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Abstract

Over the last three decades, there has been increasedintefeall authority (FA) control

systems for helicopters. Despite their great potentiatilitbe some time before all oper-
ational helicopters are able to benefit from such flight cdrdystems. Therefore, interim
methods to deliver similar levels of performance are regfljiand it is natural to explore
ways of improving current limited authority (LA) systemsdohieve this. The study de-

scribed herein investigates this topic and contributesaalre design method.

The first part of the thesis describes the construction obteeline FA controller for the
AgustaWestland EH101 helicopter. The FA controller wasgiesd using the 2DOW ., loop
shaping methodology. Details of the controller design aesgnted, together with an analy-
sis of linear and nonlinear simulation results. These rid@heacontroller’s abilities to provide
good levels of performance, across the portion of the flight®ope tested, without the aid

of gain scheduling.

The second half describes the derivation of state-spaoeufae that enables the transfor-
mation of the above (FA) controller into LA form such that tlagter controller replicates
the small-signal FA responses. Extensive analysis andlaiions are carried out for this
architecture, both at the design point and at other conditibroughout the flight envelope.
Also, the results are contrasted against a simpler LA achite and the effectiveness of the
proposed LA controller over this is shown. Both FA and LA esare complemented by an

evaluation of handling qualities information against tlesign standard ADS-33.

It is believed that the results presented in the thesis shevstrengths of the proposed LA
architecture and suggest that current helicopter hardsfarald be able to provide much of

the functionality of FA systems without requiring a completverhaul.
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Chapter 1

Introduction

Figure 1.1: AgustaWestland EH101 Helicopter [57]



1.1 Helicopter flight control systems: an overview

Helicopters are the most common form of rotorcraft, easigntifiable by their most salient
feature - a rotating aerofoil. This rotor is responsiblelfoth vertical and rotational motion
of the helicopter and provides the helicopter with the uaighility to hover over a station-
ary point for extended periods of time. For this reason,cogliers play a vital role in the
military and civil aviation industries. However, this pattlar feature is also the reason why
helicopters are characterised as a highly nonlinear, vawiéible and cross coupled dynamic
system [82], inevitably making the helicopter flight comtsgstem (FCS) design challeng-
ing [70]. In addition, helicopters are also open-loop ubkt@and most mathematical models
are unable to predict cross-coupling satisfactorily, fugher complicating the FCS design
process. There is, however, a definite requirement for aonzatic control augmentation
for assisting the pilot because, when executing certainomavres or in the presence of de-
graded visual or operating conditions, the pilot is pronfatgue as an effect of intense and
prolonged levels of concentration. Moreover, helicopteesalso expected to satisfy the han-
dling qualities requirements listed in the Aeronauticasige Standard (ADS)-33 document
[3], which outlines the control system specifications inevrith achieve adequate decoupling,

stability and manoeuvrability for a given task.

Traditionally, practitioners have solved the helicoptegtit control problem by using an ar-
chitecture that is commonly known &mited authority(LA). Within LA architectures, the
pilot has complete influence over the actuators through arachl interlinks, and basic han-
dling qualities augmentation is then achieved through aotednic controller that only has
partial authority over the actuators. This constraint aher electronic controller activity
has a significant, yet in some cases negative, impact onopédic performance. However,
during instances where the controller encounters satumatie LA architecture has ttasl-
vantageof allowing the pilot to override the electronic controlknd this makes it highly
popular in helicopter industries. It was also observed, iti@easing the authority level of
this electronic controller had a positive impact upon regter performance. Within the ro-
torcraft community, it is strongly believed that optimunmidéing qualities is best achieved
through what is called &ll authority (FA) architecture. Specific to this architecture, the

pilot demands are communicated to the electronic controllbich now has complete in-



fluence over the entire actuator range. Compared to the LEsythis architecture is less
complex; where in the absence of signal constraints, thpsogeh offers a more straightfor-
ward solution for helicopter FCS design. There are ampléissuthat reflect the success of
this architecture ([6, 8, 32, 46, 87]), prompting the apéted implementation of FA control

system in many next generation helicopters. Unfortunatedyupgrading of current opera-
tional helicopters which use LA architecture is likely tovey costly and it would therefore

be useful to seek the functionality of FA architectures wittihe constrained structure of

existing LA architectures.

The study presented in this thesis details the design of artiAitacture for the AgustaWest-
land EH101 (Figure 1.1) helicopter and this architecturesientially capable of replicating
the behaviour of a highly augmented FA controller for certavels of pilot command. For
the purpose of comparative analysis of both architectareesmprehensive design of the FA
controller is also presented. It should be noted, that as atédy of the EH101 helicopter
has not previously been conducted, the incorporation oFtheontroller design helps to
emphasise benefits of this type of architecture. Howevéoregroceeding into the design
process, it is important to appreciate the main differerteda/een the two architectures in
more detail and also explore the past studies that have hesermned in these two FCS

architectures.

1.1.1 Full authority control system architecture

In a FA architecture, as shown in Figure 1.2, the pilot’'s dedssare directly supplied to an
automatic controller which calculates the appropriatelélangle demand that is consistent
with the pilot demand. FA control systems are similar to ttendard control configura-
tion that feature in all control textbooks [28, 72]. FA atelutures also have the advantage
that they are straightforward to understand. Also, whileceiting aggressive manoeuvres
the helicopter is less likely to revert to unstable behawvisith a FA control system as no
restrictions are imposed either on the magnitude or theofatentrol signals. There is a po-
tential drawback however with the helicopter behavioungelominated by the automatic
controller, the FA control system must be constructed toeexély strict levels of safety and

reliability standards. It should be noted at this point mej that not many helicopters fea-



ture FA control systems and most, if not all, of the FA studiase come from the research

community.
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Figure 1.2: FA schematic

Early helicopter FA control systems designs have largeliset classical methods due to
their transparency and ease of implementation. In spitbaf simplicity they have been
able to provide significant improvements in handling quedit However, with the quanti-
tative specifications such as the ADS-33 becoming an esseatit of controller validation
process, it was observed by controller designers thatickdssontrol methods were not
able to effectively meet the strict standards [68], suchoasihter axis coupling, fast re-
sponse, high robustness properties. Thus, over the lastridia half decades, many modern
strategies that handle multivariable systems in a metlbdianner have been proposed for
the design of FA controllers. The earliest and the one thatea inspirational to other
researchers was the study conducted by [32] that demaosstiia¢ usefulness of a Linear
Quadratic Gaussian (LQG) based controller in generatingdader and robust controllers.
The controller was designed for the CH-47 Chinook helicoptedel and desktop simula-
tions results were successfully substantiated with fligbt tlata. Next, a two-loop feedback
structure that featured an eigen-structure assignmemt esar loop and an outer loop that
was designed using ., synthesis was proposed by [6] and showed acceptable |dvets-o
formance, robustness and decoupling in the rotorcraftoresgs. Another prominent study
that was backed with flight test results was conducted bywW8j described the design and
implementation of a Translational Rate Command (TRC) tyséesn using the Bell 205 Air-
borne Simulator. Also, a computer based flight simulatioa découpled controller based on
fuzzy logic and genetic algorithms was conducted for the UHHuey” helicopter by [40].

This method was further advocated by a study conducted Q8T presented successful



flight test results using a adaptive fuzzy logic controlled also showed that the learning
ability allowed this controller to be easily applicable tther helicopters as well. Around
the same time, an Individual Channel Design (ICD) that sifiepl the4 x 4 multivariable
control problem into two simplex x 2 multivariable problems - one for the longitudinal dy-
namics and the other for the lateral dynamics was proposédifpyA quantitative ADS-33
evaluation showed that this controller was capable of bastpgood handling qualities on
the aircraft and, also its effectiveness against crosplogywas also found to be aceptable.
Another strategy that started to take effect during thisgoewas the method of adaptive
neural networks where a nominal controller was designathusistandard methodology and
performance augmentation was then provided by the neunabrie A significant study in
this area was conducted by [46] which showed, that good itngaokas achievable despite
the presence of uncertainties due to modelling errors. Mawently, studies were conducted
that looked at the application of a sliding mode control mdtto design a rate [54] and an
attitude [55] command FCS for the PUMA helicopter. The colter was designed using a
linearised model of the helicopter in hover and the corgroNas found to satisfy the opti-
mum handling qualities requirements set out by ADS-33. Athe above approaches have
been continuously explored by researchers, such as [2,91A61 79, 92], and most have
been able to demonstrate useful performance improvemesiimualation. However, only
some of the above strategies have been supported by exdgrlsited simulation and flight
tests and some (e.g. neural network based) have little ehahobtaining the necessary

certification by the relevant authorities.

In addition to the aforementioned methodology, anothdrrigpie which has been explored
in the context of helicopter control is that &f,, optimal control. There are several desirable
features of this particular technique which are thought &kent appropriate for the control
of helicopters. Firstly, the technique is arherentlymultivariable technique, that is, it is
suitable for controlling systems where there are multipfguis and multiple outputs. Al-
though fixed wing aircraft often exhibit some quite obviogsaoupling between the lateral
and longitudinal dynamics, this is not the case for heliecgtwhile the structure is roughly
diagonal, there is strong coupling between the pitch ariddgwlamics and vice versa, and
strong interaction between the yaw rate and heave velogitbpther appealing feature of

the’H ., technique is that it allows thencertaintyalways present in mathematical models of



the helicopter, to be directly accounted for in the desiggyest For multivariable controller

design of the helicopter this is considered particularlpamiant as, for example rotor char-
acteristics are often imprecisely known and sometimestethitom models; similarly some

of the lateral-longitudinal coupling is often poorly camd by mathematical models and
hence care must be taken when designing decoupling carsolThus in many wayX .. ,

on paper at least, is an ideal technique to use for helicéipgbt control system design.

For the above reasons, over the last two decades reseahaversnade several attempts at
applyingH.. to helicopter control problems and, over this period, thekwwas progressed
from purely desktop simulation studies to extensive, piidlight tests. This interest began
in the UK during the late 1980s with collaboration betweenErefence Evaluation and Re-
search Agency (DERA) and the University of Oxford, with tiee@arch mainly focussing of
'H.., control of the Lynx helicopter with [94] formulating the grlem as a mixed sensitivity
‘H .. optimisation and [89] applying th& ., loop shaping method. Since then, further studies
involving collaboration between QinetiQ, University ofitester, Westland Helicopters and
the National Research Council (NRC), Canada or/£A design for the QinetiQ model of
the Bell 205 helicopter [78, 91] have proved fruitful. laitwork reported in [75] describes
the first flight test results obtained using4a, controller on the Bell 205 and later studies
reported in [77], [66], [67] and [85] showed how these resatiuld be improved. Flight test
results for the Bell 205 reported in [65] showed successfiplémentation of one controller
designed using thg{., loop shaping method as it yielded Level 1 handling qualitnesll
tested manoeuvres. These later results showed a high ddgmeesistency between desktop
simulations and flight test results and it was found that & vedatively easy to design con-
trollers which achieved borderline Level 1 handling queditratings, with only minor tuning
(based on flight tests) required to achieve optimum ratingth® basis, thé{,, method is a

very strong contender for FCS design and will thus be useldeaBA controller design tool.

In spite of the number of successes shown by the applicatiBA control systems, most, if
not all, currently operational helicopter FCS has been daiteid by the LA architecture. It

appears that in the short term, this will continue to be tiseca



1.1.2 Limited authority control system architecture

In LA architectures (Figure 1.3), the pilot's stick inputelitly influences blade angle de-
flection through mechanical interlinks known as the Prinfdight Control System (PFCS),
but the stick datum is also used to drive an Automatic Flighni@l System (AFCS) which
influences blade angle through an electronic system thatdf\glimited by theseriesactu-
ators [35]. In certain LA architectures, slower rate-liedparallel actuators are also used in
order to off-load the series actuators and prevent theg term saturation. The idea behind
LA control is to provide the pilots with small signal augmatidn in helicopter handling
gualities whilst also allowing them to override the contofor sufficiently large stick de-
mands that results in unstable behaviour. In such circuroet global stability guarantees
provided by the electronic control system are more diffitoilenforce within a LA archi-
tecture due to the constrained control signal and the codtyplef the architecture makes it
harder to assess. However, LA systems are popular amoragsitjpmers as they also do not

require to be manufactured to the same strict levels ofyséket the FA systems.
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Figure 1.3: LA schematic [85]

The study of LA control systems has mainly been addresseldeygractitioners from the ro-
torcraft community and input from the control research camity has been notably lacking.
A key study in the LA control area is reported in [7], where aeseof flight test results using
the NRC Bell 205 Airborne Simulator are described, that swbthe benefits of FA con-

troller within the LA architecture. One of the important ebgtions was that series actuator



saturation did not always result in degraded handling fjgaland could provide assistance
during aggressive manoeuvring. Not long after, a seriesairgl based piloted simulation
studies of Partial Authority Flight Control AugmentatioPAFCA) were conducted jointly
by Defence Evaluation and Research Agency (DERA) and the &/ Aeroflightdynam-
ics Directorate (AFDD). A study that investigated furthlee impact of AFCS saturation on
handling qualities in ADS-33 hover/low-speed flight testnmeuvres was that conducted
by [35] and the results reinforced the findings of [7]. A supgent simulation study, con-
ducted by the same research team, considered the impacties setuator saturation on
handling qualities in moderate aggression hover/low spesabeuvres in a degraded visual
environment [93]. They concluded that increasing the sex¢tuator authority increased the
handling quality rating by one. It should be noted at thigstthat parallel actuation was
not implemented in any of the studies above as they were ynadmicentrated at the effects
of series actuator saturation. Another study that showedgpplication of limited rate par-
allel actuation with the aim of maintaining the series atdrgclose to the centre of their
limited authority was conducted jointly by DERA and NRC [33]lso, research conducted
by University of Leicester and Westland Helicopters diseasand presented results from
the ground based piloted simulation of &, LA control system [85]. The study presented
the application ofH., mixed-sensitivity methodology in designing a FCS for thestend
Lynx helicopter in order to attain the required performaand robustness properties, with
unchanged series actuator limits. Piloted simulationsdesktop testing results suggested
that this type of system could offer an attractive solutmthie LA problem, however, paral-
lel actuators were seen as an external parameter. An inmpqag@er [31] was presented to
the American Helicopter Society (AHS) which dealt with exation of various LA attitude
command architectures for rotorcraft. According to higdgtthe best architecture was the
one which had implemented an attitude-blend out to minintiee=ffect of saturation. Also,
a study was conducted by [58], that was presented at the Eamopontrol Conference, de-
scribing a transfer function based method for the transédion of a FA single-input-single-
output (SISO) PID controller for the Bell 205 helicopter.imethod ensured a successful
implementation of a FA controller within the proposed LA latecture which was similar
to Figure 1.3 and provided small-signal (before actuatturasion) performance matching.

Any large signal instabilities due to actuator saturati@mesmitigated with the use of simple



anti-windup (AW) compensator.

1.2 Motivation for limited authority architecture

Most current generation helicopters utilise some form ofdofstrol architecture and it would
be a fair assessment to say that its design is surrounded Baa@f deal of engineering
intuition. Apart from the well documented PAFCA system [33] and LA control system
studied by [84], there has been little in the way of systeoeatd rigorous theory to assist the
engineers with the construction of LA control systems. Bberadvanced state of the art LA
control architectures [31] suffer from a “cobbled-up” apmace with controller elements
included in a fairlyad hocmanner based on prior experiences rather than any cleandesi
rules. This presents a definite need deriving a systematic method that would enable the
construction of LA control systemBurthermore, there is a lot of evidence to suggest that the
application of robust control methods within the FA arctiitee has the potential to deliver
optimum handling qualities and it would definitely be of irgst toobserve how well this

could be replicated within LA architectures that contaimigas structural constraints

Itis evident from the past research that FA control systéiifies better handling qualities than
LA control systems and from an architectural point of view tbrmer is less constrained. In

spite of these shortcomings LA control systems are stilctesen FCS in EH101,

1. asthe existing EH101 FCS utilises a LA architecture,etsier and more economical
to try and achieve the functionality of a FA controller wittihe existing structure than

completely overhauling the FCS [35];

2. the reliability standards with a LA control system anere relaxedcompared to the
FA control system because if there is a malfunction with tabissation strategy in a
LA architecture, the pilot is still able to control the h&pter via the manual control
[84]; and

3. in certain parts of the flight envelope the EH101, like ottveicopters, suffers with
chaotic vortex ring statg88] where it exhibits excessive nonlinear type behaviand
a LA controller is preferred over a FA control system herehasdituation requires a

greater control power from the pilot.



LA controllers, however, do suffer from the distinct disadtage that their control signal
magnitudes are limited to only a certain, often small, pet@ge of the actuators’ full scale
deflection. This restricts the magnitude of pilot demandwwauld produce a stable response
and at large pilot demands the system can become unstabEi@add to the already heavy

pilot workload.

1.3 Obijectives

The primary objective of this study was to produce a systematic mettogyothat would
enable an engineer to design a LA controller which has thiepeance and robustness of
an arbitrary FA controller. The process included develgmrsystematic transformation
methodologythat could then be applied to the FA controller in order toaobthe series
actuator controller component that is fully functional it the LA architecture. There are
some general design specifications that both the baselimeR#oller, and the LA controller

are required to satisfy in order to be flight test worthy.

1. Meeting high performance levels and achieving acceptableVels of stability: Per-
formance and stability of a particular controller are usupldged by the handling
qualities ratings returned by the pilot after a series ohtfliggsts. However, in cases
where flight tests are not possible then the performancealdmibinalysed using desk-
top simulations - frequency and time domain responses. QQatve analysis tools for
small, medium and large amplitude pilot demands are proMidéhe ADS-33 docu-
ment that are also used to rate the simulation results. Atsdrollers that satisfy these
desktop simulation criteria have shown in previous stutiexjuate to good handling

quality ratings during flight.

2. Decoupling the control inputs and achieving accurate trackg of pilot demands:
It is known that helicopters exhibit high levels of interisagoupling (pitch to roll, roll
to pitch, roll to yaw and so on) and this results in high pilairidoad. One of the
motivations for requiring an automatic controller is to deple these control signals

and provide accurate responses to the pilot demands. Indloaping terms, this is
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achieved by acquiring the desired shape for the sensifrgtuency response function
[53].

. Good disturbance rejection capability: Helicopters are always subject to external
disturbances as they are required to operate in highly démgenvironments. There-
fore, the controller should have the required disturbaegction capability. This re-
quirement is satisfied by acquiring the desired shape focdisensitivity frequency

response function [53].

. Coverage of the full flight envelope: The helicopter behaviour is known to vary
significantly from one flight condition to another and moshiollers require gain
scheduling in order to attain robust performance. It isg¢f@e highly challenging to
obtain a controller that could guarantee robust stability performance without the

need of gain scheduling.

1.4 Research activities

The research presented here builds upon the earlier sindiss areas of robust control de-

sign and LA architecture development with particular atmnfocused on designing robust

controllers that function correctly in LA environment. $hgtudy also carries out a FA FCS

design for the EH101 which generates the baseline set abinssg to be reproduced by the

LA FCS. The design therefore also illustrates the advastafjesing FA architecture within

helicopters. The research was mainly divided into threasare

1. Robust FA controller design: The initial phase of this study includes the design of a

baseline FA control system for the EH101. The methodologyseh for developing
this controller is the well documented 2 degree-of-freed®®F) ., loop-shaping.
[65] has shown its application to the Bell 205 helicoptet fr@duced optimum han-
dling qualities and a similak ., based FA control system for the Lynx helicopter was
used in trials in the Advanced Engineering Simulator at Ag\estland [85]. This
methodology thus provides a good starting point for FA caligr design. The con-
troller is designed for an 8-state representation of the @Hhodel at the 40kts/Oft

11



flight condition. An overview of this methodology is presesin Chapter 2 and the

details of the design process are presented in Chapter 4.

. Deriving a transformation method: The second phase of this study is to derive a
systematic procedure for designing a LA controller thatahes the performance of a
given FA controller. The developed formulae is capable kinig.an arbitrary 2DOF
FA controller and “transforming” it to acquire an equivalém series actuator con-
troller component. Such an approach guarantees that saféteamall amplitude pilot
demands and disturbances, the LA system would behave ¢déintio the FA system.
This means that any theoretical properties of the FA coetrare preserved, at least
locally, by the LA controller. Another important feature sdfich an approach is that
conventional linear controller design tools could be usealitain the baseline FA
behaviour. The formulae presented here accounts for tteepce of the parallel ac-
tuators and are more involved than the simplified approaet irs[35] and [85]. The

transformation formulae along with its derivation are prged in Chapter 5.

. Linear and nonlinear simulation: Finally, in order to verify the effectiveness of both
the FA and LA controller designs, extensive linear and m@dr simulations are car-
ried out. The linear simulations are conducted for the 2Beslinear representation
derived from the flight mechanics model provided by Agustsifded and these are
presented in Chapters 4 (FA) and 6 (LA). The LA simulationspreged in Chapter 6
is tagged linear because of the linear flight mechanics mattebugh nonlinear ele-
ments such as magnitude and rate limits are present in thgexttire. The nonlinear
simulations are carried out using the models provided bystaestland and these
are detailed in Chapter 7. This allowed for the appropriatgd signal analysis to
be conducted and also provide useful indications for furttoatroller tuning. Also,
this work provided AgustaWestland with the ability to comgthe designed controller

with their existing designs.
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1.5 Main contributions of this study

1. Application of 2DOF H., loop shaping methodology to design a FA controller for
the EH101 helicopter: The aim here was to design baseline FA controller to obtain
a performance and response criteria that the LA controesysittempts to reproduce,
and to show the benefits of such a control system within the(EHtkelicopter. The
EH101 helicopter appears to demonstrate more cross-ogugatid dynamic variation
across the flight envelope than the Bell 205 and Lynx helegptonsidered in previ-

ous studies. It was thus more of a challenge to design aaetosy 7., controller.

2. Derivation of a formula that enables the implementation of an arbitrary FA con-
troller to a LA environment: Previous studies failed to present a systematic method
for constructing a LA control system. This contribution nemables the engineer to
design an arbitrary FA controller and then apply this cosier methodology to obtain

a LA controller that guarantees identical small amplituelgponse.

3. Inclusion of the parallel actuator compensator during the design process of the
LA controller: Parallel actuators are extremely critical in LA controltgyss and this
study thoroughly examines the parallel actuator behawlowing both small ampli-
tude and large amplitude pilot demands. Unlike the preveiudies where parallel
actuators were excluded during the main design stage, heyeate made integral to

the main design process.

4. Extensive nonlinear simulation of the FA and LA controller: This study contributes
to the rapidly growing understanding of helicopter behavioy analysing the nonlin-
ear performance obtained due to the applicatiod/Qf optimal controller. The anal-
ysis is conducted in both FA and LA architectures and givea@mrate and useful

indication to some of the properties of the two very différeontroller architectures.

1.6 Thesis organisation

The work presented in this thesis attempts to explore thefiisrof using modern control

methodology for FA controller design and also attempts tabg an approach by which an
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arbitrary FA controller can be systematically implemented LA environment. The thesis

consists of eight chapters, the contents of which are adlelow:

e Chapter 2: This is the first of the two introductory chapters and it prés¢he main
notions and concepts behifg,, optimal control. The chapter places the main focus
on H, loop shaping procedure as it is the chosen methodology &désign of a

baseline FA controller.

e Chapter 3: This is the second introductory chapter and it provides @rg#gon of
the helicopter flight control system including a brief oview into the complexities
faced while flying and controlling one. It also presents th@nrelements of han-
dling qualities rating specifications that are used to dbjely quantify the controller

performance.

e Chapter 4: This chapter describes the design of a baseline/4A controller and
presents linear desktop simulation results for the Agusttlahd EH101 helicopter.
Details of the controller design are presented, togethér am analysis of the fre-

guency response functions.

e Chapter 5: This chapter presents the problems that arise while degjgniLA con-
troller and more specifically discusses the problem of upiaugllel actuators in this
system. It compares the LA architectures obtained using®f@ence signal genera-
tion schemes. Also, a state-space based formula is devetbaewould transform an
arbitrary 2DOF FA controller into a LA controller that wougdiarantee small signal

performance matching.

e Chapter 6: This chapter describes the desktop linear simulation tesbtained due
to the proposed LA controller for the EH101 helicopter. Itrsstrates the application
of the transformation formula derived in Chapter 5 and shivsuccessful realisation
of a given FA controller in a LA architecture. Also, it presenesults that emphasise

the importance of parallel actuators in a LA architecture.

e Chapter 7: This chapter presents the results obtained using the re@mllBH101 sim-
ulation model which should enable a more accurate appraiisath FA and LA con-

troller's performance. These are further complemented dpyaantitative evaluation of
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handling qualities ratings information against the desigmdard ADS-33. The anal-
ysis presented in Chapters 4 to 7 expand upon the resultwénathighlighted in [59]
and [60].

e Chapter 8: The main conclusions and findings are discussed, with drestor future

research indicated.
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Chapter 2

Background to H controller design

This chapter introduces the primary notions and concepigtdeghe# ., optimal control
strategy. This strategy appears to be ideal for helicogipli@tions and some previously
conducted studies [76, 83, 84, 88, 89, 95] have supporteddba. For these reasons this
study uses solel${ ., algorithms in the design of both the full and the equivaleAtdon-
troller. This chapter will describe the concepts underpigr{., control and will briefly
present the two most commonly usid, design methodologies: mixed sensitivity and loop
shaping. It is important to note that a significant amountitefature has already been pre-
sented by [15, 27, 72] and many others on the topics of sigmalssystems, and feedback
control theory. Therefore, this chapter will simply higitit some of the important results

related toH ., optimal control.

2.1 Signals

One of the ways by which the performance of a given contrdksyss described is in terms
of the sizeof certain signals of interest. For instance, minimising #ize of error signal

in a feedback system is essential to solve the problem ofeneée tracking and tracking
performance is judged by the size of the error signal. Sgyaia defined as a mapping of the
time variablef € [0, ), to a vector spacB” [27] and this mapping represents at each time

instant, avector
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For the above vector signa] its length, or distance from the origin, is given by

lz()]| = Vi (£)? + za(t)? + - - + @ (t)? (2.2)

This length is also known as tlauclidean distancand the associated norm is known as the
Euclidean normand is represented by the square root of the inner produbeofeéctor and

itself,

[z = Vo) Tx(t) (2.3)

wherez(t)? denotes the transpose oft). Notice that the Euclidean norm only measures
the size of signal point-wise in time and to get some idea @fsike of the signal across all
time, there is a need to introduce other concepts. The nofimsepest within the scope of
this study is the class daf, norms which, for a Lebesgue measurable sigtigl and integers

p € [1,00), are defined by

a0l = ([ et ) " (2.4

The vector signals for which the above norm is finite is saieétong to the linear signal
spaceL, that is defined as [20]

Cp:{xeR”

I, < o0} (2.5)

The £, norm is a special case of theé, norm and is the specific signal norm used in
‘H., control theory. TheC, signal space consists of the signals that have a ftaorm

and is defined as

£2={z € R"|||z], < oo} (2.6)

Noting Equation (2.4) th&€, norm of a signal is given by
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ool = ([ latol ) " ( | gxi@)?dt) N 27)

A useful interpretation ofZ, norm is that||z(t)||; represents the total “energy” associated
with the signale(¢). A special property of th€, norm is given by Parseval’'s theorem which
states, that th&€, norm of the signal in time domain is equal to thie norm in frequency

domain, i.e.

o = ol = (g | patoiian) = ([ storstiwn)
(2.8)

wherez(jw) is the Fourier transform of the signalt) andz(jw)* is the complex conjugate

transpose of: (jw).

2.2 Systems

A systemG is defined as a mapping of one signal spateto another signal spacg, [27].

G:U—Y (2.9)

Thus, for a given inputi(t) € U, the outputy(t) € ) is written asy(t) = Gu(t). This
system is calledime-invariantif a time shift in the input signal also produces a time shift i

the output signal.

y(t—71) = Gu(t — 1) (2.10)

Systemg is definedcausalif its current outputy(¢) is a function of the present(t), and the

past inputsy(7) (Wherer < t).

y(t) =0, 7>t (2.11)
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G is definedlinear if, for all u,(t), us(t) € U and a positive real scalar, it satisfies both

the superposition (Equation (2.12)) and homogeneity (Eon#2.13)) properties.

G (uy(t) + ua(t)) = Gua(t) + Gua(t) (2.12)

G (aur(t)) = aG(u(t)) (2.13)

The above linear time-invariant (LTI) system could also bpresented as a convolution

integral

y(t) = /0 ' o(t — Pyu(r)dr (2.14)

whereg(t — 7) is time shifted impulse response of the systém Linear systems could
be expressed as a function in the Laplace variablenown as thdransfer function This

transfer function is obtained by taking Laplace transfoomthe integral in equation 2.14.

y(s) = G(s)u(s) (2.15)

Systems that are described by linear differential equatieroften represented in state space

form as

#(t) = A@)a(t) + B(t)u(t)
y(t) = C)a(t) + Dt)u(t) (2.16)

Also, asg is assumed to be linear time-invariant then the above nestidte constant and

the transfer function matrix of the system is obtained byueatang

G(s)=D+C(sI —A)'B (2.17)

However, real control applications can rarely be represkas linear systems as most of
them, if not all, arenonlinear A given system is said to be nonlinear if the mappihg

U — Y does not satisfy either the superposition or the homogepseiperties, i.e.
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G (au(t) + Bua(t)) # aGua(t) + BGus(t) (2.18)

for all scalarsy, 5 and for allu, (t), us(t) € U [27]. The input-output behaviour of a nonlin-

ear system can usually be represented as a set of diffdregtiations

:L‘(t) = f(x,u,t)
y(t) = g(x,u,t) (2.19)

Linearity of a system could also be assessed by checkingwhite above set of differential

equations could be realised to the form shown in Equatid6{2.

