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Abstract

Over the last three decades, there has been increased interest in full authority (FA) control

systems for helicopters. Despite their great potential, itwill be some time before all oper-

ational helicopters are able to benefit from such flight control systems. Therefore, interim

methods to deliver similar levels of performance are required, and it is natural to explore

ways of improving current limited authority (LA) systems toachieve this. The study de-

scribed herein investigates this topic and contributes a new LA design method.

The first part of the thesis describes the construction of thebaseline FA controller for the

AgustaWestland EH101 helicopter. The FA controller was designed using the 2DOFH∞ loop

shaping methodology. Details of the controller design are presented, together with an analy-

sis of linear and nonlinear simulation results. These reveal the controller’s abilities to provide

good levels of performance, across the portion of the flight envelope tested, without the aid

of gain scheduling.

The second half describes the derivation of state-space formulae that enables the transfor-

mation of the above (FA) controller into LA form such that thelatter controller replicates

the small-signal FA responses. Extensive analysis and simulations are carried out for this

architecture, both at the design point and at other conditions throughout the flight envelope.

Also, the results are contrasted against a simpler LA architecture and the effectiveness of the

proposed LA controller over this is shown. Both FA and LA results are complemented by an

evaluation of handling qualities information against the design standard ADS-33.

It is believed that the results presented in the thesis show the strengths of the proposed LA

architecture and suggest that current helicopter hardwareshould be able to provide much of

the functionality of FA systems without requiring a complete overhaul.
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Chapter 1

Introduction

Figure 1.1: AgustaWestland EH101 Helicopter [57]
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1.1 Helicopter flight control systems: an overview

Helicopters are the most common form of rotorcraft, easily identifiable by their most salient

feature - a rotating aerofoil. This rotor is responsible forboth vertical and rotational motion

of the helicopter and provides the helicopter with the unique ability to hover over a station-

ary point for extended periods of time. For this reason, helicopters play a vital role in the

military and civil aviation industries. However, this particular feature is also the reason why

helicopters are characterised as a highly nonlinear, multivariable and cross coupled dynamic

system [82], inevitably making the helicopter flight control system (FCS) design challeng-

ing [70]. In addition, helicopters are also open-loop unstable and most mathematical models

are unable to predict cross-coupling satisfactorily, thus, further complicating the FCS design

process. There is, however, a definite requirement for an automatic control augmentation

for assisting the pilot because, when executing certain manoeuvres or in the presence of de-

graded visual or operating conditions, the pilot is prone tofatigue as an effect of intense and

prolonged levels of concentration. Moreover, helicoptersare also expected to satisfy the han-

dling qualities requirements listed in the Aeronautical Design Standard (ADS)-33 document

[3], which outlines the control system specifications in order to achieve adequate decoupling,

stability and manoeuvrability for a given task.

Traditionally, practitioners have solved the helicopter flight control problem by using an ar-

chitecture that is commonly known aslimited authority(LA). Within LA architectures, the

pilot has complete influence over the actuators through mechanical interlinks, and basic han-

dling qualities augmentation is then achieved through an electronic controller that only has

partial authority over the actuators. This constraint overthe electronic controller activity

has a significant, yet in some cases negative, impact on helicopter performance. However,

during instances where the controller encounters saturation, the LA architecture has thead-

vantageof allowing the pilot to override the electronic controllerand this makes it highly

popular in helicopter industries. It was also observed, that increasing the authority level of

this electronic controller had a positive impact upon helicopter performance. Within the ro-

torcraft community, it is strongly believed that optimum handling qualities is best achieved

through what is called afull authority (FA) architecture. Specific to this architecture, the

pilot demands are communicated to the electronic controller, which now has complete in-
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fluence over the entire actuator range. Compared to the LA system this architecture is less

complex; where in the absence of signal constraints, this approach offers a more straightfor-

ward solution for helicopter FCS design. There are ample studies that reflect the success of

this architecture ([6, 8, 32, 46, 87]), prompting the anticipated implementation of FA control

system in many next generation helicopters. Unfortunatelythe upgrading of current opera-

tional helicopters which use LA architecture is likely to bevery costly and it would therefore

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

existing LA architectures.

The study presented in this thesis details the design of a LA architecture for the AgustaWest-

land EH101 (Figure 1.1) helicopter and this architecture isessentially capable of replicating

the behaviour of a highly augmented FA controller for certain levels of pilot command. For

the purpose of comparative analysis of both architectures,a comprehensive design of the FA

controller is also presented. It should be noted, that as a FAstudy of the EH101 helicopter

has not previously been conducted, the incorporation of theFA controller design helps to

emphasise benefits of this type of architecture. However, before proceeding into the design

process, it is important to appreciate the main differencesbetween the two architectures in

more detail and also explore the past studies that have been presented 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 demands are directly supplied to an

automatic controller which calculates the appropriate blade angle demand that is consistent

with the pilot demand. FA control systems are similar to the standard control configura-

tion that feature in all control textbooks [28, 72]. FA architectures also have the advantage

that they are straightforward to understand. Also, while executing aggressive manoeuvres

the helicopter is less likely to revert to unstable behaviour with a FA control system as no

restrictions are imposed either on the magnitude or the rateof control signals. There is a po-

tential drawback however with the helicopter behaviour being dominated by the automatic

controller, the FA control system must be constructed to extremely strict levels of safety and

reliability standards. It should be noted at this point in time, that not many helicopters fea-
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ture FA control systems and most, if not all, of the FA studieshave come from the research

community.

angle commands
Total blade

Helicopter
Dynamics

stick
Pilot

Sensor measurements

Controller

Figure 1.2: FA schematic

Early helicopter FA control systems designs have largely utilised classical methods due to

their transparency and ease of implementation. In spite of their simplicity they have been

able to provide significant improvements in handling qualities. However, with the quanti-

tative specifications such as the ADS-33 becoming an essential part of controller validation

process, it was observed by controller designers that classical control methods were not

able to effectively meet the strict standards [68], such as low inter axis coupling, fast re-

sponse, high robustness properties. Thus, over the last twoand a half decades, many modern

strategies that handle multivariable systems in a methodical manner have been proposed for

the design of FA controllers. The earliest and the one that proved inspirational to other

researchers was the study conducted by [32] that demonstrated the usefulness of a Linear

Quadratic Gaussian (LQG) based controller in generating low-order and robust controllers.

The controller was designed for the CH-47 Chinook helicopter model and desktop simula-

tions results were successfully substantiated with flight test data. Next, a two-loop feedback

structure that featured an eigen-structure assignment as an inner loop and an outer loop that

was designed usingH∞ synthesis was proposed by [6] and showed acceptable levels of per-

formance, robustness and decoupling in the rotorcraft responses. Another prominent study

that was backed with flight test results was conducted by [8],who described the design and

implementation of a Translational Rate Command (TRC) type system using the Bell 205 Air-

borne Simulator. Also, a computer based flight simulation ofa decoupled controller based on

fuzzy logic and genetic algorithms was conducted for the UH-1 “Huey” helicopter by [40].

This method was further advocated by a study conducted by [87] that presented successful
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flight test results using a adaptive fuzzy logic controller and also showed that the learning

ability allowed this controller to be easily applicable to other helicopters as well. Around

the same time, an Individual Channel Design (ICD) that simplified the4 × 4 multivariable

control problem into two simpler2× 2 multivariable problems - one for the longitudinal dy-

namics and the other for the lateral dynamics was proposed by[47]. A quantitative ADS-33

evaluation showed that this controller was capable of bestowing good handling qualities on

the aircraft and, also its effectiveness against cross-coupling was also found to be aceptable.

Another strategy that started to take effect during this period was the method of adaptive

neural networks where a nominal controller was designed using a standard methodology and

performance augmentation was then provided by the neural network. A significant study in

this area was conducted by [46] which showed, that good tracking was achievable despite

the presence of uncertainties due to modelling errors. Morerecently, studies were conducted

that looked at the application of a sliding mode control method to design a rate [54] and an

attitude [55] command FCS for the PUMA helicopter. The controller was designed using a

linearised model of the helicopter in hover and the controller was found to satisfy the opti-

mum handling qualities requirements set out by ADS-33. All of the above approaches have

been continuously explored by researchers, such as [2, 17, 19, 56, 79, 92], and most have

been able to demonstrate useful performance improvement insimulation. However, only

some of the above strategies have been supported by extensive piloted simulation and flight

tests and some (e.g. neural network based) have little chance of obtaining the necessary

certification by the relevant authorities.

In addition to the aforementioned methodology, another technique which has been explored

in the context of helicopter control is that ofH∞ optimal control. There are several desirable

features of this particular technique which are thought to make it appropriate for the control

of helicopters. Firstly, the technique is aninherentlymultivariable technique, that is, it is

suitable for controlling systems where there are multiple inputs and multiple outputs. Al-

though fixed wing aircraft often exhibit some quite obvious decoupling between the lateral

and longitudinal dynamics, this is not the case for helicopters: while the structure is roughly

diagonal, there is strong coupling between the pitch and roll dynamics and vice versa, and

strong interaction between the yaw rate and heave velocity.Another appealing feature of

theH∞ technique is that it allows theuncertaintyalways present in mathematical models of
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the helicopter, to be directly accounted for in the design stage. For multivariable controller

design of the helicopter this is considered particularly important as, for example rotor char-

acteristics are often imprecisely known and sometimes omitted from models; similarly some

of the lateral-longitudinal coupling is often poorly captured by mathematical models and

hence care must be taken when designing decoupling controllers. Thus in many waysH∞ ,

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

For the above reasons, over the last two decades researchershave made several attempts at

applyingH∞ to helicopter control problems and, over this period, the work has progressed

from purely desktop simulation studies to extensive, piloted flight tests. This interest began

in the UK during the late 1980s with collaboration between the Defence Evaluation and Re-

search Agency (DERA) and the University of Oxford, with the research mainly focussing of

H∞ control of the Lynx helicopter with [94] formulating the problem as a mixed sensitivity

H∞ optimisation and [89] applying theH∞ loop shaping method. Since then, further studies

involving collaboration between QinetiQ, University of Leicester, Westland Helicopters and

the National Research Council (NRC), Canada on FAH∞ design for the QinetiQ model of

the Bell 205 helicopter [78, 91] have proved fruitful. Initial work reported in [75] describes

the first flight test results obtained using aH∞ controller on the Bell 205 and later studies

reported in [77], [66], [67] and [85] showed how these results could be improved. Flight test

results for the Bell 205 reported in [65] showed successful implementation of one controller

designed using theH∞ loop shaping method as it yielded Level 1 handling qualitiesin all

tested manoeuvres. These later results showed a high degreeof consistency between desktop

simulations and flight test results and it was found that it was relatively easy to design con-

trollers which achieved borderline Level 1 handling qualities ratings, with only minor tuning

(based on flight tests) required to achieve optimum rating. On this basis, theH∞ method is a

very strong contender for FCS design and will thus be used as the FA controller design tool.

