled
aircraft, In this way the uncontrolled aircraft dynamics presented in
Figure 6,4 could be directly compared to the optimally controlled aircraft

dynamics,

Figure 6,12 illustrates the favourable effect of the optimal
feedback CONTROL LAW I as compared with the uncontrolled aircraft excited
from step command of elevator. Simjlar responses were obtained when the
rest of the control surfaces were considered. Figure 6,13 compares the
rm,5 acceleration levels induced by the uncontrolled and controlled
aircraft due to the action of elevator, spoiler canard and their
combination, From this figure the favourable effectiveness of CONTROL LAW I
on r,m,s, normal accelerations as compared to the uncontrolled aircraft is

evident,
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From Figure 6.,10(a) it is apparent that the surface
configuration using only elévator provided the best results in terms of
ride quality performance, It was therefore decided to consider CONTROL LAW
II for this case only. The optimal feedback CONTROL LAW I1 was obtained
from the digital program OUTREG, Figure 6,14 illustrates the dynamic
response of the aircraft employing elevator and using this feedback control
law, With this control law an r.m.s, acceleration reduction of 78% resulted,
Figure 6,17(a) illustrates the effect of CONTROL LAW II compared with

CONTROL LAWS I AND 1I,

From Figure 6.,14(a) it can be seen that the use of CONTROL
LAW II introduces secondary effects on the aircraft dynamics., It may be
inferred from this figure that although the variations in the vertical
velocity, w, of the aircraft has been minimized effectively for the s.p.
mode it increased gradually in the phugoid mode. This small effect occurred
because of the absence of q and g from the performance index for the 'explicit'
minimization of acceleration, However this slow building up of vertical
velocity of the aircraft would be easily controlled by the pilot or by a
control system, Note too that the use of the controls for the ride quality
system involves small surface deflections which allows adequate control

authority for other flying tasks,

The optimal feedback CONTROL LAWS I, for various combinations
of the longitudinal control aerodynamic surfaces, improve the performance
in terms of r,m.s, normal acceleration., Although these coﬂtrol laws did not
improve the handling qualities of the aircraft, it was desirable to examine
how the feedback control laws could affect the aircraft's handling qualities,

Model-matching was employed to derive the optimal feedback control laws for




w(ft/s)

¥1972
g ,
i CONTROL LAW II
N |‘
A UNCONTROLLED AIRCRAFT
. \
]
20 3
'l
AN M— i eemas -z 7T — T ,
) wetTs T T Os 22 25 32
i TIME,S
-4
-6
& (a)
q{rad/s)
x12™4
12_
fi
5.4
]
1
\
\
el _ _ —em = o tT ST TTTTTTIT T
- A (b 20 25 39
TIME,S
-5
19, (b)
FIGURE 6,14: Effect of CONTROL LAW II for Longitudinal Motion when
Elevator Only was considered
a (£t/s)
Z
x12™2
g.
5,
4,
2
/““--.._--'"'—--._----q-“"‘--
) . Bt
a[ / 5 19 15 T~2e.. 25 _ .39
-2 b e bl b
! TIME,S
-4 H
|
-5 N, (C)
\“I
v
-8




166

handling qualities. Use of CONTROL LAWS III was intended to result in
dynamic response characteristics of the modified Jetstar similar to those

of the idealized model specified in Section 4.7,

Figure 6,15 shows the dynamic responses of the modified Jetstar
when it was forced to follow the dynamics of the model. The same dynamic
responses were obtained for all the possible control surface configurations
of the aircraft, From Figure 6.15 it can be seen that the dynamic response
of the aircraft for the control laws being considered exhibits a more |
lightly damped response compared to Figure 6.9. The light damping results
in a higher level of acceleration than than obtained from the optimal feed-
back control laws (CONTROL LAW I1I) for the 'implicit! minimization of
acceleration, Figure 6.16(a) illustrates the induced r.m,s, acceleration
levels on the aircraft for the different control surface configurations when
the feedback control laws for handling qualities were employed. From this
figure it can be seen that about the same reduction in r.m.s., acceleration
of 60% results from any aerodynamic control surface configuration, In
Figure 6.16(b) is shown the r.m,s. deflection angles required for any
possible combinations; from this figure it is evident that the control law
requires less control surface activity for those cases when the control |
surfaces are used alone than for those when they were used in combination,
The least control surface activity was required when elevator was used alone,

which suggests that this is the best control surface configuration,

Table 6,2 shows the effect of the control laws I, II and III

on the handling qualities of the aircraft,
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TABLE 6,2

Comparison of the effect of the three control laws on the
handling qualities of the aircraft for .the elevator spoilers

and h, canards configuration

%p Ssp O/ Usp
UNCONTROLLED AIRCRAFT |  0,0087 0.5 0,11
CONTROL LAW I ' 3.181 14.9" 0.s8"
CONTROL LAW II 2,058 2,0 0.00085
CONTROL LAW III 0.059 0.616 0.036
ACCEPTABLE HANDLING o.04 50,3 )
QUALITIES >V or. S
2,0

From Table 6,2 it can be deduced that the use of CONTROL LAW I
results in over-damped dynamic characteristics for the longitudinal motion,
Although it results in appropriate damping of the phugoid motion it over=-
damps the s,p, mode of the aircraft and degrades the ratio of the natural
frequencies of the two modes. In the contrary CONTROL LAW II achieves
better dynamic characteristics for the airéraft although the short period
mode is slightly over-damped, CONTROL LAW IIIl achieves identical dynamic

characteristic¢s with the ones intended and it results in acceptable handling

*dénotes wnacceptable handling qualities characteristies.
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qualities for the aircraft,

However, as it has been discussed in Section 4,7 of Chapter 4,
the handling qualities characteristics of the aircraft for CONTROL LAWS I
and Il could be improved if different choicé of the Q and G matrices could
be made, Since a procedure to derive ﬁppropriate weighting matrices Q and
G for handling qualities does not exist and a trial and error method which
would determine optimal Q and G matrices for handling qualities and ride
performance simultaneously would require long time of investigation, it was

decided that this problem should be considered in future research,

Figure 6.17 summarizes the results achieved by the three
control laws in terms of r.m.s. normal accelerations reductions and
deflection angles for the configuration employing only elevator, It is
evident from this figure that CONTROL LAW II achieves the best results in
terms of ride quality performance in the deterministic analysis of the

optimally controlled aircraft,
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6.2.2,2 Lateral Motion Analysis

The same procedure used for the deterministic analysis of the
longitudinal motion was also adopted for lateral motion, As in the analysis
of the longitudinal motion three separate optimal feedback control laws for
the lateral motion were examined, The digital program OUTREG was employed
to obtain the optimal feedback CONTROL LAWS I and II, CONTROL LAW I was
used principally to determine and then to assess the dynamic characteristics
of the controlled aircraft for all possible combinations of the lateral
control surfaces, CONTROL LAWS II and III were employed in the same manner

as for longitudinal motiocn,

Figure 6,18 illustrates the dynamic responses achieved by
CONTROL LAW I for various lateral control surface configurations, The
effectiveness of each control surface configuration can be judged by
comparison to the uncontrolled aircraft dynamics when released from the

same initial conditions.