Now, the size of a given linear system defineddy &/ — ) is rather difficult to define,
especially if it is a multivariable system (i.e. eithiéror ) has a greater dimension that
unity). In ., methodology, the size is defined by the norms that are depéndehe class

of inputsi/ and the norms for the signalgt) € . A different class of inputs or different
norms on the input signals result in different operator roofi; . This type of norm is called
theinduced normand it has the interpretation of the maximal “energy gainthef mapping
G:U+— Y. Ifitis assumed thag is a stable LTI system in the sense that bounded inputs

produce bounded outputs, then by the following condition

G:L,— L, (2.20)

wherep € [1, c0), the £, induced norm fogG is defined by [15]

1G (u)]
1G]] (;.p) = sup 2 (2.21)
’MELP Hqu
An important special case that is derived under the follgvagandition
G: Ly Ly (2.22)

is the induced’, norm, which is defined by [15]
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HQ(u)HQ
Gll,: 5y := su 2.23
H ”(1,2) uea ||u||2 ( )

InducedZ, norm (also known as th# ., norm) can also be defined as [20]

191l¢;2) = 9]l == sup 7 [G(jw)] (2.24)

we[0,00]

wheres [G(jw)] represents the maximum singular valu&dfjw), whereg (jw) represents
the frequency response function @f. Also, if the inducedl, norm is well defined, i.e.
u € Ly theny € L,, the system is then said to li@ite gain £, stable The ., norm

of a stable LTI system can be read directly from its singuiue plot, and in the SISO
case itis simply equal to the peak value of the Bode magnplm€Equation (2.25)). Also,
minimisation of the#{ ., norm of a system corresponds to minimising the energy of thrstwv
case output signal vector. In other words, the output ensrgyinimised over all non-zero

finite energy input signals.

1G]l == sup  [G(jw)] (2.25)

we|[0,00

2.3 H optimal control

The above discussion naturally leads to the topic of robpstrasation as signal and system
norms are highly involved in both design and analysis of sblptimal controllers. Most, if
not all, engineering systems are always subjected to extdisturbances. Also, dynamical
differences between the actual system and the model ledwt toréesence of uncertainty in
even the most sophisticated of mathematical representaesearchers have always been
interested in designing a controller for a system that isamby able to stabilise the system
but also is able to deliver certain robustness and perfoce@uarantees in the presence
of these disturbances and uncertainties [28]. Histogcatlbustness had been judged by
ensuring good gain and phase margins, however, these derveere mainly applicable for
decoupled SISO systems and did not always provide usefuhrdtion about coupled multi-

input-multi-output (MIMO) systems. Initial MIMO design ¢kniques included methods
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such as LQG that had placed more emphasis on the systemrparfoe than robustness.
While this approach still remains widely used today, in thdye1980s the control system
literature started to change as both theory and practideaubthe limitations of the LQ
approach [83]. This spurred the researchers to developiéisabat could deal with the issue
of uncertainty directly during the feedback design stagkthis led to the development of the
theory known ag{, optimal control. The breakthrough in the study?¢f, optimal control
was made by [96] and [97] who tackled a SISO disturbancetiejeproblem by minimising
the co-norm of the sensitivity function. Despite the emergencéha methodology, it was
not until the studies conducted by [16] and [25] that an effitistate space formulation
was in place to solve this problem. The results in these stuslhowed that & ., optimal
controller would exist if there existed an unique positiedigite solution to two algebraic

Riccati equations and the two solutions must also satighspectral radius condition [84].

An overview of this particular methodology is presentedhis tsection, however, prior to
discussing the details it is important to discuss the twe concepts that form the backbone

of H., optimal control -Uncertainty ModellingandSmall Gain Theorem

2.3.1 Uncertainty modelling

As mentioned previously, uncertainties are unavoidabteahcontrol applications and these
can normally be classified into two categoriessturbance signalsanddynamic perturba-
tions[11]. Disturbance signals are mainly caused by externabfacand do not affect the
system stability, whereas the dynamic perturbations sgprtediscrepancies with the math-
ematical model and can dramatically affect the stabilityaf treated carefully. Robustness
implies that a system can tolerate a level of uncertaintpdp@resent, without becoming
unstable. There are several ways of describing uncertant/robustness to one type does
not always guarantee robustness to another. The most coiynmeed models of system
uncertainty are shown below, and in all of these c&@sgs) represents the transfer function
matrix corresponding to the nominal plant, i.e. a best estgnof the true plant behaviour

andGp(s) represents the transfer function matrix correspondingédrue plant.
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Figure 2.1: Common uncertainty representation [72]

Gp(s) = [I — Ap(s)] " Go(s)

GP(S) = Go(S) + AA(S)

Gp(s) = Go(s) [ + Ar(s)]

Gp(s) =1+ Ao(s)] Go(s)

Inverse output multiplicative uncertainty

(2.26)

(2.27)

(2.28)

(2.29)

A 4 represents aadditiveuncertainty,A; aninput multiplicativeuncertainty Ao anoutput

multiplicativeuncertainty and\ g representgverse output multiplicativancertainty. Ad-

ditive uncertainty gives an account of absolute error betwie actual dynamics and the
nominal model, while the multiplicative represents thatigk error. Such descriptions are

generally classed dampeduncertainty because they combine parametric variatioroand

unmodelled dynamics combined into a single perturbatioothBadditive and multiplica-

tive uncertainties, capture unmodelled dynamics and/@rmpatric variation to a reasonable

level, however, they are mathematically problematic fgoteeng unstable perturbations
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[72]. Also, with the Small Gain Theorem (details to followgrining the basis of the re-
sults derived for these uncertainty types, it requiresiktalof these uncertainties. Thus

restricting the class of uncertainty they represent.

A

.
Ay, Ay

Y

Ny

Figure 2.2: Coprime factor uncertainty configuration [72]

A solution to this is achieved by using the normalised coprifactorisation uncertainty
description. This form is, at first glance, rather strangei®actually a more flexible way
of representing uncertainty, especially those that anserospace systems. This particular
narrative will focus on the normalisddft coprime factorisation as it leads directly to the
chosen controller design methodology. Figure 2.2 dephetddft coprime factor uncertainty
representation of a nominal plart, = Mlel where M; and N, arestableleft coprime
factors ofGg. IV, is chosen to contain all the zeros @f with positive real parts, and/,
contains as zeros all the poles@f with positive real parts, thus ensuring stability of the
two factors. These factors are also coprime because ther@arommon zeros betweén
and M; which would result in pole-zero cancellations. The copness of the above factors
can also be assessed mathematically by showing the exespéstable transfer functions or

matricesl; andV; that satisfy the following Bezout identity

NU + MV, =1 (2.30)

Also important to note that satisfying the Bezout identilyre is not enough to guarantee
uniqueness of a particular set of coprime factors. Thisviddality is only obtained by the
so callednormalisedeft coprime factorisation. The coprime factofd; and V;, are said to

be normalised if they also satisfy the following identity
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wherel;* and N} are the complex conjugate transposéffand N, respectively. Numeri-

cally, for a nominal plan&, that has the following state space realisation,

AO BO
Gy = (2.32)
Co | Doy
the state space realisation (as shown in [86]) of the nosedlieft coprime factorisation is

given by,

A+ HCy | By+ HDy H
R:C, ‘ R:D, R2

N ] = (2.33)
where
H=— (ByD} +ZCT) R, R=1+ DyDf
andZ is the unique positive definite solution to the algebraiccRicequation
(Ao — BoS™IDEC) Z + Z (Ag — BoS~'DICy)" — ZCTR™1CyZ + ByS'BY = 0
and

S = I+ DyDF

Now, for a system with normalised left coprime factorisat@, = M, ' N;, the perturbed
plant,Gp, is thus given by
Gp(s) = [My+ Aug] ' [N + A (2.34)

whereA,,; andA y are stable unknown transfer function matrices. Also, copriactorisa-
tion description has certain advantages that makes itlydeaited to represent uncertainties

within helicopter systems.
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1. Itis evident from the definitions of additive and multgative uncertainty descriptions
that these uncertainties must ft@ablematrices. They represent a set of plants where
every perturbed plant has the same set of right half planespad the nominal plant.
However, within a helicopter system a stable plant becoropen loop unstable due
to parameter variation is a common occurrence and copriaterfancertainty models

are capable of modelling such variations [11].

2. Another phenomenon that is again quite common with heterosystems is the case
of lightly damped resonant poles. Using either additive oitiplicative type of de-
scription leads to either very large or unbounded uncdstaiorms. Coprime factor
uncertainty model allows sensible description of uncatias that are caused due to
this situation [11].

2.3.2 Small Gain Theorem

The Small Gain Theorem is an important elemeri(gf optimal control due to its particular
usefulness in studying stability of interconnected systef@onsider the system shown in
Figure 2.3 that depicts a feedback interconnection of tvebesys (G, andG,. Suppose that
both systems are finite gaif), stable, so that

yall <71 llesl] (2.35)

[yl < 72 |l (2.36)
wheree;, e, € £, and

1G1ll;p = (2.37)

1G2ll;,, =2 (2.38)

Also, suppose that the loop is well posed, i.e. for every giimputsu,, us € £, there exists

a unique outputy, yq, e2,y2 € L,. The problem here is whether the feedback connection,
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G2 +

Figure 2.3: Small Gain Theorem [43]

Uu
whenviewedad = | — . is finite gainL, stable. The Small Gain Theorem gives

U2 Y2
a sufficient condition for finite gaif, stability of the feedback connection [43].
Theorem 2.1Small Gain TheoremThe feedback connection in Figure 2.3 is finite géin

stable ify;v, < 1.

The above feedback connection is often used to analysedekdlystems subject to model
uncertainties where the nominal plant (closed loop plamiadyics) is well known and the
uncertainty is not known, however the bounds on its norm amwv. ., optimal control
theory is devoted to the derivation of controllers whichugeghat theH . norm of the closed
loop system is small. Thus, making the closed loop systemstdb as much uncertainty as

possible.

2.3.3 H,, control problem

Systems that are subject to uncertain dynamic perturlbmtonld be generalised into the
standardM — A configuration as illustrated in Figure 2.4, wheYg represents the stable
nominal closed loop system which is dependent upon thecpi#atiproblem to be solved, i.e.
disturbance rejection, reference tracking, antepresents norm bounded stable uncertainty
[84]. The Small Gain Theorem effectively states that a giveéarconnection of two stable

elements is stable if

1M]] <

AT (2.39)
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Figure 2.4:M — A structure [72]

This inequality depicts an inverse relationship betweenitiduced norms of the nominal
closed loop system and the uncertainty and in order to magithie norm bound of the un-
certainty it is necessary to minimise tf&,, norm of the nominal closed loop system [84].
Accurate formulation of the control problem is critical fhre correct functioning of the

‘H .. controller and it is useful to have a standard configuratma which any control prob-
lem could be manipulated and Figure 2.5 highlights the stehdonfiguration as proposed
by [16]. In this framework,P represents the generalised plant that includes the nominal
plant (i.e. the system to be controlled) together with thegiméng functions used to formu-
late the control problem (examples of this are shown laténersection) K is the controller
designed at the nominal point that satisfies the design @mobThe vector: represents the
control signals to the generalised plant and the veciacludes the measured signals from
the plant to the controller. The vectar represents the exogenous input vector (reference
demand and disturbances). The vector signakpresents the exogenous outputs and are
the signals that are to be minimised and are selected toecpestormance and robustness

objectives [72].

w z
—_— b
g P
u v
K -¢

Figure 2.5: Standard feedback configuration [72]
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The configuration shown in Figure 2.5 is described for alltcallers K by,

z Py | P w
= | (2.40)
v Py | Py u
u= Kv (2.41)
with a state-space realisation Bfgiven by
Al B B
P=1Cy| Dy Dy (2.42)
02 D21 D22

The closed loop transfer function matrix framto z could be now described using the above

relationships as

z = [Pll + Png([ - P22K)71P21] w (243)
= F(P,K)w (2.44)

F,(P,K) is called the lowetinear fractional transformation(LFT) of P and K and the

‘H ., optimal control problem is defined by

Problem 2.1 (H., optimal control) Find a stabilising controllerK which minimises the

"H~, norm of the closed loop syste#i( P, K ).

Ynin = i | Fi(P, K)o (2.46)

This controller,k, is said to be optimum if it achieves the minimum valud|6f( P, K)||
I.e., Ymin. HOwever, this direct minimisation turns out to be a difficpfoblem, and in
practice it is often sufficient to obtain a sub-optimal cohiér [72] and this problem is given

as
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Problem 2.2 (H ., sub-optimal control) For a giverny > ~,..., to find a stabilising controller

K which ensures

(P K)o <y (2.47)

The solution to this problem could be achieved by using fionstthat are available in the
MATLAB robust control toolbox [9], that utilises the algtinm proposed by [16, 25] that is
based upon deriving the solutions of two algebraic Ricagiagions. This solution yields a
family of stabilising controllers that satisfies Equati@w(7) for some designer chosen value
of v. However, for the correct functioning of the optimisatiamgess, certain assumptions
are required about the generalised pldahtand a detailed explanation of these assumptions
and their significance is presented in [72]. More advancédisaos, such as the LMI based
algorithm [24, 73], are also available that allow for soméhafse assumptions to be relaxed.
Also, sensibly posed control problems generally tend tsfyathese assumptions and this
shows that it is critical to pose the feedback problem cdiyred he #., control synthesis
algorithm providesy iteration using the bisection method on the given value iofan effort

to approach the optimal ., controller [25]. The iteration process checks the follogvin

conditions, explained in detail by [16, 25], to establisé uccess of a given

1. There exists positive definite solutions to the two algabRiccati equations, i.e.
(a) 93X > 0 that solves the algebraic Riccati equation
A"X+ XA+ C{Ci+ X (v BB —ByBj) X =0 (2.48)

such that Re\; [A + (2B, B] — B,B]) X]| < 0,Vi
(b) Y > 0 that solves the algebraic Riccati equation
AY +YA" + Bl B, +Y (v 2C{Ci — C3Ca) Y =0 (2.49)
suchthatRe\; [A+Y (y2CTC, — CTCo)] < 0,Vi

2. Spectral radius condition is satisfied, i€#XY) < 2

wherep is the spectral radiug(A) = max; |A;(A4)|)
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The outcome of the algorithm is usually a sub-optimal cdlgrdhat is of the same order
as the generalised plan®, Thus far the discussion has presented?he optimal control
problem in a general setting. The focus will now be shiftedars two very commonly
appliedH ., controller design methods:

1. Mixed sensitivity

2. Loop shaping

Mixed sensitivity

For agiven LTI plant(7, and a linear stabilising controllek;, the mixed sensitivity{ ., control
problem involves the shaping of closed loop transfer fumgisuch as the sensitivity func-
tion, S = (I + GK)~!, along with one or more closed loop transfer functions siuctha
cosensitivity function;]” = I — S, or KS. The selection of closed loop transfer functions
along with the formulation of the generalised pldhtand inclusion of signals in(¢) and
w(t) are dependent on the specified design objectives [11, 724. illUstration in Figure
2.6 considers one such formulation that looks at a genexekstlS/7T'/ K S problem where
the aim is to bound () for disturbance rejection and command trackiag’) for robust-
nessand to reducesensitivity to noiseanda (K S) to penalise large control inputand to
provide robustneswith weighting functioniWs, Wr andWy s respectively. Further to this,
specifications based on the type of unstructured unceyté@atitional or input/output mul-
tiplicative) are also added. Thk_., optimal problem for this illustration is then to find a

stabilising K" which minimiseghe cost functionf;(P, K)

WsS
| F(P, K|, = WoyT (2.50)
WisKS

oo

1T T
where the generalised plaAtfrom [ w u | to [ 2 v } has the following form
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Figure 2.6: S/T/KS mixed sensitivity problem [72]

W | WG |
0 | WG
j. (2.51)
0 | Wks
I | —¢

The process of designing controller using #iig mixed sensitivity method revolves around
iteratively modifying the weighting functions in order tbape the required closed loop
transfer functions. It can be difficult to simultaneouslyis all of the design requirements,
however, this happens to be a fundamental nature of feedbesign which involves man-
aging trade-offs between conflicting design objectives: é&g@mple, disturbance rejection
and command tracking generally requi@s>) ~ 0, reduction of control signal requires
g(KS) =~ 0 and attenuation of measurement noise requirt@s) ~ 0. In practice, this
problem is made easier by the fact that different objectaresmportant over different fre-
guency ranges. The situations where the three term costidarie needed are uncommon
and in most, if not all, of the cases the design specificatomnsd be satisfied using a two
term cost function, e.gS/K S, S/T or T/K S, and the selection of weights is considered
comparatively easier as the frequency requirements aglysomplementary in principle.
Therefore, simple and stable low and high pass filters aendftfficient to carry out the

required shaping over frequencies [11]. This method hasl@en successfully applied to

32



the helicopter control problem in the past, see for exantple 5, 88, 91].

Loop shaping

Magnitude (dB)

/0 (GK) Robust stability, noise attenuatior
control energy reduction boundar

I

, W (rads/sec)
1

== ==q/-x

| 1

Performance bounda

Figure 2.7: Design specification for singular values:at [72]

This methodology combines classical loop shaping #ith optimisation and this was first
introduced by [52]. This method has subsequently been dpedland applied to a wide
number of aerospace applications, see for example [10, 22448 63, 71, 75] and other
non-aerospace applications, such as [80, 81]. Tuning malky quite straightforward with
this approach as it relies on the designer shaping the opgnsimgular values in a similar
manner to the way the frequency response is shaped in @dbseittrol. Also, it allows ro-
bust stabilisation against normalised coprime factor ttaggy which is described earlier as
a highly comprehensive uncertainty description. Frequelependent trade-offs are applied
to the required shape of the open loop singular valugsigfas shown in Figure 2.7. Here,
in a similar manner to the mixed sensitivity approach, rezraents such as disturbance re-
jection and reference tracking are important at frequenicedow the bandwidth frequency
wg, While noise attenuation and control signal reduction apeensignificant at frequencies
above the bandwidth frequency [72]. These specificatiomsaiisfied by shaping the singu-
lar values of the open loop transfer function so thét: K') (minimum singular value) has
a high gain at frequencies belaw anda (GK') (maximum singular value) has a low gain
at frequencies abowe;,. Also desired are roll off rates of approximat&@§d B /decade at
the desired bandwidth and higher ratesiofi B /decade at higher frequencies in order to

achieve a well damped closed-loop system. The shaping epfodae simpler here as it only
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involves manipulation of open loop singular values, howgesieaping the open loop singu-
lar values does not guarantee closed loop stability [53F djpproach adopted ., loop
shaping method is to first shape the singular values ofing a pair of prel{/;) and post
(W) compensator matrices to satisfy performance objectiveésowt explicitly considering
the issue of closed loop stability. The next stage offhge loop shaping procedure involves
using H., optimisation to compute the controller bloék,, which robustly stabilises the

shaped plant/, = W,G'W; against coprime factor uncertainty.

- AA@ . — Aﬂi -
()
u N A M y
K -

Figure 2.8: 1DOF loop shaping problem [72]

1DOF loop shaping

Now, the given shaped plant transfer function mag¥ixcan be factorised to a pair of left-
coprime transfer function matricé, and N, such thatG, = M !N, where M, and N,
satisfy the normalisation equatioW, M + N,NI' = I [52]. In H., loop shaping, the
robustness of the system is measured with respect to patitmb of these coprime factors

and the perturbed uncertain plant is represented as
Gp = [MS + AMs]il [N5 + AN@]

As Ay, andAy, (Figure 2.8) are assumed to be stable (hence bounded irtheiorm),
and the Small Gain Theorem can be applied here. It then fellinat an optimal robust
controller is one that maximises the level of this type ofentainty which can be tolerated
before instability. It should be emphasized that although type of uncertainty seems
somewhat abstract, many common types of uncertainty aedrmultiplicative, etc.) can
be interpreted in this manner and therefore, gives thisesgmtation a great deal of practical

sense.
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The complete class of perturbed plartts, for the above uncertainty description is given by

Gp = {(MS _'_ AMS)_I (NS _'_ ANS) : ”[ANS AMS]

Oo<€}

and the objective of robust stabilisation is to stabilige ffarticular class. Now, the maxi-

mum of e, €,,4,, that represents the largest possible class of such sy§s@inand is given

by

. K(I-GK)"' M 1
Ymin = inf <
K (I — GK)_l ]\4_1 €maz

[e.e]

(2.52)

where~,.., is the stability margin and it should be noted that it is al#®# ., norm of the

T
transfer function matrix fronp to [ Us Y } in Figure 2.8.

As this is a 1DOF design procedure, the controller may findifficdlt to robustly stabilise
and deliver adequate performance simultaneously. Althpfgy good command tracking a
constant pre-filter could be implemented, however, thezaraany situations where a sepa-

rate dynamic pre-filter is needed - hence came the inspir&io2DOF loop-shaping.

2DOF loop shaping

The original work of [52] focused on maximising robustnestwespect to coprime fac-
tors type of uncertainty while also deriving bounds on thee sivhich could be tolerated
such that when th&{,, controller, K, was inserted into the open-loop, the singular values
remained roughly the same as originally shaped by the desigks it is well known that
2DOF controllers are able to give substantially betterresfee tracking performance without
affecting robust stability or the feedback loop propert[d8] proposed a 2DOF loop shap-
ing control structure in which the original robust stal@tisn of [52] was augmented with
an extra objective - minimisation of ti#., norm of the transfer function representing the
ideal closed-loop response of the system proposed by @nefemodel]’.. ;, and theactual
closed-loop response. The block diagram under considerstishown in Figure 2.9. In this

scenario, the optimél ., controllerK, = [K; K5 for the shaped plar®, = W,GW;, with
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a normalised coprime factorisation, is obtained by miningghe ., norm of the transfer
r T T
function from| ¢ ] to |: us Y e ] ,

Ug p(I — KQGS)ilKl KQ(I — GsKg)ilMsil
y | = p(I — G, Ky) 'G K, (I — GKy) "M ! ] (2.53)
e p2[([ — G3K2>_1G3K1 — Tref] p([ — GSKQ)_lMs_l

This problem could be formulated into the standaid optimal control configuration (Fig-
ure 2.5) with the signal vector%w U ]T and[ 2z W ]T represented b{ roo ‘ Us }T
and

[ us Y e ‘ By ]T respectively. The generalised plahis then defined as

[0 0 I
0 M1 G,
P=| —p?T; —p*M;'| pG (2.54)
ol 0 0
0 M1 G, |

In this configurationp is a scalar parameter that allows the designer to trade bifdsm a
pure robustness problem where- 0 (1DOF) and a model matching problem where 0.

T T
At p = 0 the generalised plant frorhs ‘ Us ] to [ Us Y ‘ y } reduces to

I
P=| M| G, (2.55)
G

Now, the main steps of this design procedure are (as dedadnlj@?2]):

1. Selection of the reference modél, ;. This is typically chosen such that the reference

model represents close to “ideal” behaviour.

2. Augmentation of the plari¥ by a pre-compensatadr/;, and a post-compensatdvy,
which are used by the designer to shape the open-loop sim¢pliges to the desired

shape, i.e.
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Figure 2.9: 2DOF loop shaping problem [72]

3. Synthesis of an optimal stabilising controlléf,, = [K; K5] which minimises the
‘H.. norm of the transfer function, as given by Equation 2.53peissed with the
closed-loop system’s robust stability and performance ddntroller is obtained using

the 2DOFH,, synthesis MATLAB code given in [72].

Once theH ., controller,K ., has been constructed, the actual controller used for imgri¢an
tion has to be recovered. In the 2DOF case, the actual ctarti®bbtained by incorporating

the shaping functions into the controller and is given by

K= Wl Kl K2W2 :|

Advantages of 2DOF loop shaping approach

One of the major advantages of this method over the 1DOF lbapisg approach is the
enhanced model matching properti&s. ), that gives the designer the power to specify an
ideal response for the helicopter. Also, loop shaping noithare advantageous over the
mixed sensitivity approach as it offers a clearer manageémkeoonflicting specifications,
mainly around the crossover region, as the designer is @tuired to select weighting
functions for the open loop plant that simultaneously skdyeh the sensitivity and cosen-
sitivity functions, thus avoiding the possibility of comfling weights. Moreover, as this
method maximises robustness to normalised coprime faciertainty, it provides robust-
ness against unstable perturbations that are common woptdr applications. Using co-
prime factor uncertainty also enables the controller tovjpl®similar robustness and perfor-

mance properties at both the plant input and output, wheheasixed sensitivity approach
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(that uses either the additive or multiplicative uncettagtescription) provides robustness to
either the plant input or the output [11]. These factors ptbinfluential in making 2DOF

loop shaping method an ideal choice for the FA controllergtes this study.

2.4 Conclusion

‘H.. optimal control problem was presented along with the two tneosnmonly applied
strategies to solve this - mixed sensitivity and loop shapirne advantages of loop shaping
method over mixed sensitivity approach, especially in geafhhandling uncertain and mul-
tivariable systems, were also highlighted. Next chaptdirreview helicopter flight from a
control theoretic perspective and justify the need for sbloontroller design methods within

helicopters.
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Chapter 3

Helicopter control problem

This chapter describes the three highly coupled pilot inghat are utilised during helicopter
flight and control. An in depth discussion about helicoptodynamics and modelling [61]
is, however, beyond the scope of the current research ahdugh the author understands
that they form a highly important component for ensuring tine controller delivers the
precise performance, the dominant focus here is concerrniidtive design of automatic
controllers for both FA and LA architectures. This chapisparesents the motivation for
requiring an automatic control system along with the keydecthat influence its design.
Finally, the main elements of the ADS-33 handling qualitigsngs specifications that are

used to objectively quantify the controller’s performamaeel stability are introduced.

3.1 Overview

Helicopters are highly nonlinear in nature and also exhiiigr-axis coupling modes that
are dynamically unstable [83]. This requires the pilot teate a large proportion of their
time and attention to counter these modes, and controllingli@opter thus becomes an
extremely arduous task. The search for a solution to makedlk easier has been a topic
of research for many control engineers, but these intricsieplexities have been a difficult
obstacle to overcome [39, 69]. In the beginning, these wolstfor FA or LA systems, were
based on single-loop-at-a-time classical control mettmodmly due to their simplicity and

ease of application and this is still the case with many beliers (including the existing
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EH101 LA control system). These solutions, however, did dexttouple the interactions
between the helicopter axes to a satisfactory level. Maeaue to the requirement to
meet the strict handling qualities criteria becoming mamenpnent in helicopter control
design, there was a need to find more sophisticated soluiiotiss problem. Thus, over
the last two decades or so, since the introduction of robusdivariable techniques and the
improvements that these methods have shown within fixedraircrafts study, helicopter
control system design has received significant attentiéh [Bhis led to a significant number
of studies [6, 32, 46, 54, 89, 92, 94], that have successfiplied advanced methodologies
to find a robust solution. However, most if not all, of the apgiions have been in the FA
area and barring the study conducted by [85] there have rest bther studies that have
looked at the application of robust methods to the LA arcitee. Hence, the aim of the
study presented here is to expand the knowledge base ofiagpbbust methods in LA

architectures.

3.2 Helicopter flight

The EH101 helicopter has the most commonly observed heécopnfiguration that utilises
a horizontal propeller, called theain rotor, on the top of the aircraft that generates lift as
it spins and a small rotor on its tail, called tteal rotor, that is used to balance the reaction
torque produced by the main rotor. Modifying the inclinatiof the spinning main rotor
allows the helicopter teitch androll. The relative difference in the torques generated by
the main and tail rotor gives the helicopteyaw motion. This basically means that the
helicopter has four main types of motion: the three rotatiolegrees of freedom (pitch, roll,
and yaw) and one vertical translation. From this it followattin order to allow, in principle,
each of these motions to be controlled independently, foatrol effectors are needed. In
the helicopter, three of these control effectors are aasetwith the main rotor and motion
is imparted through something known as #veash plateand the last degree of freedom is

mainly controlled through the tail rotor. The control eti@s available are

1. Themain rotor collectivdever or stick is located to the left of the pilot and this coig

the main rotor collective actuator. The collective is usecthhange the main rotor
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pitch at all points of the rotor blade rotation. The amountrmfvement (upwards or

downwards) of the lever causes a simultaneous and equajehaflade inclination

[4].

Figure 3.1: Collective control [5]

2. Themain rotor cycliccontrols the lateral and longitudinal cyclic actuatorseTigclic
stick is mounted vertically from the cockpit floor, betweée pilot’s legs. It can be
moved slightly in any direction from the vertical and withigttontrol the pilot can
move the helicopter in any direction horizontally - thatfas, flying forward, aft, right
or left. As the cyclic stick is moved in a given direction, timain rotor disc is tilted
in the same direction causing movement of the helicoptenandirection. The tilt is
achieved by altering the inclination of each blade in cycteaximum-to-minimum-

to-maximum, as the blade completes a full revolution [4].

3. Finally, thetail rotor collectivecontrol system is used to control the tail rotor collective
actuator in order to - counter the torque produced by the mudor and also to effect
changes in heading (yaw). A set of pedals on the floor of thkgibis used to produce
this motion - right turn is produced when the right pedal islped down and similarly

pushing down the left pedal produces a left turn [4].