In spite of the number of successes shown by the application of FA control systems, most, if

not all, currently operational helicopter FCS has been dominated by the LA architecture. It

appears that in the short term, this will continue to be the case.
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1.1.2 Limited authority control system architecture

In LA architectures (Figure 1.3), the pilot’s stick input directly influences blade angle de-

flection through mechanical interlinks known as the PrimaryFlight Control System (PFCS),

but the stick datum is also used to drive an Automatic Flight Control System (AFCS) which

influences blade angle through an electronic system that is strictly limited by theseriesactu-

ators [35]. In certain LA architectures, slower rate-limitedparallel actuators are also used in

order to off-load the series actuators and prevent their long term saturation. The idea behind

LA control is to provide the pilots with small signal augmentation in helicopter handling

qualities whilst also allowing them to override the controller for sufficiently large stick de-

mands that results in unstable behaviour. In such circumstances, global stability guarantees

provided by the electronic control system are more difficultto enforce within a LA archi-

tecture due to the constrained control signal and the complexity of the architecture makes it

harder to assess. However, LA systems are popular amongst practitioners as they also do not

require to be manufactured to the same strict levels of safety like the FA systems.

Mechanical
Linkages

Series
actuators

Parallel

stick
datum

stick
Pilot

Sensor measurements

actuators
AFCS

PFCS

angle commands
Total blade

Helicopter
DynamicsController

Figure 1.3: LA schematic [85]

The study of LA control systems has mainly been addressed by the practitioners from the ro-

torcraft community and input from the control research community has been notably lacking.

A key study in the LA control area is reported in [7], where a series of flight test results using

the NRC Bell 205 Airborne Simulator are described, that showed the benefits of FA con-

troller within the LA architecture. One of the important observations was that series actuator
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saturation did not always result in degraded handling qualities and could provide assistance

during aggressive manoeuvring. Not long after, a series of ground based piloted simulation

studies of Partial Authority Flight Control Augmentation (PAFCA) were conducted jointly

by Defence Evaluation and Research Agency (DERA) and the US Army Aeroflightdynam-

ics Directorate (AFDD). A study that investigated further the impact of AFCS saturation on

handling qualities in ADS-33 hover/low-speed flight test manoeuvres was that conducted

by [35] and the results reinforced the findings of [7]. A subsequent simulation study, con-

ducted by the same research team, considered the impact of series actuator saturation on

handling qualities in moderate aggression hover/low speedmanoeuvres in a degraded visual

environment [93]. They concluded that increasing the series actuator authority increased the

handling quality rating by one. It should be noted at this stage that parallel actuation was

not implemented in any of the studies above as they were mainly concentrated at the effects

of series actuator saturation. Another study that showed the application of limited rate par-

allel actuation with the aim of maintaining the series actuators close to the centre of their

limited authority was conducted jointly by DERA and NRC [33]. Also, research conducted

by University of Leicester and Westland Helicopters discussed and presented results from

the ground based piloted simulation of anH∞ LA control system [85]. The study presented

the application ofH∞ mixed-sensitivity methodology in designing a FCS for the Westland

Lynx helicopter in order to attain the required performanceand robustness properties, with

unchanged series actuator limits. Piloted simulations anddesktop testing results suggested

that this type of system could offer an attractive solution to the LA problem, however, paral-

lel actuators were seen as an external parameter. An important paper [31] was presented to

the American Helicopter Society (AHS) which dealt with evaluation of various LA attitude

command architectures for rotorcraft. According to his study the best architecture was the

one which had implemented an attitude-blend out to minimisethe effect of saturation. Also,

a study was conducted by [58], that was presented at the European Control Conference, de-

scribing a transfer function based method for the transformation of a FA single-input-single-

output (SISO) PID controller for the Bell 205 helicopter. This method ensured a successful

implementation of a FA controller within the proposed LA architecture which was similar

to Figure 1.3 and provided small-signal (before actuator saturation) performance matching.

Any large signal instabilities due to actuator saturation were mitigated with the use of simple
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anti-windup (AW) compensator.

1.2 Motivation for limited authority architecture

Most current generation helicopters utilise some form of LAcontrol architecture and it would

be a fair assessment to say that its design is surrounded by a great of deal of engineering

intuition. Apart from the well documented PAFCA system [33,35] and LA control system

studied by [84], there has been little in the way of systematic and rigorous theory to assist the

engineers with the construction of LA control systems. Eventhe advanced state of the art LA

control architectures [31] suffer from a “cobbled-up” appearance with controller elements

included in a fairlyad hocmanner based on prior experiences rather than any clear design

rules. This presents a definite need forderiving a systematic method that would enable the

construction of LA control systems. Furthermore, there is a lot of evidence to suggest that the

application of robust control methods within the FA architecture has the potential to deliver

optimum handling qualities and it would definitely be of interest toobserve how well this

could be replicated within LA architectures that contain various structural constraints.

It is evident from the past research that FA control systems offer better handling qualities than

LA control systems and from an architectural point of view the former is less constrained. In

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

1. as the existing EH101 FCS utilises a LA architecture, it iseasier and more economical

to try and achieve the functionality of a FA controller within the existing structure than

completely overhauling the FCS [35];

2. the reliability standards with a LA control system aremore relaxedcompared to the

FA control system because if there is a malfunction with the stabilisation strategy in a

LA architecture, the pilot is still able to control the helicopter via the manual control

[84]; and

3. in certain parts of the flight envelope the EH101, like other helicopters, suffers with

chaotic vortex ring state[38] where it exhibits excessive nonlinear type behaviour,and

a LA controller is preferred over a FA control system here as the situation requires a

greater control power from the pilot.
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LA controllers, however, do suffer from the distinct disadvantage that their control signal

magnitudes are limited to only a certain, often small, percentage of the actuators’ full scale

deflection. This restricts the magnitude of pilot demand that would produce a stable response

and at large pilot demands the system can become unstable [85] and add to the already heavy

pilot workload.

1.3 Objectives

The primary objective of this study was to produce a systematic methodology that would

enable an engineer to design a LA controller which has the performance and robustness of

an arbitrary FA controller. The process included developing a systematic transformation

methodologythat could then be applied to the FA controller in order to obtain the series

actuator controller component that is fully functional within the LA architecture. There are

some general design specifications that both the baseline FAcontroller, and the LA controller

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

1. Meeting high performance levels and achieving acceptable levels of stability: Per-

formance and stability of a particular controller are usually judged by the handling

qualities ratings returned by the pilot after a series of flight tests. However, in cases

where flight tests are not possible then the performance could be analysed using desk-

top simulations - frequency and time domain responses. Quantitative analysis tools for

small, medium and large amplitude pilot demands are provided in the ADS-33 docu-

ment that are also used to rate the simulation results. Also,controllers that satisfy these

desktop simulation criteria have shown in previous studiesto equate to good handling

quality ratings during flight.

2. Decoupling the control inputs and achieving accurate tracking of pilot demands:

It is known that helicopters exhibit high levels of inter-axis coupling (pitch to roll, roll

to pitch, roll to yaw and so on) and this results in high pilot workload. One of the

motivations for requiring an automatic controller is to decouple these control signals

and provide accurate responses to the pilot demands. In loopshaping terms, this is
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achieved by acquiring the desired shape for the sensitivityfrequency response function

[53].

3. Good disturbance rejection capability: Helicopters are always subject to external

disturbances as they are required to operate in highly demanding environments. There-

fore, the controller should have the required disturbance rejection capability. This re-

quirement is satisfied by acquiring the desired shape for thecosensitivity frequency

response function [53].

4. Coverage of the full flight envelope: The helicopter behaviour is known to vary

significantly from one flight condition to another and most controllers require gain

scheduling in order to attain robust performance. It is therefore highly challenging to

obtain a controller that could guarantee robust stability and performance without the

need of gain scheduling.

1.4 Research activities

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

sign and LA architecture development with particular attention focused on designing robust

controllers that function correctly in LA environment. This study also carries out a FA FCS

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

LA FCS. The design therefore also illustrates the advantages of using FA architecture within

helicopters. The research was mainly divided into three areas,

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

baseline FA control system for the EH101. The methodology chosen for developing

this controller is the well documented 2 degree-of-freedom(DOF)H∞ loop-shaping.

[65] has shown its application to the Bell 205 helicopter that produced optimum han-

dling qualities and a similarH∞ based FA control system for the Lynx helicopter was

used in trials in the Advanced Engineering Simulator at AgustaWestland [85]. This

methodology thus provides a good starting point for FA controller design. The con-

troller is designed for an 8-state representation of the EH101 model at the 40kts/0ft
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flight condition. An overview of this methodology is presented in Chapter 2 and the

details of the design process are presented in Chapter 4.

2. Deriving a transformation method: The second phase of this study is to derive a

systematic procedure for designing a LA controller that matches the performance of a

given FA controller. The developed formulae is capable of taking an arbitrary 2DOF

FA controller and “transforming” it to acquire an equivalent LA series actuator con-

troller component. Such an approach guarantees that, at least for small amplitude pilot

demands and disturbances, the LA system would behave identically to the FA system.

This means that any theoretical properties of the FA controller are preserved, at least

locally, by the LA controller. Another important feature ofsuch an approach is that

conventional linear controller design tools could be used to obtain the baseline FA

behaviour. The formulae presented here accounts for the presence of the parallel ac-

tuators and are more involved than the simplified approach used in [35] and [85]. The

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

3. Linear and nonlinear simulation: Finally, in order to verify the effectiveness of both

the FA and LA controller designs, extensive linear and nonlinear simulations are car-

ried out. The linear simulations are conducted for the 25-state linear representation

derived from the flight mechanics model provided by AgustaWestland and these are

presented in Chapters 4 (FA) and 6 (LA). The LA simulation presented in Chapter 6

is tagged linear because of the linear flight mechanics model, although nonlinear ele-

ments such as magnitude and rate limits are present in the architecture. The nonlinear

simulations are carried out using the models provided by AgustaWestland and these

are detailed in Chapter 7. This allowed for the appropriate large signal analysis to

be conducted and also provide useful indications for further controller tuning. Also,

this work provided AgustaWestland with the ability to compare the 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 control system attempts to reproduce,

and to show the benefits of such a control system within the EH101 helicopter. The

EH101 helicopter appears to demonstrate more cross-coupling and dynamic variation

across the flight envelope than the Bell 205 and Lynx helicopters considered in previ-

ous studies. It was thus more of a challenge to design a satisfactoryH∞ 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 nowenables the engineer to

design an arbitrary FA controller and then apply this conversion methodology to obtain

a LA controller that guarantees identical small amplitude response.

3. Inclusion of the parallel actuator compensator during the design process of the

LA controller: Parallel actuators are extremely critical in LA control systems and this

study thoroughly examines the parallel actuator behaviourduring both small ampli-

tude and large amplitude pilot demands. Unlike the previousstudies where parallel

actuators were excluded during the main design stage, here they are 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 behaviour by analysing the nonlin-

ear performance obtained due to the application ofH∞ optimal controller. The anal-

ysis is conducted in both FA and LA architectures and gives anaccurate and useful

indication to some of the properties of the two very different controller architectures.

1.6 Thesis organisation

The work presented in this thesis attempts to explore the benefits of using modern control

methodology for FA controller design and also attempts to develop an approach by which an
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arbitrary FA controller can be systematically implementedin a LA environment. The thesis

consists of eight chapters, the contents of which are outlined below:

• Chapter 2: This is the first of the two introductory chapters and it presents the main

notions and concepts behindH∞ optimal control. The chapter places the main focus

on H∞ loop shaping procedure as it is the chosen methodology for the design of a

baseline FA controller.