From this figure it can be seen that the transient response
of the aircraft dies out after 20 sec, except for the case when the vertical
canard acts alone, a case which does not result in any significant improvement
in the dynamic response of the controlled aircraft, To illustrate the
effect of each control surface configuration on the r.m,s. levels of lateral
acceleration of the modified aircraft Figure 6,19 should be considered, The
best result was obtained when all the lateral control surfaces were employed
simultaneouély. A reduction of 63% in the r.m.s. value of lateral
acceleration has béen achieved in this case, Approximately thé same
reduction (64.5%) was achieved when the aileron and rudder combination was

employed, 1In Figure 6,19(b) it is shown that aileron-rudder-vertical canard
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and ajileron-rudder configurations use the least r.m,s, deflections of the
control surfaces, When the actuator dynamics were included in the feedback
. loop the levels of acceleration did not increase significantly, It was
found in the deterministic case that the rate and deflection limits
associated with the control surfaces were never exceeded, To obtain better
information about the relative effectiveness, of each single control surface
and when they act all together, for the weighting found from WAYMX the
digital program SSCOM was used to evaluate the command. inputs required for
each modification to achieve a steady bank angle of ¢c=20. The results

obtained when using this command vector with the optimally controlled

|
aircraft are shown in Figure 6,20 from where it can be seen ({a) and (b))
that when all the controls are used the transients associated with the

sideslip angle and the roll rate, decay in less time than when all the

controls were used together, From the curve (c) in Figure 6,20 it can be

seen that rudder induces the highest r.m.s. values of lateral acceleration

on the aircraft while aileron, vertical canard, and all three combined,

result in about the same r.m.s., level of lateral acceleration., The

effectiveness of each possible combination of the controls for a bank angle |
manceuvre (measured in terms of r.m.s. acceleration) is demonstrated by means

of Figure 6.21, which shows that the combinations of rudder-aileron or

rudder-canard result in least r,m.s., acceleration induced as a consequence

of this particular command,

The optimal feedback CONTROL LAW II was testéd for the
complete lateral aerodynamic control surface configuration, The simulated
results obtained from the use of this control law are illustrated in Figure
6,22, The favourable effect which this control law has on the ride quality

performance of the aircraft is evident from this figure, When CONTROL LAW Ii
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was used a reduction of 77,5% of r.m,s. lateral acceleration was achieved,

For the same matrix G used for CONTROL LAW I, the CONTROL LAW II achieved

the best reduction of lateral acceleration, as may be seen from Figure 6.26(a),
However, the use of CONTROL LAW II also introduced secondary effects on the
dynamic performance of the aircraft (rather like CONTROL LAW II for
longitudinal motion). A slow, gradual increase of the heading angle, ¢,

was deteﬁted in the lateral dynamic response of the aircraft, This effect
could be easily controlled by the pilot, or by a control system, provided

the lateral control surfaces did not require too large a ride quality

control of the lateral motion of the aircraft,

Optimal feedback control laws for lateral handling qualities
(CONTROL LAW III) and for different control configurations were investigated
in terms of their contribution to ride quality performance, Some typical
responses obtained from application of different control surface configurations
are given in Figure 6,23 from which it can be seen that combinations of
aileron with rudder and canard result in a response which is more heavily-
damped than that shown in Figure 6,20, For the remainder of the control
surface configurations, except the aileron acting alone, a response more

highly damped than that shown in Figure 6,20 results.

A very significant cﬁaracteristic which results when only
the aileron is used in £he feedback control is shown in Figure 6,24, For
this particular configuration CONTROL LAW III makes the aircraft unstable,
This instability results from the positive real parts of two of the eigen-
values of the closed loop system, These are given by 0,05& j(1,51). The
instability which results from this aileron-alone situation conditions the

use of this particular control law in case of failure of operation of the
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other control surfaces, Figure 6,25 shows the r,m,s, values of
acceleration and control surface deflections which result when the feed-
back.control law obtained from Model matching theory is used, From this
figure it can be scen that the maximum reduction of acceleration (48,0%)
is achieved when aileron is'acting in combination with rudder or v, canard

or both.

Table 6,3 shows the effect of the CONTROL LAWS I, II and III

on the lateral handling qualities of the aircraft,

TABLE 6.3

Effects of CONTROL LAWS I, II and III on the lateral
handling qualities of the aircraft with complete

control surface configuration

% “g Ly Tr
UNCONTROLLED AIRCRAFT | 0,02477 | 1,397 | o.0347 | 0,474
CONTROL LAW I 0.395 1.5 0.6 0. 344
CONTROL LAW 11 0.688 1.93 1,33 0.4013
CONTROL LAW III 0.5 2,25 1.1 0.444
ACCEPTABLE HANDLING 2.19 31.0 3.35 | <1.4
QUALITIES

Ydenotes wnacceptable handling qualities.
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By comparing the resulting handling qualities for CONTROL LAWS
1,1T and III with Table 4.4, it may be inferred that CONTROL LAWS I and Il
improves the handling qualities of the uncontrolled aircraft while CONTROL

LAW III achieves very similar handling qualities to those of the model.

Figure 6,26 summarizes the best results obtained for lateral

motion for the three control laws considered,
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6.3 ANALYSIS OF THE DYNAMIC RESPONSE OFlTHE MODIFIED JETSTAR AIRCRAFT IN
TURBULENT FLIGHT

The digital simulation of atmospheric turbulence was achieved
by means.of the Dryden filter which was described in Chapter 3, The
components of turbulence normal to the flight path of the aircraft were
those considered, In particular the effect of turbulence upon the motion of
the aircraft was introduced by means of fofce and moment coefficients, The
r,m, s, values 6f the vertical aﬁd the lateral components of atmosphéric
turbulence were chosen to he 7.6 and 8.4 ft/s respectively. These values
correspond to a probability of equalling or exceeding the given 9 (or o, )

‘ g g

-3
once turbulence has been encountered of 6x10 ~ and represent moderate to

heavy turbulence,

The dynamic response of the aircraft was examined for all
possible combinations of the considered aerodynamic control surfaces and
for the three optimal feedback laws as described in earlier sections, The
actuators dynamics and their nonlinearities due to power and control surface
deflection angles limitations were alsc investigated. A non-linear controller
was considered in order to improve one undesirable feature of the ride
quality performance of the modified Jetstar, The analysis of the results
was based on the r.m.,s, values of both acceleration levels and control
surface deflection angles obtained from turbulent flight, As in the
deterministic analysis longitudinal and laterﬁl motions were studied

separately,
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6,3.1 Llongitudinal Motion Analysis

6.3.1,1 Effectiveness of CONTROL LAWS T,IT and III

The same control laws and procedure which were employed in
the deterministic aﬁalysis of the controlled aircraft were considered in
the stochastic analysis, The effectiveness of the deterministic optimal
feedback control laws was examined in the presence of digitally simulated
atmospheric turbulence, CONTROL LAW I was used, like for the deterministic
analysis, as the basis for the analysis of the longitudinal motion., The
effectiveness of each optimal feedback control law was judged by comparison
with the dynamic response of the aircraft with locked controls when
disturbed by atmospheric turbulence, Figure 6,27 shows a typical result
obtained when CONTROL LAW I was employed., In this case elevator is acting
alone, From 6.2?(3)(b) and (c) it can be seen that the absolute values of
w, q and a, have been effectively reduced compared to the uncontrolled
aircraft, The strong effect of the elevator is evident from Figure 6,27(b),
From this figure it may be inferred that the reduction of the r.m,s, value
of pitch rate is accompanied by higher frequency components which in turn
appear in the normal acceleration response., This particular type of small
amplitude, high frequency dynamic response is known as 'cobblestone effect’
and evidently it would be annoying for the passengers of a transport
aircraft (see Figures 2,2 and 2,3 in section 2,2). As will be shown later
a non-linear function could be used to reduce these high frequency effects,
It can also be deduced from Figure 6,27(c) that CONTROL LAW I achieves a

considerable reduction in the r.m,s, value of normal acceleration,

Figure 6,28 illustrates the effect of different control

surface configurations and actuator dynamics on the character of the r,m,s.
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normal acceleration, The best results were obtained when the elevator was
involved in the control surface configurations (see Figure 6.28(a)).
However Figure 6.28(b) shows that the elevator was used more than any other
control surface when it was acting in combination, The maximum reduction of
r.m.s. normal acceleration (18.5%) was achieved when all the longitudinal
control surfaces were acting simultaneously, When the actuator dynamics
were considered the ride performance of the aircraft was slightly degfaded
for every configuration, Due to time lags introduced by the actuator
dyﬁamics the control law required more activity from the control surfaces
(Figure 6.28(b)) and this extra activity in turn affected the acceleration
levels induced on the aircraft, Whether the actuator dynamics were
considered or not, the deflection angles of the control surfaces did not
exceed the specified deflection limits, as can be seen from inspection of
Figure 6,28(b), However, when the rate limits of the actuators were
considered the control surface configurations employing elevator were
affected favourably while for the other configurations the performance was
unaltered., To account for this result consider Figure 6,29,1 which shows
how the actuator rates required by the control law vary with time when all
the control surfaces are used, It is evident from inspection of this figure
that the elevator must act very fast in order to perform the commands from
the control law, At the same time very slow performance is required from
the spoileré, with even slower response needed from the horizontal canards,
although these control surfaces are each capable of achieving much faster

responses than the elevator. All these effects are a consequence of the

choice of the control vector weighting matrix, G, which was derived from |
the program WAYMX (Section 4.5). iHowever, consideration of the non-linearities

of the actuators, due to inherent power limits, resulted in better ride
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quality performance for configurations employing elevator in combination
with spoilers, or canards, or both, than for the same configurations