The main problem with the open loop helicopter, from a cdmtesigner’s perspective, is that

the motions induced by the above three actuators are nqiemdient as there is a significant
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CYCLIC INPUT AFCS |<+—Body rates anc

attitudes

Figure 3.2: Cyclic control [5]

amount of coupling between the different open loop conthaimmels. Helicopters are also

open loop unstable, which means “hands-off” control is isgible in the open loop and

that pilot workload is required to mainly stabilise the va&&i Therefore, general opinion

has it that, an efficient AFCS is required in order to effidgnmanoeuvre a helicopter in a

responsive fashion without excessive pilot workload.

3.3 Helicopter FCS architectures

Parallel AFCS:
actuators '

| Total blade

angle commands
)

I
Series | Total blade

actuators ‘angle commands Pilot
Pilot ‘ I | stick ———™ Controller Helicopter
stick 1 Helicopter Dynamics
Controller ™ Dynamics
i i Sensor measurements
I Mechanical !
| Linkages :
e (b) FA schematic

Sensor measurements

(a) LA schematic

Figure 3.3: Helicopter flight control system architecty&$

Traditionally, helicopters have utilised a LA control aitelcture, as shown in Figure 3.3(a),

that features feed-forward mechanical linkages along waithelectronic controller using
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feedback for stability and control augmentation. The mad# linkages connect the above
cockpit controls directly to the swash plate actuationeyst Augmentation of the basic
handling qualities is then achieved through the electronittroller which provides the re-
quired command shaping and stabilisation. The controladgyare often restricted by a
limited authority/high rateseriesactuator (a typical example is shown in Figure 3.4) and in
some architectures, including the one proposed in thisysaudhigh authority/limited rate
parallel actuators (a typical example is shown in Figure 3.5) are imslnded to prevent
the premature saturation of series actuators [33] (a @etaiiscussion is provided Section
5.1). However, more recently designers have began to fakieudea of giving the electronic
controller greater authority. This leads to the notion oRacBntrol architecture, as shown in
Figure 3.3(b), whereby the pilot demands are directly fetthéoelectronic controller, which
in turn synthesises the appropriate collective and cydéidéangle demands [84]. It is also
believed that optimum handling qualities for all condigaare best achieved with the use of
FA control architecture. However, as it would be sometinfetseall operational helicopters
are upgraded to FA control systems there is an interim rement for designing methods
that would enable the functionality of a highly augmenteddéhtrol system to be sought
within the structural bounds of the existing LA control atebture. This study goes some-

way in presenting a possible solution to this problem.

Figure 3.4: Series Actuator [14]
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Figure 3.5: Parallel Actuator [14]

3.4 Helicopter model

Whether the aim is to design either a FA or a LA controllerhaiit a high fidelity helicopter

model the design process is an extremely challenging pmablEhe complexities that are
existent with the shape and motion of the helicopter impoBeuwties while deriving a

high quality model [29]. This complexity during modellingielaxed by introducing some
assumptions, such as constant moment of inertia, constatrecof gravity, constant rotor
angular velocity and many more. Furthermore, the nonlitiearthat are inherent to the
helicopter due to variations in dynamics with changes tdfligonditions and the cross-
axis interactions between the four channels that are ofvenly (theoretically) understood
[51] add to the complexity of deriving a mathematical modgiis, effectively, means that
even the most sophisticated of models are subject to thempresof uncertainty [90] that
would then predict inaccurate helicopter behaviour. Theseertainties are one of the main
arguments that have advocated the usage of robust conttbbdseto solve the helicopter

control problem in the past and also during this study.

For this study, a highly comprehensive 38-state nonlineadehof the EH101 was made
available. A 25-state linear model was obtained at various ¢onditions using the lin-
earisation routine provided by AgustaWestland. The limaadel at the trim condition of
40kts/0ft/14200kg was further reduced to an 8-state motiewthen formed the basis for
FA controller design because a lower order plant would tesw low order controller. This
8-state linearised model described a 6DOF rigid body matfadhe helicopter and was fur-
ther augmented with earth-axis attitudes (pitéh and roll (¢)) for attitude control. The

model was expressed in the standard form as

44



Cockpit AXis Rotary Translatory Controlled
control influenced | movement movement variable
Main Rotor Vertical NA Heave(w) NA
Collective
Longitudinal | Longitudinal | Pitch ratéq) | Longitudinal(«) | Pitch attitude(6)
Cyclic
Lateral Lateral Roll rate(p) Lateral(v) Roll attitude(¢)
Cyclic
Tail Rotor | Directional | Yaw ratgr) NA Yaw rate(r)
Collective

Table 3.1: Helicopter structure overview

Cz

Az + Bu

(3.1)

where thed,B andC matrices were obtained during the linearisation procels.state vec-

tor, z, consisted of rotational rate componefjisg, ) and translational velocitie@:, v, w)

together with pitch and roll attitude. The input vectorjncluded the four cockpit controls.

For the purpose of controller design, helicopters are thba§ roughly, as a four axis ve-

hicle that exhibits a diagonally dominant structure. Eakctihe four inputs would primarily

influence one of the axes as shown in Table 3.1 with significdaatactions into the other

channels [67] and not having an appropriate decouplingctbet would result into poor he-

licopter behaviour and high pilot workload. Previous sasdhave indicated that pilots often

prefer to control the vertical axis open-loop as the dynamicthis loop are fairly benign.

Thus, within the scope of this study the EH101 helicoptetesyss sought as & x 3 sys-

tem with the mathematical model featuring state variabtgsjts and outputs as described

in Table 3.2. Also, the states to be controlled are depenaienihe control response type

sought.
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States Description Inputs Description Outputs | Description

0 Pitch attitude Uy Longitudinal cyclic 0 Pitch attitude
) Roll attitude U Lateral cyclic 10) Roll attitude
P Roll rate Uy Tail rotor collective r Yaw rate

q Pitch rate

r Yaw rate

u Longitudinal velocity

v Lateral velocity

w Vertical velocity

Table 3.2: Helicopter model variables

3.5 Control response types

Different environments and different mission types tendeiguire different response types
from the helicopter [61]. The ADS-33 document [3] contairdesailed breakdown of these

response types and the overlap between the mission typesspehse type.

1. Attitude Command Attitude Hol@ACAH). In such a response type movement of the
cyclic stick by a certain amount corresponds to a movemeheléopter attitude (i.e.
¢ or 6) by a corresponding amount. For example, as the pilot pusigesyclic stick
forward a corresponding change in pitch attitude is expkatel as the stick is centred

the helicopter is expected to return to its attitude trimifias.

2. Rate Command Attitude HoldRCAH). For this response type, the pilot commands
rate instead of attitude and pilot’s inputs should corresito the helicopters rate being
increased by a given amount. For example, if the pilot deyge$he pedals (right or
left) they expect to see a corresponding change in yaw rdse, &vhen the pedals are
released the rate is expected to fall to zero while maintgithe last attained attitude.

A return to the attitude trim position is not expected.

3. Translational Rate Comman@RC). In this response type cyclic stick movements
control the lateral and forward velocities ¢r v) and is ideally useful while operating

under poor flying conditions or when hovering close to groandbstacles.
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The controller designed in this study seeks to induce an AGAdd response in the longitu-

dinal and lateral channels, and a RCAH type response in teetatinal channel.

3.6 Handling qualities

Although desktop simulations, especially the ones based npnlinear models, give a fairly
comprehensive account of the controller’s performanceydter to ascertain the success of
a particular control strategy, controller designers rédemandling qualities returned by the
pilot. Handling qualities represetihe ease and precision by which a pilot is able to perform
a given task’[13] and it embodies more than just the dynamic responsectarstics. Here,
the pilot and the augmented rotorcraft combine to form aezdldeop system which is driven
by the piloting task and the above rating reflects both tharaoy in completing the task and

the amount of effort required by the pilot in order to meetribeessary level of performance.

The ADS-33 document [3], US Army’s Aviation System Commamedfication, outlines
the major criteria for handling qualities of rotorcrafthi§ document meticulously specifies
both qualitative (flight tests) and quantitative (desktopudation) requirements and in addi-
tion defines the “levels” of performance. The pilot evaloatbased on the qualitative ADS-
33 criteria consists of two parts: pilot observational coznibs and pilot ratings. Comments
are obtained by the pilots answering a series of structunedtgpns regarding the controller’s
performance, and the pilot ratings are the end result of Yh&ation process which asso-
ciates a weight to the pilot comments (good or bad) and diiesithe overall performance
guality. The Cooper-Harper scale [13] is one such quaiv#ateighting methodology and
since its introduction in 1969, it has been used extensiting flight tests to quantify con-
troller performance in terms of handling qualities ratifigQRSs). These ratings, in turn, are
associated with different levels of performance as showraisie 3.3. Controllers are de-
signed to ideally achieve Level 1 rating that indicates dlyiglesirable performance which
requires minimal, if any, amount of pilot effort (Cooper+idar ratings between 1 and 3),
however, many controllers struggle to achieve this levavdl 3, on the other hand, indi-
cates a performance with major deficiencies and large anuadypitot effort is required to
retain control (Cooper-Harper ratings between 7 and 9)eL2\gives a measure of perfor-

mance between these two extremes (Cooper-Harper ratihgsdr@4 and 6).
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Rotorcraft Demands on a pilot in Cooper-Harper | ADS

characteristics selected task or operation HOR Level
Excellent Pilot compensation not a factor 1 1
Highly desirable for desired performance
Good Pilot compensation not a factor 2 1
Negligible deficiencies for desired performance
Fair but mildly Minor pilot compensation is required 3 1
unpleasant deficiencies for desired performance
Minor but Desired performance requires 4 2
annoying deficiencies moderate pilot compensation
Moderately objectionable  Adequate performance requires 5 2
deficiencies considerable pilot compensation
Very objectionable but Adequate performance requires 6 2
tolerable deficiencies extensive pilot compensation

Major deficiencies Adequate performance not attainable 7 3
with maximum tolerable

pilot compensation

[72)
(o]
w

Major deficiencies Considerable pilot compensation i

required for control

Major deficiencies Intense pilot compensation is 9 3

required to retain control

Major deficiencies Control will be lost during 10 n/a

some portion of required operation

Table 3.3: Cooper-Harper rating scale [13]

The ADS-33 document also contains various quantitativesores for assessing the con-
troller performance that corresponds to one of the threpeance levels, but are used on
simulated responses to predict the handling quality lexpeeted during flight tests. The
ADS-33 analysis that will be presented in this thesis is dagmwn these quantitative criteria
and the sections to follow will highlight the requirementsas to predict Level 1 handling

gualities.
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There are two main flight conditions in which the helicoptesaid to operate hover (<

15 kts) to low speed15 — 45 kts) andforward flight (> 45 kts) [83]. The quantitative
assessment criteria at each flight condition is divided th&ofollowing - small amplitude
demand response, moderate amplitude demand response darglitude demand response

andinter-axis coupling These criteria are explained further in the following s®t.

Small amplitude

Small amplitude responses are further divided instert-and mid-termresponses. In the
short-term analysis, a helicopter’'s handling qualitiesassessed by linear tools which pre-
dict the helicopter’s closed lodpandwidthandphase delayThe ADS-33 bandwidthy gy,

of a closed loop system for an ACAH type response, as disdusghkis thesis, is defined as
the point where the phase response of the closed loop indivathannel frequency response
intersects the-135 deg line. This is roughly a measure of the frequency range wieh

reasonably good tracking can be expected [3].

The phase delay is a measure of the high-frequency phaseffrathd is defined as the slope
of the phase response between the phase crossover frequegcyo twice that frequency.
It roughly means, how quickly the handling qualities degratihigh frequency. The phase
delay is also an individual channel measure and is foundjubmclosed loop transfer func-
tion between the actuator input and the primary output (atgral cyclic to roll) [3]. If the

phase lag atw, g, is measured aé then the phase delay,, is defined by

O —7
T pr—
P 2wigg

(3.2)

During the mid-term analysis, the handling qualities aseased by the damping ratig,at
frequencies below the bandwidth frequency. It is a meaduteaontroller’s ability to reject
unwanted oscillations caused by disturbances and highr dgamics. Level 1 ratings are

achieved if¢ > 0.35 [3].
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Moderate amplitude

At moderate amplitude demands the nonlinear dynamics oh#fieopter becomes more
prominent in the responseéittitude quickness an useful tool for measuring the HQR at
such demands. For the pitch axis [65], attitude quicknessnpeter,r,, is measured as the

ratio

Qpeak
= 3.3
i Aepealc ( )

In Equation 3.3¢,..; defines the peak pitch rate and),...,. defines the peak pitch attitude
change due to a pulse longitudinal cyclic input. Similady the roll axis attitude quickness
is defined by(%). This criteria is structured so that the under shoot charistic of

the attitude response is detrimental to the HQR level. Hewethe above parameter is
generally expected to be slightly deteriorated for an ACA&ponse type as importance is
given to stability over agility [54]. Therefore, this cniten would have a lesser impact over

the success or failure of the controller designed in thidystu

Large amplitude

Large amplitude responses are also an important analydisisat indicates the ability to
retain high levels of handling at situations where the nodrities are at their most severity.
As the controller designed in this study is based on linegr@pmations of the EH101 it
is thus desirable to analyse the controller at conditionsretthese approximations are no
longer valid. Level 1 requirement, for ACAH responses typajtained by achieving a stable
response at-30 deg and+60 deg pitch attitude and roll attitude demand respectiveith w
minimal coupling into other channels. There is no suchuatétlimit for the yaw channel as
they are expected to perford60 deg rotations indefinitely, and as the controller in thiglgtu
is designed to induce a RCAH type response in the yaw chatteeimaximum demand for
a Level 1 rating is required to b&£60 deg/s [3]. It is important to note that these limits
are specific to a high agility manoeuvres, suchaaget acquisitionrandtracking and with

moderate to limited agility manoeuvres likeverthe limits are more relaxed.
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Inter-axis coupling

The manner in which the other channels respond when a dermanade to any one partic-
ular channel is known as inter-axis coupling. It is diffictdtquantify this with a value as
the discomfort experienced by the coupling is variable fimme pilot to another. The crite-
ria essentially states that the controller should be higfffigctive against these interactions,
however, there are certain particular interactions trataantified in the ADS-33 document,
for example, the ratio of roll attitude due to pitch attitudksmand and vice versa should not

exceed).25 for a Level 1 rating [3].

3.7 Conclusion

The requirement for robust multivariable controller desigethod to solve the uncertain and
multivariable helicopter control problem has been essaleld. The military design standard
has also been described that allows to quantify the handjiadities of particular control
system designs. Having justified the need for robust cdetrdésigns within helicopters, the
following chapter will now present the application of 2D@#, loop shaping methodology

to design a FA controller for the EH101 helicopter.
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Chapter 4

Full authority controller design

The primary aim of the study presented in this thesis is tovdexr methodology to design
a LA control system that would replicate the performance fuflig augmented FA control

system. This chapter describes the design of @A controller for the AgustaWestland
EH101 helicopter along with an analysis of the resultanpoeses. The controller was
designed using linear models extracted from a highly sd¢ishied nonlinear model provided
by AgustaWestland. Details of the controller design aresgméed here, together with the
frequency and linear time response analysis. The respgmessented here thus form the
baseline behaviour which the LA control system is expeate@plicate. It should be noted

that no othef{, design for the EH101 has been published in the literature.

4.1 Introduction

A general unaugmented (open loop, except for the pilotchpter in either the hover (low
speed) or forward flight condition demands a high workloadtfthe pilot. Augmentation of
the helicopter response, in order to ease this workloadiwdign satisfies stringent handling
guality requirements is thus considered desirable. Uunifately, the highly nonlinear and
cross-coupled nature of the typical single main rotor loglier, such as the EH101, makes
the design a difficult and challenging problem. A review afigas approaches to the design
of FA multivariable helicopter flight control systems ramgifrom classical (SISO) tech-

niques, eigen-structure assignment methods, linear gtiadontrol, and+ ., optimisation
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has been presented in Chapter 1.7As control can systematically handle MIMO systems
and the uncertainty present in them, it promises fast desiggpod performance-inducing
augmentation. One of the most effectitg, based designs is tié., loop shaping, which
combines the traditional notions of bandwidth and loop gaegether with modern ideas of
robustness into a single framework. The particular adyg#that make this method an ideal
candidate for helicopter controller design have been fggted in Chapter 2. The aim of
this chapter is to describe, in some detail, the design oh&alber for the EH101 helicopter

based on the loop shaping ideology.

4.2 EH101 design model

The controller designs in this study are based on the EH1Glehsupplied by AgustaWest-
land and constructed in the NAOMI (New Aircraft Overall Mdidgg Initiative) framework,
which is a modified AgustaWestland version of SIMULINK, sifieally designed for ro-
torcraft applications and to meet AgustaWestland’s owniregnents [1]. The given EH101
SIMULINK model was a 38-state nonlinear flight mechanics seladhich is believed to cap-
ture the real helicopter’s behaviour reasonably well. Tloglehinclude® states describing
the rigid body dynamics of the helicopter fuselafetates representing the main rotor flap
angles (1 average (coning), 2 first harmonic and 2 seconddmcin5 states representing
the main rotor lag angles (1 average, 2 first harmonic and @sklearmonic)5 states rep-
resenting the main rotor inertial flap angle rates (1 ave(ageing rate), 2 first harmonic
and 2 second harmonidj,states representing the main rotor inertial lag angle (@teser-
age, 2 first harmonic and 2 second harmonic3tate for main rotor inflow] state for tail
rotor inflow, 5 states for defining the helicopter location (1 northerlyasterly, 1 height, 1
longitude and 1 latitude},, state for rotor speed aridstate for main rotor azimuth position.
The NAOMI trim andlinearisationroutines [1] were used to derive the linear model at var-
ious flight conditions of different forward speeds (0 to 126)kaltitudes (0, 2500 and 4500
ft) and masses (11000 and 14200 kg). During trimming eachl icdndition parameter was
perturbed by a small amount and a Jacobian matrix was catetrwhich captured the influ-
ence of initial condition parameters variation on trim dogigits. The optimisation algorithm

within the routine then inverted the above matrix in ordetrémslate known trim constraint
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errors into initial condition parameter adjustments. Negttain states were removed from
the 38-state trimmed modela) second harmonics of the flap angle and rate and lag angle,
and rate under the harmonic linearisation condition whégbdr harmonics are discarded
during linearisation(b) the northerly, easterly, longitudinal and latitudinalibepter loca-

tion states and the rotor azimuth state as they are not iti#elring the controller design
process. Table 4.1 lists the states that represent theagbrsbdel that was then derived. The
derived linear representation also features 5 plant ingsgg Table 4.2 for complete details),

and 20 plant outputs, (see Table 4.3 for complete details).

State Unit State Unit

1 | Body axis velocity, ¢) | m/s 10-12 | Flap angles rad
(average and first harmonic)

2 | Body axis velocity,¢) | m/s || 13-15| Lag angles rad
(average and first harmonic)

3 | Body axis velocity, {v) | m/s || 16-18| Flap rate rad/s
(average and first harmonic)

4 | Body axis velocity, f) | rad/s || 19-21| Lag rate rad/s
(average and first harmonic)

5 | Body axis velocity, §) | rad/s || 22 Main rotor inflow

6 | Body axis velocity, f) | rad/s || 23 Tail rotor inflow

7 | Roll attitude, ¢) rad 24 Main rotor speed rad/s

8 | Pitch attitude, ) rad 25 Height above sea level m

9 | Heading, (/) rad

Table 4.1: EH101 plant states

One of the characteristics of 2DO¥,, loop shaping methodology is that it produces con-
trollers of magnitude equal to that of the generalised plartus, to prevent high order
controllers, and also to ease the process of synthesis gidnmantation, the 25-state linear
model was further simplified. First, the height and headingstates were removed from the
model as neither variables were controlled nor were redqdoestabilisation. Furthermore,
heading can be expressed in terms of the rigid body rate®) amdl . In addition to the

rigid body states, the remaining states in the 23 state meeled those associated with the
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Input Unit

Engine torque Nm
Longitudinal cyclic | deg
Lateral cyclic deg

Main rotor collective| deg

aa A W N B

Tail rotor collective | deg

Table 4.2: EH101 plant inputs

Output Unit Output Unit
1-3 | CG acceleration m/s® | 15| Pitch attitude, {) deg
4 Main rotor yaw moment | Nm 16 | Heading, (/) deg
5-7 Fuselage attitude rates deg/s || 17 | CG true air velocity m/s
8-10 | CG ground velocity m/s 18 | CG equivalent air velocity m/s
11-13| CG angular velocity,/f,q,r) | deg/s | 19 | CG height above sea levelm
14 Roll attitude, ¢) deg 20 | Rotorspeed %

Table 4.3: EH101 plant outputs

rotor dynamics and are believed to be sufficiently fast todpgaced with their steady state
values, thus the model wassidualisedto an 8-state model which consisted of simply the
rigid body dynamics (i.eu, v, w, p, ¢, r,0 and¢). More discussion of this and other model
reduction techniques can be found in [72] and [61]. In additio the model order reduc-
tion, it was decided that only the pitch, roll and yaw axes lddae controlled and that the
collective channel would remain open-loop. This was pattlg to safety reasons and partly
due to previous knowledge of pilot preference. In the Beb 2@udies [75, 66, 65] and the
LA AgustaWestland studies which preceded this work [85, ¢bllective channel was left
open-loop for these reasons. The states, inputs and owtitilis design model are shown in

Tables 4.4 and 4.5.

4.2.1 Open loop characteristics

As mentioned earlier, the nonlinear model was linearisea raimber of trim points to en-

able controller design and linear analysis. In additionhbkcopter was also linearised at
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State Unit

1 | Body axis velocity, ) | m/s
2 | Body axis velocity, ¢) | m/s
3 | Body axis velocity, @) | m/s
4 | Body axis velocity, f) | rad/s
5 | Body axis velocity, §) | rad/s
6 | Body axis velocity, ) | rad/s
7 | Roll attitude, ¢) rad
8 | Pitch attitude, ) rad

Table 4.4: EH101 8-state plant states

Input Unit Output Unit

1 | Longitudinal cyclic| deg | 1 | Pitch attitude, €) deg
(to be controlled)
2 | Lateral cyclic deg | 2 | Roll attitude, ¢) deg
(to be controlled)
3 | Tail rotor collective| deg || 3 | CG angular velocity,/) | deg/s
(to be controlled)
4 | CG angular velocity,q) | deg/s
(for feedback only)
5| CG angular velocity,f) | deg/s

(for feedback only)

Table 4.5: EH101 8-state plant inputs and outputs

different weights corresponding to a lightly loaded (11K§)0and heavily loaded (14200kg).
These flight conditions are listed in Table 4.6. At all theripia 25-state and an 8-state
model, as described above, were obtained. In order to asesharacteristics of the open-
loop plant, the frequency response of these linearisaticere examined. As the linear
models are multivariable in nature, it is difficult to obtan accurate picture of the plant’s
properties using standard Bode plots, so instead the singalue plots were used. Singu-
lar values give similar information as the Bode magnitudagpbut they also account for

coupling between the channels.
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Helicopter mass - 11000 kg Helicopter mass - 14200 kg
Hover Okts, Oft Okts, 4500ft Okts, Oft Okts, 2500ft

10kts , Oft | 1Okts, 4500ft| 10kts, Oft | 10kts, 2500ft
Low speed 20kts , Oft | 20kts, 4500ft | 20kts, Oft | 20kts , 2500ft
30kts , Oft | 30kts, 4500ft | 30kts, Oft | 30kts , 2500ft
40kts , Oft | 40kts, 4500ft| 40kts, Oft | 40kts, 2500ft
50kts , Oft | 50kts, 4500ft | 50kts, Oft | 50kts , 2500ft
Medium speed| 60kts, Oft | 60kts, 4500ft| 60kts, Oft | 60kts , 2500ft
70kts , Oft | 70kts, 4500ft| 70kts, Oft | 70kts , 2500ft
80kts , Oft | 80kts, 4500ft | 80kts, Oft | 80kts , 2500ft
90kts , Oft | 90kts, 4500ft | 90kts, Oft | 90kts , 2500ft
100kts , Oft| 100kts , 4500ft 100kts , Oft| 100kts , 2500ft
High speed 110kts , Oft| 110kts , 4500ft 110kts, Oft| 110kts , 2500ft
120kts , Oft| 120kts , 4500ft 120kts , Oft| 120kts , 2500ft

Table 4.6: EH101 trim points

Figures 4.1 to 4.5 show the singular values (yellow - maxinsimgular value, blue - mini-
mum singular value) of the 25-state linear rotorcraft madealelected flight conditions. The
plots reveal variation in singular values from one flightdition to another across frequency,
with dramatic variations at frequencies beldwad/s. It is of particular interest to note the
difference in very low frequency behaviour of the minimumggilar values which changes
from being “derivative” like to constant as the flight conadlits change. This variation in
steady state behaviour implies that one LTI controller magt fi difficult to achieve perfect
steady state tracking at all the flight conditions. Also, tigh 2-norm condition number
defined as the ratio of maximum to minimum singular valuebi@4.7) at low frequency

(0.1 rad/s) implies that the model is highly sensitive to chartigdight conditions.

11000 kg 14200 kg
Okts/Oft | 40kts/Oft| 80kts/4500ft| Okts/Oft | 40kts/Oft| 80kts/2500ft
12.8 | 88.1 127.9 13.7 | 70.9 275.4

Table 4.7: Open loop condition number (0.1 rads/s)
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Hover/11000kg Hover/14200kg

10kts/0ft/11000kg 10kts/0ft/14200kg

Figure 4.1: MIMO open-loop singular value comparison

20kts/11000kg 20kts/14200kg

30kts/0ft/11000kg

30kts/0ft/14200kg

Figure 4.2: MIMO open-loop singular value comparison
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40kts/11000kg 40kts/14200kg

80KiS/45001/11000kg 80kts/2500ft/14200kg

Figure 4.3: MIMO open-loop singular value comparison

Prior to designing a controller using the lower order (&etplant it was important to val-
idate the reduced order plant against the full order (2e&eptalant. The plot in figure 4.6
compares the singular values of the reduced order (sokg prant to that of the full order
(dashed line) plant at the 40kts/Oft flight condition at bbth00 kg and14200 kg mass cases.
It was noted that the reduced order plant retains the frexyuessponse features of the full
order plant up td 0 rads/s and after this frequency the reduced order plantiamaccurate

representation. This places an upper bound on the contbalfedwidth of about0 rads/s.

Tables 4.8 and 4.9 show the open loop poles of the reduced @ed at selected flight con-
ditions. The presence of right-half plane poles is notedthisds particularly undesirable as
it places lower bounds on the gain required to stabiliseybtesn and complicates controller
design. It should also be noted that the plant changes #tdistgroperties with variation

in flight condition and this partially justifies the use of fpshaping method as it specifically
provides robustness against coprime factor uncertaiatyate fully capable of representing

such situations.

The two plots in Figure 4.7 show the variation in eigenvalug changes to helicopter
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90kts/2500ft/14200kg

90kts/4500ft/11000kg

100kts/4500ft/11000kg 100kts/2500ft/14200kg

Figure 4.4: MIMO open-loop singular value comparison

110kts/4500ft/11000kg 110kts/2500ft/14200kg

120kts/4500ft/11000kg 120kts/2500ft/14200kg

Figure 4.5: MIMO open-loop singular value comparison
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11000kg 14200kg
Figure 4.6: Comparison between 8-state (dashed) and gb{stdid) model
11000 kg

Okts/Oft Okts/4500ft | 40kts/Oft | 40kts/4500ft] 80kts/Oft | 80kts/4500ft

-3.29 -3.65 -3.08 -3.15 -2.28 -2.73
-0.86 -0.93 -1.15 -1.20 -0.24 + 1.08i| -0.24 + 1.09i
0.24 +0.38i| -0.05 + 0.60i| -0.17 + 0.78i| -0.16 + 0.86i| -0.24 - 1.08i| -0.24 - 1.09i
0.24-0.38i | -0.05-0.60i| -0.17-0.78i| -0.16 - 0.86i| -0.72 + 0.57i| -0.69 + 0.83;i
-0.16 + 0.56i| 0.13+0.13i| 0.12+0.32i| 0.08+0.28i| -0.72-0.57i| -0.69 - 0.83i
-0.16 - 0.56i| 0.13-0.13i| 0.12-0.32i| 0.08-0.28i | -0.06 + 0.08i| -0.02 + 0.18i
-0.19 -0.18+ 0.12i -0.29 -0.20 -0.06 - 0.08i| -0.02 - 0.18i

-0.22 -0.18 - 0.12i 0.05 0.04 0.05 -0.05

Table 4.8: Open loop poles - 8-state plant (11000kg)

forward speed at altitudes of Oft and 2500ft. Analysis of phats show that the EH101,
like most conventional helicopters, depicts the commoiblyerved longitudinal and lateral
modes. At both altitudes, for speeds of upto 30kts the emjar\plot shows the presence of a
low frequency unstablphugoidmode, low frequency stabiutch rollmode, slow critically
damped stablspiral, heave fasterpitch subsidencand fastestoll subsidencenodes. As
the speed increases to 70kts, the heave mode becoargsmallyunstable and the pitch and
roll subsidence modes also reduce in frequency. At speesdgeagrthan 70kts, the heave

mode returns to stability and the critically damped modeitifhpsubsidence changes to a
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14200 kg
Okts/Oft | Okts/2500ft | 40kts/Oft | 40kts/2500ft| 80kts/Oft | 80kts/2500ft
-4.01 -3.73 -3.49 -3.53 -2.62 -2.81
-1.04 -1.03 -1.33 -1.36 | -0.20 + 1.10i| -0.21+ 1.13i
0.23 + 0.39i| -0.05 + 0.64i| -0.17 + 0.82i| -0.16 + 0.92i| -0.20 - 1.10i| -0.21- 1.13i
0.23-0.39i | -0.05 - 0.64i| -0.17 - 0.82i| -0.16 - 0.92i| -0.66 + 0.49i| -0.65 + 0.49]
-0.17 + 0.54i| 0.15+0.19i| 0.18 + 0.36i| 0.14 + 0.34i| -0.66 - 0.49i| -0.65 - 0.49i
-0.17 - 0.54i| 0.15-0.19i | 0.18-0.36i | 0.14 - 0.34i | -0.08 + 0.11i| -0.02 + 0.19i
-0.18 |-0.19+0.06i -0.23 -0.18 -0.08 - 0.11i| -0.02 - 0.19i
-0.22 -0.19 - 0.06i 0.03 0.02 0.08 -0.03

Table 4.9: Open loop poles - 8-state plant (14200kg)

pitch/roll short periodmode. This trend was also observed at the 11000kg lineiamsat

(Figure 4.8).