• Chapter 3: This is the second introductory chapter and it provides a description of

the helicopter flight control system including a brief overview into the complexities

faced while flying and controlling one. It also presents the main elements of han-

dling qualities rating specifications that are used to objectively quantify the controller

performance.

• Chapter 4: This chapter describes the design of a baseline FAH∞ controller and

presents linear desktop simulation results for the AgustaWestland EH101 helicopter.

Details of the controller design are presented, together with an analysis of the fre-

quency response functions.

• Chapter 5: This chapter presents the problems that arise while designing a LA con-

troller and more specifically discusses the problem of usingparallel actuators in this

system. It compares the LA architectures obtained using tworeference signal genera-

tion schemes. Also, a state-space based formula is developed that would transform an

arbitrary 2DOF FA controller into a LA controller that wouldguarantee small signal

performance matching.

• Chapter 6: This chapter describes the desktop linear simulation results obtained due

to the proposed LA controller for the EH101 helicopter. It demonstrates the application

of the transformation formula derived in Chapter 5 and showsthe successful realisation

of a given FA controller in a LA architecture. Also, it presents results that emphasise

the importance of parallel actuators in a LA architecture.

• Chapter 7: This chapter presents the results obtained using the nonlinear EH101 sim-

ulation model which should enable a more accurate appraisalof both FA and LA con-

troller’s performance. These are further complemented by aquantitative evaluation of

14



handling qualities ratings information against the designstandard ADS-33. The anal-

ysis presented in Chapters 4 to 7 expand upon the results thatwere highlighted in [59]

and [60].

• Chapter 8: The main conclusions and findings are discussed, with directions for future

research indicated.
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Chapter 2

Background toH∞ controller design

This chapter introduces the primary notions and concepts behind theH∞ optimal control

strategy. This strategy appears to be ideal for helicopter applications and some previously

conducted studies [76, 83, 84, 88, 89, 95] have supported this idea. For these reasons this

study uses solelyH∞ algorithms in the design of both the full and the equivalent LA con-

troller. This chapter will describe the concepts underpinning H∞ control and will briefly

present the two most commonly usedH∞ design methodologies: mixed sensitivity and loop

shaping. It is important to note that a significant amount of literature has already been pre-

sented by [15, 27, 72] and many others on the topics of signalsand systems, and feedback

control theory. Therefore, this chapter will simply highlight some of the important results

related toH∞ optimal control.

2.1 Signals

One of the ways by which the performance of a given control system is described is in terms

of the sizeof certain signals of interest. For instance, minimising the size of error signal

in a feedback system is essential to solve the problem of reference tracking and tracking

performance is judged by the size of the error signal. Signals are defined as a mapping of the

time variable,t ∈ [0,∞), to a vector spaceRn [27] and this mapping represents at each time

instant, avector
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x(t) =
[

x1(t) x2(t) · · · xn(t)
]T

(2.1)

For the above vector signalx, its length, or distance from the origin, is given by

‖x(t)‖ =
√

x1(t)2 + x2(t)2 + · · ·+ xn(t)2 (2.2)

This length is also known as theEuclidean distanceand the associated norm is known as the

Euclidean normand is represented by the square root of the inner product of the vector and

itself,

‖x(t)‖ =
√

x(t)Tx(t) (2.3)

wherex(t)T denotes the transpose ofx(t). Notice that the Euclidean norm only measures

the size of signal point-wise in time and to get some idea of the size of the signal across all

time, there is a need to introduce other concepts. The norms of interest within the scope of

this study is the class ofLp norms which, for a Lebesgue measurable signalx(t) and integers

p ∈ [1,∞), are defined by

‖x(t)‖p =

(
∫

∞

0

|x(t)|p dt

)1/p

(2.4)

The vector signals for which the above norm is finite is said tobelong to the linear signal

spaceLp that is defined as [20]

Lp =
{

x ∈ Rn ‖x‖p <∞
}

(2.5)

The L2 norm is a special case of theLp norm and is the specific signal norm used in

H∞ control theory. TheL2 signal space consists of the signals that have a finiteL2 norm

and is defined as

L2 = {x ∈ Rn ‖x‖2 <∞} (2.6)

Noting Equation (2.4) theL2 norm of a signal is given by
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‖x(t)‖2 =

(
∫

∞

0

‖x(t)‖2 dt

)1/2

=

(

∫

∞

0

n
∑

i=1

xi(t)
2dt

)1/2

(2.7)

A useful interpretation ofL2 norm is that‖x(t)‖22 represents the total “energy” associated

with the signalx(t). A special property of theL2 norm is given by Parseval’s theorem which

states, that theL2 norm of the signal in time domain is equal to theL2 norm in frequency

domain, i.e.

‖x(t)‖2 = ‖x̂(jw)‖2 =

(

1

2π

∫

∞

−∞

‖x̂(jw)‖2 dw

)1/2

=

(

1

2π

∫

∞

−∞

x̂(jw)∗x̂(jw)dw

)1/2

(2.8)

wherex̂(jw) is the Fourier transform of the signalx(t) andx̂(jw)∗ is the complex conjugate

transpose of̂x(jw).

2.2 Systems

A systemG is defined as a mapping of one signal space,U , to another signal space,Y [27].

G : U 7−→ Y (2.9)

Thus, for a given inputu(t) ∈ U , the outputy(t) ∈ Y is written asy(t) = Gu(t). This

system is calledtime-invariantif a time shift in the input signal also produces a time shift in

the output signal.

y(t− τ) = Gu(t− τ) (2.10)

SystemG is definedcausalif its current outputy(t) is a function of the present,u(t), and the

past inputs,u(τ) (whereτ < t).

y(t) = 0 , τ > t (2.11)
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G is definedlinear if, for all u1(t), u2(t) ∈ U and a positive real scalarα, it satisfies both

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

G (u1(t) + u2(t)) = Gu1(t) + Gu2(t) (2.12)

G (αu1(t)) = αG(u1(t)) (2.13)

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

integral

y(t) =

∫ t

0

g(t− τ)u(τ)dτ (2.14)

whereg(t − τ) is time shifted impulse response of the systemG . Linear systems could

be expressed as a function in the Laplace variable′s′ known as thetransfer function. This

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

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

Systems that are described by linear differential equationare often represented in state space

form as

ẋ(t) = A(t)x(t) +B(t)u(t)

y(t) = C(t)x(t) +D(t)u(t) (2.16)

Also, asG is assumed to be linear time-invariant then the above matrices are constant and

the transfer function matrix of the system is obtained by evaluating

G(s) = D + C(sI −A)−1B (2.17)

However, real control applications can rarely be represented as linear systems as most of

them, if not all, arenonlinear. A given system is said to be nonlinear if the mappingG :

U 7−→ Y does not satisfy either the superposition or the homogeneity properties, i.e.
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G (αu1(t) + βu2(t)) 6= αGu1(t) + βGu2(t) (2.18)

for all scalarsα, β and for allu1(t), u2(t) ∈ U [27]. The input-output behaviour of a nonlin-

ear system can usually be represented as a set of differential equations

ẋ(t) = f(x, u, t)

y(t) = g(x, u, t) (2.19)

Linearity of a system could also be assessed by checking whether the above set of differential

equations could be realised to the form shown in Equation (2.16).

Now, the size of a given linear system defined byG : U 7−→ Y is rather difficult to define,

especially if it is a multivariable system (i.e. eitherU or Y has a greater dimension that

unity). InH∞ methodology, the size is defined by the norms that are dependent on the class

of inputsU and the norms for the signalsu(t) ∈ U . A different class of inputs or different

norms on the input signals result in different operator norms ofG . This type of norm is called

the induced normand it has the interpretation of the maximal “energy gain” ofthe mapping

G : U 7−→ Y . If it is assumed thatG is a stable LTI system in the sense that bounded inputs

produce bounded outputs, then by the following condition

G : Lp 7−→ Lp (2.20)

wherep ∈ [1,∞), theLp induced norm forG is defined by [15]

‖G‖(i,p) := sup
u∈Lp

‖G(u)‖p
‖u‖p

(2.21)

An important special case that is derived under the following condition

G : L2 7−→ L2 (2.22)

is the inducedL2 norm, which is defined by [15]
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‖G‖(i,2) := sup
u∈L2

‖G(u)‖2
‖u‖2

(2.23)

InducedL2 norm (also known as theH∞ norm) can also be defined as [20]

‖G‖(i,2) := ‖G‖
∞

:= sup
w∈[0,∞]

σ̄ [G(jw)] (2.24)

whereσ̄ [G(jw)] represents the maximum singular value ofG (jw), whereG (jw) represents

the frequency response function ofG . Also, if the inducedL2 norm is well defined, i.e.

u ∈ L2 theny ∈ L2, the system is then said to befinite gainL2 stable. TheH∞ norm

of a stable LTI system can be read directly from its singular value plot, and in the SISO

case it is simply equal to the peak value of the Bode magnitudeplot (Equation (2.25)). Also,

minimisation of theH∞ norm of a system corresponds to minimising the energy of the worst

case output signal vector. In other words, the output energyis minimised over all non-zero

finite energy input signals.

‖G‖
∞

:= sup
w∈[0,∞]

|G(jw)| (2.25)

2.3 H∞ optimal control

The above discussion naturally leads to the topic of robust optimisation as signal and system

norms are highly involved in both design and analysis of robust optimal controllers. Most, if

not all, engineering systems are always subjected to external disturbances. Also, dynamical

differences between the actual system and the model lead to the presence of uncertainty in

even the most sophisticated of mathematical representation. Researchers have always been

interested in designing a controller for a system that is notonly able to stabilise the system

but also is able to deliver certain robustness and performance guarantees in the presence

of these disturbances and uncertainties [28]. Historically, robustness had been judged by

ensuring good gain and phase margins, however, these concepts were mainly applicable for

decoupled SISO systems and did not always provide useful information about coupled multi-

input-multi-output (MIMO) systems. Initial MIMO design techniques included methods
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such as LQG that had placed more emphasis on the system performance than robustness.

While this approach still remains widely used today, in the early 1980s the control system

literature started to change as both theory and practice noticed the limitations of the LQ

approach [83]. This spurred the researchers to develop theories that could deal with the issue

of uncertainty directly during the feedback design stage and this led to the development of the

theory known asH∞ optimal control. The breakthrough in the study ofH∞ optimal control

was made by [96] and [97] who tackled a SISO disturbance rejection problem by minimising

the∞-norm of the sensitivity function. Despite the emergence ofthis methodology, it was

not until the studies conducted by [16] and [25] that an efficient state space formulation

was in place to solve this problem. The results in these studies showed that aH∞ optimal

controller would exist if there existed an unique positive definite solution to two algebraic

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

An overview of this particular methodology is presented in this section, however, prior to

discussing the details it is important to discuss the two core concepts that form the backbone

of H∞ optimal control -Uncertainty ModellingandSmall Gain Theorem.