* without considering actuator dynamics, Although no general conclusion can
be drawn from this particular result an explanation can be offered. The
consideration of the rate limits on the elevator activity resulted in

higher r,m.s, values of deflection angles of the control surfaces employed
in conjunction with the elevator (Figure 6.28(b)) which assisted in the
reduction of the levels of the r.m,s, acceleration (20%)., For this
particular configuration, and weighting of the control vector, the rate
limits effectively result in approximately on/off activity of the elevator
{See Figure 6,29.1(cj); It could therefore be possible to achieve similar
results if instead of using the linear control law, an on/off controller for
the elevator was employed. However such an investigation was outside the
scope of this research and therefore further investigation‘was pursued,

To use the dynamic characteristics of spoilers and horizontal canards more
effectively some different choices of the matrix G, which were empirical in
nature, were investigated. From these investigations few conclusions could
be drawn; however, for any attempt to reduce the relative effectiveness of
the elevator resulted in higher levels of acceleration emphasising once more
the major importance of the elevator in any ride quality control configuration.
The same effects in smaller scale were identified when the relative effective-
ness of the spoilers was reduced, On the contrary when the relative
effectiveness of the canards was increased degradation of the ride quality
performance ensued, This particular result indicates that horizontal
canards do not necessarily improve the ride performance of this aircraft,
These results reinforced some conclusions drawn so far in respect of the

significance of horizontal canards in the ride quality control system,
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Figure 6,29,2 shows the results obtained for the rates of activity for a
control surface configuration whichjemployed all the controls and in which
they were weighted such that the relative effectiveness of spoilers increased
whiie that of the elevator decreased. At the same time canards effectiveness
was kept low, From the\same figure it is apparent that the elevator acted
within its rate limits while the spoilers were capable of even higher rates,
Although the 18,2% reduction of r.m,s. acceleration relative to the
uncontrolled aircraft was not as high as that obtained when the weighting
{from WAYMX) corresponding to the results shown in Figure 6.29.1 was

employed a better weighting of the state vector would undoubtably improve

the results,

fhe optimal feedback CONTROL LAW II was investigated for two
configurations [elevator alone and elevator-spoilers-h.canards) in turbulent
conditions, Figure 6,30 shows the dynamic response of the aircraft as a
result of this céntrol law when elevator was used as a control surface,
From the figure it can be deduced that although the overall effect is
favourable in terms of acceleration, both the pitch and heave responses of
the aircraft do not achieve the dynamic performance which was obtained when
CONTROL LAW I was considered {see Figure 6,27), A 18,5% reduction of r.m.s.
acceleration was achieved with CONTROL LAW II for both elevator alone and
elevator-spoiler-h,canards configurations, However, by employing this
control law it is expected that the dynamic response of the aircraft'will
not be the 'best' as far as the motion variables, apart from acceleration,
are concerned, This is because not all the state variables are included
in the performance index when "explicit" minimization of acceleration is
considered, The same effect on w as for the aeterministic analysis (viz,
the progressive but small increase in w with time) was also detected when

gust effects were considered,
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When the optimal feedback control law for handling qualities
improvement (CONTROL LAW IIT} was tested for turbulent flight it did not
provide any ride quality performance improvement, On the contrary it
resulted in the degradation of the dynamic performance compared with that
of the uncontrolled aircraft, Figure 6,31 illustrates a typical dynamic
response of the aircraft for this control law in turbulent flight conditions.
From the figure it is evident that the use of CONTROL LAW III results in
excessive levels of pitch rate and acceleration compared to thosé associated
with the uncontrolled aircraft. The results obtained for different control
surface configurations are presented in Figure 6.32, From 6.32(a) it is
evident that the r.m,s, acceleration levels due to the application of the
control law obtained from model matching theory are higher than those of
the uncontrolled aircraft for every éombination of the control surfaces,
From Figure 6,32(b) it can be seen that the deflection angles required
from the control law, when the control surfaces were considered to act in
combination, are unrealistically high due to the absence of weighting in
fhe derivation of the control law, It is apparent from this figuré that
the control law derived for the particular model chosen for handling
qualities improvement failed to provide acceptable ride quality performance

when gusts affected the aircraft,

6,3.1.2 Non-Linear Controller

It was mentioned in the previous section 6,3,1.1 that the
use of the optimal feedback CONTROL LAW I resulted in high frequency
components in the dynamic response of the aircraft which is referred to
as 'cobblestone effect', To remove such an effect from the dynamic response

of the R,C,S, a non-linear function was included in the feedback path of
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the optimally controlled aircraft, The non-linear function used was that
suggested by FRY and WINTER [1978] and is represented by (6.7) viz:

Xg = 1xgmxgl (xyxg) Ty (6.7)

This function is represented in the block diagram of Figure 6,33.
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FIGURE 6,33: WNon-linear function block diagram

From equation (6.7) the non-linear function can be considered

as having parabolic properties with positive values of x. for positive error

0

between input and output (xi-xo) and negative values of x. for negative

0

error, The characteristic of the non-linear function is shown in Figure

6,34,
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The outputs rate of change is low for small changes between
input and éutput, while for larger changes it is intensified, 1In other
words the non-linear function is essentially an amplitude-dependent gain
function and as the gain reduces for low errors so too does the associated
natural frequency of a closed-loop system. Hence, the use of the non-linear
function should result in elimination of the high frequency components and
at the same time in a reduction of the absolute values of the state

variables employed; provided that the scaling factor 1_., of the parabola

f
is chosen correctly, For any particular motion variable the value of the
scaling factor of the parabola [Tf) should be chosen such that it will

account for maximum deviations from the mean,

The implementation of this non-linear function in the feedback
loop of the optimally controlled aircraft is described in the following

block diagram,
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ride control system
The non-linear function was tested for the CONTROL LAW I
and was employed in the configurations of elevator only and elevator-spoilers=-

h,canards, The scaling factors Te sTg sooeTes were chosen to be equal for
2 n

1
each state variable, Different values of t_ were tested for the two control

f
surface configurations, A typical result is illustrated in Figure 6,36 for
1f=75 which was obtained when elevator only configuration was considered,
The figure demonstrates that the frequency was reduced and that acceleration
was also reduced. Aléhough the pitch rate r.m.s. level increased this
nevertheless could be kept low if the value of T was chosen appropriately.

In this particular case a reduction of 20% of acceleration was achieved

improving by 2% the reduction of acceleration achieved by CONTROL LAW I.

For the configuration of elevator acting in conjunction with
spoilers and h.canards the non-linear controller did not offer any

improvement on the r.,m,s, levels of acceleration,
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For the configuration of elevator acting alone the effect
of the non-linear function was also evaluated from the number of
exceedances of specific levels of acceleration. Table 6,2 shows the
percentage of exceedance of representative acceleration levels achieved

by CONTROL LAW I and non-linear controller,

TABLE 6.2

o, in g units % of Exceedance
z CONTROL LAW 1 NON-LINEAR CONTROLLER
0.005 7 97,5% 98.3%
0.05 75,8% 70,8%
0.15 - 38,3% 35.8%

From Table 6,2 it can be deduced that the use of the non-
linear function increase the number of exceedances of low values of
acceleration and reduced the number of exceedances of higher acceleration
levels, However from inspection_it appears to have eliminated some of the
high frequency components reducing the higher acceleration levels, Figure
6,37 summarizes the results obtained for the three control laws and the non-
linear controller for the elevator on its own and elevator spoiler canards

configurations,
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It can be seen by comparison of the results obtained for the
two different configurations that very similar ride performance is achieved
in both cases. However, consideration of the configuration of elevator
and spoilers acting together could improve even further the results if the

weighting of the contrel and state vectors is appropriately chosen,
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6.3,2 Lateral Motion Analysis