Eigenvalue variation at Oft and 14200kg
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Figure 4.7: Eigen value variation as a function of speed @0kis) for 14200kg

Table 4.10 shows the transmission zeros of the EH101 at lewdsflight conditions. Note

that for the 40kts/Oft 8-state model, all the zeros are inléftehalf plane, but for forward

speeds of 20kts or less, the linearisations contained nommam phase zeros around the

origin. Positive zero limits the achievable controllerfpemance and robustness by restrict-

ing the controller bandwidth and system gain margin respagt{30]. Also, an odd number
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Figure 4.8: Eigen value variation as a function of speed @0kis) for 11000kg

of non-minimum phase zero cause an initial undershoot wiiakes the helicopter go in the
opposite direction to the asymptotic value and this thewskbe helicopter response. These

factors strongly discouraged the use of other flight coadgifor controller design.

10kts/Oft | 20kts/Oft| 40kts/Oft
-0.1661 | 0.0430 | -0.2837
0.0513 | -0.0203 | -0.0143
-0.0180 | -0.1617 | -0.0404

Table 4.10: Open loop zeros - 8-state plant

In order to obtain specific information about the frequeregponses of each channel, stan-
dard on-axis Bode plots of the pitch attitude, roll attitiaded yaw rate were also plotted.
The magnitude portions of these Bode plots for all the fligirtditions are shown in Figure
4.9. The information from the singular values is confirmethvarge variations observed in
pitch and roll axes plots with changes in flight conditioneTarge low frequency variations
make designing controllers which provide the same levetaxfking at each flight condi-
tion difficult. The yaw axis shows less frequency variatian there are some troublesome
mid-frequency resonances and anti-resonances which ehetigflight condition and could
cause stability problems. Assessment of these plots shthaethe magnitude values for the
40kts/0ft/14200kg flight condition was approximately a ttlentre of the cluster in all three

channels and selecting this as the nominal plant would reguiower uncertainty margin to
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Figure 4.9: Bode magnitude plots
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cover the full flight envelope.

The above discussion lists the challenges that would beuveneced while designing a con-

troller for the EH101 - changing characteristics with fliglhditions, i.e. RHP poles and

RHP zeros, and high frequency uncertainty. 2DRE loop shaping methodology with its

robust uncertainty management ability and multivariatd&ure was chosen to design the
MIMO FA controller.

4.3 Controller design

The 2DOF#H,, loop shaping procedure proposed by [48] and as explainechaptér 2

consists of three steps:

1. Selection of reference model
2. Augmentation of open loop plant with weighting functions

3. Controller synthesis (usirld., optimisation)

4.3.1 Selection of reference model

Selecting a reference model provides the ability to ameedrdtorcraft response to fit a
desired model. The controller was designed to seek a ACAIHtgde Command/Attitude
Hold) type response in the pitch and roll channels, and a Rlies(Rommand) type response
in the yaw channel. The reference modgl,;, was chosen as a second order linear model of
unity gain in each channel in order to induce second order ¢yjbehaviour in the responses.
The second order model was used in order to provide the gt behaviour that meets
the ADS-33 criteria [3] and such models have shown succgssinous helicopter studies,
for eg. [31], [88], [91] and [93] and these studies also pded guidelines to design the
reference model. As reference tracking in pitch, roll ang gaies was sought, the reference

model has the following diagonal structure to induce detaipesponses:
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Tpitch 0 0

Tref = 0 Trou 0 (41)
0 0 Tyew
where
T 2.89
pitch s2 1 3.06s + 2.89
6.25
Troll 2
s2+4.0s+6.25
49
Tyaw B
s2 4+ 28.0s + 49
(4.2)

Figure 4.10 shows the responses that are induced into theatage channels of EH101 due
to the above reference models. Table 4.11 shows the regpectiural frequencyw(,) and
the damping ratio) for the reference models listed above along with the cpoeding rise

time (¢,) that was expected in each channel.

Reference Model| Natural frequency (w,,) | Damping ratio (¢) | Expected rise time(t,)
Thiten 1.7 0.9 1.5
Trou 2.5 0.8 1.0
Tyaw 7.0 2.0 0.5

Table 4.11: Reference model description

The above model ensures well-damped attitude respondesmidoth rates in longitudinal

and lateral channels and a fast response in the directibaahel. The use of second order
reference model is open to discussion with the observatianfirst order reference model
will produce a lower order controller. However, using thew®d order reference model pro-
vides the designer with an extra degree of freedom to imptweesponses. The availability
of controller order reduction methods, that assist in olitgj a lower order controller which

maintains the capability of the high order controller suppthe usage of second order ref-
erence model. Also, second order models with slight overtstem sometimes be better than

first order since many pilot inputs are not true steps and tiei®vershoot is not observed
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Figure 4.10: Desired responses from each channel

but faster tracking of the demand can be achieved. Alth@ughandr were the three con-
trolled outputs (i.e. matched to reference models), measent of pitch and roll rate;@@nd
p respectively) were also fed back into the controller as #reyable to increase the system’s

damping and provide a stabilising effect to the overallsysfo4].

4.3.2 Loop shaping and controller synthesis

The open loop plant is augmented by a pi&; ) and post-compensatblr; to give a desired
shape to the open loop frequency response (in terms of singalues). The nominal plant
G and the shaping functiori$; and1/, are combined to form the desired pla@t, where
G, =WyGW;. This is normally aimed to achieve high gain at low frequescroll off rates

of approximately 20dB/decade at the desired bandwidth @giteh rates at high frequen-
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cies. There is usually some trial and error involved in thiscpss and it is normally fairly
straightforward to find a reasonably good loop shape, andekgn procedure is somewhat
iterative.W; is effectively chosen as a constant, reflecting the relatig®rtance of outputs
to be controlled and other measurements being fed back tmtiteoller and?; contains the
either non-dynamic or dynamic shaping. The final contradieler is directly proportional
(proportionality constant of two) to the order of the wemgleimployed and this advocates
the case of applying non-dynamic weights, provided theiredwshape is attained. Keeping
this in mind three designs are discussed here - the first gDdgiusing non-dynamic shap-
ing, the second (Design 2) using additional dynamic shafmnghich further iteration was

performed to achieve the final shape (Design 3).

Figure 4.11: Open loop singular values - Nominal

Design 1

The open loop singular values of the nominal plant are shoviaigure 4.11 and it is evident
from inspection of the maximum singular value that high &ddal gain was not necessary
on certain channels as the open loop bandwidth was already t10 rads/s. The following

non-dynamic shaping functidi; with low gains along the leading diagonal was employed

Wy = diag(4,7,8) (4.3)

and the post-compensatidf, was chosen as
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W, = diag(1,1,1,1,1) (4.4)

Figure 4.12: Shaped open loop singular values - Design 1

The plot in Figure 4.12 shows the shaped (solid) and the nalinsingular values (dashed).
The shaped plant frequency response shows that the nomadyfianctions have not been
able to produce the required shape. Although, one of thanertjaharacteristic of low loop
gain, i.e.7(G;) << 1, at high frequency values was observed. However, at the etite
for low frequency values high loop gain, i.e(G;) >> 1, requirement was not produced.
Also, the closed loop bandwidth was found to 18% rads/s and was higher than the limit
of 10 rads/s set for this system. Increasing the gain values ¢oydcbve the low frequency
gain, however that would compromise the high frequency gagairement. This shows the

relative weakness of non-dynamic weights for this paréicatodel.

A (14™) order H., controller K, = [ K, K, } was synthesised with the value fpr
for reference model matching set 20 The controller had an uncertainty margin of=
0.35 (v = 2.86), which was within the range considered acceptable in [T8]s indicated

approximately35% allowable uncertainty iV, and M, at the cross-over frequency range.

The final 2DOF controlletrxk’ = W, | K; K,W, | also had 14 states. The frequency
response of the loop transfer functiciil; KW, is given in Figure 4.13. The shape of
the open loop singular values is quite poor but similar tauFegd.12, which is essential in

attaining closed loop design objectives. However, gaifG(V; K,1,)) at low frequency

value was not as high as desired and the low loop gai&'{V; K,WW5)) was not as low as
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Figure 4.13: Stabilised open loop singular values - Design 1

desired at high frequency. Also, closed loop bandwidthwas found to be 8@ads/s,

which was too high to be used in practice.

Sensitivity plot Cosensitivity plot

Figure 4.14: Closed loop frequency response - Design 1

The sensitivity(I + GWlKQWQ)’l and cosensitivityGW, KWy (I + GWlKQWQY1 sin-
gular value plots are shown in Figure 4.14. The sensitivitg phows strange behaviour,
with small singular values between 0.1 and 10 rads/s casrelpg to good mid frequency
tracking. However low frequency tracking (for at least sanmuts) will be poor due to the
relatively high low frequency singular values. In additi@nclosed-loop bandwidth (from
the sensitivity perspective)s of 20 rads/s would result in poor robustness within the flight
envelope. The cosensitivity function also has a fairlyaative shape, with high frequency
roll off, although again, the closed-loop bandwidth; is approaching a high00 rads/s.

The resultant controller also showed poor performance veipgtied to the full order model
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(not shown here). Overall the above controller provided@dgancertainty margin and both
the open and the closed loop singular values showed the iigpabachieving the desired
shape which would make this an apt choice, however the ldaged loop bandwidth and

poor low frequency performance suggested that furtheatitar was required.

Design 2

In order to improve the low frequency performance and to cedbe closed loop bandwidth

the shaping function was replaced by the following dynamiwtion

(4.5)

5 10s S

W, = diag ((s +7.0) 3(s+8.5) 2(s+ 9))

Figure 4.15: Shaped open loop singular values - Design 2

and the post compensatdf, was unchangedl/; is basically a bank of Pl type controllers.
The integral action was added to improve the low frequencippmance such as disturbance
rejection and steady state tracking. The phase lead pdreafdmpensator was adjusted to
ensure that the open-loop bandwidth was sufficiently highattequate manoeuvring capa-
bility and also around the cross-over point the slope of thgwar value curves is relatively
shallow. Recall that high-phase lag is associated withpggegdients so an approximate way
of avoiding the critical Nyquist point in the multivariald@op shaping is to ensure small gra-
dients near the cross-over point. The process of multivbriaop shaping is something of an
art and the values given in Equation 4.5 were arrived at byasative tuning and simulation

in order to obtain good open-loop shapes. The singular salfithe shaped system (solid)
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along with the nominal system (dashed) is illustrated iruFegd.15. The low frequency gain
is significantly larger compared to the shaped plant sigrdaues (Figure 4.12) obtained
in Design 1. In addition the open loop bandwidth has reduodédrads/s which would still

be considered a little high in practice, however an improzenirom Design 1 is clearly

evident.

With the value ofp unchanged, a 17 order controllerk ., with a slightly lower uncertainty
margin ofe = 0.24 (y = 4.17) was obtained after the optimisation process. This value of

relates t@24% of tolerable uncertainty iV, and M, at the cross-over frequency range.

Figure 4.16: Stabilised open loop singular values - Design 2

The actual 2DOF controllefs, derived by combining the shaping function with the above
controller, K., was of the order 20. In order to analyse the closed loop &equresponse
the feedback part of this controllé#/; K55, was then connected in series with the nominal
plant. The singular value plot of the resultant loop transifi@ction, GW, KW, is shown

in Figure 4.16.

The corresponding sensitivity and cosensitivity singwalue plots are illustrated in Fig-
ure 4.17. A closed loop bandwidth 8frads/s was found from the loop transfer function
frequency response. Loop transfer function had the detésdd ook shape with high loop
gain at low frequencies below the gain crossover frequendythis guarantees good low
frequency disturbance rejection and good steady state emmhfollowing. This was further
confirmed by the sensitivity plot with the maximum singulalues ((I + GWlKQWQ)_l) <<
1 at frequencies below about 0.5 rads/s. At frequencies ath@verossover frequency the

open-loop transfer function had the desirable low loop gairsuring attenuation of mea-
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Sensitivity plot Cosensitivity plot

Figure 4.17: Closed loop frequency response - Design 2

surement noise and the cosensitivity plot confirms thid&mrtvith high roll off rate at high
frequencies. There was also a significant improvement ircleed loop bandwidths{ 10
rads/s from the cosensitivity perspective), however, aag effectively the same as the upper
limit set by the open loop singular values and as this woultsegerformance deterioration
(as shown in the time domain results in Figures 4.35, 4.364aBi0), further iterations were

conducted.

Design 3

Subsequently the following pre-compensdtdr was finalised

(4.6)

W, = diag ((s +2.5) (s+25) (s+ 5))

4s 7 4s 7 2s
and as before the post compensalgrwas unchanged. The shaped (solid) singular values
along with the nominal (dashed) are presented in Figure. 4Tk& effect of the shaping
function is clearly evident as the shaped plant now has teeeatkeshape of high loop gain
at low frequency and low loop gain at high frequency. Crugigihe open-loop bandwidth is

now noted to be a low and acceptaltlé rads/s 9 rads/s with Design 2).

The value ofp was left constant and thé., optimal control problem was solved. As a result
a 17" order controller K .., with a slightly lower uncertainty margin ef= 0.23 (y = 4.33)

was produced.
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Figure 4.18: Shaped open loop singular values - Design 3

Figure 4.19: Stabilised open loop singular values - Design 3

Sensitivity plot Cosensitivity plot

Figure 4.20: Closed loop frequency response - Design 3

The final 2DOF controllerX = W, [ K, K,W, | was then derived from the above con-

troller and similarly to Design 2, produced a'2®rder controller. The loop frequency
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response (Figure 4.19) showed a comparatively higher leguiency gain and also the band-
width of 6 rads/s, which is less than the limit set by the open loop $axgialues. The larger
low frequency gain would guarantee performance and lowatrotber bandwidth would
guarantee stability against variation in flight conditioi$ie corresponding sensitivity and
cosensitivity plots are shown in Figure 4.20. These plotthér confirm the above results
with maximum singular value ((I + GWlKQWQ)_l) << 1 at low frequencies in the sen-
sitivity plot anda (GW:, K, Ws (I + GWlKQWQ)*l) << 1 at high frequencies in the cosen-
sitivity plot. Also, the plots also show a lower closed loagmbwidth of5 rads/s observed

from the cosensitivity plot.

4.4 Linear simulation results

The controller design discussed in the previous sectionasasssed using both linear (pre-
sented here) and nonlinear (presented in Chapter 7) timaidosimulation. While the
frequency domain analysis gives a rough indication of tfecéfeness of a given controller
design, as it is based mainly on singular value analysis,rnbt precise enough to yield suf-
ficient information about the level of coupling and transieehaviour of the system. Thus
the time domain results presented here give a vital couauteipthe frequency domain anal-
ysis. For simplicity, all simulation results given in thiecsion consider axis-by-axis pulse
input demands. While a little artificial, such analysis gigegood indication of the level
of coupling and transient response of the aircraft, altihairg long term responses must be
interpreted with care. For both the frequency and time domaaalysis, the controller was

implemented as shown in Figure 4.21,

L u,(t) y(t)

K1
< K(s) G(s)

Y

oy
L

Figure 4.21: 25-state SIMULINK model for time domain an#ys

where
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edem
o 7(t) = | ¢gem | = Pilotdemand

Tdem

e y(t)=| r | = System output

p

[ K, K } =W [ K, KW, ] = 2DOF controller

Longitudinal cyclic

u(t) = Lateral cyclic = Control effector

Tail rotor collective

Recall that the controller was designed using a reduced 8rd&ate linear plant at a 40kts
/0ft/14200kg trim condition. However, the linear plant d$e assess its time domain perfor-
mance was the full 25-state linear model. A variety of trinmp®(Table 4.6) were tested, al-
though only a selection are presented here. The trim pdioisis here are Okts/0ft/11000kg,
40kts /0ft/11000kg, 80kts/4500ft/11000kg, Okts/Oft/@@Rg, 40kts/Oft/14200kg and 80kts
/2500ft/14200kg. Also, at each trim point the demands-286 deg,20 deg and—10 deg/s
were applied one by one to the pitch, roll and yaw channelecsgely.

4.4.1 Longitudinal response

Pitch attitude responses at the listed flight conditionslarstrated in Figure 4.26. Linear
pitch attitude response at the design point is fast and dmasothat predicted by the second
order reference model with little coupling into other chelsrand certainly less than the 25%
limit specified by the ADS-33 standard. The pitch rate algoeaps smooth and predictable.
The responses at the off-trim points also maintain the ggf@mm of the on-trim response,
however minor degradations were observed. The respongikest/@ft/11000kg flight con-

dition shows minimal degradation. The response was fagtér2s with an overshoot of
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1.5% and coupling was similar to that at the design point.h&tliover condition, it can be
seen that there is slightly more “steady state” coupling thizthe design point, however, no
major degradations were observed in the performance. &lsee is a slight “wash-out” in
the response leading to a “steady state” error of ardudelg. At the 80kts/2500ft/14200kg
condition, the response is slightly slower compared to #sgh point and has an overshoot
of 4%. Off-axis responses at this flight condition were galtgigood, although there was
some initial roll transients of a significant magnitude. Bamresponse was achieved at the
flight condition 80kts/4500ft/11000kg. Figures 4.27 anB4illustrate the variations in on-
axis pitch attitude response with changes to flight conaigtidt was observed that the single
MIMO controller was highly effective at all flight conditien with the exception of 10kts

forward speed.

4.4.2 Lateral response

Figure 4.29 shows the roll attitude response at the abova flignditions. At each of the
flight conditions, the response is very similar with a swiftlasmooth transient response in
roll attitude and effectively no steady state error. Offssbesponses appear very good, with
only the 80 kts flight condition showing a slight long-ternfreét in pitch attitude. Damping
in all cases appears good with an overshoot of zero. FiguB&sahd 4.31 illustrate the
variations in on-axis roll attitude response with changdidht conditions. However, unlike

the longitudinal channel the MIMO controller was effectateall flight conditions.

4.4.3 Directional response

Yaw rate responses are shown in Figure 4.32. As with the pibchroll attitude responses,
the yaw rate response is best at the design point. On-axiemss is good, being swift and
well-damped, and off-axis response is acceptable but withessteady state coupling into
pitch. Recall, that the singular values did not display akientegrator behaviour at low
frequencies. At the other flight conditions, the on-axis yasponse was broadly similar
apart from a slight steady state error of abbdeg at hover and overshoot of approximately
4% at high speed flight condition, although remember thatithin yaw rate which is dif-

ficult for a pilot to detect. Most of the off-trim degradatiamresponses manifested itself
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as increased coupling into other axes. The hover condiigraiticularly noticeable with
coupling reaching just below 20% transiently in most offsaxariables. However, this level
of coupling was thought to be acceptable as it was within &8 2olerance specified by
the ADS-33 document. Figures 4.33 and 4.34 illustrate thimtans in on-axis yaw rate
response with changes to flight conditions. The single MIM@tmller was again seen to

be highly effective against variations in flight conditions

4.4.4 Comparison to Design 2

The relative weakness of Design 2 can also be illustrateti®yitne responses presented in
Figures 4.35 (pitch), 4.36 (roll) and 4.37 (yaw). Compatting pitch attitude response from
Design 2 to Design 3 shows a similar on-axis performanceeatiéisign point as well as the
off-trim flight conditions. However, the off-axis behavicat each of the condition show mi-
nor deteriorations. There is a development of a “kink” ircpitate response at high velocity
flight condition and appears to allow an oscillatory transieehaviour in roll axis. While
this was not thought to be too much of a problem it is noted asfi@idncy of this design
which might cause pilot complaint. Effectively this “kink# pitch rate manifests itself as
an abrupt acceleration of the rotorcraft that appears asri™jo the pilot. The roll attitude
response shows minor deterioration in the on-axis perfoo@aespecially at high velocity
flight conditions, and there is a significant amount of degtiad in roll rate response with
an exaggerated presence of several uncomfortable “kigsin, these kinks cause “jerky”
accelerations of the helicopter that could cause discdrtddhe pilot. Yaw rate responses,
in terms of on-axis performance show minor degradation dfexis responses show the
presence of an oscillatory transient behaviour which woeldeemed uncomfortable by the
pilot. These high-order dynamics in Design 2 were mainly wuthe closed loop controller
bandwidth & 10 rads/s) being very close to the bandwidth limit set by the ehoglduction
process. Due to its close proximity to the limit, it made tbatcoller highly sensitive to the
variation in flight conditions. In terms of countering iné&xis coupling, both controllers are
equally capable of keeping it below the prescribed 25% middwever, the responses have
shown, comparatively, a lot more off-axis oscillation widlesign 2 and that would suggest

that the controller derived using Design 3 is more suitechtoEH101 system. The main
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on-axis time response features are presented in Tables#41¥Band 4.15. While these ta-
bles do not indicate much difference between Designs 2 atite3;jerky” rate behaviour
is a notable weakness in Design 2 and was the main reasomifatirty until Design 3 was

obtained.

4.4.5 Controller order reduction

The above 2DOFH,, loop shaping design methodology provided a feasible wayadync-
ing a robust FA controller. The resulting controller, howewvas noted to be complicated
with a high order £0'" in this case), making it difficult to be implemented in praeti Meth-
ods such asruncation residualisation Hankel norm approximatigrare available in robust
control toolbox that allow to reduce this order. These méshequired either a balanced or
a minimal realisation of the controller. As the above colfdrovas noted to be marginally
unstable with three eigenvalues at the origin, the normdlprime factorisation was ap-
plied to the controller in order to obtain a balanced retibsaand the controller order was
then reduced by applying residualisation. There is a medswwn as the-gap that allows
to measure the deviation of the reduced controller from tigir@l full order controller.
Table 4.12 shows the expected increase in this measure @dtiction in controller order.
Figures 4.22 to 4.25 shows the variation in controller penfnce (longitudinal channel) as
the controller order is reduced. These plots show that arlonger controller (uptet” in
this case) is more or less capable of matching the full ordetroller performance. Despite
these encouraging results, it was decided to work with thggra full order?# ., controllers.
Although from an implementation perspective, it indeed lddee possible to replace the
full order controllers with the reduced order versions gingicantly less complexity, and
because the thesis did not attempt to implement any coatsolihis avenue of research was
not pursued any further. Furthermore, the results obtdatedin the thesis are not dependent
on the controller order and hence in principle can be appbeghy linear-based controller
design. Thus, while it is acknowledged that in practice,rdaiced order controllers would
be preferable to implement, th¢,, controllers used throughout the remainder of the thesis

are all of full order.
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Controller order | v — gap
16 0.002
12 0.013
8 0.08
4 0.4

Table 4.12: Controller order — gap variation
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Figure 4.22:16"" order controller
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Figure 4.23:12" order controller

4.5 Conclusion

The design of a multivariable FA controller using 2D@F, loop shaping design procedure

has been described. The methodology is systematic angléaisly to tune, with the designer

80



=== Full order controller
= = =Low order controller
0.5r = Pitch demand

Pitch attitude response [deg]
\ \

. . . . . . . . .
0 2 4 6 8 10 12 14 16 18 20
Time [sec]

Frequency domain comparison Controller performance

Figure 4.2438" order controller

-0.5r

-1.5F

Pitch attitude response [deg]

Ve

L L L
14 16 18 20

¢ Timelo[sec]12
Frequency domain comparison Controller performance

Figure 4.25:4' order controller

only having to select weighting functions for controllerdesign. The controllers described
in this chapter were LTI controllers, designed at an opeggtioint of 40kts/0ft/14200kg and
featured no scheduling. Three different designs were megp@nd it was concluded that
Design 1 with non-dynamic weights was the weakest amongsh thith poor frequency
and time response features. Designs 2 and 3 with the dynasighting functions were
both satisfactory at the design point and both performed atelther conditions within the
flight envelope. However, the fragility of Design 2 becampaent with poor off-axis per-
formances, particularly at off-trim flight conditions. Dgs 3 produced satisfactory results
at all the tested flight conditions with minimal degradatinrperformance at both on and
off-trim points. Design 2 contained higher singular valaatwidths (in terms of sensitivity

and cosensitivity function) than necessary thus makingddes clearly the preferred con-
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troller, both as a standalone FA controller, and as the bemis which the LA controller
could be constructed. The following chapter presents LAigcture proposed in this study
along with the state-space based formulae to transformAle®ftroller derived here so that

it is fully functional in the proposed LA architecture.
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Flight condition Rise Time (sec) Overshoot (%)
Design 3| Design 2| Design 3| Design 2

40kts/0ft/14200kg 1.8 1.8 0.5 0.5
40kts/0ft/11000kg 1.6 1.6 1.5 1.5
Hover/14200kg 2.0 2.0 0.0 0.0
Hover/11000kg 1.8 1.8 0.0 0.0
80kts/2500ft/14200kg 2.1 2.0 4.0 2.0
80kts/4500ft/11000kg 2.0 19 4.5 2.5

Table 4.13: Pitch attitude time response features

Flight condition Rise Time (sec) Overshoot (%)
Design 3| Design 2| Design 3| Design 2

40kts/0ft/14200kg 14 14 0.2 0.0
40kts/0ft/11000kg 14 14 1.0 0.5
Hover/14200kg 14 14 0.5 0.5
Hover/11000kg 14 14 0.3 0.3
80kts/2500ft/14200kg 1.4 14 1.6 0.8
80kts/4500ft/11000kg 1.4 14 2.0 1.0

Table 4.14: Roll attitude time response features

Flight condition Rise Time (sec) Overshoot (%)
Design 3| Design 2| Design 3| Design 2

40kts/0ft/14200kg 0.8 0.7 0.5 0.0
40kts/0ft/11000kg 0.8 0.7 0.8 0.0
Hover/14200kg 0.7 0.7 3.0 0.0
Hover/11000kg 0.7 0.7 3.9 0.0
80kts/2500ft/14200kg 1.0 1.0 0.0 0.0
80kts/4500ft/11000kg 1.0 1.0 0.0 0.0

Table 4.15: Yaw rate time response features
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Chapter 5

Transformation to limited authority

controllers

The findings of Chapter 4 suggest that a well-designed FArobeit can bestow desirable
characteristics on a helicopter as coupled and nonlinelreaEH101. However, as men-
tioned in Chapter 1, there is a desire to realise FA perfoomavithin the LA framework.
This chapter discusses the architecture of LA controlladsidentifies some of the system
theoretic problems which arise in their design. In paracuthe implications of injecting
reference demands to the controller are discussed in détastate space based formulae
is also developed that would then translate an arbitraryd##roller into a LA architecture

that would produce identical FA performance.

5.1 Limited authority control systems

In LA architectures, the FCS is a combination of a mechamiodlan electronic system. The
mechanical system consists of hydraulic interlinks withalilthe pilot has total control over
the swash plates. The electronic system consists of thdisaéibn strategy that achieves
augmentation of basic handling qualities either via thatéoh authority, high rate series
actuators alone or via the combination of series actuatdts ttve high authority, limited

rate parallel actuators.

Recent years have seen significant progress in the apphaattimodern control techniques
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to helicopter FA FCS design. However, there is still a lackigbrous, systematic theory to
assist the engineer in the construction of LA control systeloreover, with the arrival of
digital FBW (fly-by-wire) technology there is the possibjilof constructing more advanced
control systems to deliver improved performance and fonetiity. Despite this, even state
of the art contributions have tended to gloss over a crussaig in LA control system design:
the transpositions of a FA system into a LA one. Although thenfonious functionality
of series and parallel actuators are mentioned to sometaxt¢Bl], the parallel actuator
control systems appear more as retro fits to predominantbriassactuator based design
rather being an integral part of a more holistic design. iportant to remark that, from a
control perspective at least, the LA architecture can bae as& problem because it is rather
different to the control system architectures found indéad texts on control system design,
where FA architectures are assumed to be the norm. The ainisattiapter, which also is
a significant contribution of this study, is to develop a noetlvhich provides a systematic
way of translating a FA controller, which may be designeagsiny standard method, into
a LA architecture. It ensures that the small signal perforeeaof the original FA controller

are matched by the resulting LA.

In order to comprehend the functionality of a LA control gyst it is best to refer to Figure
5.1. The total control input to the swash plate comprisesextimechanical link between the
pilot’s stick and the swash plates, plus a contribution ftbmseries actuatorsthe input of
which is generated from the electronic controller. Thenesiee for the electronic controller
is generated by the stick datum. In turn this is influencedleypilot’s stick position and the
parallel actuatorswvhich are also driven by the electronic controller. It slubog noted at this
stage that the electronic controller only has authority tive series and parallel actuators and
their correct use is crucial to the functionality of a LA casitsystem. Thus the total control
signal delivered to the helicopter’'s swash plate is depeinde the direct pilot command
through the mechanical interlinks, the series and the jgheaituators. Depending on which

combination of these devices is used the type of controkgysichieved is classified as:

1. Manual control : This operation utilises full control authority mechanisgstem that
is influenced by the absolute stick datum and allows the palanfluence the swash
plates independently to the electronic controller. Howénadicopters are inherently

unstable machines and pilot workload can be high when dpgrander difficult flying
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Figure 5.1: LA schematic [85]

conditions. Therefore, the FCS is improved by additionarafions to ease pilot

workload and to permit better performance.