2.3.1 Uncertainty modelling

As mentioned previously, uncertainties are unavoidable inreal control applications and these

can normally be classified into two categories:disturbance signalsanddynamic perturba-

tions [11]. Disturbance signals are mainly caused by external factors and do not affect the

system stability, whereas the dynamic perturbations represent discrepancies with the math-

ematical model and can dramatically affect the stability ifnot treated carefully. Robustness

implies that a system can tolerate a level of uncertainty being present, without becoming

unstable. There are several ways of describing uncertainty, and robustness to one type does

not always guarantee robustness to another. The most commonly used models of system

uncertainty are shown below, and in all of these casesG0(s) represents the transfer function

matrix corresponding to the nominal plant, i.e. a best estimate of the true plant behaviour

andGP (s) represents the transfer function matrix corresponding to the true plant.
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Figure 2.1: Common uncertainty representation [72]

GP (s) = G0(s) + ∆A(s) (2.26)

GP (s) = G0(s) [I +∆I(s)] (2.27)

GP (s) = [I +∆O(s)]G0(s) (2.28)

GP (s) = [I −∆E(s)]
−1G0(s) (2.29)

∆A represents anadditiveuncertainty,∆I an input multiplicativeuncertainty,∆O anoutput

multiplicativeuncertainty and∆E representsinverse output multiplicativeuncertainty. Ad-

ditive uncertainty gives an account of absolute error between the actual dynamics and the

nominal model, while the multiplicative represents the relative error. Such descriptions are

generally classed aslumpeduncertainty because they combine parametric variation and/or

unmodelled dynamics combined into a single perturbation. Both, additive and multiplica-

tive uncertainties, capture unmodelled dynamics and/or parametric variation to a reasonable

level, however, they are mathematically problematic for capturing unstable perturbations
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[72]. Also, with the Small Gain Theorem (details to follow) forming the basis of the re-

sults derived for these uncertainty types, it requires stability of these uncertainties. Thus

restricting the class of uncertainty they represent.

∆

−1

−+ ∆

+

+

Nl

Nl Ml

Ml

Figure 2.2: Coprime factor uncertainty configuration [72]

A solution to this is achieved by using the normalised coprime factorisation uncertainty

description. This form is, at first glance, rather strange but is actually a more flexible way

of representing uncertainty, especially those that arise in aerospace systems. This particular

narrative will focus on the normalisedleft coprime factorisation as it leads directly to the

chosen controller design methodology. Figure 2.2 depicts the left coprime factor uncertainty

representation of a nominal plant,G0 = M−1
l Nl whereMl andNl arestableleft coprime

factors ofG0. Nl is chosen to contain all the zeros ofG0 with positive real parts, andMl

contains as zeros all the poles ofG0 with positive real parts, thus ensuring stability of the

two factors. These factors are also coprime because there are no common zeros betweenNl

andMl which would result in pole-zero cancellations. The coprimeness of the above factors

can also be assessed mathematically by showing the existence of stable transfer functions or

matricesUl andVl that satisfy the following Bezout identity

NlUl +MlVl = I (2.30)

Also important to note that satisfying the Bezout identity alone is not enough to guarantee

uniqueness of a particular set of coprime factors. This individuality is only obtained by the

so callednormalisedleft coprime factorisation. The coprime factors,Ml andNl, are said to

be normalised if they also satisfy the following identity

MlM
∗

l +N∗

l Nl = I (2.31)
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whereM∗
l andN∗

l are the complex conjugate transpose ofMl andNl respectively. Numeri-

cally, for a nominal plantG0 that has the following state space realisation,

G0 =





A0 B0

C0 D0



 (2.32)

the state space realisation (as shown in [86]) of the normalised left coprime factorisation is

given by,

[

Nl Ml

]

=





A0 +HC0 B0 +HD0 H

R−
1

2C0 R−
1

2D0 R−
1

2



 (2.33)

where

H = −
(

B0D
T
0 + ZCT

)

R−1,R = I +D0D
T
0

andZ is the unique positive definite solution to the algebraic Riccati equation

(

A0 − B0S
−1DT

0 C
)

Z + Z
(

A0 − B0S
−1DT

0 C0

)T
− ZCT

0 R
−1C0Z +B0S

−1BT
0 = 0

and

S = I +D0D
T
0

Now, for a system with normalised left coprime factorisation G0 = M−1
l Nl, the perturbed

plant,GP , is thus given by

GP (s) = [Ml +∆Ml
]−1 [Nl +∆Nl

] (2.34)

where∆M and∆N are stable unknown transfer function matrices. Also, coprime factorisa-

tion description has certain advantages that makes it ideally suited to represent uncertainties

within helicopter systems.
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1. It is evident from the definitions of additive and multiplicative uncertainty descriptions

that these uncertainties must bestablematrices. They represent a set of plants where

every perturbed plant has the same set of right half plane poles as the nominal plant.

However, within a helicopter system a stable plant becomingopen loop unstable due

to parameter variation is a common occurrence and coprime factor uncertainty models

are capable of modelling such variations [11].

2. Another phenomenon that is again quite common with helicopter systems is the case

of lightly damped resonant poles. Using either additive or multiplicative type of de-

scription leads to either very large or unbounded uncertainty norms. Coprime factor

uncertainty model allows sensible description of uncertainties that are caused due to

this situation [11].

2.3.2 Small Gain Theorem

The Small Gain Theorem is an important element ofH∞ optimal control due to its particular

usefulness in studying stability of interconnected systems. Consider the system shown in

Figure 2.3 that depicts a feedback interconnection of two systems,G1 andG2. Suppose that

both systems are finite gainLp stable, so that

‖y1‖ ≤ γ1 ‖e1‖ (2.35)

‖y2‖ ≤ γ2 ‖e2‖ (2.36)

wheree1, e2 ∈ Lp and

‖G1‖i,p = γ1 (2.37)

‖G2‖i,p = γ2 (2.38)

Also, suppose that the loop is well posed, i.e. for every pairof inputsu1, u2 ∈ Lp there exists

a unique outpute1, y1, e2, y2 ∈ Lp. The problem here is whether the feedback connection,
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Figure 2.3: Small Gain Theorem [43]

when viewed as





u1

u2



 7−→





y1

y2



 is finite gainLp stable. The Small Gain Theorem gives

a sufficient condition for finite gainLp stability of the feedback connection [43].

Theorem 2.1Small Gain Theorem:The feedback connection in Figure 2.3 is finite gainLp

stable ifγ1γ2 < 1.

The above feedback connection is often used to analyse feedback systems subject to model

uncertainties where the nominal plant (closed loop plant dynamics) is well known and the

uncertainty is not known, however the bounds on its norm are known. H∞ optimal control

theory is devoted to the derivation of controllers which ensure that theH∞ norm of the closed

loop system is small. Thus, making the closed loop system robust to as much uncertainty as

possible.

2.3.3 H∞ control problem

Systems that are subject to uncertain dynamic perturbations could be generalised into the

standardM − ∆ configuration as illustrated in Figure 2.4, whereM represents the stable

nominal closed loop system which is dependent upon the particular problem to be solved, i.e.

disturbance rejection, reference tracking, and∆ represents norm bounded stable uncertainty

[84]. The Small Gain Theorem effectively states that a giveninterconnection of two stable

elements is stable if

‖M‖
∞
<

1

‖∆‖
∞

(2.39)
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∆

M

Figure 2.4:M −∆ structure [72]

This inequality depicts an inverse relationship between the induced norms of the nominal

closed loop system and the uncertainty and in order to maximise the norm bound of the un-

certainty it is necessary to minimise theH∞ norm of the nominal closed loop system [84].

Accurate formulation of the control problem is critical forthe correct functioning of the

H∞ controller and it is useful to have a standard configuration into which any control prob-

lem could be manipulated and Figure 2.5 highlights the standard configuration 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 the weighting functions used to formu-

late the control problem (examples of this are shown later inthe section).K is the controller

designed at the nominal point that satisfies the design problem. The vectoru represents the

control signals to the generalised plant and the vectorv includes the measured signals from

the plant to the controller. The vectorw represents the exogenous input vector (reference

demand and disturbances). The vector signalz, represents the exogenous outputs and are

the signals that are to be minimised and are selected to create performance and robustness

objectives [72].

P

K

u v

w z

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





z

v



 =





P11 P12

P21 P22









w

u



 (2.40)

u = Kv (2.41)

with a state-space realisation ofP given by

P =











A B1 B2

C1 D11 D12

C2 D21 D22











(2.42)

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

relationships as

z =
[

P11 + P12K(I − P22K)−1P21

]

w (2.43)

= Fl(P,K)w (2.44)

= Mw (2.45)

Fl(P,K) is called the lowerlinear fractional transformation(LFT) of P andK 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 system,Fl(P,K).

γmin = min
K

‖Fl(P,K)‖
∞

(2.46)

This controller,K, is said to be optimum if it achieves the minimum value of‖Fl(P,K)‖
∞

i.e., γmin. However, this direct minimisation turns out to be a difficult problem, and in

practice it is often sufficient to obtain a sub-optimal controller [72] and this problem is given

as
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Problem 2.2 (H∞ sub-optimal control) For a givenγ > γmin, to find a stabilising controller

K which ensures

‖Fl(P,K)‖
∞
< γ (2.47)

The solution to this problem could be achieved by using functions that are available in the

MATLAB robust control toolbox [9], that utilises the algorithm proposed by [16, 25] that is

based upon deriving the solutions of two algebraic Riccati equations. This solution yields a

family of stabilising controllers that satisfies Equation (2.47) for some designer chosen value

of γ. However, for the correct functioning of the optimisation process, certain assumptions

are required about the generalised plant,P , and a detailed explanation of these assumptions

and their significance is presented in [72]. More advanced solutions, such as the LMI based

algorithm [24, 73], are also available that allow for some ofthese assumptions to be relaxed.

Also, sensibly posed control problems generally tend to satisfy these assumptions and this

shows that it is critical to pose the feedback problem correctly. TheH∞ control synthesis

algorithm providesγ iteration using the bisection method on the given value ofγ in an effort

to approach the optimalH∞ controller [25]. The iteration process checks the following

conditions, explained in detail by [16, 25], to establish the success of a givenγ:

1. There exists positive definite solutions to the two algebraic Riccati equations, i.e.

(a) ∃X ≥ 0 that solves the algebraic Riccati equation

ATX +XA+ CT
1 C1 +X

(

γ−2B1B
T
1 −B2B

T
2

)

X = 0 (2.48)

such that Reλi
[

A +
(

γ−2B1B
T
1 − B2B

T
2

)

X
]

< 0 , ∀i

(b) ∃Y ≥ 0 that solves the algebraic Riccati equation

AY + Y AT + BT
1 B1 + Y

(

γ−2CT
1 C1 − CT

2 C2

)

Y = 0 (2.49)

such that Reλi
[

A + Y
(

γ−2CT
1 C1 − CT

2 C2

)]

< 0 , ∀i

2. Spectral radius condition is satisfied, i.e.ρ(XY ) < γ2

whereρ is the spectral radius(ρ(A) = maxi |λi(A)|)
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The outcome of the algorithm is usually a sub-optimal controller that is of the same order

as the generalised plant,P . Thus far the discussion has presented theH∞ optimal control

problem in a general setting. The focus will now be shifted towards two very commonly

appliedH∞ controller design methods:

1. Mixed sensitivity

2. Loop shaping

Mixed sensitivity

For a given LTI plant,G, and a linear stabilising controller,K, the mixed sensitivityH∞ control

problem involves the shaping of closed loop transfer functions such as the sensitivity func-

tion, S = (I + GK)−1, along with one or more closed loop transfer functions such as the

cosensitivity function,T = I − S, orKS. The selection of closed loop transfer functions

along with the formulation of the generalised plantP and inclusion of signals inz(t) and

w(t) are dependent on the specified design objectives [11, 72]. The illustration in Figure