The lateral dynamic response of the optimally controlled
aircraft in turbulent flight was studied for the same control laws which
were employed in the deterministic analysis, All the control surface
configurations were investigated for the three optimal feedback control laws
which were discussed earlier, The aircraft lateral dynamic responses due
to turbulence were evaluated for 30s digitally simulated flights, The
effectiveness of each control law was judged according to the resulting
r,m.5, values of lateral acceleration and deflection angles activity of the
considered control surfaces, CONTROL LAW I was also used as a basis in the
analysis, CONTROL LAW II was used for comparison as in the longitudinal
motion analysis, CONTROL LAW III was employed for all the configurations
to show the ride quality effectiveness of the control law derived for

handling qualities improvement, when turbulence is encountered,

Figure 6.38 illustrates the dynamic response of the aircraft
in turbulence when CONTROL LAW I and all the lateral control surfaces were
employed, From this figure it can be seen that CONTROL LAW I acts favourably

by reducing the r.m,s., values of the motion variables p,R and ay,

The results obtained with the same control law for all the
possible combinations of the control surfaces are summarized in Figure 6.39.
This figure shows that the maximum reduction of lateral acceleration (40%)
was achieved when all the three control surfaces (rudder-ailerons-v.canard)
were used simultaneously. A comparable reduction of r.m.s. acceleration was
achieved when ailerons and rudder were acting together (38%), However, it
is important to emphasize the 'low' weighting of the canard which was derived

from WAYMX, It is evident from Figure 6,39(b) that the v,canard has been
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used very little in all configurations and therefore its abilities could
be underestimated from these results, In order to illustrate the effective-
ness of v.canard in a configuration employing rudder and ailerons different

empiricdl G matrices were investigated,

Figure 6,40 shows the rate of activity required from the
control_léws for each control surface when all were employed simultaneously.
It may be seen that although the rudder and ailerons were activated by the
control law equally the vertical canard was penalized. The use of WAYMX to
derive the weighting elements of the control vector gave similar results for
the vertical canard as for the horizontal canards used in the longitudinal
motion, Although with this weighting this configuration provided the higher
r.m,s, reduction of acceleration it was decided to investigate other
weighting matrices giving more authority to the vertical canard. From the
brief investigation which was carried out, it was determined that the
weighting of the G matrix obtained from WAYMX was providing the best results,
Hence, any further improvements of the ride performance of the aircraft
should be achieved by appropriate manipulation of the Q and G matrices

simultaneously,

For the configuration employing all the lateral control surfaces
CONTROL LAW IT was investigated for stochastic inputs, The weighting
‘matrix Q was chosen by a trial and error method while G was derived from
WAYMX (G=diag{0.5,2.0,0,08}), Figure 6.41 illustrates the dynamic response
which resulted when CONTROL LAW II was employed, It can be seen that
significant reduction of acceleration (35%) was achieved, However, the roll
rate has been increased but by insignificant amount, The knowledge gained
by manipulation of Q matrix was valuable, When Q was chosen to be equal to

1,0 it resulted in the degradation of the performance of the uncontrolled
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aircraft by a 30% increase of the r,m,s, acceleration level, This choice

of Q matrix resulted in a relatively heavy weighting of the control surfaces
which in effect affected undesirably the dynamic response of the aircraft,
On the contrary the final choice of Q as being equal to 0,001 resulted in
thé dynamic performance shown in.Figure 6,42, As for the deterministic
input analysis the use of CONTROL LAW II resulted in a slow gradual.increase
of the heading angle, 4, For a 30s simulation the heading angle increase

by 6°, This slow increase of the heading angle could be controlled by a
control system or the pilot of the aircraft as soon as the deflection angle
saturation limits were not exceeded allowing the control surfaces to be used

for other tasks.

The control law derived from model matching theory (CONTROL
LAW III) for lateral motion achieved significant reductions of r.m,s.
accelerations, Figure 6.42 illustrates the lateral dynamic responses of
the aircraft obtained with this control law when all the lateral control
surfaces were employed, The use of this control law achieves significant
reduction in sideslip which in turn reduces the acceleration effectively.
For this particular éonfiguration a reduction of 45% of r.m.s. acceleration
has been achieved, The instability due to ailerons alone configuration
was also detected in the turbulent flight analysis, Figure 6.43 summarizes
the results obtained by CONTROL LAW III for all possible configurations.
It may be inferred from Figure 6.43(a) that when aileron was used combined
with the other control surfaces resulted the best reduction of r.,m,s.
acceleration (45%). Although CONTROL LAW III achieved for particular
configurations the best results, as compared to CONTROL LAWS I and II, in
terms of ride quality performance it does not guarantee stability in case

of failure of operation of rudder and vertical canard,
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The nonlinear controller described in the section on
longitudinal motion with atmospheric turbulence was tested for the lateral
motion, Figure 6.44 illustrates the dynamic responses achieved when Te
was chosen to be 400, 1t can he seen from this figure that a slight
improvement of the ride performance resulted(30%)., The use of the nonlinear
controller degraded the performance obtained by the CONTROL LAW I acting on
its own, Thus the nonlinear controller did not provide any improvement to
the lateral ride quality performance of the aircraft, However, this result

would be easily predicted since lateral motion is not characterised by the

high frequency components which were evident in the longitudinal motion.

The results achieved by CONTROL LAWS I, II and III are
summarized in Figure 6,45, It can be seen that maximum reduction of
acceleration has been achieved by CONTROL LAW IIT (45%)., By comparison of
the r,m,s, values of the deflection angles it may be inferred that if
similar to CONTROL LAW III activity of the.control surfaces would be
required from CONTROL LAW I or II then even better results could result

if appropriate choice of Q matrix could be made,
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7.1 INTRODUCTION

It is evident from the work reported in Chapter 6, which
concerned a detailed study of the dynamic characteristics of the subject
aircraft, that a considerable amount of detailed study is required before

the structure and parameters of any R.C.S, is finally chosen,

In this chaptér are presented a congenf review of the important
points to be found in Chapter 6, for the implementation of modern control
theories in conjunction with the use of Direct Lift Control (D.L.C.) and
Direct Side Force Control (D,S.F.C.) on an aircraft, The conclusions.
resulting from the work reported in Chapter 6 could be used as a basis for
the design of a R,C.S. for future aircraft which would be capable of using
the A.C.T, concept as a means of controlling ride comfort. The end of this
chapter is devoted to the design procedures which would be required in order
to furnish a design method, similar to that which was considered in this

research for a R.C.S.

As a result of the experience gained from this research some
useful recommendations for anyone who adopts the same design concepts for a
R.C.S. for an aircraft are also given, Finally the role of simulation in

the investigation of A,C,T, and C.C.V, concepts is discussed.
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7.2 RIDE QUALITY BENEFITS FROM THE USE OF OPTIMAL R.C.S, ON THE MODIFIED
JETSTAR (CCV)

As a means of designing a R.C.S5. for an aircraft the active
control (CCV) approach was found to be beneficial in terms of the reduction
of normal and lateral r.m.,s, acceleration levels achievedf. The use of the
A,C.T. concept in this research made it possible to employ modern control
theories for a multivariable treatment of the aircraft dynamics. Both
linear optimal control and model-matching theories were employed to derive
feedback control laws which drove the conventional and auxiliary control

surfaces of the rigid body Jetstar CCV.

The consideration of the optimal feedback control laws derived
from theory (CONTROL LAWS I and II) for the command input situation resulted
in a reduction of the r,m,s. levels of normal and lateral accelerations (caz
and 9, respectively) . of approximately 80%, The same control laws only
achieved reductions of the order of 20% and 40% for da and 9, respectively.
when atmospheric turbulence was encountered, i y

The feedback control laws for handling qualities which were
derived from model matching theory {CONTRQOL LAWS III}, were considered for
the same comﬁand input conditions as CONTROL LAWS I and II. The maximum
reduction of r,m.,s, acceleration achieved by CONTROL LAWS 111 was of the
order of 50% and 60% for o and v, respectively, The same control laws
when tested in turbulent flzght resilted in a reduction of o by 45%,
However, CONTROL LAW III failed to achieve any reduction of normal r.m,s.
acceleration in turbulent conditions. On the contrary it degraded the ride

quality performance of the aircraft when compared to its uncontrolled

situation, Table 7.1 summarizes these results,

T reduction of r.m.3. acceleration levels refers to the reduction achieved by

comparizon to the r.m.8. acceleration levels of the wneomtrolled aircraft.
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TABLE 7.1
Deterministic Inputs Stochastic Inputs
50fc_,0
z %y % of g %ofoa % of ¢ % of g
reduction 2 Y % Y
reduction reduction reduction reduction
CONTROL LAW 1 77% 65% 18,6% - 40%
CONTROL LAW II 79% 77% 18,4% 36%
CONTROL LAW III 60% 48% FAILED 45%

The longitudinal handling qualities of the uncontrolled aircraft
were not improved when CONTROL LAWS I and II were employed (see Table 6,2),
whereas the implementation of CONTROL LAW III resulted in improved longitudinal
handling qualities for the aircraft, However, when CONTROL LAWS I,I11 and IIL
for lateral motion were investigated in terms of the resulting handling
qualities it was found that they each improved the handling qualities of

the uncontrolled aircraft (see Table 6,3).