. Auto-stabilisation : In order to reduce the pilot workload and to improve handling
qualities, LA architectures utilise an auto-stabilisatioop. The stabilisation correc-
tions are made by means of electrically driven fasties actuators They operate
with a limited control authority in order to protect agaihsirdover failures [41], i.e.
not allowing the actuators to be driven to extreme positiditsese actuators receive
stabilisation signals from the electronic controller ahdrt provide fast input to the
swashplates without feeding back to the pilot’s contralksthence they are said to be
in series with the pilot. Now, their key feature, from a cohttesigners perspective is
that they are modelled as a saturation element. This eaBgiitinits the magnitude
of the output. As the saturation level is set to a small paeggnof the total control
authority, for large stick inputs or aggressive manoegrthese actuators have the

tendency to saturate.

. Autopilot : The auto-stabilisation function sends small high freqyesontrol inputs
to the swashplates, whereas the autopilot function is used slowly varying control
inputs. The autopilot function is achieved by meangafallel actuatorsthat can ei-
ther be activated by the pilot’s trim switch or by feedbackoy with slowly changing

the swashplate these actuators are also reflected at thetstitce they are said to be
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in parallel to the pilot. The parallel actuators also hawatied control authority, but
unlike the series actuators, their dominant feature istteit rate is limited. Their
rate is limited in order to protect the helicopter againstessive transient that arise
in the event of a trim malfunction [41]. However, this lindteate does makes them
prone to rate saturation and they are unable to react to suztngrol signal changes,

although their output can attain fairly large magnitudes.

Note that for low aggression pilot stick movements (i.e. lnagnitude, low rate), the series
actuators will not saturate and the parallel actuatorsvatlrate-limit. However, as soon as
more aggressive pilot commands are input, saturation reermagnitude (series actuators),
rate (parallel actuators) or both is likely to occur. Thiskesthe system nonlinear and un-
predictable and is often a source for system stability @oisl and consequently degraded
handling qualities. Effectively the saturation causedtleopter to attain a more open loop
type behaviour, transferring the task of stabilisatiorhilot and thereby increasing work-
load which then has a detrimental effect on the aircraftisdtiag qualities [35]. Another
important feature to notice about the LA architecture iswlag in which the parallel actu-
ators appear, causing there to be an “inner loop” in the otlatr Obviously care has to be
taken to ensure that this itself is stable, as well as theathauter loop involving the aircraft

dynamics.

5.1.1 EH101 interlinks model

In the work thus far, the interlinks between the absolutkstatum and the swashplate have
been considered to be purely linear and constant. Simildrey links between the series
actuators and the swashplate have been assumed to be eriptdint model, as depicted in
Figure 5.1. However, the EH101 interlinks model which wasdus this study was supplied
in a form which was somewhat different as shown in Figure &@nsidering Figure 5.2, it
is evident that the interlinks provide a mapping from theeseactuator commands, absolute
stick datum commands and, main rotor torque and speed teccgollective and engine
torque. In particular, for the EH101, the series actuatonmand is split (equally) among
two different physical actuators and thus the control dedhure needs slight modification

to account for this. This section describes how the EH10Tigoration can be addressed
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using the approach proposed in this thesis. It is assumédhbaeries actuator command
T
will have the formau(t) = | p(t) (1) 4i(t) | . where

S

e p/.(t) = Longitudinal series actuator command

e 1! (t) = Lateral series actuator command

S

e y.(t) = Directional series actuator command

and the series actuator command in each channel is alsdyedivided, i.e.

0= o wo | o= o o] andio=] e woe |

Pitchl ————r —— Engine torque

Roll1 ———®r

Series actuator Yaw 1 ——r )
output . Mechanical —— Longitudinal
Pitch 2 ™ Interlinks cyclic
Roll2 —— =t
vaw2 and L = Lateral
Pitch — cyclic
Stick Roll  ——» Rotor Control
datum i
u Yaw —— System | » Tail rotor
collective

Collective ———»

Main rotor torque ——— Main rotor
. —>
Main rotor speed — ™ collective

Figure 5.2: EH101 interlinks

The behaviour of this interlink is highly nonlinear and tsrtd vary with flight condition,
thus presenting another complication to the controlleigieprocess. In order to simplify
this process, the interlinks model is linearised at the sapgsating point at which the FA
controller was designed and this produce§ a 12 linear model. Next, the main rotor
collective channel is left open-loop (pilot preferencé)e main rotor torque and speed are
assumed to be constant and the engine torque is considdradganinimal influence during
linear analysis. This effectively results in truncating tinearised model to & x 9 system

which is then further divided into two subsystem¥:, a3 x 3 system denoting the map
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from stick datum commands to the cyclics and collectives Bnd 3 x 6 system denoting
the map from the series actuator commands to the cyclics alhectves. As they both
exhibited sufficiently fast poles, the subsystems were si@plified to their respective DC
gain matrices. This produced matrices ¢ R**3 andL € R**S. It was further noted, that
matrix L (after some re-arrangement) consisted of two equal matriee L = [ L L ]

whereL € R?*3. Now, the total controller outputy(t), was given by

fot
w=|L L M|| (5.1)
T+ Up
where,
e 1 (t) = Pilot command
e u,(t) = Parallel actuator command
e r(t) + u,(t) = Absolute stick datum command
The above equation further simplifies to
ul
up = [ L M } ° (5.2)
T+ Uy

This effectively meant that the linear LA architecture gesand analysis could be simplified

by replacing the matrix, and the signal vector

T
ug(t) = | 3pi(t) i) Syi(t) spL(t) 5ri(t) 3wt (5.3)
with matrix L and signal vector
, T
a(t) = | ) 0 v | (5.4)
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5.2 Proposed limited authority architecture

Perhaps the most important aspect of LA control system isitbdiway in which the series
and parallel actuators work together effectively and harimasly. They are complementary
in the sense that the series actuators are useful for fastbgnitude control signals and the
parallel actuators are useful for slow, large magnituddrobactivity. This, however, is a
simplistic view and a number of ways of harnessing seriegpandllel actuators effectively
have been proposed. Many are discussed in [31] and they feorgesimply using parallel
actuators to trim the aircraft, to complementary filter agmhes and more abstruse nonlinear
schemes involving blending. In this study the architectigpicted in 5.3 is followed. In this

architecture,

Parallel
actuators
‘ - K S):
up(t) ‘ f
Series ug (t)
actuators \
r(®) y < (t + :
p Ks1 e =L — G(s) -
K«s) "
™ Ks2
y(®)
> M

Figure 5.3: Proposed LA control architecture

e u,(t) = Series actuator input
e u'(t) = Series actuator command
e u,(t) = Parallel actuator command

e u,(t) = Total controller output

G = Helicopter dynamics

e )M =3 x 3interlinks gain between stick datum to swash plate
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e [ =3 x 3interlinks gain between series actuator command to swasé pl
e 1 (t) = Pilot command

e y(t) = System output

Ky(s) = [ Ka Ko } = Series component of LA controller

K,(s) = Parallel component of LA controller

This architecture is in sync with the existing helicopter téntrol system and is similar to
that used in [35] and [85] in which the series actuator outpgenerated by the difference
between an “ideal” control output and the mechanical lirkagtivity. The parallel actuators
are then used to off-load the series actuators and ideallyceetheir steady state output to
zero, thus preventing long term saturation. The advanthgewing the LA architecture in
this manner is that it effectively partitions the electmoontroller in two: the primary part is
used for driving the series actuators to deliver respor@wirol activity and the secondary
part of the controller is used purely for parallel actuatmmtcol which is used to influence the
behaviour in a much slower manner and to off-load the seaegtors, hopefully preventing
their long-term steady state saturation. The followingdiseawill now present an analysis of
this particular architecture and describe the formulaéwmaild enable the transformation

of the FA 2DOF controller described in the previous chapter.

5.3 Developing the state-space formulae

For small pilot demands, a LA controller should not causesttiges or parallel actuators
to encounter position or rate-limits and, in principle sldooperate in an essentially linear
manner. However, there appears to be no wide agreement ophegisely, a LA controller

should be designed for such small signal behaviour. Oneieanan equivalent FA design as
representing the “ideal” small signal behaviour. Then ttabfem becomes one of transpos-
ing the FA design (of arbitrary linear architecture) into A design, which has a restricted
architecture due to the mechanical interlinks and the fpaming of the various control ele-

ments. In this section, state-space formulae which enhlddéransposition to be carried out

systematically are given.
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5.3.1 Small signal analysis

The proposed LA architecture is redrawn in Figure 5.4, whies@ssumed that the series and
parallel actuator control signals are sufficiently smatitsthat position and rate-limits are
not violated, and that the mechanical interlink componemay be considered to be linear.
r(t) is a three dimensional vector with element&) € [—50, 50] which represent the pilot
forward/aft and left/right stick demands and the pedal defsaespectively, where50
(—50) indicates the maximum positive (negative) displacemérihe inceptor. u(t) and
u,(t) denote the series and parallel actuator control signapewively, whilew,(t) denotes
the total control signal appearing at the swash plate). is the vector of measurements fed
back to the controller. For the purposes of this analysssassumed thadt/ andL are purely
static elements, although in reality they have high bantwliidear dynamics. An informal

statement of the LA control problem would be:

Parallel
actuators
Kp(s) =
ul®
Series
r(t) tuat ug® y(®)
_: Key actuators L - S G(S) .
gy K's(s) ug(®) .
- M

Figure 5.4: Unconstrained LA architecture

Problem 5.1 LA control problem: GivenG(s), L and M, designK,(s) and Kp(s) such

that the outputg due to stick- are desirable.

It is interesting to compare this to the FA problem, depidte&igure 5.5, where the rela-
T

tionship between andu, is simply given byK = [ K, K, ] Informally the FA
)

controller problem given by:

Problem 5.2 FA control problem: Given(G(s), designK (s) such that the outputgdue to

stickr are desirable.
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L u,(t) y(t)

2 K(s) G(s)

Y

Figure 5.5: FA architecture

Note that both the LA control problem and the FA control pesblseek controllers which

r
give a relationship betwee andu;, but the LA problem isnore constrainedFrom a

Y
control theoretic perspective, in the FA control problem ¢tontroller’s internal architecture

is allowed to beunconstrainedwhereas in the LA problem the controller architecture is

forced to have structural disadvantages.

5.3.2 Translation to limited authority

There are many systematic methods available by which onée&sign FA control systems
and indeed the vast majority of control theory concentratethis. However there are few,
if any, systematienethods for designing LA control systems of the architectigpicted in
Figure 5.7. It therefore seems logical to determine whetharbitrary FA controller (Figure
5.6 can be implemented as the LA architecture in Figure 5d7tamlerive the relationship
between the various control elements. This was investigatviously in [58] and a formula
which allowed the translation of an arbitrarily structufe&lcontrol law into a LA form was
derived using transfer functions. However, this formulawestricted to SISO control laws
when in reality helicopter control laws may have extra measments available to them and
also may have the flexibility to manipulate more than one raynihput. In addition, the
transfer function approach tends to lead to rather highrardetrollers. It would therefore
be helpful, if expressions for the series control law eletm@ould be given which allow

lower order control laws to be obtained for general muliafale controllers.
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Figure 5.6: FA controller
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Figure 5.7: LA controller

A transfer function based representation

The first step in the derivation of state-space formulae @etave a transfer function rela-
tionship (for multivariable systems) between the FA and lofvtcol architectures. The total

control activity for the FA case in Figure 5.6 is given by

-
Uy = [ K1 K ] (5.5)
)
The above FA controller is to be implemented in the LA ardtitee of Figure 5.7 and the

aim here is to derive an expression f%r[(s1 Ky ] such that the transfer function for

,
— u, is identical for the two architectures. Now, from Figure:5.7
)
6/ = T"‘Kp Ksle/—i—ngy
¢ = [I-KpKa]'[r+ KpKyy] (5.6)
Also,
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ug = Kall = KpKa] ' [r + KpKoy] + Koy
u, = Kgll - KPKsl]il T+ [Ksl [l — KPKsl]il Kp + I] Koy (5.7)
Applying the “push through” rule [12] to Equation (5.7) th@lbwing expression is derived:
e = Ko [I = KpKa| v+ [I = KaKp| ™' Koy (5.8)
Now, the total control signdk;) can be represented as,
uy = Lug + Me' (5.9)
By replacing foru, ande’ from Equations (5.7) and (5.6) respectively gives,
u, = LEKgq[I—KpKg] 'r+L[I—-KyKp| " Kyuy+
Ml — KpKqa] 'r+ M|l - KpKq] ' KpKoy
u = [LKgq+M|[I—KpKy| 'r+[L+MKp][I — KqKp| ' Kyoy (5.10)

Comparing Equation (5.10) to the expression for total adrdctivity in the FA system

(Equation (5.5)) gives the following expression fg;,

K, = [LKgq+M|[I - KpKy]™
Kl [[_KPKsl] = [LK31+M]
Kl—M = [L-'-Kle]Ksl
Ky = [L+KKp] " [K — M| (5.11)
and for K :
Ky, = [L+MKp|[I — KqKp| " K
Ky = [I—KaKp|[L+ MKp] " K, (5.12)

Substituting forK;; from Equation (5.11) in Equation (5.12):

Ko = Ko[I—[L+ K Kp) ' [Ki — M| Kp] [L+ MKp|™"
Ky = Ky[L+ K Kp| '|[L+ K Kp—[Ky—M]|Kp|][L+MKp] ™"

Ko = [L+ K Kpl 'Ky (5.13)
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Complexity of the inner loop

The parallel actuators, in this architecture, drive bothrtrechanical system from the stick
datum through the mechanical linkages, and also providegbdne reference to the elec-
tronic controller which then drives both the series and lpgractuators - giving rise to this
complex loop within the controller itself. Also, notice tithe expressions for both;; and
K, feature the parametéf» which is the control element used primarily to control the-pa
allel actuators. Therefore, given an expressionifer Equations (5.11) and (5.13) represent
anexplicitway of translating a FA design into a LA one which delivergitieal small signal
performance. An appealing way of choosiAg is so that it reduces the steady state output
of the series actuators to zero, thus avoiding any long tatoration problems. This can be
achieved easily and for this part of the analy#is,, K, and K p are assigned the following

representations,

1 .
Ksl = d—Ksl (514)
whereK,, is a3 x 3 matrix,
1.
Ko = Ko (5.15)
whereK,, is a3 x 5 matrix, and
1 .
Kp=—Kp (5.16)

P

whereKp is a3 x 3 diagonal matrix (as one parallel actuator per channel).

Also, d, andd, are the characteristic equation of the transfer functiotrioes X and K p
respectively. Applying the push through rule to Equatio®, $nodifies the expression for

series actuator control signal,, to

us = [I — KaKp] ' [Kar + Koy (5.17)

and applying the definitions from Equatiofis14), (5.15) and(5.16) to the above represen-

tation,

105



1 . . 1Y1 . 1 .
s = |I——KagK — K, — K,
U [ d,d, 1 P:| <d5 17+ d. 29)

~ ~ 711 ~ ~
= d, [dsdp] — Klep] (Kslr + K52y> (5.18)

Therefore, by selecting, = s, and assuming thatet ‘ <dsdpl — Kslff’p>

=0, it follows
=0

sS=

-
that the transfer function matrix fro to u,

y
~ . 711 R R

lim d, dsde—Klep] [ Ko Ko } ~0 (5.19)

5

This implies that provided the control loop is stable, theeseactuator control signals will
tend to zero at steady state, thus preventing long-termagain. An additional problem, as
mentioned earlier, caused by the above LA structure, istthsgmce of this complex “inner”
control loop due to the parallel actuators. It transpired th order to stabilise this inner

loop, the transfer function matrix

~ A 11 4
Kol = KpKa] ™ = dy | ddy ] = KaKp| K, (5.20)

must be stable. This can be accomplished by ensuring thiéitytabthe matrix, [dsdpl — KaKpl.
With

% 0 0
Kp=|10 ~ 0 (5.21)
0 0 7y

conventional approaches were used to determine an appi@giain value, i.ex,, v, and
7y Applying SISO techniques such as Routh-Hurwitz critef8], it was possible to guar-
antee stability of the inner loop for all positive gain vadyb8] (irrespective of the channel).
Within the scope of this study, the parallel actuators awdd in the EH101 helicopter were
slow actuators, that were primarily used to off-load theeseactuators to prevent long-term
saturation. Based on the above derivation, in order to dhgeseries actuator error to zero,
the parallel actuator controller was chosen as a bank ofjiaters. The parallel actuator
controller plays a crucial role in determining the range itdtpdemand that would produce

identical FA responses. This was dependent upon the scaling and~, and there was
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certain amount of tuning involved in this. It will be shown@hapter 6 that very low gain

values would lead to minimal off-loading of the series atdteand hence would result in
premature saturation of series actuators even at rehativiedll pilot demands. Conversely,
too high a gain value would mean a highly active parallel aicits that resulted in rate satu-

ration that produced undesirable responses.

State space realisation of the LA controller

Using Equations 5.11 and 5.13, the series actuator compohéme LA controller can be

written as follows,

| Ko Ko| = [ (L4 KEp) (K~ M) (Lt K Ep) 'K,
(Ko Ko | = G+ K-y K (5.22)
r(t)
\
M
t
Y()—> K, ~ g ” < up(®
- KlK(S) us Ny L uglt) L—P -
Y+
e
\v/‘_

Figure 5.8: Block diagram realisation

The above equation can be pictorially represented by theklaiagram in Figure 5.8.

us = L' [Kyy+ Ky [r— Kpu) — Mr]

[L+K1KP] Us = K2y+(K1 —M)T

T
u, = [L+KKp|'| K, —M K, (5.23)
y

Equation 5.23 validates the block diagram representabom, the next step in the deriving

the state space realisation &% (s) is to assignk'(s) and Kp(s) the following state-space
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realisations (based on the above block diagram),

p _ -
T—Uu
ic - Acl‘c + [Bcr Bc] ( p)
K(s) ~ - (5.24)
(r —up)
Ye = u,s = chc + [Dcr Dc]
\ L y .
T :Ax+BL*1_u's_M7~_
Kp(s) ~ . S ] (5.25)
Yp=1u, = Cpr,+ DpL_l Uus — Mr

It should be noted at this stage that the matriﬁésan(;IL are assumed to be static and
nonsingular. Now, substituting far, from Equation (5.25) in to the output equation in
Equation (5.24),
Uiy, = Cuxe+ D, [7’ — Cpxp — DpL’1 [ s — Mr ” + D.y
Uy [I+ Do DyL7' | = Cotre+ Depr — DeyCpy, + Do Dy L™ Mr + Dey
iy = [I+DoD, L7
[Cete + Dy [I+ D, L' M| r — D.,Cp, + Dey|  (5.26)

By defining

A=[I+D,D,L7"]" (5.27)

Equation (5.26) can now be simplified further to,

s = ACex, — ADCpxy + AD,, [I + D, L™ M] r + AD.y (5.28)

Now, by substituting foti, from Equation (5.28) in to the output equation in Equatio2%,

u, = Cyr,+ D,L" [ s — Mr }
u, = Cpz,+ D,L7" [AC.x.+ AD,, [I + D,L™'M|r — AD.,Cyz, + ADcy — Mr]
u, = D,L 'AC.z.+ (C,— D,L 'AD.C,) z,
+D,L™" (AD,, [I + D,L7'M] — M) 7+ D,L™'AD.y
(5.29)
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Analysing the following extract from Equation (5.29),

DyL ' (ADey(I + DpL™'M) = M) = D,L7'ADy+ D,L " (AD,D,L™" — )M
= DPL_lADcr
+D, L' A (Do D L™ = I = Doy D, L) M

— D,L'A (D, — M) (5.30)

Thus, simplifying Equation (5.29) to,

u, = D,L7'AC.zx.+ (C, — D,L " AD..C,) z,
+D,L'A (D, — M)r + D, L 'AD.y (5.31)

Next, using the state equation from Equation (5.24) and bgtsuting foru, from Equation
(5.31),

i, = Ade+ Byr — BoD,L7'AC.x. — B, (Cp — DL 'AD,,C,) 1,
—B.D,L 'A (D, — M)r — B.,D,L"'AD.y + B,y

i. = (Ac— BaD,L'AC,) x. + By (D, L' AD,,C), — C,) x
+Ber (I = DyL™'A(Dep — M)) 7+ (B. — BoD,L7'AD.)y  (5.32)

and by substituting foti, from Equation (5.28) in the state equation in Equation (5.25
iy = Ay + ByL™' | ACia. + ADoy [+ DL ' M]r — ADCy, + ADyy — Mr |

i, = B,L7'AC.z.+ (A, — B,L"'AD.C,) x, + B,L 'A(D,, — M)r+ B,L"'AD,y

(5.33)

The above two equations (5.32 and 5.33) forms the state ieguiair the series actuator
controller and,

us = L7 (dy— Mr)

ug = L1 (ACCl'C — AD.,Cyz, + AD,, [I + DpolM} r+ ADCy) — Mr

us, = L 'ACxzx.— L 'AD.Cpz,+ L 'A(D., — M)r+ L AD,y (5.34)
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Equation 5.34 forms the output equation for the series &mtumntroller. Furthermore,
using the expression fak and applying the push-through rule, the following extraiot
Equation (5.32),

Ber (D,L'AD,, — 1) C,, (5.35)
can be written as,

B., (DpL‘l (I+ DD, L™") " D,, — 1) c,
B

o (14 DL Do) DL Doy~ 1) G, (5.36)

Next, by defining

1

A= (I+D,L7'D,)" (5.37)
Equation (5.36) simplifies to,
B (A(DyL Dy = 1 = DL Dey) ) G = —BAC, (5.38)
Similarly, another extract from Equation (5.32) simpliftes
Bey (1= DyL7'A Doy = M)) = B (A + DL AM) (5.39)

The above two extracts are then replace by their simpliboatin Equation (5.32) to obtain,

i. = (A.— B,D,L7'AC.) z, — B..AC,z,
+B. (A + DpL—lAM> r+ (B.— B, D,L"'AD,) y (5.40)

Thus, obtaining the following state space realisation

de Ae — Ber Dp L~ AC, —B.,AC, Ber (A= DypL 'AM)  (Be = Ber DL~ AD)
X
iy | = BpL~'AC, (Ap — ByL™ADCyp) | BpL™ A (Der — M) B,L~'AD. -
.
us L-1AC. “L7'ADeCy | LTMA(Der - M) L-1AD.

Yy
(5.41)

The above state-space formula gives a concise descriptithe geries actuator controller
which is necessary to replicate the small-signal behavaduk’. Moreover, assuming no
pole-zero cancellations in the transfer function in Equai{5.23) then the order of, as

described above should be minimal.

110




Large signal performance

Although the above analysis is useful for small-signal rizig of FA and LA designs, when
actuator saturation occurs and the system therefore bexcoaminear, it does not hold. In
fact for large pilot demands, the series actuator expeggnaturation that makes the system
unpredictable and may degrade the handling qualities. oith the parallel actuators are
used in the architecture to offload the series actuator yndytheir output to zero in steady
state, the parallel actuators themselves are subjectddinaiting that introduces another
nonlinearity into the system, which may degrade perforradadher. It therefore becomes
critical to assess how far the LA control system could be pddbefore the helicopter be-
comes unstable and difficult to control. In order to form a ptete picture, LA controller’s

large signal performance was also analysed during bothriawed non-linear simulation.

5.4 Alternative reference demand injection

In LA control architectures, the way in which the pilot reface is injected into the control
system is of critical importance. This is partly becausepbmt in which the reference is
fed into the control system alters the configuration of thetiad loops and hence adjusts the
complex “internal” controller loop, which of course haslsli#y consequences as shown in
the previous section. The point at which the reference ecited also has associated large
signal stability and performance implications when theeseor parallel actuators saturate.
The way in which the reference is fed into the control systalinately alters the refer-
ence signal which the electronic portioA’s(s)) of the controller “sees”. The architecture
seen thus far has shown the pilot reference being alterethéoyparallel actuator output,
u,. This architecture has the important advantage that itazamg to the architecture seen
within current generation of helicopters, however, it @m$ small signal stability intricacies
due to the complex internal loop that required careful tresit as was shown in the above
derivation. Another potential obstacle is that the pilstiek is back-driven by the parallel
actuators which might also be unsettling. However, quiterofo avoid this back drive the
parallel channel is only activated once the stick is cenftleid again has its own stability

and performance limitations).
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In this section, an alternative more architecturally afipgamethod is presented. This

method considers the architecture as shown in Figure 5.8revh

Parallel
actuators

- Kp(S) -

u p(t)

M

L/

Series ug (1)
actuators |

+ 1
t u's (t) + I
o ) us@ | 0] o G() B

y(®)

Figure 5.9: Alternate LA architecture

e u,(t) = Series actuator input

e v (t) = Series actuator command

e u,(t) = Parallel actuator command

e u,(t) = Total controller output

e (G = Helicopter dynamics

e )M =3 x 3interlinks gain between stick datum to swash plate

e [ =3 x 3interlinks gain between series actuator command to swadé pl
e 7(t) = Pilot command

e y(t) = System output

o K (s)= [ Ky Kgo } = Series component of LA controller

e K,(s) = Parallel component of LA controller

112



It should be noted from the schematic that the pilot commaftd, is fed directly into the
controller without modification, however, the signal intechanical linkages is modified
by parallel actuator command,,(¢). Note in particular that the parallel actuatais not
influencethe reference which the series actuator controller “se&hough such a scheme
would be difficult to implement in current generation hepers, it could be implemented as
a purely electronic version of a LA controller in future aaft. There are certain advantages

for this way of generating references:-

1. The control architecture is simpler

2. Stability problems are more easily avoided as there a@nplicated “inner loops”

which affect stability.
3. The pilot’s stick is not “back driven” by the parallel aatars, meaning that the pilot

would not experience unsettling non-commanded movemeheafyclic stick datum.

However, as the helicopter trim is normally delivered by gaeallel actuators, this may
mean that the pilot loses track of the aircraft’s trim. In@rtb present a complete picture, a
small signal analysis was also conducted for this schemsimigar manner to the proposed

architecture and this is presented below.

Analysis

From Figure 5.9 it can be seen that for small pilot demandgevitiee saturation elements

are assumed as unity gain

u = Lus+ M (r+u,)
uw = (L+ MK,)us+ Mr (5.42)

asu, = Kpus
Also,
Us = (Ksﬂ’ + ngy) (543)
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Now, replacingu, in Equation (5.42) using the above relation,

w = (L4 MEK)[(Ka)r + (Ks)y] + Mr
uw = [(L+MK,) Kq+ M]r+
(L + MEp) (Ks)y (5.44)

This total control output was equated to the FA total congighal in Equation (5.5), thus

providing the following expression far K,;, K., ] as

K, = (L+MK,)(Ky+ M)
Kg = (L+MK,) " (K, — M) (5.45)

and

KQ = <L+MKP)K32
Ko = (L+MK,) 'K, (5.46)

Equations (5.45) and (5.46) describe the transfer fundbiased transformation formulae
that, once applied to the FA controller, would produce theeseactuator compensator com-
ponent(K)(s) for this alternative LA architecture. In order to obtain 8tate space based

solution the block diagram in Figure 5.10 was constructed.

Up(t) N
> >_>I3 M

+

r(t)

. _

) - LU= Kp—=
— K, ug(t) + ug(t)
y(t)

Figure 5.10: Block diagram realisation - alternative sceem

and the following analysis was conducted to assess itsityalid

114



us = L7'[Kyy+ Kir — M (r + Kpu,)]

[L+MKP]U5 = K2y+(K1—M)T

us = [L+MEKp™ | K, — M K,

Also, the following state-space realisations are assigned

) o
r
T = Acxc + |: B.. B. ]
K(s) ~ Y
) r
Ye = Us = chc + [ D, D, ]
\ L y .
Ty = Apz,+ BpL—1 [ s — M }
Kp(s) ~
Yp = Up = Cpxp"‘DpL_l [ s — Mfj }

It can be seen from Figure 5.10 and the output equation of titqua.49,
B = up+r
8 = (I+D,L M) [Cpap + D,L ™", + 7]
The output equation part of the series actuator compenisagoren by
! (ds - Mﬁ)

.-
uy = L7 (= M (I+ DL~ M) [Cpay + DL~y + 7))
.-

V(I 4 DLt M) (i — M (Cpry + 7))

and by replacing foti, from Equation 5.48
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_ r
ug = L' (I+D,L™'M)™" |Cere + [Der D] — M (Cyp +7)
Y

uy = LV (I+D,L™'M)™" [Cor, — MCpty + (Der — M) 7 + D,y (5.52)

Similarly, by replacing fors and, in the state equation in Equation 5.49 results in

i, = Apxy+ B, [LT'A[Cex. — MCpzy + (Do — M) 7+ Dy
T, = Bp[flACCyz;C + (Ap — BpolAMC'p) Tp +
B,L 'A(D.. — M)r + B,L 'AD,y (5.53)

whereA = (I + D,L~'M)™"

Finally, the last state equation that represents the sactestor compensator is

r
t. = Acx.+ Be Bl (5.54)

(5.55)

Thus, resulting in the following state space realisatiartfie series actuator compensator

'jjc AC O BCT‘ BC
T
i, | = | B,L7'AC, (A, — B,L 'AMC,) | B,L™'*A(D,, — M) B,L 'AD, -
,
Us L7AC, —L71AMC, ‘ L7 'A(De — M) L~'AD,
L Y
(5.56)

5.5 Conclusion

This chapter has proposed two approaches for transforrAngchemes into LA schemes,

and associated state-space formulae which allow thesddramations have been developed.
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The key idea behind these transformations is that the LAmelseare considered as “stan-
dard” control schemes but witonstrainednternal architectures (dictated by the series and
parallel actuators). The first transformation is useful@tidopters of today as most of their
LA systems are configured as assumed in the first scheme. dtseanse of the transfor-
mation will be made in the remainder of the thesis. The set@m$formation is appealing
conceptually and while it is not appropriate for current Lénéigurations it may be of in-
terest for future LA configuration, particularly LA systemsdich are implemented purely

“electronically”.
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Chapter 6

Linear limited authority simulation

This chapter describes the analysis and computer-baseat kimulation of a LA controller
for the EH101 helicopter. These simulation results areddgg linear because they are con-
ducted using the linear 25-state model of the EH101, althdgre are nonlinear elements
(i.e. magnitude and rate saturation) present in this archite. It demonstrates the applica-
tion of the transformation formulae derived in Chapter 5 ahdws how they can be used
to successfully realise a given FA controller in a LA arctitee. Also, it explores the im-
portance of parallel actuators in a LA control system. Ineoit appreciate the importance
of parallel actuator controllek, the LA controller was analysed and compaveth and
withoutthe parallel actuator controllek,. The chapter’s main contribution is the extensive

simulation testing of the LA controller using high-fideliipear models.