2.6 considers one such formulation that looks at a general stackedS/T/KS problem where

the aim is to bound̄σ(S) for disturbance rejection and command tracking, σ̄(T ) for robust-

nessand to reducesensitivity to noise, andσ̄(KS) to penalise large control inputsand to

provide robustnesswith weighting functionWS, WT andWKS respectively. Further to this,

specifications based on the type of unstructured uncertainty (additional or input/output mul-

tiplicative) are also added. TheH∞ optimal problem for this illustration is then to find a

stabilisingK whichminimisesthe cost function,Fl(P,K)

‖Fl(P,K)‖
∞

=

∥

∥

∥

∥

∥

∥

∥

∥

∥











WSS

WTT

WKSKS











∥

∥

∥

∥

∥

∥

∥

∥

∥

∞

(2.50)

where the generalised plantP from
[

w u
]T

to
[

z v
]T

has the following form
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Figure 2.6: S/T/KS mixed sensitivity problem [72]

P =

















WS −WSG

0 WTG

0 WKS

I −G

















(2.51)

The process of designing controller using theH∞ mixed sensitivity method revolves around

iteratively modifying the weighting functions in order to shape the required closed loop

transfer functions. It can be difficult to simultaneously satisfy all of the design requirements,

however, this happens to be a fundamental nature of feedbackdesign which involves man-

aging trade-offs between conflicting design objectives. For example, disturbance rejection

and command tracking generally requiresσ̄(S) ≈ 0, reduction of control signal requires

σ̄(KS) ≈ 0 and attenuation of measurement noise requiresσ̄(T ) ≈ 0. In practice, this

problem is made easier by the fact that different objectivesare important over different fre-

quency ranges. The situations where the three term cost function is needed are uncommon

and in most, if not all, of the cases the design specificationscould be satisfied using a two

term cost function, e.g.S/KS, S/T or T/KS, and the selection of weights is considered

comparatively easier as the frequency requirements are usually complementary in principle.

Therefore, simple and stable low and high pass filters are often sufficient to carry out the

required shaping over frequencies [11]. This method has also been successfully applied to
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the helicopter control problem in the past, see for example [84, 85, 88, 91].

Loop shaping

σ (GK)

(GK)σ

Performance boundary

control energy reduction boundary
Robust stability, noise attenuation, 

ω
ω

l

h

Magnitude (dB)

(rads/sec)ω

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

This methodology combines classical loop shaping withH∞ optimisation and this was first

introduced by [52]. This method has subsequently been developed and applied to a wide

number of aerospace applications, see for example [10, 22, 37, 44, 63, 71, 75] and other

non-aerospace applications, such as [80, 81]. Tuning is normally quite straightforward with

this approach as it relies on the designer shaping the open loop singular values in a similar

manner to the way the frequency response is shaped in classical control. Also, it allows ro-

bust stabilisation against normalised coprime factor uncertainty which is described earlier as

a highly comprehensive uncertainty description. Frequency dependent trade-offs are applied

to the required shape of the open loop singular values ofGK as shown in Figure 2.7. Here,

in a similar manner to the mixed sensitivity approach, requirements such as disturbance re-

jection and reference tracking are important at frequencies below the bandwidth frequency

ωB, while noise attenuation and control signal reduction are more significant at frequencies

above the bandwidth frequency [72]. These specifications are satisfied by shaping the singu-

lar values of the open loop transfer function so thatσ (GK) (minimum singular value) has

a high gain at frequencies belowωl andσ (GK) (maximum singular value) has a low gain

at frequencies aboveωh. Also desired are roll off rates of approximately20dB/decade at

the desired bandwidth and higher rates of40dB/decade at higher frequencies in order to

achieve a well damped closed-loop system. The shaping appears to be simpler here as it only
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involves manipulation of open loop singular values, however, shaping the open loop singu-

lar values does not guarantee closed loop stability [53]. The approach adopted inH∞ loop

shaping method is to first shape the singular values ofG using a pair of pre (W1) and post

(W2) compensator matrices to satisfy performance objectives without explicitly considering

the issue of closed loop stability. The next stage of theH∞ loop shaping procedure involves

usingH∞ optimisation to compute the controller blockK∞ which robustly stabilises the

shaped plantGs = W2GW1 against coprime factor uncertainty.

+
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−+
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s

∆
s

∆
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u y
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Figure 2.8: 1DOF loop shaping problem [72]

1DOF loop shaping

Now, the given shaped plant transfer function matrixGs can be factorised to a pair of left-

coprime transfer function matricesMs andNs such thatGs = M−1
s Ns whereMs andNs

satisfy the normalisation equationMsM
T
s + NsN

T
s = I [52]. In H∞ loop shaping, the

robustness of the system is measured with respect to perturbations of these coprime factors

and the perturbed uncertain plant is represented as

Gp = [Ms +∆Ms
]−1 [Ns +∆Ns

]

As ∆Ms
and∆Ns

(Figure 2.8) are assumed to be stable (hence bounded in theirH∞ norm),

and the Small Gain Theorem can be applied here. It then follows that an optimal robust

controller is one that maximises the level of this type of uncertainty which can be tolerated

before instability. It should be emphasized that although this type of uncertainty seems

somewhat abstract, many common types of uncertainty (additive, multiplicative, etc.) can

be interpreted in this manner and therefore, gives this representation a great deal of practical

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

Gp =
{

(Ms +∆Ms
)−1 (Ns +∆Ns

) : ‖[∆Ns
∆Ms

]‖
∞
< ǫ
}

and the objective of robust stabilisation is to stabilise this particular class. Now, the maxi-

mum of ǫ, ǫmax, that represents the largest possible class of such systems[52] and is given

by

γmin = inf
K

∥

∥

∥

∥

∥

∥





K (I −GK)−1M−1

(I −GK)−1M−1





∥

∥

∥

∥

∥

∥

∞

≤
1

ǫmax
(2.52)

whereγmin is the stability margin and it should be noted that it is also theH∞ norm of the

transfer function matrix fromφ to
[

us y
]T

in Figure 2.8.

As this is a 1DOF design procedure, the controller may find it difficult to robustly stabilise

and deliver adequate performance simultaneously. Although, for good command tracking a

constant pre-filter could be implemented, however, there are many situations where a sepa-

rate dynamic pre-filter is needed - hence came the inspiration for 2DOF loop-shaping.

2DOF loop shaping

The original work of [52] focused on maximising robustness with respect to coprime fac-

tors type of uncertainty while also deriving bounds on the size which could be tolerated

such that when theH∞ controller,K, was inserted into the open-loop, the singular values

remained roughly the same as originally shaped by the designer. As it is well known that

2DOF controllers are able to give substantially better reference tracking performance without

affecting robust stability or the feedback loop properties, [48] proposed a 2DOF loop shap-

ing control structure in which the original robust stabilisation of [52] was augmented with

an extra objective - minimisation of theH∞ norm of the transfer function representing the

ideal closed-loop response of the system proposed by a reference model,Tref , and theactual

closed-loop response. The block diagram under consideration is shown in Figure 2.9. In this

scenario, the optimalH∞ controllerK∞ = [K1 K2] for the shaped plantGs = W2GW1, with
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a normalised coprime factorisation, is obtained by minimising theH∞ norm of the transfer

function from
[

r φ
]T

to
[

us y e
]T

,











us

y

e











=











ρ(I −K2Gs)
−1K1 K2(I −GsK2)

−1M−1
s

ρ(I −GsK2)
−1GsK1 (I −GsK2)

−1M−1
s

ρ2[(I −GsK2)
−1GsK1 − Tref ] ρ(I −GsK2)

−1M−1
s















r

φ



 (2.53)

This problem could be formulated into the standardH∞ optimal control configuration (Fig-

ure 2.5) with the signal vectors
[

w u
]T

and
[

z v
]T

represented by
[

r φ us

]T

and
[

us y e β y
]T

respectively. The generalised plantP is then defined as

P =























0 0 I

0 M−1
s Gs

−ρ2Tref −ρ2M−1
s ρGs

ρI 0 0

0 M−1
s Gs























(2.54)

In this configuration,ρ is a scalar parameter that allows the designer to trade off between a

pure robustness problem whereρ = 0 (1DOF) and a model matching problem whereρ > 0.

At ρ = 0 the generalised plant from
[

φ us

]T

to
[

us y y
]T

reduces to

P =











0 I

M−1
s Gs

M−1
s Gs











(2.55)

Now, the main steps of this design procedure are (as described in [72]):

1. Selection of the reference model,Tref . This is typically chosen such that the reference

model represents close to “ideal” behaviour.

2. Augmentation of the plantG by a pre-compensator,W1, and a post-compensator,W2,

which are used by the designer to shape the open-loop singular values to the desired

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

3. Synthesis of an optimal stabilising controller,K∞ = [K1 K2] which minimises the

H∞ norm of the transfer function, as given by Equation 2.53, associated with the

closed-loop system’s robust stability and performance. The controller is obtained using

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

Once theH∞ controller,K∞ has been constructed, the actual controller used for implementa-

tion has to be recovered. In the 2DOF case, the actual controller is obtained by incorporating

the shaping functions into the controller and is given by

K =W1

[

K1 K2W2

]

Advantages of 2DOF loop shaping approach

One of the major advantages of this method over the 1DOF loop shaping approach is the

enhanced model matching properties(Tref), that gives the designer the power to specify an

ideal response for the helicopter. Also, loop shaping methods are advantageous over the

mixed sensitivity approach as it offers a clearer management of conflicting specifications,

mainly around the crossover region, as the designer is only required to select weighting

functions for the open loop plant that simultaneously shapes both the sensitivity and cosen-

sitivity functions, thus avoiding the possibility of conflicting weights. Moreover, as this

method maximises robustness to normalised coprime factor uncertainty, it provides robust-

ness against unstable perturbations that are common to helicopter applications. Using co-

prime factor uncertainty also enables the controller to provide similar robustness and perfor-

mance properties at both the plant input and output, whereasthe mixed sensitivity approach
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(that uses either the additive or multiplicative uncertainty description) provides robustness to

either the plant input or the output [11]. These factors proved influential in making 2DOF

loop shaping method an ideal choice for the FA controller design in this study.

2.4 Conclusion

H∞ optimal control problem was presented along with the two most commonly applied

strategies to solve this - mixed sensitivity and loop shaping. The advantages of loop shaping

method over mixed sensitivity approach, especially in terms of handling uncertain and mul-

tivariable systems, were also highlighted. Next chapter will review helicopter flight from a

control theoretic perspective and justify the need for robust controller design methods within

helicopters.
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Chapter 3

Helicopter control problem

This chapter describes the three highly coupled pilot inputs that are utilised during helicopter

flight and control. An in depth discussion about helicopter aerodynamics and modelling [61]

is, however, beyond the scope of the current research and, although the author understands

that they form a highly important component for ensuring that the controller delivers the

precise performance, the dominant focus here is concerned with the design of automatic

controllers for both FA and LA architectures. This chapter also presents the motivation for

requiring an automatic control system along with the key factors that influence its design.