The conventional and auxiliary aerodynamic control surfaces
which were used in the ride control schemes for longitudinal and lateral

ride quality control were investigated for all possible combinations

between them and for all the control laws,

The ability of each control surface configuration to affect
the motion variables of the aircraft, and particularly the r,m.s.

acceleration levels, was investigated for the uncontrolled and the optimally

controlled airecraft,
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As a result of this investigation it was determined that for
longitudinal ride control the elevator was the most important control
surface, However, it was found that consideration of the elevator only
as a configuration for ride control would require very high levels of rate
aétivity from the actuating elements associated with it and so the
implementation of another control surface would be undoubtedly required.
The auxiliary control surface spoilers and horizontal canards were
investigated further for this purpose. It was found then, that the
consideration of spoilers in conjunction with elevator was beneficial in
terms of relieving the excessive rate activity demanded for the elevator,
It was pointed out in the analysis of the results that for different
selections of Q and G matrices this configuration would be normally
expected to provide the best results, This assessment is consistent
with the results obtained from Jacobson and Lapins [1977] which concluded
an effective R,C.S. for Jetstar longitudinal motion employing the elevator
acting in conjunction with flaps, From the investigation on the effectiveness
of horizontal canards it was found that they did not necessarily improve
the ride performance for this particular aircraft and in the flying
conditions considered, The horizontal canards could be probably found to
be more effective at higher speeds and altitudes where spoiler use would be

considered to be inappropriate,

From the lateral motion analysis it was determined that the
conventional control surfaces, rudder and aileron, were the major
contributors for minimizing lateral.r.m.s. accelerations, However the
consideration of the vertical canard acting in conjunction with the two
conventional control surfaces resulted in the best lateral ride quality

performance, A more careful manipulation of the Q and G matrices could be
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expected to improve even further the results achieved with this

configuration,

A consideration of the incorporation of actuator dynamics of
the aerodynamic control surfaces in the system model degraded slightly the
ride performance of the aircraft, The actuators were described by first
order differential equations and had an insignificant effect on the dynamic
response of the aircraft, Second-order actuators (as for elevator and
rudder) had a more noticeable effect upon the dynamic response of the
aircraft., A natural consequence of considering actuator dynamics is the
consideration of their physical limitations, The nonlinearities which
resulted from the physical constraints of the actuators affected only the
longitudinal motion when elevator was in\}olved° Effective use of the
spoilers removed the consequences of these nonlinear effects due to actuator

limitations,

From the investigation which was carried out on the r,m.s.
deflection angles required from CONTROL LAWS I and II and all the control
surface configurations employed, it was indicated that the operation of
the controls remained well within their constraint limits., This feature
ensured that for these control laws the ride quality system would not use
all the effectiveness of the control surfaces and hence it would enable
the pilot or control system to perform other flight tasks, On the
contrary CONTROL LAW IIT allowed unrealistically excessive use of the
longitudinal control surfaces which contributed to the degradation of
the dynamic performance of the aircraft, However, although the implementation
of CONTROL LAW III for lateral motion resulted in higher r.m.s. levels of

deflection angles than when CONTROL LAWS I and III were employed, these

S
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still remained well within the design limits,

The low r.m.s., deflection angle levels of the control surfaces
apart from allowing the controls to be used for other purposes is desirable
for the life of the mechanical componénts associated with the actuating
elements., This characteristic is a significant factor for determining the

implementation of the considered control laws,

From the investigation of the longitudinal dynamic response
for turbulence it was determined that the minimization of acceleration
was accompanied with high frequency components which introduce discomfort,
To test whether these high frequency components could be eliminated a
control element, with a non-linear function was inserted in the feedback

path of the ride control system, A brief investigation of the non-linear

function revealed a slight reduction of r.m,s. acceleration level (2%) for
and slight eliminatién of high frequency components for the configuration
employing elevator, The favourable effects of this non-linear function
should be further explored in order to achieve better improvements on the

dynamic performance of the aircraft,.

From comparison of the three éontrol laws employed in terms
of the resulting dynamic stability of the aircraft it can be said that
CONTROL LAWS I and II guaranteed the stability of the aircraft since G and
G matrices were chosen to be positive semidefinite and positive definite
respectively, For CONTROL LAW III on the contrary there does not exist any
theoretical way of predetermining the stability of the aircraft other than
choosing the model matrix appropriately. 1In order to ensure stability of

the closed-loop system the model matrix should be chosen such that the
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resulting closed-loop characteristic equation will have all its roots
with negative real parts, The stability considefations of the closed-
loop syétem make the choice of the model matrix more difficult. The
particular choice of the model,maﬁrix made for lateral motion resulted

in dynamic instability of the aircraft when only aileron was used,
Although for the other six configurations aircraft was stable any
- configuration employing the aileron is potentially unstable in the event
of a failure of the other controls. This has important ramifications for

control system redundancy implementation,

However, the implementation of CONTROL LAW II resﬁlted in
secondary effects on the dynamic response of the aircraft for both
longitudinal and lateral motion, For the longitudinal motion these effects
were the slow gradual increase of the vertical velocity, w, which was
accompanied by a gradual decrease of perturbed longitudinal velocity, u.
These effects were due to the existence of the phugoid mode which was not
completely eliminated from the dynamic response of the aircraft by the
R.C.5, A similar effect was observed for the motion variabie ¢ of the
lateral motion, These secondary effects'by no means reduce the favourable
ride control effectiveness of CONTROL LAW II since they can be easily
controlled by the pilot or by some other automatic flight control system,
The activity of the control surfaces due to the R,C.S, would allow
adequate control surface authority for the effective elimination of such

secondary effects,

From the foregoing discussion it is evident that optimal
control and model matching theories can be used to improve the ride

comfort of an aircraft provided there exists some means of measuring the
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state variables of the aircraft, The state variables which had to be
measured in this research were all physically measurable by currently
availablé sensing elements, It is therefore possible to implement the
feedback CONTROL LAWS I and II for longitudinal and lateral motion
provided that it is ensured that the resulting handling qualities of the
aircraft remain acceptable, At the same time CONTROL LAW III should be

further investigated before it is considered for use as a R,C,S. law,

7.3 DISCUSSION AND FUTURE RECOMMENDATIONS FOR AR,C.S, DESIGN METHOD

A,C.T. and CCV concepts have been employed in this research
to derive, on the assumption of rigid-body motion only, a R,C.S. for the
NASA Jetstar aircraft, From the experience gained in the investigation
carried out on this particular aircraft it may be concluded that the
efficiency of a R.C.S5, resides in the following factors:

1. Aerodynamic efficiencj.of the control surfaces selected
for the R,C,5S.

and 2, Effectiveness of the feedback control law,

Apart from these two important factors the R.C.S, impleméntation depends
on the efficiency of the actuating elements, the life constraints, and
also on the availability of necessary sensing elements which would be
required to measure at any time the aircraft motion variables, However,
since the dynamic response required from the actuators for the optimal
feedback control laws (I and II) is possible u#ing currently available
actuators, and also since the sensing elements needed to measure specific
motion variables are normally available on any aircraft the attention in

the design method of a R.C.S. was centred on the twe factors mentioned

above,



226

7.3.1 Aerodynamic Efficiency of the Selected Control Surfaces for the R.C.S.

The aerodynamic efficiency of the control surfaces employed
on an aircraft configuration is a factor of primary importance for the
aerodynamic and dynamic performance of the aircraft and as such it must

be considered at the early stages of the design,

The factors which determine the aerodynamic efficiency of a
control surface are first the effective moments and forces which it is
capable of generating and then the drag forces which they induce on the
aircraft throughout its flight envelope, It is therefore the aerodynamic
design, that is, the effective area, the planform, and the location, of
the control surface which must be optimized to obtain a required aerodynamic

efficiency.