6.1 Modifications to the full authority controller

Recall from Chapter 4, that the FA controller was multivaiésand designed using the 2DOF
"H.. loop shaping technique as discussed in Chapter 2. The eanlilght mechanics model
was trimmed and linearised at several different designtpaimmoughout the flight envelope
and the 40kt/0ft/14200kg trim point was used for controtlesign. The controller was an
ACAH controller in the pitch and roll channels and a RC coitéroin the yaw channel,
and the collective was left open-loop. The FA controllerdiioned well over the portion

of the flight envelope tested (0-120kts speed, 0-4500fudlks, 11000-14200kg mass). The
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controller did not require scheduling with flight conditiand, although its responses de-
graded at points distant from the design point, it still dadlyeasonably good responses to

be obtained.

Note that FA helicopters are driven by a reference, whiclersegated by the pilot’s inceptor
(i.e. stick or pedals). In practice this means that theretines “scaling” or a gain which
takes the stick or pedal input and converts it into an appagpreference demand for a FA
controller. For example if the pilot pushes the stick fordvas much as possible, this must
then be converted to a maximum pitch attitude command foh#tieopter by a scaling in
the controller. In block diagram terms, this means that araéxock is inserted at the input

of the FA controller to generatefrom the stick/pedal displacements.

In LA architectures the situation is slightly more compleachuse the pilot’s stick/pedal
inputs act as both theeference demand generatfor the series actuator controller, and a
direct swash-plate command via its connection to the machhkimterlinks. It is therefore
vital to ensure that the gain (or scaling) which converiskgpiedal displacement to reference
acts harmoniously with the capabilities of the mechaniat#riinks. As the pilot stick/pedal
inputs to values in the range 50% in each channel (pitch, roll, yaw) it was decided that the
reference scaling gain would associat®)% to 30 deg in pitch,+60 deg in roll and45
deg/s in yaw rate. These input ranges in each channel ard bpse the EH101 capability
and it effectively means that @Y% pilot input is equal to-30 deg,60 deg and—45 deg/s
demand in longitudinal, lateral and directional channspestively. Now, the FA controller

has the following state space realisation

jjc = Acxc"i_ [ Bcr Bc]

ye = Caet| Dy D, | 6.1)

and by incorporating the below diagonal matrix

—-06 0 0
Kref = 0 1.2 0
0 0 —-09
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into Equation 6.1, the FA controller is modified to

i = A+ [ B Kye; BC}
Ve = Ctet| DKooy D | (6.2)

This above FA controller was used to obtain the time respoakmng with the total control
activity to a5% (-3 deg pitch attitude, 6 deg roll attitude and -4.5 deg/s ya&) demand in
each channel (one channel at a time) and these are preserfgglires 6.1 (design point),
6.2,6.3, 6.4, 6.5 and 6.6 (off trim points). These plots ptethe baseline set of small signal
FA responses that the LA architecture is desired to regic&he control activity in these
plotsis evidence of the high level of inter-axis couplingttis present in the helicopter model
with each inceptor being active even when not excited by tlo. prhis activity shows the
decoupling capability of the controller and the degree oéptor activity depends upon the
level of inter-axis coupling which in turn is related to thgfit condition that helicopter is

operating at.
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6.2 Linear simulation

This section describes the results of a series of simulatiarried out using linear models of
the EH101 augmented with the proposed LA control system.ndméinear elements were
the series actuator saturation limits and the parallelaots rate limits. These limits are
tabulated in Table 6.1 and it should be noted that they aengivpercentages for consistency
and as required by the model. Although purely linear, theselations give a good idea of
what can be expected in the nonlinear model and give a rowgghatithe range in which the

LA functions well.

Variable Limit

Series actuator position limits (all channe|s}:=50%

Pitch channel parallel actuator rate limit | +4.5%
Roll channel parallel actuator rate limit | +5.0%

Yaw channel parallel actuator rate limit | +5.0%

Stick limits (all channels) +50%

Table 6.1: Limits for the nonlinear elements

As mentioned earlier, the FA controller was designed at tiesfOft/14200kg flight condi-
tion and therefore the LA controller was also expected tdoper best at this point. Most
results are presented for this flight condition, althoughctfamparison purposes a small se-
lection of results at other flight conditions are also présenFigure 5.3 shows the schematic
of the SIMULINK model that was used to obtain the results, keli&s) represents the linear
helicopter dynamics)/ and L represent the mechanical interlinks components as deskrib
previously, and<(s) and K p(s) represent the series and parallel components of the LA con-
troller respectively. The stick inputs(t¢) (interpreted as reference demands), were chosen
to be fairly clinical pulse inputs which gives a rough idedlw# performance of the control

system.

The results were not only compared to the FA results but a@sa LA controller which
only uses series actuation. This would assist in understgritle limitations of the series-
actuator only architecture and strengthens the case fanthesion of parallel actuators in

the architecture.
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6.2.1 Series actuation only

Series u, (t)
t
actuators \

r(t) t u’s (t) +
Ksl u s( ) - S L . G (S) -
K4s)

Ks2

y(®)

Figure 6.7: LA architecture - series actuators only

One of the issues that was highlighted in the previous chaysds that parallel actuators in
this architecture back drives the stick which could causeainfort to the pilot. Thus, for the
purpose of comparing, it would be interesting to discoveatwalL A control system equipped
only with that series actuators (Figure 6.7) could achidvas particular architecture (with

no parallel actuators) was also quite heavily used by [3paB8 QinetiQ in their various

PAFCA trials and is comparatively simpler to implement. Téression for the series
actuator controller can be obtained simply by setting thalfg actuator controllet{»(s),

to zero. Thus, the expressions 7{01‘[{81 Ko } reduces to

Kg = (L)™' (K, — M) (6.3)
Ko = (L)' (K)) (6.4)

with the following state space realisation

~ xc
i A, ‘ B.A B,
_ . (6.5)
s ['AC.| LA (D, — M) L'AD,
)

Note, that this arrangement means that the total blade aleghand is still the sum of the
mechanical control signal and the series actuator corignég but, importantly, the parallel
actuators are not present to off-load the series actuator$hgs must be done solely by the
pilot. However, it is important to point out that the PAFCAats illustrated some success

with this LA architecture.
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Figure 6.9: Longitudinal Respons&£5%)

The LA controller designed with only series actuation wag &b retain identical responses
to that of the FA controller for inputs of up t©8.5% (F5.1 deg) in the longitudinal axis.
In Figure 6.8 an example response to a pulse demaridi&f (—3.0 deg) is shown, that
confirms small signal behaviour matching. When the pilot dethis increased beyond
+8.5%, the performance degrades sharply and, excessive setigg@csaturation causes
the response to become intolerable when input demandsegtean+9.25% (F5.55 deg)
are applied. An example response in Figure 6.9 to a demaitd.a6% (F5.55 deg) and the
corresponding series actuator behaviour is shown in Figur@. These plots confirm that

the degradation is due to the longer periods of series actsaturation.

129



Input - pitch channel

Input - pitch channel wf
“““ Input - roll channel “+++ Input - roll channel
15 = = =Input - yaw channel = = =Input - yaw channel
Output - pitch channel Output - pitch channel
“““ Output - roll channel 1+ Output ~ roll channel
1or Output - yaw channel 20} Output - yaw channel H

—20F
~10}

_15F

Series Actuator Responses
Series Actuator Responses

—aok

—20F

25 : 1 eof

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Time [sec] Time [sec]

Series actuator response (5%) Series actuator response (9.25%)

Figure 6.10: Series Actuator Response - Pitch channel
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Figure 6.11: Lateral Respons&X)

Lateral Response

This architecture showed similar behaviour in the latehalnmel, however, with two impor-
tant differences: (i) performance identical to the FA aetture was preserved for a larger
stick deflection £10.5% / £12.6 deg); and (ii) the degradation from identical response to
intolerable response was more gradual, with the systemabierate reference demands of
up to aboutt20.0% before instability. This was mainly due to the lateral crelmaquiring a
low series actuator compensator activity compared to thgitodinal channel. This resulted
in the lateral channel series actuators not saturatingrbsaesthe longitudinal channel series
actuator. It is noted that this feature of the limited auitiy@ystem is not surprising because

the series actuator limits are approximately the same indlhehannel as the pitch channel,
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Figure 6.12: Lateral Responsg(;)
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Figure 6.13: Lateral Responsks(s)

despite the inertia in the pitch axis being much greater tharroll axis. This effectively

means that rolling the helicopter requires much less aotwttivity than pitching the air-

meaning that the series actuator saturates for higjlee demands in the roll channel

than the pitch channel. Example of an identical FA respasisBown in Figure 6.11 where a
stick demand 08.0% (9.6 deg) is applied. Degradation in the off-axis response, ftiqdar
yaw rate, began to appear as the inputs were increased beyiangls. Figures 6.12 and
6.14 show the response due to a lateral stick inpuRadf% (14.4 deg). Note the largely un-
affected roll response with degradation in yaw rate respaiug to saturation of directional
channel series actuator. The roll attitude response is affégted by the directional chan-

nel series actuator saturation when demands exceesifig)% (£20.4 deg) are applied.
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Figure 6.14: Series Actuator Response - Roll channel

Here both the directional and lateral channel series amtsiaixperience saturation and this
is shown in Figures 6.13 and 6.14 that show response due tbadtitoide demand of8.0%
(21.6 deg). Recall, that the helicopter is a highly coupled veheith the roll and yaw axes
showing significant coupling. The controller is designedlézouple these responses, but
when actuator saturation occurs, the vehicle displays @owtion of open and closed loop
properties and thus some of the cross coupling is exposegrallihcontroller was designed
to ensure roll commands were followed with negligible impaic the yaw of the aircraft.
However, such behaviour required significant yaw actuatpui since the helicopter natu-
rally yaws when it rolls. Thus, for a roll demand there is\atfiin both actuators and hence,
when the yaw series actuator saturated, the decouplingeketthe yaw and roll channels

was reduced, as may be expected.
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Directional Response

In the directional axis, identical response to FA systematserved up to a yaw rate demand
of £7.0% (6.3 deg/s) and as the demands are increased beyond this, degnadaoth
the on- and off-axis responses are observed. The examplénpfagure 6.15 shows the
yaw rate response and the total control activity to a pilohded of5.0% (4.5 deg/s) and
the corresponding series actuator activity is shown inif@d@ul?7. Similar to the other two
axes, identical responses are seen in the directional ehasfong as the series actuator is
unsaturated. As the pilot demand is increased above-th@% limit, the actuator begins to
saturate and this directly starts to degrade the systemat@wvesponse. An example of this
shown in the yaw rate response (Figure 6.16) and the comegmp series actuator activity
(Figure 6.17) to a pilot demand &f9.0% (8.1 deg/s), and confirms that the degradation in

the responses is directly associated to the series actattoation.
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Figure 6.15: Directional Respons&X)

Summary

The maximum pilot demand in the longitudinal, lateral aneédiional channel that produced
identical FA response was8.5% (F5.1 deg),£10.5% (£12.6 deg) and+7.0% (F6.3 deg/s)
respectively. The relatively low value for the maximum \&las due to the series actuators
being loaded with all the work, causing premature satunaifdhese actuators. These results

showed the weakness of this particular design and alsomgess@ problem that required
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Figure 6.16: Directional Respons#X)

careful addressing. The following section shows the endiaent that was made to the

architecture by the introduction of the parallel actuatat the parallel actuator compensator.
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Figure 6.17: Series Actuator Response - Yaw channel
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6.2.2 Limited authority controller with series and parallel actuation

This section focuses on the application of the theoretiesiliits presented in Chapter 5 to
the EH101. In this case, the parallel actuators and an acwayig controller are included

in the LA framework. For this study, the parallel actuatontroller was chosen as a scaled
integrator in each channel, in order to drive the seriesatotwoutputs to zero and in com-
mon with some of the other LA architectures. Parallel actuabmpensator are given the

following state-space realisation

100
iy, = |0 1 0|4
00 1
100
Yy = a|0 1 0|z (6.6)
00 1

whereu, represents the input to the compensator. The choiceisfof significant impor-
tance as it has a strong implication towards the successsaditthitecture. To begin with

was chosen a$.05.
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Figure 6.18: Longitudinal Respons&X)
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Figure 6.20: Series Actuator Response

The presence of the parallel actuators increased both tige i@f pilot input that produced
identical FA system response, and the range of input thdtddmeitolerated before the re-
sponse becomes unstable. These increased #85% to +£12% (7.2 deg) and from
+9.25% to +20% (£12 deg) respectively. An example of the response for smalltideu
mand 8% (—4.8 deg)) is shown in Figure 6.18 and the corresponding seridsparallel
actuator activities are presented in Figures 6.20 and &#2this pitch magnitude, the series
actuators are active only for a short period of time. Alsdenbat the parallel actuator,
through its integral action, drives the mechanical linkdbb&xome consistent with such a

demand and hence in steady state the series actuators @reena

Figures 6.19, 6.20 and 6.21 show the response to a largemdeohac% (—9.6 deg). Note
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Figure 6.21: Parallel Actuator Response

that for this stick demand, the series and parallel actaadoe saturated and rate-limited
respectively for longer and hence the response detersoratearticular, note that the rate-

limit of the parallel actuators prevent the swift off-loadiof the series actuators and the
transient response suffers as a result. As the stick dersancieased, the series and parallel
actuators experience their respective saturations fgeoperiods of time, and the helicopter

reverts to open-loop type behaviour.
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Figure 6.22: Lateral Responsg(;)

The behaviour of the roll-axis with the LA controller was danto the pitch axis, but larger
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Figure 6.24: Series Actuator Response

stick demands were tolerated before the response becarteblensThe maximum stick
demand which could be applied to the system before minoridettion started to appear
increased fromt10.5% (with series-actuation-only) te-17% (420.4 deg). For demands
above+17%, the deterioration in the response became worse, but theteaatations are

bearable until a stick input of arount6% (+31.2 deg).

Figures 6.22, 6.24 and 6.25 show the response of the systémawiick input ofl2% (14.4

The workload is shared between the series and paaatlghtors in a similar manner

to the longitudinal channel with the series actuators beieayily activated in the first few
seconds, followed by a slower parallel actuator respongeatdually drive the series actuator

control signal to zero. Note that, the yaw series actuatiura@on which caused off-axis

138



1sb - = =Input - pitch channel - = =Input - pitch channel
Input - roll channel Input - roll channel

“““ Input - yaw channel sk “++ Input - yaw channel
~ = - Output - pitch channel ~ = - Output - pitch channel
Output - roll channel Output - roll channel

Output - yaw channel Output - yaw channel

H
o S

o
T
Parallel Actuator Responses

Parallel Actuator Responses

0 2 4 6 8 10 12 14 16 18 20 o 2 4 6 8 10 12 14 16 18 20

Time [sec] Time [sec]
Parallel actuator response (12%) Parallel actuator response (20%)

Figure 6.25: Parallel Actuator Response

coupling for the series-only LA controller is mitigated Ihetparallel actuators in the current

control scheme.

Figures 6.23, 6.24 and 6.25 show the response to a stick dkofiad’% (26 deg). The slight
degradation in the response is explained by the seriestactsaturation. It is also noted
that the parallel actuators experience rate-saturatiotini® level of stick demand, causing a
prolonged period of series saturation (as they are unallevi®e the output to zero as quickly

as desired) and hence weakened performance.
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Figure 6.28: Series Actuator Response

The directional responses due to pedal inputs follow a ampiaittern to the longitudinal and
lateral responses due to stick inputs. Using the paraltebaars allowed the maximum pedal
inputs applicable before response deterioration to beeasad fromt7% to +15% (F13.5

deg/s); a three-fold improvement. Also, the responses batpme intolerable after pedal

inputs of+27% (F24.3 deg/s) are applied.

An example of a the system’s response to a low amplitude pepat is shown in Figures
6.26, 6.28 and 6.29. Despite some saturation of the seriaatacs, the parallel actuators
allow the LA controllers response to match the FA responsighdit the parallel actuators,

the series actuators would remain in saturation much loagemvould lead to instability for

much smaller pedal inputs.
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Figure 6.29: Parallel Actuator Response

An example of a larger pedal input is shown in Figures 6.228 &nd 6.29. During this larger
input, there is rapid series actuator activity leading tarsdion. However, due to the parallel
actuator rate-limits this activity cannot be attenuatedwaskly by the parallel actuators and
hence persists for longer, leading to deterioration of #sponse. As the pedal inputs are
increased, the periods of series and parallel actuatiomituate and rate saturation increase,

respectively, and performance deteriorates further.

Design point results summary

The above results show that the inclusion of the parallelatots in the LA architecture in
the manner proposed in this study leads to increased rarigalkdpedal inputs that can
be applied without leading to grossly deteriorated respon&gble 6.2 and 6.3 shows the
summary of these results. Note, the range of inputs whiahtieaesponses identical to that
of the FA system has also increased. It is also interestirapserve that the roll and yaw
channels appear to preserve tolerable rotorcraft behat@ounuch higher levels of pilot
stick/pedal demands than the pitch channel mainly due téatger amount of saturation in

the pitch channel.

141



Actuation Max pilot demand
Pitch attitude/(deg) | Roll attitude%(deg) | Yaw rate%(deg/s)
Series +8.5(F5.1) +10.5(%12.6) +7(F6.3)
Series plus parallel +12(F7.2) +17(420.4) +15(F13.5)

Table 6.2: Maximum pilot input for identical FA response

Actuation Max pilot demand
Pitch attitude/(deg) | Roll attitude%(deg) | Yaw rate%(deg/s)
Series +9(F5.4) +17(420.4) +10(F9.0)
Series plus parallel +20(F12) +26(+31.2) +27(F24.3)

Table 6.3: Maximum pilot input for stable LA response
6.2.3 Other choices for parallel actuator controller

The parallel actuator controllefs »(s) is crucial for deciding the workload split between
the series and parallel actuators. Large gain valués k) imply that the parallel actuator
will attempt to off-load the series actuators as swiftly asgble, but also implies increased
instances of parallel actuator rate-limiting. Excessigeaflel actuator activity can also be
irritating to the pilot. On the other hand, low parallel aor gains imply that the series
actuator is responsible for most of the control and stabdisask and is likely to saturate
more due to less assistance from the parallel actuator.sEcison investigates the effect of

different values ot.

Output Matrix Gain « > 0.05

For this set of results was set td).5 which meant that the parallel actuators are expected to
be more active and also try to off-load the series actuatare mapidly than before. Figure
6.31 shows an example response using this value f@ir a longitudinal stick demand of
10% (-6 deg). The parallel actuator was observed to be workintpéir saturated (rate-
limited) state from the start of this manoeuvre and due ®tthe series actuators were also,
although momentarily, pushed above their saturation linfihe oscillations in the pitch

attitude response when compared to the response obtainad=d.05 (Figure 6.30) were
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Figure 6.30: Longitudinal Response){t) (o = 0.05)

predominantly due to parallel actuator saturation. The® aheant that the range of pilot

demands that produced identical or stable FA response waliesithhan wherv was set to

0.05.

Output Matrix Gain « < 0.05

Lower gain values meant that the parallel actuator comtrollas slower at off-loading the

series actuator. This set of results was generated bygettm0.005. In the limit asa — 0,

this scheme naturally approaches the series actuator cimyrge. The lower gain value was

also analysed for the same% stick demand in the longitudinal axis as before and is shown

in Figure 6.32 along with the series/parallel actuatovagtiAgain, the helicopter response

is degraded compared to whens set t00.05. This was mainly due to the series actuators
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Figure 6.31: Longitudinal Respons&){t) (o = 0.5)

experiencing longer saturation periods as the paralleiadst was slower in returning the

series actuator signal to zero.

Similar patterns as the longitudinal channel were also ieslewith the lateral and direc-
tional channels. A summary of these results is presentedlieT6.4. High gain values
gave the parallel actuators more workload that made themepimrate saturation, whereas
a low gain value meant that the series actuators were more pnagnitude saturation due
to excessive workload. The above explanation justifies lttoéce ofa value ag).05 a good
compromise that provides a satisfactory division of worlbth series and parallel actua-
tors without making either of them susceptible to premasateration. This of course does
not take into account whether the pilot is comfortable wtits tievel of parallel actuator

interference, and would have to be tuned from helicopteetbpter.
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Figure 6.32: Longitudinal ResponsB){) (o = 0.005)

Value of o Max pilot demand
Pitch attitudé/(deg) | Roll attitude%(deg) | Yaw rate%(deg/s)
0.005 +9(75.4) +12(£14.4) +8(F7.2)
0.05 +12(F7.2) +17(£20.4) +15(F13.5)
0.5 +4.5(F2.7) +5(+6) +10(F9)

Table 6.4: Maximum pilot input for a identical response wi#tiation to value ofy

6.2.4 Robustness

In a similar manner to the FA analysis, in order to form a bevathderstanding of the ro-
bustness property of LA controller, it was essential to sataithe LA controller at different

flight conditions. The controller was analysed at varioughtliconditions and a few of those
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conditions are discussed here, they are:

1. Low speed, low altitude, light - 40kts/0ft/11000kg.

2. Hover, light - Okts/Oft/11000Kkg.

3. Hover, heavy - Okts/0ft/14200kg.

4. High speed, high altitude, light - 80kts/4500ft/11000kg

5. High speed, high altitude, heavy - 80kts/2500ft/14200kg

Initially the LA architecture with only series actuation svanalysed. Throughout the flight
envelope, identical FA responses were observed in botlotiggtudinal and the lateral chan-
nels for approximately similar magnitude range of pitch aoltlattitude demands respec-
tively. The only discrepancy was seen in the directionahcle where the range increased
from to £6.3 deg/s at low speed/low altitude t610.8 deg/s at hover and dropped signifi-
cantly to+2.43 deg/s at the high speed/high altitude condition. A simikgtgrn was noticed
after the inclusion of parallel actuator with both longitual and lateral channels producing
identical FA responses for approximately the same rangéatfgemands as at the design
point. However, the directional channel again showed aatsaluto the range of pedal de-
mand that could be applied for an identical FA response &t $pged/high altitude condition
from +13.5 to £8.1 deg/s. Overall, it could be concluded that the above LA ailatr is
fairly robust towards flight condition changes especiallyhie longitudinal and lateral chan-

nel. A summary of these results are presented in Tables 6.6.8n

Figures 6.33, 6.34, 6.35, 6.36 and 6.37 present the LA regsoio a pulse demand &,

i.e. —3 deg in longitudinal6 deg in lateral and-4.5 deg/s in directional, to each of the
channel one at a time. These responses confirm LA contokidaility to reproduce the
FA responses, not only at the design point but also at otivardonditions and this was
observed by comparing these to the FA responses presented gathe chapter (Figures
6.2 to 6.6). The baseline FA controller presented in Chapteas designed usirg., loop

shaping methodology that guarantees robustness agaprshedfactor uncertainty which is
believed to be a highly comprehensive type of uncertainscdption. The transformation
methodology presented in Chapter 5 has assisted to obtadcamtroller that has retained

the robustness property of this baseline FA controller.
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Flight Condition Max pilot demand
Pitch attitude/s(deg) | Roll attitude%(deg) | Yaw rate%(deg/s)
40kts/00ft/14200kg +8.5(F5.1) +10.5(£12.6) +7(F6.3)
40kts/00ft/11000kg +8.7(F5.22) +10.2(£12.24) +7(76.3)
Hover/14200kg +9.8(F5.88) +9.4(£11.28) +11.5(F10.35)
Hover/11000kg +9.3(F5.58) +9.6(£11.52) +12(F10.8)
80kts/2500ft/14200kg  £9.4(F5.64) +9(=£10.8) +2.5(F2.25)
80kts/4500ft/11000kg  =£9.5(F5.70) +8.75(%10.5) +2.3(F2.07)

Table 6.5: Series actuation robustness and summary

Flight Condition Max pilot demand
Pitch attitude/(deg) | Roll attitude%(deg) | Yaw rate%(deg/s)
A0kts/00ft/14200kg +12(F7.2) +17(420.4) +15(F13.5)
A0kts/00ft/11000kg +12(F7.2) +16(£19.2) +14(F12.6)
Hover/14200kg +12(F7.2) +18(+21.6) +16(714.4)
Hover/11000kg +12(F7.2) +17(£20.4) +15(F13.5)
80kts/2500ft/14200kg +12(F7.2) +15(£18) +9.5(F8.55)
80kts/4500ft/11000kq +12(F7.2) +12(+14.4) +9(78.1)

Table 6.6: Series and parallel actuation robustness suynmar

6.3 Conclusion

This chapter has described the responses achieved usi@g-state linear model after the
transformation formulae was applied. The results from ahitacture that utilises only the
series actuator activity were also shown to illustrate theaatages of using parallel actuators
in LA architectures. The maximum pilot demand in the londital, lateral and directional
channel using series actuation alone was observed8lig¢+5.1 deg),4-10.5(+12.6 deg)
and +7(F6.3 deg/s) respectively. Applying the parallel actuators iowed upon the limit
on the maximum pilot demand that could be applied for an idahFA response by 135%,
148% and 200% in the pitch, roll and yaw channel respectiviklwas also observed that
maximum pilot input that ensured a stable, not identicapomse improved by a further

25% and 38% in the longitudinal and lateral stick deflecticegpectively and 81% in the

147



pedal demand. The results in this chapter showed a more dligfastory functioning of the
proposed LA architecture throughout the flight envelopeesBresponses allowed for a fair
prediction of the helicopter performance and are furthéstantiated by the nonlinear and

handling qualities evaluation presented in the next cliapte
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Chapter 7

Nonlinear simulation and guantitative

ADS-33 analysis

The results presented thus far have been based on the 23uséatr model and while they
do represent the EH101’s behaviour to a certain extent, eowide a good initial assessment
of both the FA and LA controller’s performance, the largensilgesults in particular may be
somewhat inaccurate. This chapter presents the resufi;edtusing the nonlinear EH101
model which should assist to make a more accurate apprdisatio controller’s perfor-
mance. These are further complemented by an evaluationaottigative handling qualities

information against the design standard ADS-33.

7.1 Full authority simulation results

Controller Total blade
output angle commands Total blade
i | | . angle commands
PI-IO;: el o Pilot gle
stie | ' ! Nonlinear stick ! :
| FA | . — ' Linear
Controller = Kea ™| | vertace| ! Helicopter Controller Helicopter
I Dynamics Dynamics

I
Linear to Nonlinear
Modification _ !

Sensor measurements
Sensor measurements

Nonlinear EH101 schematic Linear EH101 schematic

Figure 7.1: Linear and Nonlinear FA architecture compariso

This section describes the nonlinear simulation resultained with the FA controller de-
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scribed in Chapter 4. The structure of the control systenssemtially the same as in the
linear case, with some slight differences due to the inolusif a mechanical mixer, or “FA
interface” in the nonlinear model. In addition, becausentbiglinear simulation is inherently
a four-axis simulation model, the collective stick - whiclaswot considered in the earlier
linear simulations - was included in the simulation set-aifhough was set to zero. Thus
the main difference between the linear and non linear maditla FA interface which is a
nonlinear device, that converts rotor jack positions it ¢orresponding blade angle com-
mands. Thus, for the nonlinear simulation the controlleshgenerate demands in terms of

jack positions rather than blade angle commands.

The way in which the linear controllers are adjusted for medr implementation is shown

in Figure 7.1. The right hand figure shows the situation inlthear case. The left hand
figure shows the nonlinear set-up. In the left hand figiite, represents a matrix gain
which converts the controller output (blade angle commpamds jack commands, which
are accepted by the FA interface(r, represents the inverse of the steady-state gain of
the linearised FA interface. Note, that because the dyrearie fast, at small blade angle
commandsK .}, is a very good approximation of the FA interface and thus treonents

in the dashed box in the left hand diagram of Figure 7.1 arengisdly equal to the identity
and thus the linear controller functions virtually ideafi¢o the linear case. However, for
larger blade angle demands, the nonlinearity of the FAfatermeans that some differences

between the linear and nonlinear simulations are evident.