Finally, the main elements of the ADS-33 handling qualitiesratings specifications that are

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

3.1 Overview

Helicopters are highly nonlinear in nature and also exhibitinter-axis coupling modes that

are dynamically unstable [83]. This requires the pilot to devote a large proportion of their

time and attention to counter these modes, and controlling ahelicopter thus becomes an

extremely arduous task. The search for a solution to make this task easier has been a topic

of research for many control engineers, but these intrinsiccomplexities have been a difficult

obstacle to overcome [39, 69]. In the beginning, these solutions, for FA or LA systems, were

based on single-loop-at-a-time classical control methodsmainly due to their simplicity and

ease of application and this is still the case with many helicopters (including the existing
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EH101 LA control system). These solutions, however, did notdecouple the interactions

between the helicopter axes to a satisfactory level. Moreover, due to the requirement to

meet the strict handling qualities criteria becoming more prominent in helicopter control

design, there was a need to find more sophisticated solutionsto this problem. Thus, over

the last two decades or so, since the introduction of robust multivariable techniques and the

improvements that these methods have shown within fixed-wing aircrafts study, helicopter

control system design has received significant attention [84]. This led to a significant number

of studies [6, 32, 46, 54, 89, 92, 94], that have successfullyapplied advanced methodologies

to find a robust solution. However, most if not all, of the applications have been in the FA

area and barring the study conducted by [85] there have not been other studies that have

looked at the application of robust methods to the LA architecture. Hence, the aim of the

study presented here is to expand the knowledge base of applying robust methods in LA

architectures.

3.2 Helicopter flight

The EH101 helicopter has the most commonly observed helicopter configuration that utilises

a horizontal propeller, called themain rotor, on the top of the aircraft that generates lift as

it spins and a small rotor on its tail, called thetail rotor, that is used to balance the reaction

torque produced by the main rotor. Modifying the inclination of the spinning main rotor

allows the helicopter topitch androll . The relative difference in the torques generated by

the main and tail rotor gives the helicopter ayaw motion. This basically means that the

helicopter has four main types of motion: the three rotational degrees of freedom (pitch, roll,

and yaw) and one vertical translation. From this it follows that in order to allow, in principle,

each of these motions to be controlled independently, four control effectors are needed. In

the helicopter, three of these control effectors are associated with the main rotor and motion

is imparted through something known as theswash plateand the last degree of freedom is

mainly controlled through the tail rotor. The control effectors available are

1. Themain rotor collectivelever or stick is located to the left of the pilot and this controls

the main rotor collective actuator. The collective is used to change the main rotor
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pitch at all points of the rotor blade rotation. The amount ofmovement (upwards or

downwards) of the lever causes a simultaneous and equal change in blade inclination

[4].

COLLECTIVE INPUT

Collective Pitch Input

SWASH PLATE

THROTTLE CONTROL

Figure 3.1: Collective control [5]

2. Themain rotor cycliccontrols the lateral and longitudinal cyclic actuators. The cyclic

stick is mounted vertically from the cockpit floor, between the pilot’s legs. It can be

moved slightly in any direction from the vertical and with this control the pilot can

move the helicopter in any direction horizontally - that is,for flying forward, aft, right

or left. As the cyclic stick is moved in a given direction, themain rotor disc is tilted

in the same direction causing movement of the helicopter in that direction. The tilt is

achieved by altering the inclination of each blade in cycles, maximum-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 mainrotor and also to effect

changes in heading (yaw). A set of pedals on the floor of the cockpit is used to produce

this motion - right turn is produced when the right pedal is pushed down and similarly

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

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

the motions induced by the above three actuators are not independent as there is a significant
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Figure 3.2: Cyclic control [5]

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

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

that pilot workload is required to mainly stabilise the vehicle. Therefore, general opinion

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

responsive fashion without excessive pilot workload.

3.3 Helicopter FCS architectures

Mechanical
Linkages

Series
actuators

Parallel

stick
datum

stick
Pilot

Sensor measurements

actuators
AFCS

PFCS

angle commands
Total blade

Helicopter
DynamicsController

(a) LA schematic

angle commands
Total blade

Helicopter
Dynamics

stick
Pilot

Sensor measurements

Controller

(b) FA schematic

Figure 3.3: Helicopter flight control system architectures[84]

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

that features feed-forward mechanical linkages along withan electronic controller using
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feedback for stability and control augmentation. The mechanical linkages connect the above

cockpit controls directly to the swash plate actuation system. Augmentation of the basic

handling qualities is then achieved through the electroniccontroller which provides the re-

quired command shaping and stabilisation. The control signals are 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 this study, a high authority/limited rate

parallel actuators (a typical example is shown in Figure 3.5) are alsoincluded to prevent

the premature saturation of series actuators [33] (a detailed discussion is provided Section

5.1). However, more recently designers have began to favourthe idea of giving the electronic

controller greater authority. This leads to the notion of a FA control architecture, as shown in

Figure 3.3(b), whereby the pilot demands are directly fed tothe electronic controller, which

in turn synthesises the appropriate collective and cyclic blade angle demands [84]. It is also

believed that optimum handling qualities for all conditions are best achieved with the use of

FA control architecture. However, as it would be sometime before all operational helicopters

are upgraded to FA control systems there is an interim requirement for designing methods

that would enable the functionality of a highly augmented FAcontrol system to be sought

within the structural bounds of the existing LA control architecture. This study goes some-

way in presenting a possible solution to this problem.

Figure 3.4: Series Actuator [14]

43



Figure 3.5: Parallel Actuator [14]

3.4 Helicopter model

Whether the aim is to design either a FA or a LA controller, without a high fidelity helicopter

model the design process is an extremely challenging problem. The complexities that are

existent with the shape and motion of the helicopter impose difficulties while deriving a

high quality model [29]. This complexity during modelling is relaxed by introducing some

assumptions, such as constant moment of inertia, constant centre of gravity, constant rotor

angular velocity and many more. Furthermore, the nonlinearities that are inherent to the

helicopter due to variations in dynamics with changes to flight conditions and the cross-

axis interactions between the four channels that are often poorly (theoretically) understood

[51] add to the complexity of deriving a mathematical model.This, effectively, means that

even the most sophisticated of models are subject to the presence of uncertainty [90] that

would then predict inaccurate helicopter behaviour. Theseuncertainties are one of the main

arguments that have advocated the usage of robust control methods to solve the helicopter

control problem in the past and also during this study.

For this study, a highly comprehensive 38-state nonlinear model of the EH101 was made

available. A 25-state linear model was obtained at various trim conditions using the lin-

earisation routine provided by AgustaWestland. The linearmodel at the trim condition of

40kts/0ft/14200kg was further reduced to an 8-state model which then formed the basis for

FA controller design because a lower order plant would result in a low order controller. This

8-state linearised model described a 6DOF rigid body motionof the helicopter and was fur-

ther augmented with earth-axis attitudes (pitch(θ) and roll (φ)) for attitude control. The

model was expressed in the standard form as
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Cockpit Axis Rotary Translatory Controlled

control influenced movement movement variable

Main Rotor Vertical NA Heave(w) NA

Collective

Longitudinal Longitudinal Pitch rate(q) Longitudinal(u) Pitch attitude(θ)

Cyclic

Lateral Lateral Roll rate(p) Lateral(v) Roll attitude(φ)

Cyclic

Tail Rotor Directional Yaw rate(r) NA Yaw rate(r)

Collective

Table 3.1: Helicopter structure overview

ẋ = Ax+Bu (3.1)

y = Cx

where theA,B andC matrices were obtained during the linearisation process. The state vec-

tor, x, consisted of rotational rate components(p, q, r) and translational velocities(u, v, w)

together with pitch and roll attitude. The input vector,u, included the four cockpit controls.

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

hicle that exhibits a diagonally dominant structure. Each of the four inputs would primarily

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

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

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

prefer to control the vertical axis open-loop as the dynamics of this loop are fairly benign.

Thus, within the scope of this study the EH101 helicopter system is sought as a3 × 3 sys-

tem with the mathematical model featuring state variables,inputs and outputs as described

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

sought.
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States Description Inputs Description Outputs Description

θ Pitch attitude uls Longitudinal cyclic θ Pitch attitude

φ Roll attitude ulc Lateral cyclic φ Roll attitude

p Roll rate ut 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 tend torequire different response types

from the helicopter [61]. The ADS-33 document [3] contains adetailed breakdown of these

response types and the overlap between the mission types andresponse type.

1. Attitude Command Attitude Hold(ACAH). In such a response type movement of the

cyclic stick by a certain amount corresponds to a movement ofhelicopter attitude (i.e.

φ or θ) by a corresponding amount. For example, as the pilot pushesthe cyclic stick

forward a corresponding change in pitch attitude is expected and as the stick is centred

the helicopter is expected to return to its attitude trim position.

2. Rate Command Attitude Hold(RCAH). For this response type, the pilot commands

rate instead of attitude and pilot’s inputs should correspond to the helicopters rate being

increased by a given amount. For example, if the pilot depresses the pedals (right or

left) they expect to see a corresponding change in yaw rate. Also, when the pedals are

released the rate is expected to fall to zero while maintaining the last attained attitude.

A return to the attitude trim position is not expected.

3. Translational Rate Command(TRC). In this response type cyclic stick movements

control the lateral and forward velocities (u or v) and is ideally useful while operating

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

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

3.6 Handling qualities

Although desktop simulations, especially the ones based upon nonlinear models, give a fairly

comprehensive account of the controller’s performance, inorder to ascertain the success of

a particular control strategy, controller designers referto handling qualities returned by the

pilot. Handling qualities represent“the ease and precision by which a pilot is able to perform

a given task”[13] and it embodies more than just the dynamic response characteristics. Here,

the pilot and the augmented rotorcraft combine to form a closed loop system which is driven

by the piloting task and the above rating reflects both the accuracy in completing the task and

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

The ADS-33 document [3], US Army’s Aviation System Command Specification, outlines

the major criteria for handling qualities of rotorcrafts. This document meticulously specifies

both qualitative (flight tests) and quantitative (desktop simulation) requirements and in addi-

tion defines the “levels” of performance. The pilot evaluation based on the qualitative ADS-

33 criteria consists of two parts: pilot observational comments and pilot ratings. Comments

are obtained by the pilots answering a series of structured questions regarding the controller’s

performance, and the pilot ratings are the end result of the evaluation process which asso-

ciates a weight to the pilot comments (good or bad) and quantifies the overall performance

quality. The Cooper-Harper scale [13] is one such quantitative weighting methodology and

since its introduction in 1969, it has been used extensivelyduring flight tests to quantify con-

troller performance in terms of handling qualities ratings(HQRs). These ratings, in turn, are

associated with different levels of performance as shown inTable 3.3. Controllers are de-

signed to ideally achieve Level 1 rating that indicates a highly desirable performance which

requires minimal, if any, amount of pilot effort (Cooper-Harper ratings between 1 and 3),

however, many controllers struggle to achieve this level. Level 3, on the other hand, indi-

cates a performance with major deficiencies and large amountof pilot effort is required to

retain control (Cooper-Harper ratings between 7 and 9). Level 2 gives a measure of perfor-

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

characteristics selected task or operation HQR 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

Major deficiencies Considerable pilot compensation is 8 3

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 quantitative measures for assessing the con-

troller performance that corresponds to one of the three performance levels, but are used on

simulated responses to predict the handling quality level expected during flight tests. The

ADS-33 analysis that will be presented in this thesis is based upon these quantitative criteria

and the sections to follow will highlight the requirements so as to predict Level 1 handling

qualities.
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There are two main flight conditions in which the helicopter is said to operate -hover (<

15 kts) to low speed(15 − 45 kts) andforward flight (> 45 kts) [83]. The quantitative

assessment criteria at each flight condition is divided intothe following - small amplitude

demand response, moderate amplitude demand response, large amplitude demand response

andinter-axis coupling. These criteria are explained further in the following sections.