The aerodynamic control surfaces which have been used for
the study of the longitudinal R,C.S. were the conventional elevator and the
auxiliary control surfaces: spoilers and horizontal canards, From the
analysis on the relative effectiveness of the contreol surfaces being
considered it was determined that for the low-speed, low-level flight case
being investigated the elevator was the Jetstar's most effective control
surface for ride control; however, its implementation required the use of
some other auxiliary surface to offset some of the workload required by the
ride control mode., Speilers were the surfaces found to be most suitable for
this purpose, For the same flight conditions the horizontal canards
selected did not improve the ride performance of the aircraft. However,
although for higher speeds and altitudes of the aircraft the elevator force
and moment coefficients remain approximately the same, as may be seen from

Figure 7.1, the use of spoilers would have an adverse effect on the
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aerodynamic performance of the aircraft, Since the speoilers have to

operate from a biased position their use at higher speeds would result in

an exceedingly high drag penalty on the aircraft, At such flying conditions
the horizontal canards could probably be used effectively for ride control,
since for these higher speeds they could be expected to become more effective

with the advantage of lower drag when compared to spoilers,

From studying appropriate lateral controlnsurfaces for the
R.C.S. it was found that when both the conventional control surfaces, the
rudder and ailerons, were used they provided good ride quality performance
for the aircraft. The use of the vertical canard in conjunction with the
rudder and the ailerons resulted in the best lateral ride performance of
the aircraft, Hdwever, although for higher altitudes (reduction in air
density) the effectiveness of rudder and ailerons remain the same for
higher speeds, the effect of the ailerons on the yaw motion of the aircraft
is reduced (see Figures 7,2 and 7.3}, and therefore, at higher speeds, it
can be expected that a vertical canard would be found to be even more useful

for ride control,

It is important to emphasize that the choice of the dimensions
and location of the vertical and horizontal canards was wholly empirical,
More detailed selection of these contour surfaces would be expected to

provide better results in terms of the ride quality control of the aircraft,

In this research the concept of the CCV was employed through
the agency of additional control surfaces on the Jetstar aircraft in order
to improve its ride, Use of the other CCV functions could result in
significant reductions of the size and weight of the aircraft. In particular,

it is expected that a CCV will not require such a great area for vertical
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and horizontal tails with resulting savings in weight and drag which will
either result in improved performance, or will allow the size of the
aircraft to be scaled down to achieve lower operating costs., Active control
can be used then to drive conventional and auxiliary control surfaces in

~ order to augment the restoring moments needed for the stability and control

of the aircraft,

7.3.2 Effectiveness of the Optimal Feedback Control Laws

Optimal control and modelematching theories can be used quite
easily to derive feedback control laws for the purpose of improving the ride
quality and the handling qualities of an aircraft, Both optimal centrol and
model-matching can achieve desirable levels of ride quality performance as
well as providing acceptable handling qualities. For the optimal output
regulator the design objectives are achieved by appropriate choice of the Q
and G weighting matrices; for model-matching the method requires a choice of
a suitable model matrix. In the following sections of this chapter the
required procedures for choosing appropriate matrices for Q and G, and for
the model matrix will be presented based upen the experience gained from this

research,

7.3.2,1 Choice of the weighting matrices Q and G

It has already been emphasized thét the choice of the matrices
Q and G is an important step for the determination of an optimal R.C.S. In
this research the objective of the R,C.5, was to minimize normal and lateral
accelerations induced at the c,g. of the aircraft, The minimization of
acceleration with optimal control was attempted by means of minimizing a
quadratic performance index, Two different performance indices (P,I,) were

considered for this purpose, The first consisted of all the considered
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elements of the control and the complete state vector which was assumed to
be completely observable, (The aircraft system {A,B) was completely
controllable}, The second P,I, consisted of the acceleration and the control
vector, The feedback control law which resulted from minimizing the first
P.I. was called CONTROL LAW I while that which resulted from minimizing the
second P,I, was called CONTROL LAW II. The difference between these two
P.I.'s in terms of weighting matrices was that for CONTROL LAW I thé state
and the control vectors were 'directly' weighted by the matrices Q and G;
while for the second P,I. the weighting by the Q and G matrices only
influenced the output vector via the matrices C and D, (see equations{4.46)).
For CONTROL LAW I the original choice of the Q and G matrices was based on
the digital program 'WAYMX' (see section 4,5.,1), For CONTROL LAW II, G
matrix was derived from 'WAYMX' (same as CONTROL LAW I) while Q was chosen
empirically, From Table 7.1 it is apparent that the results obtained from
CONTROL LAW I for 'WAYMX' weighting were reasonable, Further manipulation
of only the matrix, G, did not alter the results significantly. Howevef,

the matrix G for CONTROL LAWS I was treated in a way such that it would be
possible to derive conclusions about the relative ride control effectiveness
of each of the considered control surfaces on the optimally controlled

aircraft,

In the investigation of CONTROL LAW II, the matrix Q+ only
tested for several different values, A typical example of the importance of
particular choices of Q on the lateral acceleration of the aircraft for

turbulent flight is given in Table 7,2,

Tﬁbte: for CONTROL LAW II Q 8 a scalar, or a matrix of order [1x1]




233

TABLE 7.2
G Q g, % reduction
y
UNCONTROLLED L _ E
__ AIRCRAFT _ ol R
.1 0,035 -43%
CONTROL LAW II diag{.5,2.0,0,08} | ,01 0,0175 28%
,001 | 0,0155 36%

From the investigation carried out using different weighting
matrices, Q and G and from the analysis of the equations describing a
acceleration it is believed that some quantitative relationship between the
choice of these two weighting matrices and the resulting control exists.
This relationship would be influenced directly by the coefficients of the
acceleration {i.e. the output) or the state equations of the aircraft, If
such a relationship exists it ought to be possible by siﬁultaneous treatment
of_Q and G matrices to achieve the maximum possible minimization of

acceleration for specified handling qualities,

The optimal feedback CONTROL LAWS I and II although providing
acceptable handling qualities for the lateral motion of the aircraft failed
to provide acceptable handling qualities for the longitudinal motion,
However, it is possible by choosing the matrices Q and G properly to affect
the eigenvalues of the closed-loop system in such a way that acceptable
handling qualities will result, Although this procedure could possibly
result in‘the degradation of the R.C,S. it is a useful method of approaching.

the problem with existing theoretical methods.

It has been emphasized repeatedly throughout the analysis of

the results that the control surfaces were operating well within their
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~1imits of deflection angle, More specifically, every control surface
employed used about 5 to 10% of its maximum capability of deflection angle.
On the contrary elevator and rudder rate limits were often very closely
approached and sometimes exceeded, To account directly for the rate limits
which result from the physical constraints of the actuators a quadratic
performance index could be considered as having as its control vector the
rate of change of the dgflection angles (éi) instead of the &eflection

“angles themselves,

However, it is not possible to predict any advantages which
may result from such control vector since the ride quality of an aircraft
expressed by means of acceleration is directly influenced from the deflection

angles of the controls rather than the rate of change,

7.3.2.2 Choice of the model matrix

As it has been seen the choice of the Q@ and G matrices for
optimal control determine the effectiveness of the resulting feedback control
laws in térms of ride quality and handling qualities improvement of an
aircraft. Similarly the choice of the model for model matching theory is
the factor which affects the resulting feedback contrel law in terms of its

effectiveness on the two performance parameters referred to above.

However, it is more difficult to choose a model matrix for
model matching than to choose Q and G for optimal control because, apart
from satisfying the two requirements for handling qualities and ride
performance simultaneously, the choice must ensure also closed-loop
stability, a property which is automatically guaranteed in optimal control

by respecting the definition of the positiveness of the matrices Q and G.
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The main problem associated with the choice of the model matrix is that in
order to achieve an improvement in}handling qualifies i.e, to assign the
eigenvalues of the closed-loop system, it is possible to affect other
characteristics of the aircraft which are closely associated with ride
control, A typical example of this type was the effect of CONTROL LAW III
on the ride performance of the aircraft, To satisfy the handling qualities
requirements the aircraft was made to behave in similar way to a model which
was defined with larger values of Zw or Mw' This in effect resulted in an
éircraft with poor ride quality control characteristics which were much in
evidence in turbulent flight., This result configured the assessments which
could be made from the ride discomfort index (R.D,I.) representation (éee
equations (2,10) and (2.11)) that‘the higher are the values of Z.w and Mw the
higher is the value of the R,D.I, which indicates poorer ride quality
performance, On the contrary CONTROL LAW III for lateral motion resulted

in favourable ride performance for the aircraft and also provided acceptable
handiing qualities, It is evident therefore that the choice of the model
for model matching theory is the key to success for the resulting control
laws in terms of stability, handling qualities, and ride improvement of an
aircraft, However, optimal control is mere flexible for this purpose since
it only requires manipulation of the ¢ and G matrices rather than the choice

of a model subjected to all the above constraints,

Figure 7.4 summarizes the design procedures required for the
design of an optimal R,C.S. when optimal control and model matching theories

are employed as the control theories for the A,C,T. approach to the problem,
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7.4 THE ROLE OF DIGITAL SIMULATION IN THE DESIGN OF AN OPTIMAL R.C.S.