Based on the linearisation of the FA interfaé&; , was thus chosen as

—2.74 053 —-3.03 0
1.01  2.59 —-3.03 0
Kpa= (7.1)
237 —1.46 -3.03 0
0 0 0 —-3.14

During the nonlinear analysis, the linear controller was oy tested for varying flight
conditions but also for different magnitude and directidmpidot demands. While it is not
possible to present an analysis of all flight conditions dhthputs, this section describes
simulation results from several differing flight condit®for the heavier EH101 configura-
tion (14200kg) - Okts/Oft (hover), 40kts/Oft (design pgiahd 80kts/2500ft (high speed/high
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altitude). The trim values at these flight conditions areetisn Table 7.1.

Trim values

Trimpoint | 6y | &0 | Yo | qo | Po | 7o | wo | vo | wo
Okts/Oft |68|-34/ 00| 0|0| 0] 0| O

40kts/Oft | 7.4]-12, 0| 0| 0| 0|20| O | 2.6

80kts/2500ft 5.1| O | 0 | 0| 0| 0 |42|24) 37

Table 7.1: Trim points and variables values

7.1.1 Longitudinal response (pitch-down)

The nonlinear analysis of the longitudinal channel begah wiseries of pitch-down pulse
demands of varying magnitudes that were applied in a simigras in Chapter 4. Figure 7.2
shows the helicopter responses at the controller design pgae to pitch attitude demands
of 5% (—3 deq),20% (—12 deg) and50% (—30 deg). Not surprisingly, the response to
small amplitude pilot demands (up t6% (—9 deg) are identical to those predicted by the
linear simulation in Chapter 4. As the pilot demands incedasmoderate amplitude (up to
30% (—18 deg), the helicopter behaviour is broadly similar to thadicted by the linear
behaviour especially the short term response. The long tegponse, however, is little
“bumpier” than predicted with slow low amplitude:(1 deg) “bumps” in the pitch attitude
response. The response at larger demands does not deeedoamatically, but there are
noticeable differences in the finer behaviour. One suclewdifice is the development of a
“kink” in the pitch rate response that resulted in a highegrde of coupling than predicted

by the linear response.

7.1.2 Lateral response (roll-right)

Next, the lateral axis was tested for a range of roll-rightpudemands. The responses to
inputs of5% (6 deg),20% (24 deg) andi0% (48 deg) at the design point are shown in Figure
7.3. Overall, the on-axis responses were in good agreemémthe linear simulations in

terms of their time response features. The roll attitudethadff-axis responses for a small
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demand of up td0 deg are clearly in agreement to the linear predictions. Asdgmand
increases up t80 deg, the coarse behaviour is similar to the linear predictidowever,
roll rate response develops the previously highlightedKkwhich could be discomforting
for the pilot. At48 deg roll demand, the on-axis response shows minimum dedéoo

with only the long term response showing some discrepanoyveder, the “kink” is more

prominent and could cause the pilot further discomfort.

7.1.3 Directional response (right pedal forward)

Finally, the directional channel was analysed for a rang@efrate demands. The responses
to pulse demands &% (—4.5 deg/s),20% (—18 deg/s) and0% (—45 deg/s) at the design
point are presented in Figure 7.4. For small amplitude deintdre yaw rate response is
in broad agreement with the linear prediction, however,andiscrepancies in terms of the
larger overshoot and the higher degree of coupling are wédel he response did not show
any significant deterioration up to pedal demands-@f) deg/s, however at larger pedal

inputs,—20 deg/s and greater, minor deterioration in tracking werenlesl.

Design point results summary

Overall, the responses at the design point have shown thabiomagnitude stick/pedal
inputs, the nonlinear small signal responses were esHgritige to their linear predictions.
At larger pilot demands minor deteriorations began to appgaa mainly in the off-axis
responses. Also, inter-axis coupling was similar to thateobed during the linear analysis
for low amplitude signals and was severe at large pilot igpdihese discrepancies in the
nonlinear responses were mainly due to the differencesdsgtihe linearised 25-state model

of the EH101 and the full nonlinear dynamics of the helicapte

7.1.4 Robustness

Apart from the design point, the controller was also analyseother flight conditions. It
is of definite interest to investigate how the robust stgbihdications, obtained from lin-

ear analysis, affected the robust performance of the neaulisystem. Figures 7.5, 7.6 and
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7.7 illustrates the pulse demand responses in the longaljdateral and directional channel
respectively at the hover condition. For consistency, fie@sign point responses are also
shown for the same range of pilot demands as the design poitite longitudinal channel,
the responses for small amplitude pitch demands matchecbtinesponding linear predic-
tions. The helicopter’s behaviour at larger pilot demands Wwroadly similar, particularly
in terms of short period response features, to their resjgelthear prediction. The long
term behaviour, on the other hand, showed slightly “bunigetivity than that seen at the
design point. In the lateral channel, the responses for taplitude roll demand were again
in agreement with their predictions. As the roll demand wesdased up t@5% (30 deg),
degradations were mainly noticeable with off-axis respsngspecially with roll rate re-
sponse. The tail rotor collective input begins to saturaiobd30 deg roll attitude demand,
however, the on-axis response remains satisfactory andasan mainly results to exag-
gerated coupling into yaw and pitch rate responses. In cet@glontrast to the above two
channels, the directional channel responses at hovertaamdid not see any deterioration
with changes in the yaw rate demand, although, an oversasrithan the linear responses

was observed.

Figures 7.8, 7.9 and 7.10 illustrate the pulse input respoisthe longitudinal, lateral and
directional channel respectively at the high speed/higitude flight condition. The lon-
gitudinal responses for small pitch demands were agairtic#ro their linear prediction.
On-axis gross attitude acquisition deteriorates as theaddmincrease in magnitude. Off-
axis responses, mainly pitch rate, also showed an exagggretsence of the discomforting
“kink”, as observed at other flight conditions. Lateral chahresponses remain, by and
large, in agreement with the linear prediction at all thég@soll demands, particularly the
on-axis response. Off-axis response, mainly roll rateyslaoa greater deterioration as the
roll demand is increased frofi% (6 deg) to40% (48 deg). The directional channel on-axis
response, for small yaw rate demands, were also in agreg¢mtreir predictions, whereas
the off-axis responses showed significantly more coupliag ttheir prediction. Tail rotor
collective saturation occurred as yaw rate demand wasaseret®20% (—18 deg/s) which
effectively caused a sharp transient in the on-axis regassvell as some corresponding
deviation in the off-axis responses. Generally, the of6axas observed to be quite poor

even without the above saturation.
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Overall, small signal analysis of the nonlinear model shibtimat the helicopter’s coupling
characteristics were in agreement with linear predictitws for larger inputs significantly
higher cross coupling was observed. For instance, a denfaitdo(—30 deg) in the longi-
tudinal channel showed an increment frag¥ to 28% (Figure 7.2) in roll rate response. In
the lateral case, a maximum coupling3@f% (Figure 7.6) was observed at the hover condi-
tion for a roll attitude demand af0% (48 deg). The directional channel showed the highest
degree of coupling during the high speed/high altitude flagimdition analysis ((Figure 7.10)
where a maximum coupling &6% was observed. Overall, the linear controller was highly
effective against inter-axis coupling, although thereeveistances, such as the ones men-
tioned above, where performance degraded and the levelpfiog could be discomforting

for the pilot.

7.1.5 Note on symmetry

Helicopter behaviour has the tendency to vary from one fliginidition to another predom-
inantly due to the variation in dynamics. The analysis presthus far had examined the
helicopter responses fpositivepilot demands, however, due to their nonlinear nature, sub-
tle differences were expected between these responsek@seldbtained fonegativepilot
demands. This section will present the set of responseebtéor negative pilot demands

and analyse their symmetry to those obtained in the pre\@ectons.

Longitudinal response (pitch-up)

At low magnitude stick deflections, up 5%, the off-axis response characteristics for pitch-
up demands were found to be symmetrical to the pitch-dowradeist On-axis responses
were comparable in terms of their rise time and overshootacheristics, however, there
was a small error in terms of fine response tracking behavisithe pitch-up demand was
increased t@0% (12 deg) the fine tracking feature suffered further acquiringhsly oscil-
latory type behaviour. At increased pitch demand magngude. from20% (12 deg) to
50% (30 deg), the on-axis response showed improvement with the oalgnof the above
oscillations notably reduced. The symmetry in responseffo magnitude pilot demand

and the asymmetry at larger magnitudes were observed attteefbight conditions as well.
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Although the responses for positive and negative pilot defeavere found to be asymmetri-
cal in their fine tracking behaviour, the linear FA controlleas capable of producing stable
responses with a good rise time and minimal overshoot fofulheset of pitch attitude de-
mand 30 to +30 deg). A sample of pitch-up responses along with pitch-dasponse of

the same magnitude is presented in Figures 7.11, 7.12 aBd 7.1

Lateral response (roll-left)

At low magnitudes of roll attitude demands, both the on- affehwis performances had
similar time response features for roll-left and roll-rigiituations. As the magnitude was
increased t@0% (24 deg), small discrepancies with fine tracking began to appeail-left
responses. The off-axis performance remained symmefacaloth roll-left and right de-
mands. Increasing the demand magnitude further saw a gerateint of discrepancy with
the roll-left responses which showed larger overshootagleith an exaggerated presence
of the “kink” that was observed in roll rate response during linear analysis. This trend
of symmetrical responses for low magnitude demands andrasymncal response at larger
magnitudes was observed at other flight conditions as wedlarAple of these responses in
presented in Figures 7.14, 7.15 and 7.16.

Directional response (left pedal forward)

The yaw rate responses to left pedal demands are shown ireBigii7, 7.18 and 7.19. These
responses remained broadly symmetrical to the right pestabdds in terms of their short
term features, with a few notable discrepancies in their tiiaeking properties. Coupling
into other channels due to left pedal demands was obsenbasignificantly more than right
pedal demands. The analysis was also extended to otherdtighitions and it was observed
that at the hover flight condition, the responses to left pddmands were symmetrical to
the right pedal demands up to a magnitud8®k (31.5 deg/s). During the high speed/high
altitude flight condition analysis, it was noted that thepmsses for low magnitude left pedal
input remained broadly symmetrical to right pedal inputthwninor discrepancies in fine
tracking properties. At a left pedal input 86 deg/s a sharp transient is observed in the

on-axis response due to the saturation of tail-rotor cbdlecsignal and this behaviour is
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symmetric to the on-axis response for a right pedal demard dkg/s. As the demand is
increased to the maximum pedal press the quality of respemegraded with the tail-rotor

collective signal saturating for longer periods.

7.1.6 Summary

The above results have shown good, but not perfect, agrédreemeen the linear predic-
tions from Chapter 4 and the actual nonlinear FA controlegfgrmance. It was also noticed
that, in the simulations very small (e.g. less than 0.1 usstiqto peak) persistent oscillations
occurred in variables such as sensed CG acceleration,gm¢ed and angular velocity)(
This does not appear to be an instability associated wittcamroller, however, it is be-
lieved that these oscillations are most likely a maniféstabf the rotor passing frequency,
as the rotor is modelled as an individual blade rotor rathan with the disc approximation
normally used. The controller’s robustness and countesscooupling properties extended
to the nonlinear realm as well and satisfactory results wbtained at the tested flight con-
ditions. In terms of symmetry in responses, the linear odietr was able to adapt to the
variation in helicopter characteristics and maintainedststent time response features for

both positive and negative demands.
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Figure 7.2: Nonlinear pitch attitude response - 40kts/Oft
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Figure 7.3: Nonlinear roll attitude response - 40kts/Oft

163



~

N

o

!
0

!
@

'
&

25-state model 6
<+ 25-state model @
—— 25-state model r
25-state model g
“““ 25-state model p
‘Yaw Demand

Pitch/Roll Attitude [deg], Pitch/Roll/Yaw Rate [deg/sec]
\

!
a

12

o
~
s
>

8 10
Time [sec]

14 16 18 20

Directional responses{o)

o

o

[
N
5

|
ix
o

Pitch/Roll Attitude [deg], Pitch/Roll/Yaw Rate [deg/sec]
\

25-state model 6
. 25-state model |
—— 25-state model r
25-state model g
“““ 25-state model p
‘Yaw Demand

8 10 12
Time [sec]

o
~
IS
e

Directional response(%)

= 25-state model 6
@ 20f <+ 25-state model Q|
2 —— 25-state model r
b3 25-state model g
Sk 25-state model p
o Yaw Demand
T
24
3 o
Z
©
& 1o}
=
2
o
= -20f
(7
h=2
S
El -30F
£
<
S -40f
c
=
2
[
0 2 4 6 8 10 12 14 16 18 20

Time [sec]

Directional responses(%)

Control Signal

Control Signal

Control Signal

Longitudinal Cyclic - Controller Output
Lateral Cyclic ~ Controller Output

—— Tail Rotor Collective - Controller Output
Longitudinal Cyclic - Plant Input
Lateral Cyclic - Plant Input

- - - Tail Rotor Collective - Plant Input

8

10
Time [sec]

12 14 16 18 20

Total control activity §%)

Longitudinal Cyclic - Controller Output
Lateral Cyclic - Controller Output

Tail Rotor Collective - Controller Output
Longitudinal Cyclic - Plant Input

Lateral Cyclic - Plant Input

— = - Tail Rotor Collective - Plant Input

8

10 12 14 16 18 20

Time [sec]

Total control activity 20%)

Longitudinal Cyclic - Controller Output
Lateral Cyclic ~ Controller Output

—— Tail Rotor Collective - Controller Output
Longitudinal Cyclic - Plant Input
Lateral Cyclic - Plant Input

- - - Tail Rotor Collective - Plant Input

10 12 14 16 18 20

Time [sec]

Total control activity $0%)
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Figure 7.5: Nonlinear pitch attitude response - Okts/Oft
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Figure 7.6: Nonlinear roll attitude response - Okts/Oft
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Figure 7.7: Nonlinear yaw rate response - Okts/Oft
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Figure 7.8: Nonlinear pitch attitude response - 80kts/2500
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Figure 7.9: Nonlinear roll attitude response - 80kts/2500f
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Figure 7.10: Nonlinear yaw rate response - 80kts/2500ft
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Figure 7.11: Nonlinear pitch attitude symmetry - 40kts/Oft
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Figure 7.12: Nonlinear pitch attitude symmetry - 00kts/Oft
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Figure 7.13: Nonlinear pitch attitude symmetry - 80kts/2f50
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Figure 7.14: Nonlinear roll attitude symmetry - 40kts/Oft
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Figure 7.15: Nonlinear roll attitude symmetry - 00kts/Oft
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Figure 7.16: Nonlinear roll attitude symmetry - 80kts/2600
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Figure 7.17: Nonlinear yaw rate symmetry - 40kts/Oft
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Figure 7.18: Nonlinear yaw rate symmetry - 00kts/Oft
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7.2 Limited authority simulation results

This section presents the results obtained using the rearliBH101 model which should

provide a more accurate appraisal of the LA controllerdgrenance. In addition to the

chanical interlinks. This second source of nonlineariigsesoteworthy because the mathe-
matical derivation ensuring identical small-signal pemance for the FA and LA controllers
is based on the assumed linearity of these interlinks. T¢gsraption is not quite satisfied
here and small differences are expected, even in the srgakilgperformance. The results
presented here are compared to the linear (i.e. based oméae EH101 model) LA pre-
dictions from Chapter 6 that would indicate the success @fiititear LA controller within

a nonlinear environment. These results were also comparttetFA responses that were
seen in the previous section to give an indication of how welbpes with both the internal
(series and parallel actuator saturation) and externalifmear mechanical interlinks model)

nonlinearities in order to match the nonlinear FA responses

7.2.1 Longitudinal response (pitch-down)
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Figure 7.20: Nonlinear LA pitch attitude response - 40Kts/O

The nonlinear model was initially analysed for low magnéyalitch-down demands - an
example response to a pitch-down demand@%f(3 deg) is shown in Figure 7.20. It was

observed that despite the nonlinearity, the small sigrieahmttitude response was identical
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Figure 7.21: Nonlinear LA pitch attitude response - 40Kts/0

to the linear LA response. The series and parallel actuagpanses at th&/ demand are
presented in Figures 7.22 and 7.23 respectively, and tediommnance was also observed to
be identical to the linear analysis. The “noise” like featur the control activity is in fact a
simulation artefact due to the nonlinear model of the helieothat uses an individual blade
element of the rotor rather than the normal disc model. Theypaesent throughtout the
nonlinear responses, however, they are more exaggerathd above plot due to the low
y-axis scale. The nonlinear responses only began to diften their linear predictions at
demands o8% (—4.8 deg) and greater as the nonlinearity within the model becane
dominant at these demands. Also, as the series and pacilietars did not saturate at this
demand magnitude, it ensured that the nonlinear LA respomsee identical to the nonlinear
FA responses. However, this similarity began to detemoattpitch-down demands greater
than12% (7.2 deg) and this was due to the series actuators saturatingdotr geriods. The
pitch attitude limit at which the series actuators startaiste was not influenced by the

nonlinearities in the system.

Once the pitch channel was subjected to larger pilot dematetgadations became more
evident in the responses and the level of agreement withdhknear FA responses weak-
ened further. These deteriorations were predominantlytdulke magnitude saturation of
series actuators. This is illustrated through the plotdguie 7.21 that show the response to
a pitch demand of4% (—8.4 deg) along with the corresponding series and parallel smtua

responses in Figures 7.22 and 7.23 respectively. As thle ddmand is increased further
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Figure 7.22: Series actuator response
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Figure 7.23: Parallel actuator response

from 14%, the parallel actuators also begin to experience rateitimivhich affects their
ability to drive the series actuator output to zero, hencdomging the periods of magnitude
saturation and causing the helicopter to revert to more -tp@mtype behaviour. The max-
imum pitch demand that produced a tolerable longitudinghoase was found to bie’%

(—10.8 deg) and, as expected, was lower than the linear predictie6% (—12 deg).

7.2.2 Lateral responses (roll-right)

Although, the general pattern was similar to the longitatichannel, the lateral channel

was able to accommodate a larger amount of pilot stick deflect 6.0% (19.2 deg) was
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Figure 7.24: Nonlinear LA roll attitude response - 40kits/Of
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Figure 7.25: Nonlinear LA roll attitude response - 40kts/Of

the maximum roll attitude demand that produced lateralaleses that were true to their
linear predictions. This also was the limit where the LA @sges began to differ from the
nonlinear FA responses and was similar to the demand lirattwas observed during the
linear LA analysis. Nonlinearities due to unmodelled dyredid not influence the limit
of applicable roll attitude demand for an identical nondin€A response. For roll attitude
demands greater thd6.0%, minor deteriorations began to appear, however, these natre
significant enough to class the response as unstable. ilitstabn the form of open-loop
type behaviour were only observed once roll demand magmigmdater thar4.0% (28.8

deg) were applied.

Figures 7.24, 7.26 and 7.27 show the lateral channel respamd the series and parallel
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Figure 7.26: Series actuator response
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Figure 7.27: Parallel actuator response

actuator activity corresponding to a roll attitude demahd.6% (9.6 deg). The workload
was shared between the series and parallel actuators inlarsmanner to the longitudinal
channel with the series actuators being heavily activenduthe first few seconds, followed
by a slower parallel actuator response to gradually drieesries actuator control signal to
zero. Also presented in the above figures is the responsénarsegtties and parallel actuator
activity to a larger roll attitude demand 26% (24 deg). The slight degradation observed in
the roll attitude response is caused by both series andglaeluator saturations. Compar-
ing the actuator responses for the above demands, it wad ti@eas long as the parallel
actuators were not rate limited they were able to drive thiesactuators to zero and make

sure that they were not active for a long periods of time. Agéaroll attitude demands, the
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lateral channel parallel actuator experiences rate Ingiind this restricted their ability to

drive the lateral channel series actuator to zero, hencargglonger periods of saturation
and the corresponding deterioration in the response. Alsspite of the differences in the

linear and nonlinear models, the parallel and series amtuidid not saturate earlier than the
linear analysis. This resulted in a maximum applicableatiltude demand af4.0% (28.8

deg).

7.2.3 Directional response (right pedal forward)
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Figure 7.28: Nonlinear LA yaw rate response - 40kts/Oft
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Figure 7.29: Nonlinear LA yaw rate response - 40kts/Oft

Unlike the longitudinal and lateral channels, the low magphe yaw rate responses were not
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in total agreement to their respective linear predictiassan undershoot af0% was noticed

in the nonlinear responses. This undershoot was also aabelwring the nonlinear FA
responses, therefore, despite being dissimilar to thalipeedictions the directional channel
produced identical nonlinear FA responses up to a pedat ofpt% (—12.6 deg/s). Again

in spite of the presence of nonlinearties, this limit wasasbsd to be similar to that observed
during linear LA analysis. An illustration of this small sigl performance is presented in the
example plot in Figure 7.28 that shows the response to a prgulatl of 10% (—9.0 deg/s).
Figures 7.30 and 7.31 show the corresponding series antlgbaetuator behaviour and
the plots show the workload being shared between the actuaktere as well, the series
actuators show significant activity at the initial stage #meh the slower parallel actuators

take over to ensure that the series actuator activity iscedito zero.

Input - pitch channel Input - pitch channel
—— Input - roll channel 100k —— Input - roll channel
—— Input - yaw channel —— Input - yaw channel
60} - = = Output - pitch channel - = = Output - pitch channel
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\
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Series actuator response (10%) Series actuator response (24%)

Figure 7.30: Series actuator response

Figures 7.29, 7.30 and 7.31 show the response to a pedalahptit; (—21.6 deg/s). During
larger inputs as well (such as the one shown in the examplg file series actuators display
a fast initial activity, however as the parallel actuatoesaso saturated, they are further held
back in their ability to drive the series actuator’s outpuizero and the directional channel
series actuator remained saturated for longer periodsnd. tiAs the demand magnitudes
were increased, the series and parallel actuators in thex ollannels were also saturated,
thus deteriorating the responses to open-loop type belmavibe maximum applicable yaw

rate demand for a stable response was not@d‘ds—23.4 deg/s).
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Figure 7.31: Parallel actuator response

Maximum pilot input

Pitch attitude/(deg) | Roll attitude%(deg) | Yaw rate%(deg/s)

For identical response 10 (-6.0) 16 (19.2) 14 (-12.6)

For stable response 18 (-10.8) 24 (28.8) 26 (-23.4)

Table 7.2: Summary of nonlinear results

Design point results summary

This section has presented the nonlinear LA responsesvachdie to the varying magni-
tudes of stick and pedal inputs. At low magnitude pilot dedsarthese responses, except
the directional channel, were in agreement to their lineadigtions and at larger demands,
where the nonlinearities were more severe, insignificarsigaificant discrepancies were
observed between the linear and nonlinear responses. #isdimits on applicable pilot
demands for identical nonlinear FA responses were obséoMael similar to those predicted
during the linear LA analysis. The discrepancies at larglet demands were tolerable to
a certain demand level and at demands greater than these tiraihelicopter reverted to a
more open-loop type behaviour. Overall, it was observetttiegae was a pilot demand range
level that matched the FA responses and a larger level of degmaage where the responses

were different, but, stable and these limits are summaiisé&dble 7.2.
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Figure 7.32: Nonlinear LA responses - Okts/Oft
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7.2.4 Robustness

In a similar manner to the linear analysis, other flight ctinds were also considered in
order to examine the robustness property of the LA conttdRecall, during linear analysis,
it was predicted that the longitudinal and lateral respsiatthe off-design operating points)
matched their respective linear FA responses until saturatThe maximum stick input
before the helicopter reverted to open-loop behaviour wésdbe consistent for all the flight
conditions. The only discrepancy was in the directionahcigh where the system reached

instability for very low pedal inputs at the particular oging condition of 80kts/2500ft.
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Figure 7.33: Nonlinear LA response - 80kts/2500ft

The plots in Figures 7.32 and 7.33 show the nonlinear regsoatsthe off-design operat-
ing points of Okts/Oft and 80kts/2500ft respectively. Ae thover flight condition, for low

magnitude pilot demands all the channels were true to tespective linear predictions. As
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the demand magnitudes were increased, the level of disurgpmetween the linear predic-
tions and the nonlinear responses was more significantrimstef matching the nonlinear
FA responses the maximum pilot demand in each channel was@tbe same value. This
was also true for the values of pilot demands that guarargtsae but non-identical re-
sponses. At the high speed/high altitude flight conditionilsir trends were observed. The
only anomaly was observed in the directional channel becatia significantly low pedal
input of 10% (—9.0 deg/s) and without any series and parallel actuator satartite yaw rate
response reverted to open-loop behaviour. This anomalaisagpredicted during the linear
LA analysis. The limits obtained at the other tested flightditons are listed in Tables 7.3
and 7.4.

7.2.5 Note on symmetry

There are certain differences expected, as seen in the Hpseaetween the responses
obtained for positive pilot demands to the responses oddafar negative pilot demands
due to the nonlinear nature of helicopter dynamics. Symyradtresponses for the EH101
helicopter has already been analysed during the FA coetrafialysis and it thus becomes
important to also assess the capability of the LA controtieeplicating the FA responses

due to negative pilot demands.

Longitudinal response (pitch-up)

At low magnitude stick inputs, i.e. belodf (3 deg), both the on- and off-axis features of
the pitch-up responses were generally similar to that ofpiteh-down responses. As the
magnitude was increased, the responses to positive antiveedamands started to differ.
The maximum stick input for identical nonlinear FA respodseing pitch-down analysis
was noted as0% (6 deg) and during pitch-up analysis this limit was noted ta % (8.4
deq). This pitch-up limit was lower than the limit predictiating linear LA analysis. Also, a
stable response, not identical to the nonlinear FA resgomges achievable up to a maximum
pitch-up demand of 7% (10.2 deg). These differences between the pitch-up and pitchhdow
responses is further illustrated in Figure 7.34 which shtivesresponse to pitch inputs of

15% and —15%. The response to th&s% pitch-up demand showed less degradation as
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compared to the pitch-down response. There was also a gleagéof similarity observed
with the pitch-up response to the nonlinear FA responseh@hbver condition, an identical
FA response was achievable up to a pitch-up demand%f (7.8 deg) and the maximum
limit for a tolerable response, was noted toll5&; (10.2 deg). The limits on the applicable
pilot demands at the high speed/high altitude flight conditvas also observed to be around

the same value as above.
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Figure 7.34: Nonlinear LA pitch attitude symmetry - 40kfs/0

Lateral response (roll-left)

The roll responses were generally symmetrical at all fligimtditions. A notable difference
was seen at the design point where the maximum roll-left dehfier a stable response was
observed to ba8% (21.6 deg) which was lower than the roll-right limit @8.8 deg. This
lower limit for negative roll demand is further illustratedFigure 7.35, where the responses
to the roll inputs 0R20% and—20% are presented. This comparative plot shows the greater
deterioration in roll-left response and this was predomilyadue to the early saturation of
series actuators. Other flight conditions also experiepeethature saturation during roll-

left analysis which then resulted in a lower limit on rolftldemands for a stable response.

Directional response (left pedal forward)

At low magnitude pedal inputs, i.e. belo®%, both positive and negative yaw rate re-

sponses showed identical short term features. Howeveletihgedal input response devel-
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Figure 7.35: Nonlinear LA roll attitude symmetry - 40ktg/0f

oped a significant transient just afteseconds (Figure 7.36) that caused some tracking error
in performance. As pedal demand magnitude was increasetg$ponses to positive inputs
showed minor degradations and the responses to negativendershowed an improvement
(Figure 7.37), as a quicker recovery of the error in trackuag observed. Once the series ac-
tuators have reached magnitude saturation, the level sédatjon in the off-axis responses
was a lot stronger for negative yaw rate demands. The exagpigiléen Figure 7.37 presents
the response to a pedal input-ef5% (13.5 deg/s) and comparing this to the response to a
demand ofi5% shows this elevated level of off-axis degradations in thenfer. Generally,
the pedal limits that guaranteed identical nonlinear Fpoaese were unchanged for all flight
conditions. This was also the case for the limits that guaraha stable response. The irreg-
ularity was again observed in the high speed/high altitudatficondition where the range

of pilot demands was significantly smaller.

7.2.6 Summary

The nonlinear LA results presented here have been predatthjirteue to their linear pre-
dictions. At low magnitude pilot demands, the LA architeetis capable of preserving
the FA behaviour. However, there was a maximum pilot inpuitlibeyond which minor
degradations began to appear in the performance. Furtiherriieese degradations were
only tolerable up to a certain extent. The limit for both itleal and tolerable nonlinear

responses was observed to be similar to that predictedgitirenlinear analysis in Chapter
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Figure 7.36: Nonlinear LA yaw rate symmetry - 40kts/Oft
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Figure 7.37: Nonlinear LA yaw rate symmetry - 40kts/Oft

6. It was particularly noteworthy that FA type behaviour wasserved by the LA controller,
for small pilot demands, across the flight envelope. The LAtiadler was also capable of
reproducing the FA controller’'s counter cross-coupling agmmetry in response properties

to a satisfactory level.

Tables 7.3 and 7.4 present the maximum stick/pedal inptictinad be applied in order to
produce an identical FA response and a stable (non-idéntesponse respectively, with
respect to changes in flight conditions. It can be seen franvé#ues that the longitudinal
and lateral channel limits are consistent with variatioflight conditions. The directional

channel shows a significant drop in limit values for both ittt and stable responses.