Small amplitude

Small amplitude responses are further divided into -short-andmid-termresponses. In the

short-term analysis, a helicopter’s handling qualities are assessed by linear tools which pre-

dict the helicopter’s closed loopbandwidthandphase delay. The ADS-33 bandwidth,ωBW ,

of a closed loop system for an ACAH type response, as discussed in this thesis, is defined as

the point where the phase response of the closed loop individual channel frequency response

intersects the−135 deg line. This is roughly a measure of the frequency range over which

reasonably good tracking can be expected [3].

The phase delay is a measure of the high-frequency phase roll-off and is defined as the slope

of the phase response between the phase crossover frequency, ω180, to twice that frequency.

It roughly means, how quickly the handling qualities degrade at high frequency. The phase

delay is also an individual channel measure and is found using the closed loop transfer func-

tion between the actuator input and the primary output (e.g.lateral cyclic to roll) [3]. If the

phase lag at2ω180 is measured asΦ then the phase delay,τp, is defined by

τp =
Φ− π

2ω180
(3.2)

During the mid-term analysis, the handling qualities are assessed by the damping ratio,η, at

frequencies below the bandwidth frequency. It is a measure of the controller’s ability to reject

unwanted oscillations caused by disturbances and high order dynamics. Level 1 ratings are

achieved ifξ > 0.35 [3].
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Moderate amplitude

At moderate amplitude demands the nonlinear dynamics of thehelicopter becomes more

prominent in the responses.Attitude quicknessis an useful tool for measuring the HQR at

such demands. For the pitch axis [65], attitude quickness parameter,τr, is measured as the

ratio

τr =
qpeak
∆θpeak

(3.3)

In Equation 3.3,qpeak defines the peak pitch rate and∆θpeak defines the peak pitch attitude

change due to a pulse longitudinal cyclic input. Similarly for the roll axis attitude quickness

is defined by
(

ppeak
∆φpeak

)

. This criteria is structured so that the under shoot characteristic of

the attitude response is detrimental to the HQR level. However, the above parameter is

generally expected to be slightly deteriorated for an ACAH response type as importance is

given to stability over agility [54]. Therefore, this criterion would have a lesser impact over

the success or failure of the controller designed in this study.

Large amplitude

Large amplitude responses are also an important analysis tool as it indicates the ability to

retain high levels of handling at situations where the nonlinearities are at their most severity.

As the controller designed in this study is based on linear approximations of the EH101 it

is thus desirable to analyse the controller at conditions where these approximations are no

longer valid. Level 1 requirement, for ACAH responses type,is attained by achieving a stable

response at±30 deg and±60 deg pitch attitude and roll attitude demand respectively, with

minimal coupling into other channels. There is no such attitude limit for the yaw channel as

they are expected to perform360 deg rotations indefinitely, and as the controller in this study

is designed to induce a RCAH type response in the yaw channel,the maximum demand for

a Level 1 rating is required to be±60 deg/s [3]. It is important to note that these limits

are specific to a high agility manoeuvres, such astarget acquisitionandtracking, and with

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

The manner in which the other channels respond when a demand is made to any one partic-

ular channel is known as inter-axis coupling. It is difficultto quantify this with a value as

the discomfort experienced by the coupling is variable fromone pilot to another. The crite-

ria essentially states that the controller should be highlyeffective against these interactions,

however, there are certain particular interactions that are quantified in the ADS-33 document,

for example, the ratio of roll attitude due to pitch attitudedemand and vice versa should not

exceed0.25 for a Level 1 rating [3].

3.7 Conclusion

The requirement for robust multivariable controller design method to solve the uncertain and

multivariable helicopter control problem has been established. The military design standard

has also been described that allows to quantify the handlingqualities of particular control

system designs. Having justified the need for robust controller designs within helicopters, the

following chapter will now present the application of 2DOFH∞ 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 to derive a methodology to design

a LA control system that would replicate the performance of afully augmented FA control

system. This chapter describes the design of a FAH∞ controller for the AgustaWestland

EH101 helicopter along with an analysis of the resultant responses. The controller was

designed using linear models extracted from a highly sophisticated nonlinear model provided

by AgustaWestland. Details of the controller design are presented here, together with the

frequency and linear time response analysis. The responsespresented here thus form the

baseline behaviour which the LA control system is expected to replicate. It should be noted

that no otherH∞ design for the EH101 has been published in the literature.

4.1 Introduction

A general unaugmented (open loop, except for the pilot) helicopter in either the hover (low

speed) or forward flight condition demands a high workload from the pilot. Augmentation of

the helicopter response, in order to ease this workload which also satisfies stringent handling

quality requirements is thus considered desirable. Unfortunately, the highly nonlinear and

cross-coupled nature of the typical single main rotor helicopter, such as the EH101, makes

the design a difficult and challenging problem. A review of various approaches to the design

of FA multivariable helicopter flight control systems ranging from classical (SISO) tech-

niques, eigen-structure assignment methods, linear quadratic control, andH∞ optimisation
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has been presented in Chapter 1. AsH∞ control can systematically handle MIMO systems

and the uncertainty present in them, it promises fast designof good performance-inducing

augmentation. One of the most effectiveH∞ based designs is theH∞ loop shaping, which

combines the traditional notions of bandwidth and loop gaintogether with modern ideas of

robustness into a single framework. The particular advantages that make this method an ideal

candidate for helicopter controller design have been highlighted in Chapter 2. The aim of

this chapter is to describe, in some detail, the design of a controller 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 EH101 model supplied by AgustaWest-

land and constructed in the NAOMI (New Aircraft Overall Modelling Initiative) framework,

which is a modified AgustaWestland version of SIMULINK, specifically designed for ro-

torcraft applications and to meet AgustaWestland’s own requirements [1]. The given EH101

SIMULINK model was a 38-state nonlinear flight mechanics model which is believed to cap-

ture the real helicopter’s behaviour reasonably well. The model included9 states describing

the rigid body dynamics of the helicopter fuselage,5 states representing the main rotor flap

angles (1 average (coning), 2 first harmonic and 2 second harmonic), 5 states representing

the main rotor lag angles (1 average, 2 first harmonic and 2 second harmonic),5 states rep-

resenting the main rotor inertial flap angle rates (1 average(coning rate), 2 first harmonic

and 2 second harmonic),5 states representing the main rotor inertial lag angle rates(1 aver-

age, 2 first harmonic and 2 second harmonic),1 state for main rotor inflow,1 state for tail

rotor inflow,5 states for defining the helicopter location (1 northerly, 1 easterly, 1 height, 1

longitude and 1 latitude),1 state for rotor speed and1 state 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 120 kts), altitudes (0, 2500 and 4500

ft) and masses (11000 and 14200 kg). During trimming each intial condition parameter was

perturbed by a small amount and a Jacobian matrix was constructed which captured the influ-

ence of initial condition parameters variation on trim constraints. The optimisation algorithm

within the routine then inverted the above matrix in order totranslate known trim constraint
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errors into initial condition parameter adjustments. Next, certain states were removed from

the 38-state trimmed model -(a) second harmonics of the flap angle and rate and lag angle,

and rate under the harmonic linearisation condition where higher harmonics are discarded

during linearisation,(b) the northerly, easterly, longitudinal and latitudinal helicopter loca-

tion states and the rotor azimuth state as they are not influential during the controller design

process. Table 4.1 lists the states that represent the 25-state model that was then derived. The

derived linear representation also features 5 plant inputs, (see 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, (u) m/s 10-12 Flap angles rad

(average and first harmonic)

2 Body axis velocity, (v) m/s 13-15 Lag angles rad

(average and first harmonic)

3 Body axis velocity, (w) m/s 16-18 Flap rate rad/s

(average and first harmonic)

4 Body axis velocity, (p) rad/s 19-21 Lag rate rad/s

(average and first harmonic)

5 Body axis velocity, (q) rad/s 22 Main rotor inflow

6 Body axis velocity, (r) rad/s 23 Tail rotor inflow

7 Roll attitude, (φ) rad 24 Main rotor speed rad/s

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

9 Heading, (ψ) rad

Table 4.1: EH101 plant states

One of the characteristics of 2DOFH∞ loop shaping methodology is that it produces con-

trollers of magnitude equal to that of the generalised plant. Thus, to prevent high order

controllers, and also to ease the process of synthesis and implementation, the 25-state linear

model was further simplified. First, the height and heading(ψ) states were removed from the

model as neither variables were controlled nor were required for stabilisation. Furthermore,

heading can be expressed in terms of the rigid body rates andθ andφ. In addition to the

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

1 Engine torque Nm

2 Longitudinal cyclic deg

3 Lateral cyclic deg

4 Main rotor collective deg

5 Tail rotor collective deg

Table 4.2: EH101 plant inputs

Output Unit Output Unit

1-3 CG acceleration m/s2 15 Pitch attitude, (θ) deg

4 Main rotor yaw moment Nm 16 Heading, (ψ) 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, (p,q,r) deg/s 19 CG height above sea levelm

14 Roll attitude, (φ) deg 20 Rotorspeed %

Table 4.3: EH101 plant outputs

rotor dynamics and are believed to be sufficiently fast to be replaced with their steady state

values, thus the model wasresidualisedto an 8-state model which consisted of simply the

rigid body dynamics (i.e.u, v, w, p, q, r, θ andφ). More discussion of this and other model

reduction techniques can be found in [72] and [61]. In addition to the model order reduc-

tion, it was decided that only the pitch, roll and yaw axes would be controlled and that the

collective channel would remain open-loop. This was partlydue to safety reasons and partly

due to previous knowledge of pilot preference. In the Bell 205 studies [75, 66, 65] and the

LA AgustaWestland studies which preceded this work [85], the collective channel was left

open-loop for these reasons. The states, inputs and outputsof the design model are shown in

Tables 4.4 and 4.5.

4.2.1 Open loop characteristics

As mentioned earlier, the nonlinear model was linearised ata number of trim points to en-

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

1 Body axis velocity, (u) m/s

2 Body axis velocity, (v) m/s

3 Body axis velocity, (w) m/s

4 Body axis velocity, (p) rad/s

5 Body axis velocity, (q) rad/s

6 Body axis velocity, (r) rad/s

7 Roll attitude, (φ) rad

8 Pitch attitude, (θ) rad

Table 4.4: EH101 8-state plant states

Input Unit Output Unit

1 Longitudinal cyclic deg 1 Pitch attitude, (θ) deg

(to be controlled)

2 Lateral cyclic deg 2 Roll attitude, (φ) deg

(to be controlled)

3 Tail rotor collective deg 3 CG angular velocity, (r) deg/s

(to be controlled)

4 CG angular velocity, (q) deg/s

(for feedback only)

5 CG angular velocity, (p) deg/s

(for feedback only)

Table 4.5: EH101 8-state plant inputs and outputs

different weights corresponding to a lightly loaded (11000kg) and heavily loaded (14200kg).