With the aid of digital simulation multivariable control
theories can be analysed and tested for practical or theoretical problems,
Digital simulation made it feasible for this research to investigate a
R.C.S. for a CCV aircraft. It was found from the use of digital simulation
that the flexibility, speed, accuracy and repeatability which it provides

makes it superior to analog simulation,

It was shown in Figure 7.4 how the computational stages for
the optimization of the final design of an optimal R,C.S, could be very
long and cannot be achieved as fast and accurately By any convenient means

other than digital simulation,

From the experience gained with SLAM simulation language
(Prasad, Saoullis, Tsitsilonis [1979]) it can be said that although it is
effective in producing acceptable answers it nevertheless may cause a number
of probleﬁs in the learning phases of research studies, The main problems
which have been encountered with this language were on the simulation of a
atmospheric turbulence. Initially the simulation of the Dryden filter proved
difficult because 'lead lag' and 'simple lag' functions were used when
‘modelling the transfer function, Because the mathematical operation of
differentiation is involved in both functions, numerical instability always
resulted when sharp changes, suchras is typical of the input noise, were fed
in, As a result of this the filter had to be represented as a separate set
of differential equations, Another problem which was encountered was that
due to a fault in the SLAM compiler at Loughborough University, where

precedence was erroneous i,e, the order of evaluation of arithmetic
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operations did not necessarily occur as outlined in the language specification,
The problem was eventually circumvented by the use of shorter program

statements and bracketing where it was believed inconsistencies might occur,

However, with the aid of digital simulation it was shown how
modern control theories in conjunction with D.L.C, and D.S.F.C, principles-
could achieve substantial improvements in the ride quality of an aircraft,
The design of optimal R.C.S5. for executive jet aircraft of the STOL class
is an important step because STOL aircraft technology will undoubtedly be
influenced by the A,C.T./CCV approach, particularly at the early stages of

airframe design,



CHAPTER 8

CONCLUSTONS
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The optimal ride quality control system (R,C.S,) investigated in
this research, for a STOL executive jet aircraft flying at low level and in
the approach phase, provided substantial ride quality improvement over the
aircraft's characte;istics in the absence of automatic control by virtue of
reductions in the normal and lateral accelerations induced at the centre of

mass (c.g.) of the aircraft, . -i

The A,C.T./CCV approach for the design of the R.C.S5. of the
airéraft emerged with a different aircraft control surface configuration
by means of which the ride quality performance of the aircraft would be

improved,

The analysis of the dynamic response of the aircraft in turbulence
indicated that the longitudinal motion of the aircraft was more sensitive
to gusts than was the lateral motion, However, it was demonstrated that
the augmentation of the control achieved by conventional control surfaces
(such as elevator, rudder and ailerons) by employing auxiliary control
surfaces could provide an acceptable improvement in ride quality for both

low and high speeds of the aircraft,

The auxiliary control surfaces considered were, in the longitudipal
case, direct 1ift devices such as spoilers and horizontal canards, whereas
for lateral motion a direct side force generator employing a vertical canard

was used, ‘

The research work showed that the conventional control surfaces
of the aircraft can be used effectively for ride quality improvement,
Since their effectiveness remains approximately the same within the flight

envelope of the aircraft they can be used for ride control purposes without
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any need to alter the airframe to introduce auxiltiary control surfaces,

Although the use of the conventional control surfaces can
provide a more economical solution for ride control, by avoiding the extra
costs of airframe modificatién, it is necessary to ensure before they are
50 employed that their use for ride control would not impair their
effectiveness for the main flying tasks of the aircraft such as trim and
flight manoceuvres. A further constraint is that their use must not saturate

i.e, exceed the physical limitations of the actuators associated with them,

The consideration of the actuators driving the aerodynamic control
surfaces was found to be very important in the desiéﬁ.of a R,C.S,, for the
dynamics of the actuators and their associated non-linearities, which result
from their physical limitations, degraded slightly the ride quality
performance of the aircraft. In particular, for longitudinal motion, the
power limitations of the elevator actuator which was considered in this work
imposed the need to use another control surface (spoilers) to share the |
workload demanded by the optimal feedback control law, It can be concluded
therefore that actuator dynamics and their non-linearities must be
considered carefully at the very earliest stages of the design of any R.C.S;
since it might prove to be necessary to alter the original airframe design

of an aircraft to achieve the specific aim,

The modern control theories, optimal control and model matching,
used in this research for the design of an optimal R.C,S. were investigated
in detail., It was found that both theories could be effectively used for
improvement of both the ride quality and the handling qualities of an

aircraft, However, from the experience gained from using these control



theories, it can be stated that optimal control is more flexible for
optimal R,C.S. work since it only requires appropriate manipulation of
the weighting matrices associated with the state ana control vectors. On
the contrary, the optimization procedure required for the choice of the
model, for model-matching thecry, is_more complex since many design
constraints have to be accounted for, before it is possible to implement

a R.C.S. design resulting from the use of this theory,

From the investigation carried out on a non-linear control
function whose use was considered principally for the potential improvement
of the longitudinal motion ride characteristics the results were such as to
indicate that some considération for further use of non-linear controllers
for ride control should be given attention since it is possible to achieve
improvements in ride which are significant in regard to the frequency

content of the resulting acceleration,

Finally, from the experience gained from this research on
aircraft ride control some suggestions for future research are given here:
1. There exists a need for a continued investigation to
determine any possible explicit relationship between the
weighting matrices of the state and control vectors and
the achieved ;eduction in acceleration, subject to the
~ constraints on control surface use,
2, The exploitation of non-linear control for a R,C.S5. should
be considered particularly in respect of minimising
"cobblestone effect”,

and
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3, An extended investigation into the ﬁse of controllers
designed on the basis of optimal stochastic controls should
be undertaken to determine, if the results obtained are
significantly better than those produced by deterministic
controllers operating in turbulence conditions. It is
known that the feedback control laws obtained from the
linear quadratic Gaussian problem are identical to those
found in this work, However, this work has depended upon
the intrinsic filtering properties of the closed-loop
system to reduce the turbulence effects of the feedback

signals,

The proposed extended research would indicate whether the
undoubtedly more complicated (and expensive) computation to produce an
explicit noise filter would produce any worthwhile practical improvement

in the aircraft's ride,

It was shown in this research how modern control theories can
be applied in conjunction with A.C.T./CCV approach to derive an effective
R,C.S, for an executive jet aircraft, With the increasing demand for fuel-
efficient short haul transportation and the corresponding advances in STOL
technology the implementation of such R.é;S. on future aircraft will aim
to attract the fare-paying public by providing the levels of ride comfort
demanded and, at the same time, effectively reduce airport conjestion

problems.
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APPENDIX A

A A
DErIVATION OF THE @ AND G MATRICES FOR

THE QuTpPuT REGULATOR

The performance index which is required to be minimized for the

output regulator is given from (4.44):

Jo = %'Jm{(CETDH)TQ(CEfDE) + uCulde
0

where C,D,Q and G are (pxn),(pxm),(pxp) and (pxm) matrices and x and u

are n- and m-dimension vectors respectively.