Thus far the analysis of both the FA and LA controller has beased on time domain
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Max pilot demand
Flight Condition || Pitch attitud€/o(deg) | Roll attitude%(deg) Yaw rate%(deg/s)
40kts/00ft 10 (-6.0)| -14 (8.4) || 16 (19.2)| -16 (-19.2)| 14 (-12.6)| -16 (14.4)
00kts/00ft 8(-4.8) | -13(7.8) || 14 (16.8)| -14 (-16.8)| 18 (-16.2)| -18 (16.2)
80kts/2500ft || 12 (-7.2)| -11.5 (6.9)| 18 (21.6)| -15 (-18.0)| 6 (-5.4) | -10(7.2)

Table 7.3: Summary of max input for identical response

Max pilot demand

Flight Condition || Pitch attitud€/(deg) | Roll attitude%(deg) Yaw rate%(deg/s)
40kts/00ft 18 (-10.8)| -18 (10.8)|| 24 (28.8)| -18 (-21.6)|| 26 (-23.4)| -27 (24.3)
00kts/00ft 17 (-10.2)| -17 (10.2)|| 20 (24.0)| -18 (-21.6)|| 23 (-20.7)| -23 (20.7)
80kts/2500ft | 16 (-9.6) | -15(9.0) || 23 (27.6)| -19 (-22.8)| 10(-9.0) | -12 (10.8)

Table 7.4: Summary of max input for stable response

analysis to standard pulse inputs. A MATLAB Handling QuastToolbox [34] was used

to supplement the above computer aided controller desigisder to integrate handling

qualities provided by the pilot into the complete design andlysis cycle.
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7.3 Handling qualities rating assessment

The Aeronautical Design Standard (ADS)-33 document dethé guidelines for assessing
the performance of helicopter control system. The documpentdes both quantitative and
gualitative criteria for evaluation of such systems; soeguire pilot comments, however
there are those that are based on either simulated respmmiight test results. The results
presented here were produced by utilising the followingngjtgtive criteria (discussed in

Chapter 3):

1. small amplitude input response - short-term assessmenniducted by deducing the
bandwidth and phase delay parameters and mid-term assgsimeerns the damping

factor at frequencies below the bandwidth found earlier,

2. moderate amplitude input response - handling qualitesssessed from the ratio of

peak rate to peak attitude change for different magnituddnahge in attitude,

3. large amplitude input response - ratings are providechbymaximum demand that

could be applied to control system before the responsestieoostable, and

4. inter-axis coupling - ratings are judged based on thd #vateractions between the

channels.

7.3.1 Small amplitude input criteria

The small amplitude ADS-33 criteria are essentially thobé&ctvassess the response of the
helicopter to small amplitude pilot demands where the bplier behaves in an essentially
linear manner. For such small amplitude pilot commands,ntagnitude and rate-limits
of the series and parallel actuators respectively, are xmotegl and thus, according to the
formulae presented in Chapter 5, the FA and LA control lawsalse identically. Thus, this
section presents results from the ADS-33 small amplitudesmsnent of the FA controller
and this alone is necessary since for these small inputs Atoentroller behaves in exactly

the same manner.

The small amplitude handling quality assessment invohaddutating the bandwidth and

phase delay parameters using the 25-state linear modes &Hti01. Bandwidth is defined
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by the frequency at which the phase has faller-185 deg and phase delay is the measure-
ment of the rate of change of phase with frequency beyondotimsiwidth frequency. To-
gether these two parameters are used to quantify the clensdtacking performance and
generally, designers seek to achieve a high bandwidth alathiga low phase delay. Table
7.5 shows the bandwidths, phase delays and handling glai#yinduced in the rotorcraft
at various flight conditions by the FA controller. It showstlboth bandwidth and phase
delay values remain consistent throughout the flight emesl&igure 7.38 depict the calcu-
lated ADS-33 handling qualities for the pitch and roll chalsnin the combat/target tracking
scenario (the most demanding environment), in fully atsehoperations (UCE (usable cue
environment) = 1) and for other divided attention operagiQdCE > 1). UCE defines the
type of environment that the helicopter is operating andlotxs to quantify the HQR given
by the pilot, where UCE> 1 represents degraded environment conditions where tbts pil
attention may be divided [3]. Also, yaw channel results fombat and fully attended op-
erations scenarios are shown in Figure 7.39. The values #mvithe controller bestows
Level 1 handling qualities in the most demanding of envirents and that, as far as these
measures are concerned, appreciable degradation doescootas the flight conditions are
altered. It is important to note that the values presentee &ee only predictions based on
linear models and on-axis responses. Although, at the begjrof the project it was en-
visaged that there would be opportunity for piloted simolatesults in which a test pilot
would assess the controllers using various ADS-33 critarithe AgustaWestland simulator.
For a number of reasons this did not materialise and with tbggt coming to a completion
there was no real opportunity to do this. However, previdudiss such as [65, 66, 67, 85]
have indicated good correlation between predicted anetaetiibandwidths and phase delay

during piloted simulations.

A damping factor of at leadt.35 is required in the pulse responses in order to satisfy mid-
term Level 1 handling qualities criterion [50]. The 2 DQE, loop shaping methodology
was capable of inducing damping factor(of, 0.8 and2.0 in the pitch, roll and yaw chan-
nels respectively. This ensured a damping factor that wédlsalveve the requirement for a
Level 1 handling quality. Overall, the small amplitude dexariteria predicted that the FA

controller induced a Level 1 handling quality.
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Flight condition Axis || Bandwidth | Phase Delay| Handling Quality
Conbat | UCE=1 | UCE>1
40kts/00ft/14200kg
Pitch 2.13 0.06 1 1 1
Roll 3.16 0.06 2 1 1
Yaw 2.64 0.07 2 1 n/a
Hover/14200kg
Pitch 2.13 0.06 1 1 1
Roll 3.09 0.06 2 1 1
Yaw 2.54 0.07 2 1 n/a
80kts/2500ft/14200kg
Pitch 2.57 0.06 1 1 1
Roll 3.28 0.07 2 1 1
Yaw 3.12 0.06 2 1 n/a
40kts/00ft/11000kg
Pitch 2.05 0.07 1 1 1
Roll 3.22 0.07 2 1 1
Yaw 2.43 0.07 2 1 n/a
Hover/11000kg
Pitch 2.10 0.07 1 1 1
Roll 3.12 0.07 2 1 1
Yaw 2.50 0.07 2 1 n/a
80kts/4500ft/11000kg
Pitch 2.53 0.06 1 1 1
Roll 3.27 0.07 2 1 1
Yaw 3.05 0.06 2 1 n/a

Table 7.5: Small amplitude short term handling qualityngs

7.3.2 Moderate amplitude input criteria

The moderate amplitude requirements are also knovattdade quicknesslt is a ratio of

peak achievable rate to the peak attitude change and the ahassociated with different
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Figure 7.38: ADS plot for pitch and roll performance

handling qualities levels. This criteria is structured utls a way that the over and under
shoot characteristics of the attitude response will enpaoe handling quality rating. It is

also important to appreciate that this measure is partigutalevant for Rate Command
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Figure 7.39: ADS plot for yaw performance

response types, which compared to ACAH response types teoffer more agility to the
response at the expense of stability [54]. Attitude quidlsrie expected to be degraded here
as the response type sought here is attitude control ancchnregponse types stability of

responses is given priority over agility.

The moderate amplitude analysis of the longitudinal chewae conducted for pitch attitude
demands ranging frori% to 50%. The predicted longitudinal attitude quickness with both
FA and LA controllers along with the ADS-33 requirement lisvare shown in Figure 7.40.
It can be seen that the Level 2 requirements was satisfietsioltnnel by the FA controller
at all tested flight conditions and this behaviour was alpticated by the LA controller. It
should be noted, that LA analysis was limited to a maximurohpéttitude demand af8%
(10.8 deg), as the helicopter reverted to open loop typeorespat larger demands. The
attitude quickness values for the longitudinal channehwibth FA and LA controllers are

summarised in Tables 7.6 and 7.7 respectively.

The lateral channel analysis was conducted for roll attitdeimands fror8% to 50%. At the
lower end of this range, attitude quickness criteria forelely handling quality are stricter
and relax for larger roll attitude demands. The attainadiieral attitude quickness at various
flight conditions along with the ADS-33 requirements arevaman Figure 7.41. It shows
that for low attitude demands the FA controller is only cdpatf inducing Level 3 handling
quality and as the demand magnitude is increased (beybdriteg) the induced handling

quality improves to Level 1. As the helicopter reverts to opmop type behaviour at de-
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Figure 7.40: Pitch attitude quickness

Flight condition Pitch demand (%)
10 | 20 | 30 | 40 | 50
40kts/00ft/14200kg
Attitude quickness 0.68| 0.67| 0.66 | 0.66| 0.68
Handling quality || 2 2 2 2 2
Okts/00ft/14200kg
Attitude quicknessg| 0.62| 0.62| 0.64| 0.67| 0.67
Handling quality | 2 2 2 2 2
80kts/2500ft/14200kg
Attitude quickness| 0.63| 0.64 | 0.65| 0.66 | 0.68
Handling quality | 2 2 2 2 2
120kts/2500ft/14200kg
Attitude quickness| 0.64| 0.64 | 0.65| 0.66 | 0.68
Handling quality | 2 2 2 2 2

Table 7.6: FA pitch attitude quickness

marised in Tables 7.8 and 7.9.
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mands greater tha% (30 deg) due to the complexities in the LA controller arcttitee
the moderate amplitude analysis for the LA controller way conducted to this limit. The
LA controller, prior to system instability, was only capatidf inducing a Level 3 handling

guality at all the flight conditions. Attitude quicknessweas for the lateral channel are sum-




Flight condition Pitch demand (%)
5 10 | 15 | 18
40kts/00ft/14200kg
Attitude quickness| 0.65| 0.65| 0.64| 0.62
Handling quality 2 2 2 2
Okts/00ft/14200kg
Attitude quickness| 0.62 | 0.61| 0.60| 0.60
Handling quality 2 2 2 2
80kts/2500ft/14200kg
Attitude quickness| 0.62 | 0.62| 0.59| 0.54
Handling quality 2 2 2 2
120kts/2500ft/14200kg
Attitude quickness| 0.64 | 0.64| 0.61| 0.58
Handling quality 2 2 2 2

Table 7.7: LA pitch attitude quickness

It can be seen from the above analysis that, for both longigl@nd lateral channels, Level

1 handling quality cannot be satisfied over the total ranga either FA or LA controller.

As the controller in this study was designed to seek an ACApttyesponse, i.e. focus
more on stability than agility, from the helicopter, attluquickness levels were expected
to be degraded and are not as integral as the other categojietging the ability of such
controllers. Degradation in the values was predominanily t the high damping factor
induced by the controllers which effectively slowed thepasses. The response speed and
in turn attitude quickness could be increased by reduciagitmping factor, however, this
would then reduce the controller bandwidth and degradedhdling quality levels induced

at other criteria.

7.3.3 Large amplitude input criteria

The FA and LA controllers were designed using linear appnations and this criterion

judges the capability of the two controllers at situatiorigeye these approximations are no
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Figure 7.41: Roll attitude quickness

30

Flight condition Roll demand (%)
5 10 | 20 | 30 | 40 | 50
40kts/00ft/14200kg
Attitude quickness| 1.16| 1.16| 1.14| 1.13| 1.16| 1.19
Handling quality || 3 3 3 3 1 1
Okts/00ft/14200kg
Attitude quickness| 1.09| 1.09| 1.08| 1.08| 1.10| 1.14
Handling quality 3 3 3 3 1 1
80kts/2500ft/14200kg
Attitude quickness| 1.26| 1.26| 1.25| 1.25| 1.27| 1.30
Handling quality 3 3 3 2 1 1
120kts/2500ft/14200kg
Attitude quickness| 1.25| 1.25| 1.24| 1.24| 1.26| 1.28
Handling quality 3 3 3 2 1 1

longer valid. The handling qualities level in the large amule category is judged by the
maximum pilot demand that can be applied before the helrdptcomes unstable. The
maximum required pilot demand varies depending upon thettalse performed and these
are divided into following categories - limited agility tgssuch as hover; moderate agility

task, such as slalom; aggressive agility task, such asteglesd; target acquisition and

Table 7.8: FA roll attitude quickness
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Flight condition Roll demand (%)
5 10 | 15 | 20 | 25

40kts/00ft/14200kg
Attitude quicknesg| 1.19| 1.19| 1.18| 1.15| 1.11
Handling quality | 3 3 3 3 3
Okts/00ft/14200kg
Attitude quickness 1.09| 1.09| 1.09| 1.06| 1.00
Handling quality | 3 3 3 3 3
80kts/2500ft/14200kg

Attitude quickness) 1.28| 1.28| 1.28| 1.28| 1.02
Handling quality | 3 3 3 3 3

120kts/2500ft/14200kg

Attitude quickness) 1.28| 1.28| 1.28| 1.14| 1.01
Handling quality | 3 3 3 3 3

Table 7.9: LA roll attitude quickness

track, such as turn to target. A summary of the required mamrpilot demand in order to
satisfy Level 1 and 2 large amplitude criteria is shown inl&ah10 and further details on

this are available in [3].

Ability category Required max demand

Pitch (deg) Roll (deg) Yaw (deg/s)
Level | Level | Level | Level | Level | Level

1 2 1 2 1 2

Limited +15 +7 +15 | £10 | 9.5 +5
Moderate +20 | £13 | £60 | £30 | +£22 | £9.5
Aggressive +30 | £20 | £60 | £30 | £60 | £22

Target acquisition

and track +30 | +£20 | £60 | £30 | +£60 | £22

Table 7.10: Large amplitude handling quality rating regment

With the FA architecture, Level 1 rating was predicted in piteh channel for all four cat-
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egories as a stable helicopter response was achievablethg tequired maximum demand
of +30 deg. The lateral channel produced a stable response up licadtitade demand of
+60 deg and this corresponded to a Level 1 rating in all the ggiitegories. The direc-
tional channel produced a stable response for maximum peplal of +45 deg/s and this
corresponded to a Level 2 rating for aggressive agility aedel 1 for limited to moderate
agility category. This analysis was further extended teothght conditions as well and it
was noted that the longitudinal and lateral channels predithe same Level as at the design
point. The directional channel, however, showed a discrepa only the high speed/high
altitude flight condition where the maximum demand was olekast20 deg/s. This limit
corresponded to borderline Level 2 handling quality in aggive agility category and Level
1 in moderate to limited agility categories. A summary of Bferesults at the design point

are tabulated in Table 7.11.

Ability category Achieved max demand HQR
Pitch (deg) | Roll (deg) | Yaw (deg/s)| Pitch | Roll | Yaw
Limited +30 160 +45 1 1 1
Moderate +30 +60 +45 1 1 1
Aggressive +30 +60 +45 1 1 2
Target acquisition
and track +30 +60 +45 1 1 2

Table 7.11: FA large amplitude handling quality rating

However, with the LA architecture, due to actuator satorgtthe maximum pilot demand
before instability (at the design point) was observedHt®).8 deg, —24/28.8 deg, and
—23.4/24.3 degls, in the longitudinal, lateral and the directionalrofe respectively. As
a consequence the handling quality rating for limited agtlasks was Level 1 for direc-
tional and lateral channels and Level 2 for longitudinalrofel. Whereas, for moderate to
aggressive agility large amplitude analysis predictedel@v3. The longitudinal and lateral
channels predicted the same handling quality levels at éighat conditions as well. How-
ever, the directional channel showed a large drop in maxi@ppticable demand at the high
speed/high altitude flight condition which resulted in detation in the predicted handling

quality level. Overall, a low handling quality level was exqbed for LA architecture as the
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limit of applicable pilot demands was restricted by theeseand parallel actuator saturation

limits. A summary of the LA results at the design point areutated in Table 7.12.

Ability category Achieved max demand HQR
Pitch (deg) | Roll (deg) | Yaw (deg/s)|| Pitch | Roll | Yaw
Limited +10.8 —21.6/28.8 | —23.4/24.3 2 1 1
Moderate +10.8 —21.6/28.8 | —23.4/24.3 3 3 1
Aggressive +10.8 —21.6/28.8 | —23.4/24.3 3 3 2
Target acquisition
and track +10.8 —21.6/28.8 | —23.4/24.3 3 3 2

Table 7.12: LA large amplitude handling quality rating

7.3.4 Inter-axis coupling criteria

ADS-33 also places specification on inter-axis coupling, the manner in which pitch is
affected by roll, and vice-versa. It states that for a Levkhhdling quality the ratio of roll
attitude due to pitch attitude commanded change followingpat should not excee@ 25.
Table 7.13 presents the pitch to roll and roll to pitch cougialues with both FA and LA
controller at selected flight conditions. Although, the F#atroller produces comparatively
lower values than LA, all values are below the Level 1 requeat 0f0.25. The multivariable
characteristics ot loop shaping control law were effectively responsible fouwmtering

inter-axis coupling and inducing optimum handling quastto the helicopter.

7.3.5 Summary

This section has presented the quantitative ADS-33 piliediebf both the FA and LA con-
troller. The small amplitude short-term and mid-term assesnts have shown that Level 1
handling qualities can be achieved in pitch, roll and yawating a high bandwidth, stable
control platform. The test for the controller’s effectiess against inter-axis coupling also
predicted a Level 1 handling quality rating. Moderate atople (attitude quickness) analy-
sis showed that the FA controller was capable of inducingwelL2 handling quality in the

longitudinal and a Level 3-to-1 in the lateral channel withrease in pilot attitude demand.
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Flight condition Full authority | Limited authority
40kts/00ft/14200kg
pitch to roll 0.07 0.03
roll to pitch 0.05 0.06
Okts/00ft/14200kg
pitch to roll 0.05 0.10
roll to pitch 0.04 0.06
80kts/2500ft/14200kg
pitch to roll 0.03 0.04
roll to pitch 0.04 0.07
120kts/2500ft/14200kg
pitch to roll 0.04 0.05
roll to pitch 0.04 0.07

Table 7.13: Nonlinear inter-axis coupling

The LA controller also induced the same handling qualitelen the longitudinal channel
as the FA controller, however, in the lateral channel theioed handling quality level was
maintained at Level 3. The degraded level of handling qua¥is expected because the
controller was designed with more emphasis on stability @maping than quickness. Fi-
nally, FA controller was capable of inducing predominaralj.evel 1 handling quality in
all three channels during the large amplitude demand aisalyidhe maximum applicable
demand in LA architecture was only a percentage of the fudlesstick deflection which
meant that the LA controller could only induce Level 2/3 hamgiquality depending upon
the task to be performed. Overall, the ADS-33 evaluatioulipted a reasonably good level
of handling quality rating for both the FA and LA controlleedthough the controllers were

not specifically designed to meet the ADS-33 requirement.

7.4 Conclusion

This chapter has presented the nonlinear simulation regsaiong with a quantitative ADS-
33 analysis of both the FA and LA controllers for the EH10lidegiter. The nonlinear FA

207



responses have positively substantiated the applicafi@DOF ., loop shaping method.
The linear controller, as shown in Chapter 4, was designed) s 8-state approximation
of the EH101 helicopter and was highly effective in provgistable responses for the en-
tire flight envelope without the aid of gain scheduling. Hoe®e minor deteriorations were
noticed at the extremes of pilot demand range. The low iates-coupling emphasized the

multivariable nature of the chosen methodology.

The nonlinear LA responses acquired by implementing thealircontroller that was de-
signed using the transformation formulae described in €ndpagreed with the linear re-
sponses seen in Chapter 6 in terms of the maximum applicdbtelpmand that produced a
stable response. Also the small signal responses obtasmegltine LA controller were iden-

tical to the respective FA responses, thereby giving sugpahe transformation method.
The maximum applicable pilot demands and the responsesiartiis up to that limit were

quite consistent throughout the flight envelope which fartiighlighted the effectiveness of
the transformation formulae in preserving the robustnadscaunter coupling properties of

the linear FA controller.

The ADS-33 analysis yielded interesting results. Not sanpgly, it revealed that in the
small amplitude tests both FA and LA controllers performidilarly well, with both con-
trollers bestowing Level 1 handling qualities ratings oa thtorcraft. Furthermore, it was
also seen and perhaps this was a little more surprising asawlesging that, provided the pi-
lot demands were not excessively large, both the LA and FArothers were able to achieve
good large signal handling qualities on the aircraft, altfiothe FA system was superior in
this respect due to the absence of the various actuatosliRiérhaps the most surprising
aspect of the ADS-33 analysis was the poor performance &f dmttrollers in the moder-
ate amplitude attitude quickness tests, where both coatsgberformed to Level 3, which
indicates quite poor performance. As noted earlier this mag be due to the ACAH na-
ture of the control laws and, perhaps, also due to the nafutteecattitude quickness test
which is somewhat crude in nature (one might argue thatwéres” poorly damped control
systems since their quickness can be greater than bettgrediasystems). Thus, due to the
emphasis on stability and damping in design, both FA and Lskesys did poorly in this test.
Thus, despite some varied handling ratings, the LA and FArobers were both thought to

perform reasonably well in the ADS-33 tests, with the FA ologly showing superiority in
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some aspects due to the absence of troublesome serieglmolator limits. It should also
be noted that the controllers were not specifically desigoeshtisfy ADS-33 requirements

and therefore, more fine tuning of the controllers could imwprtheir associated ratings.

Overall, the advantages @&f., loop shaping methodology are evident from the results. The
transformation formula was able to preserve the robusimedsounter-coupling properties
of the FA controller in the LA architecture. Small signal fsemance matching verified
the effectiveness of the proposed LA design. However, theeeavenues that should be
explored, such as anti-windup compensation for enhandiagptoposed LA architecture
further, especially in improving the large signal performoa. Also, it is important to note
that the designs had not considered the pilot in the loop laischiman element is expected

to improve upon the range of applicable demands.
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Chapter 8

Conclusions and recommendations

8.1 Conclusion

This thesis has considered the design and evaluation otensgisc method for constructing
LA flight control systems. The proposed method has beenegpdi a realistic case-study:
the AgustaWestland EH101 helicopter. Traditional LA atettures have tended to provide
helicopters with basic stability augmentation and haveéerto be designed in quite “mys-
terious” ways. In particular, the treatment of the paradletuators in the design of such
systems has not been theoretically satisfactory. Thetsesuthis thesis demonstrate how
a given FA controller can be implemented in a LA architeciara completely methodical
manner, allowing the LA system to take advantage of the FAesy's “optimum” perfor-
mance, at least for small pilot demands. It is hoped that élsalts here provide a useful
approach for practitioners wishing to design LA systemstaedefore will allow current he-
licopters to benefit from some sort of FA performance witrgbmplete overhaul of their

fight control systems. The main outcomes of the study areritbescbelow.

8.1.1 Design of a robust FA controller

This study was essentially divided into two halves with thiéal phase involving the design
of a robust FA control system for the EH101 helicopter. ThedéAtroller was designed
using 2DOFH ., loop shaping methodology due to its capability to deal withitimariable
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systems that are subjected to uncertainties and also leettaysprovide robust stabilisation
to coprime factor uncertainty description. Coprime factocertainty description is ideal for
representing uncertainties in helicopters as they arebtad representing unstable plants
and they also allow sensible description of lightly dampesbnant poles - both scenarios
are highly likely within helicopters. The FA controller wdssigned using an 8-state linear
representation of the EH101 helicopter and this was testexss the entire flight envelope

using both linear and nonlinear models.

Main outcomes

Desktop simulation results from the FA architecture, alaity quantitative handling quality
ratings analysis, have validated the choice of methodoksgthe controller designed using
the 8-state linear model was capable of producing highigfeatory responses throughout
the helicopter flight envelope. Moreover, this was achievegtout the aid of gain schedul-
ing. These results have demonstrated the potential désiitgimg qualities achievable by a
FA FCS. Some of the notable advantages of this system oveAitounterpart, normally
used in FCS design, is that the FA system allows good periocen#o be achieved even
at high levels of pilot command and there is no point at whickuddendegradation of
performance occurs due to series/parallel actuator setardl herefore, even in aggressive
piloting situations, the pilot can always rely on the FA colier to deliver acceptable decou-
pling and response types; this is considerably more difficulimpossible, to achieve with
a LA controller with the types of series/parallel actuatoriis present in typical helicopters

today.

8.1.2 Derivation of the transformation formulae

The second phase of the study included the proposal of a LAitaoture along with a
systematic formulae that would take the above FA controberany arbitrary 2DOF FA
controller for that matter, and “transform” it to acquire eguivalent LA controller. It is
important to note that the formulae presented here accdointse presence of the parallel
actuators in the architecture and they are somewhat mooévet than the more simplified

approaches used in [35] and [85]. Parallel actuators arm tosérive the steady state series
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actuator output to zero and is of critical importance in LAhatectures. With this in mind
two design schemes were presented. The first scheme usdgkhdasum (pilot demand
+ parallel actuator output) as the reference demand to #wtrehic controller. Although,
this architecture is commonly observed within currentdagter hardware, there are certain
disadvantages (i.e. complex internal loop and pilot stegkxdrive) due to the point at which
the parallel actuator output is included. An alternate seh&as also presented, where the
pilot stick demands are fed directly to the electronic colfgr without interference from
the parallel actuator output. The advantage of this schertt&t the architecture is simpler
with no complex internal loop issues. It would be difficultiboplement this scheme within
current generation of helicopter hardware, however, itosstdered to be feasible for an
electronic implementation of LA architectures, and woukbagrevent the pilot’s stick from
being back-driven. Therefore, the first scheme was choséregsoposed architecture for

the LA control system analysis.

The transformation formulae were applied to the above FArotlar and the resultant LA
control system was analysed using both linear and nonlmealels of the EH101 across the
entire flight envelope. This provided an opportunity to camgpthe responses from the two
architectures in order analyse the capability of the prefddsA architecture in replicating
the FA behaviour.

Main outcomes

The transformation formulae derived in this study provideystematic method for the con-
struction of LA architectures that would encompass the ksigalal behaviour of an arbitrary
FA controller. This is of significance because, apart fromdtudies like [33], [35] and [84],
there has been little in the way of methodical and rigoroestithat would assist the design

of LA control systems.

Parallel actuators were highly significant in this arcHilee as they were directly involved in
the series actuator compensator design process, wherpesviaus studies they were only

added in an ad-hoc manner once the compensator was designed.
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8.1.3 Case study results

Both FA and LA control systems were extensively tested on rdimear flight mechanic
model provided by AgustaWestland. For small pilot commayath control systems showed
desirable to adequate performance across the testedrpoftibe flight envelope, despite
no gain scheduling being employed. Moreover, for modeyateded pilot inputs, it was
seen that the LA controller was still able to furnish the ¢mfiter with adequate response
types, although the series/parallel actuator saturatiwioasly degraded the response when
compared with the FA system. Such extensive simulationdelieved to be encouraging

for the method proposed and support its applicability.

8.2 Recommendations for future work

Use of anti-windup compensation

Within LA architecture, actuator saturation occurs atégegot demands due to the strict lim-
itations on series actuator authority. As seen with theaeses in this study, saturation can
degrade performance and also with unstable plants it caufigpbcomise closed loop stability.
Although parallel actuators are used in the proposed &atiite to offload the series actua-
tors by driving their steady state output to zero, they thewes are subject to rate-limiting
that introduces more nonlinearity into the system, whiatthier degrades the performance.
As mentioned in the introduction, during saturation thedogiter shows unstable behaviour
and becomes more difficult to fly. In order to limit this perfaance degradation anti-windup
(AW) compensators form a possible solution. AW compensaaoe driven by the differ-
ence between the saturated and unsaturated series asigatds and remains inactive until
saturation occurs. However, during saturation the comgien®ecomes active and tries to
artificially reduce the controller input to drive the corlteo output below the saturation level.
All AW literature assume that the control system architeeta FA and various AW schemes
have been put forward which can guarantee stability of slased loop systems [18]. The
challenge with LA architecture is not as simple because@ttmplex interactions between
the PFCS and the AFCS control inputs. However, with the aimpreserve performance

and also to have a large stability domain, it is known that AWvhpensators go some way
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towards this, although it is hard to calculate this exdicit

Piloted simulation

Due to the role of the pilot in control and stabilisation farde demands, a necessary next
stage in the assessment of these results is piloted simnarkhis will enable the determi-
nation of acceptable levels of parallel actuator activitgd & may be the case that the level
determined by simulation in this report is too high for a tgipilot to feel comfortable.
However, a redesigned parallel actuator controller leadssimple series actuator controller

re-design using the formulae provided here.

Parallel actuator study

Another point worthy of investigation is the situation, whiis currently implemented in the
EH101, where the parallel actuators are only active whenilob ipput is applied. In this
case, the parallel actuators do not assist in pilot-inlblog-tasks and purely act to stabilise
the trim position. Preliminary investigation of this andature suggested that controllers
similar to those proposed here appear to perform reasonattllybut as the parallel actuators
are only active for zero pilot commands (stick/pedals aahirthe tracking performance
degrades significantly. In this case, the tracking conffotes governed purely by the series
actuator controller and it makes sense to design the sarieatar controller independently

of the parallel actuator controller.

Also important in the parallel actuator study would be to faitbrnative strategies to de-
sign the highly critical parallel actuator compensafog. In this study,K» was chosen as
bank of integrators that was required to drive the seriesaéot output in each channel to
zero in steady state. Although the compensator was suat@ssiccomplishing its main
objective, it was believed that its performance could bénaised further. For instance, the
current bank-of-integrator structure, while simple, offéttle flexibility for tuning the par-
allel actuator compensator. As with classical control eystlesign it might be beneficial
to add lead-lag elements to the controller to allow more egfient in system performances.
Similarly, as the parallel actuator controller is, by natunultivariable, additional improve-

ment could be made by making the controller non-diagonahalBi, the parallel actuator
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controller could also be designed by optimisation techesgsuch a%.. , in order to obtain
even better performance - although at the expense of significincreasing the complexity

of the parallel actuator control system
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