The term (CEyDE)TQ(CEfDEJ yields:

(Cx+Dw) TQ(Cx+Dy) = x'C'QCx + u'D'QDu + x'C QD + u'p'QCx

The terms ETCTQDE_and ETDTQCE are scalars or [iXI] matrices and hence

ETCTQDE - CE?CTQDEJT - ETDTQCE
Thus (A2) can be rewritten according to (A3} as follows:

(Cx+Du) TQ(Cx+Du) = x'C'QCx + u'D'QDu + 2x'C'Qdu

Therefore
Yoy + w6n = X% + u'Gn + 2w
where ~ T
Q=CQC
G=plQn + G
and W= CTQD

It can be shown that, by completing the square,

~ An - - A
y'Qy + uT6u = X" (Q-W6TW Txe [wrl W ]G [usd k) =xQx +
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(A1)

(A2)

(A3)

(A4)

(AS)

(A6}

(A7)
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A A1, T

Q - welw

A~
H

where

CTQC - cTQD[DTQD+G]‘1[cTQD]T

cToc - cToonTeo+61 710 qc

cTt[1) - qop'ep+c] T ioc (AS)

and therefore

A .
U=u+G 1 WT X (A9)



In the revision of the airplane flying qualifies specification

APPENDIX B

AIRPLANE CLASSIFICATION

(Chalk and Wilson [1969]) the classes of aircraft were described as

illustrated in Table Bl,

TABLE B1
CLASS CHARACTERISTICS

I Small, light-weight medium maneuverability
airplanes

I1 Mediuvm-weight, low to medium maneuverability
airplanes

III Large, heafyeweight, low-maneuverability
airplanes '

1v High-maneuverability airplanes

The approach taken to distinguish different control tasks or
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flight phases in the -8785 revision, was to divide the mission flight phases

into three categories. First, the flight phases were divided into terminal

or non-terminal groups.

into two categories as defined in Table B2.

The non-terminal flight phases were further divided



TABLE B2

NON-TERMINAL FLIGHT PHASES

Categorz A: Those non-terminal flight phases that require rapid
maneuvering, precision tracking, or precise flight-
path control '

1. Air-to-air combat 6. Reconnaissance platform

2. Ground attack 7. In-flight refueling (receiver)

3. Weapon delivery or launch 8. Terrain following

4. Aerial delivery 9. Antisubmarine search

5. Aerial recovery . 10. Close formation flying

Category B: Those non-terminal flight phases that are normally
accomplished using gradual maneuvers; although
accurate flight-path control may be required,

_precision tracking is not necessary

1. Climb 5. In-flight refueling (tanker)
2. Cruise ' 6. Descent

3. Loiter 7. Emergency descent

4. Glide 8. Emergency deceleration

TERMINAL FLIGHT PHASES

Category C: Terminal flight phases consisting of the following
1. Takeoff _ 3. Waveoff (go-around)

2. Approach 4. Landing

256
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APPENDIX C

FrREQUENCY RESPONSES OF

THE AcTuATOR DYNAMICS EMPLOYED

" To investigate the frequency responses of the actuating elements

employed in the R.C.S, their Bode diagrams were considered,

Figure C1 illustrates the frequency response of a first-order
actuator associated with spoilers. It is evident from this figure that the
bandwidth of this control element is sufficiently above the highest natural
frequencies of the dynamic modes of the aircraft and hence mutual interference
will not occur. Similar responses were obtained from all the other 15%.order

actuators associated with ailerons and horizontal and vertical canards.

Figure C2 illustrates the frequency response of a an order actuator
associated with elevator. (Similar response must be obtained for the an-order
actuator of ru&der for the dynamics were assumed to be identical). From this
figure it may be seen that although there was not a major interference with
tﬁe dynamic modes of the aircraft it was expected that second order actuators

would affect the performance of the aircraft more than dynamics of the first

order actuators.
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APPENDIX D

GENERAL CHARACTERISTICS OF THE

Basic JETSTAR AIRCRAFT

D.1 FLIGHT CONDITION PARAMETERS AND STABILITY DERIVATIVES

The Jetstar aircraft was investigated for a power approach phase

descfibed by the following flight condition parameters:

. H= se;i level " _ : 5/

. Slipper Tanks Installed

. Lighf Gross Wéight

. Gear down

. 40% fiaps

o= 0.0

0
. 1.4 VS = 224 ft/s

. W= 23904 1b

. ¢.g. at 0,25C, W.L. 94.2

I = 42273 slug _£2
L{I = 126099 slug _£t?
. I_ = 160104 slug -ft2

. I =5470 slug -ft2
Xz

Table D1 summarizes the power approach non-dimensional stability derivatives

for the above flight conditions.
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TABLE DL

POWER APPROACH NON-DIMENSIOQNAL STABILITY DERIVATIVES

Longitudinal Lateral-Directional
' {Body Axis)

CL = ,737 C}’_3 = -,72/rad
CD = ,095 Cné = ,137/rad
[ = 5.0/rad C = ~,103/rad
La 28
CD = ,75/rad CL = -,37/rad
a P
C = - ,80/rad C = -,14/rad
m n
o p
Cm. = ~3,0/rad CE = ,11/rad
& T
C = -8.0/rad C = _ 16/rad
mq n, _
C = ,4/rad C = .,0075/rad
Ls ng
¢ € =_-.81/rad c. 2 = .054/rad
ms %
© 4 c. ® = .175/rad
Ys
T
C = -,063/rad
n
8
T
C = ,029/rad
%
T

Table D2 summarizes the longitudinal and lateral directional dimensional

serivatives for body axis system for the above flight conditions.
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TABLE D2

LONGITUDINAL AND LATERAL DIRECTIONAL DIMENSIONAL

" STABILITY DERIVATIVES

Longitudinal Lateral
X -.0166 Y -.140
u v
Z -.175 Y -31.2
u B
M .00131 L} -4,05
u : 8 A
X .108 N! 1.34
W B
Z -1.01 L' -1.85
W : P
M -,00991 N! -.245
W P
Ze 0. L! .517
W T
Z 0. ' -.190
4 . r
M. -.00091 , Y* 0.
M -.546 L! 2.21
q L; 6A
X 1.97 N! -.00557
g *a
Z -17.2 Y* 034
GE SR
M, -2.26 Ly 1.1
SE R
N§ -.644
R
L! -.027
T
N; -.208
g
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D.2 LONGITUDINAL AND LATERAL-DIRECTIONAL HANDLING QUALITY PARAMETERS

The longitidinal handling quality parameters considered but not

presented in this work are defined in Table D3.

TABLE D3

LONGITUDINAL HANDLING QUALITY PARAMETERS

Stg:giigtgggatlon Equation Value
a
U, st(s)
NZ , g/rad - - - for s= 0 6.32
o - BN (9)
8
N N
Control anticipation 2 G(S) 17§ (s)
2 IO R o IR e
parameter, rad/sec”/g s== B 520

A(s) represents the characteristic equation for longitudinal

motion and it is defined as follows

A(s) = {52+2;Pmp+w;}{52+2c5 Ch §+m2 } | (p1)

P sp sp

where Cp’ mp and csp and msp are fhe damping fat;os and natural frequencies
of the phugoid and short period modes of the aircraft.
For the flight conditions considered A(s) was defined as follows
A(s) = {s>+2(0.188) (0.0087)s+(0.188)%} x
{52+2(1.667)(0.532)s+(1.667)2} (D2)
Thus by comparison to D1,D2 yields

= 0.188, w_ = 0.0087, = 0.532 and = 1.667 (D3
“p P “sp ¥sp (03)

+N;(S] represents the numerator of a transfer finction X{s)/Y(s)
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D3 gives the flying characteristics of the uncontrolled aircraft
in the flying conditions considered.
" The lateral-directional handling quality parameters considered in

this work are given in Table D4,

TABLE D4

Standard Notation Definition Value

Asm: maximum sideslip
excursion at the c.g.,

occurring within two

seconds or one half -381
period of the dutch roll,

whichever is greater for

a step aileron command

|¢/8] at sztz;mn)d rad/rad 1.22

The characteristic equation for lateral motion is defined as

A(s) = (5+1/Tg) (5+1/Tp) (52+2;dwds+m§) (D4)

S

modes and cd and o

where T, and TR are the time constants of the:spiral and roll subsidence
q are the damping ratio and natursl frequency of the

dutch roll mode., For the flight conditions considered A(s) was given by:
A(s) = (s+0.00268)(s+2.108){52+2(1.397)(0.0248)s+(1.397)2} (D5)

Hence from comparison of (D4) and (D5) the flying characteristics
of the lateral-directional motion of the uncontrolled aircraft were the
following:

T, = 373s, TR = 0.474, = 0.0248 and = 1.397

o |

S L4