These flight conditions are listed in Table 4.6. At all the points a 25-state and an 8-state

model, as described above, were obtained. In order to assessthe characteristics of the open-

loop plant, the frequency response of these linearisationswere examined. As the linear

models are multivariable in nature, it is difficult to obtainan accurate picture of the plant’s

properties using standard Bode plots, so instead the singular value plots were used. Singu-

lar values give similar information as the Bode magnitude plots but they also account for

coupling between the channels.
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Helicopter mass - 11000 kg Helicopter mass - 14200 kg

Hover 0kts, 0ft 0kts, 4500ft 0kts, 0ft 0kts, 2500ft

10kts , 0ft 10kts , 4500ft 10kts , 0ft 10kts , 2500ft

Low speed 20kts , 0ft 20kts , 4500ft 20kts , 0ft 20kts , 2500ft

30kts , 0ft 30kts , 4500ft 30kts , 0ft 30kts , 2500ft

40kts , 0ft 40kts , 4500ft 40kts , 0ft 40kts , 2500ft

50kts , 0ft 50kts , 4500ft 50kts , 0ft 50kts , 2500ft

Medium speed 60kts , 0ft 60kts , 4500ft 60kts , 0ft 60kts , 2500ft

70kts , 0ft 70kts , 4500ft 70kts , 0ft 70kts , 2500ft

80kts , 0ft 80kts , 4500ft 80kts , 0ft 80kts , 2500ft

90kts , 0ft 90kts , 4500ft 90kts , 0ft 90kts , 2500ft

100kts , 0ft 100kts , 4500ft 100kts , 0ft 100kts , 2500ft

High speed 110kts , 0ft 110kts , 4500ft 110kts , 0ft 110kts , 2500ft

120kts , 0ft 120kts , 4500ft 120kts , 0ft 120kts , 2500ft

Table 4.6: EH101 trim points

Figures 4.1 to 4.5 show the singular values (yellow - maximumsingular value, blue - mini-

mum singular value) of the 25-state linear rotorcraft modelat selected flight conditions. The

plots reveal variation in singular values from one flight condition to another across frequency,

with dramatic variations at frequencies below1 rad/s. It is of particular interest to note the

difference in very low frequency behaviour of the minimum singular values which changes

from being “derivative” like to constant as the flight conditions change. This variation in

steady state behaviour implies that one LTI controller may find it difficult to achieve perfect

steady state tracking at all the flight conditions. Also, thehigh 2-norm condition number

defined as the ratio of maximum to minimum singular values (Table 4.7) at low frequency

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

11000 kg 14200 kg

0kts/0ft 40kts/0ft 80kts/4500ft 0kts/0ft 40kts/0ft 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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Figure 4.1: MIMO open-loop singular value comparison
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Figure 4.2: MIMO open-loop singular value comparison
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Figure 4.3: MIMO open-loop singular value comparison

Prior to designing a controller using the lower order (8-state) plant it was important to val-

idate the reduced order plant against the full order (25-state) plant. The plot in figure 4.6

compares the singular values of the reduced order (solid line) plant to that of the full order

(dashed line) plant at the 40kts/0ft flight condition at both11000 kg and14200 kg mass cases.

It was noted that the reduced order plant retains the frequency response features of the full

order plant up to10 rads/s and after this frequency the reduced order plant is not an accurate

representation. This places an upper bound on the controller bandwidth of about10 rads/s.

Tables 4.8 and 4.9 show the open loop poles of the reduced order plant at selected flight con-

ditions. The presence of right-half plane poles is noted andthis is particularly undesirable as

it places lower bounds on the gain required to stabilise the system and complicates controller

design. It should also be noted that the plant changes its stability properties with variation

in flight condition and this partially justifies the use of loop shaping method as it specifically

provides robustness against coprime factor uncertainty that are fully capable of representing

such situations.

The two plots in Figure 4.7 show the variation in eigenvalueswith changes to helicopter
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Figure 4.4: MIMO open-loop singular value comparison
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Figure 4.5: MIMO open-loop singular value comparison
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Figure 4.6: Comparison between 8-state (dashed) and 25-state (solid) model

11000 kg

0kts/0ft 0kts/4500ft 40kts/0ft 40kts/4500ft 80kts/0ft 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 + 0.83i

-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 0ft and 2500ft. Analysis of theplots show that the EH101,

like most conventional helicopters, depicts the commonly observed longitudinal and lateral

modes. At both altitudes, for speeds of upto 30kts the eigenvalue plot shows the presence of a

low frequency unstablephugoidmode, low frequency stabledutch rollmode, slow critically

damped stablespiral, heave, fasterpitch subsidenceand fastestroll subsidencemodes. As

the speed increases to 70kts, the heave mode becomesmarginallyunstable and the pitch and

roll subsidence modes also reduce in frequency. At speeds greater than 70kts, the heave

mode returns to stability and the critically damped mode of pitch subsidence changes to a
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14200 kg

0kts/0ft 0kts/2500ft 40kts/0ft 40kts/2500ft 80kts/0ft 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 + 0.49i

-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 linearisations

(Figure 4.8).
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Figure 4.7: Eigen value variation as a function of speed (0 - 120kts) for 14200kg

Table 4.10 shows the transmission zeros of the EH101 at low speed flight conditions. Note

that for the 40kts/0ft 8-state model, all the zeros are in theleft half plane, but for forward

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

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

ing the controller bandwidth and system gain margin respectively [30]. Also, an odd number
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Figure 4.8: Eigen value variation as a function of speed (0 - 120kts) for 11000kg

of non-minimum phase zero cause an initial undershoot whichmakes the helicopter go in the

opposite direction to the asymptotic value and this then slows the helicopter response. These

factors strongly discouraged the use of other flight conditions for controller design.

10kts/0ft 20kts/0ft 40kts/0ft

-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 frequency responses of each channel, stan-

dard on-axis Bode plots of the pitch attitude, roll attitudeand yaw rate were also plotted.

The magnitude portions of these Bode plots for all the flight conditions are shown in Figure

4.9. The information from the singular values is confirmed with large variations observed in

pitch and roll axes plots with changes in flight condition. The large low frequency variations

make designing controllers which provide the same level of tracking at each flight condi-

tion difficult. The yaw axis shows less frequency variation but there are some troublesome

mid-frequency resonances and anti-resonances which change with flight condition and could

cause stability problems. Assessment of these plots showedthat the magnitude values for the

40kts/0ft/14200kg flight condition was approximately at the centre of the cluster in all three

channels and selecting this as the nominal plant would require a lower 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 be encountered while designing a con-

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

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

robust uncertainty management ability and multivariable nature was chosen to design the

MIMO FA controller.

4.3 Controller design

The 2DOFH∞ loop shaping procedure proposed by [48] and as explained in Chapter 2

consists of three steps:

1. Selection of reference model

2. Augmentation of open loop plant with weighting functions

3. Controller synthesis (usingH∞ optimisation)

4.3.1 Selection of reference model

Selecting a reference model provides the ability to amend the rotorcraft response to fit a

desired model. The controller was designed to seek a ACAH (Attitude Command/Attitude

Hold) type response in the pitch and roll channels, and a RC (Rate Command) type response

in the yaw channel. The reference model,Tref , was chosen as a second order linear model of

unity gain in each channel in order to induce second order type of behaviour in the responses.

The second order model was used in order to provide the input-output behaviour that meets

the ADS-33 criteria [3] and such models have shown success inprevious helicopter studies,

for eg. [31], [88], [91] and [93] and these studies also provided guidelines to design the

reference model. As reference tracking in pitch, roll and yaw axes was sought, the reference

model has the following diagonal structure to induce decoupled responses:

65



Tref =











Tpitch 0 0

0 Troll 0

0 0 Tyaw











(4.1)

where

Tpitch =
2.89

s2 + 3.06s+ 2.89

Troll =
6.25

s2 + 4.0s+ 6.25

Tyaw =
49

s2 + 28.0s+ 49

(4.2)

Figure 4.10 shows the responses that are induced into the respective channels of EH101 due

to the above reference models. Table 4.11 shows the respective natural frequency (ωn) and

the damping ratio (ξ) for the reference models listed above along with the corresponding rise

time (tr) that was expected in each channel.

Reference Model Natural frequency (ωn) Damping ratio (ξ) Expected rise time(tr)

Tpitch 1.7 0.9 1.5

Troll 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 responses with smooth rates in longitudinal

and lateral channels and a fast response in the directional channel. The use of second order

reference model is open to discussion with the observation that first order reference model

will produce a lower order controller. However, using the second order reference model pro-

vides the designer with an extra degree of freedom to improvethe responses. The availability

of controller order reduction methods, that assist in obtaining a lower order controller which

maintains the capability of the high order controller supports the usage of second order ref-

erence model. Also, second order models with slight overshoot can sometimes be better than

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

but faster tracking of the demand can be achieved. Althoughθ, φ andr were the three con-

trolled outputs (i.e. matched to reference models), measurement of pitch and roll rate (q and

p respectively) were also fed back into the controller as theyare able to increase the system’s

damping and provide a stabilising effect to the overall system [94].

4.3.2 Loop shaping and controller synthesis

The open loop plant is augmented by a pre- (W1) and post-compensatorW2 to give a desired

shape to the open loop frequency response (in terms of singular values). The nominal plant

G and the shaping functionsW1 andW2 are combined to form the desired plant,Gs where

Gs = W2GW1. This is normally aimed to achieve high gain at low frequencies, roll off rates

of approximately 20dB/decade at the desired bandwidth and higher rates at high frequen-

67



cies. There is usually some trial and error involved in this process and it is normally fairly

straightforward to find a reasonably good loop shape, and thedesign procedure is somewhat

iterative.W2 is effectively chosen as a constant, reflecting the relativeimportance of outputs

to be controlled and other measurements being fed back to thecontroller andW1 contains the

either non-dynamic or dynamic shaping. The final controllerorder is directly proportional

(proportionality constant of two) to the order of the weights employed and this advocates

the case of applying non-dynamic weights, provided the required shape is attained. Keeping

this in mind three designs are discussed here - the first (Design 1) using non-dynamic shap-

ing, the second (Design 2) using additional dynamic shapingto which further iteration was

performed to achieve the final shape (Design 3).
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Figure 4.11: Open loop singular values - Nominal

Design 1

The open loop singular values of the nominal plant are shown in Figure 4.11 and it is evident

from inspection of the maximum singular value that high additional gain was not necessary

on certain channels as the open loop bandwidth was already close to10 rads/s. The following

non-dynamic shaping functionW1 with low gains along the leading diagonal was employed

W1 = diag (4, 7, 8) (4.3)

and the post-compensatorW2 was chosen as
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W2 = diag (1, 1, 1, 1, 1) (4.4)
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Figure 4.12: Shaped open loop singular values - Design 1

The plot in Figure 4.12 shows the shaped (solid) and the nominal singular values (dashed).

The shaped plant frequency response shows that the non-dynamic functions have not been

able to produce the required shape. Although, one of the required characteristic of low loop

gain, i.e. σ(Gs) << 1, at high frequency values was observed. However, at the other end

for low frequency values high loop gain, i.e.σ(Gs) >> 1, requirement was not produced.

Also, the closed loop bandwidth was found to be100 rads/s and was higher than the limit

of 10 rads/s set for this system. Increasing the gain values couldimprove the low frequency

gain, however that would compromise the high frequency gainrequirement. This shows the

relative weakness of non-dynamic weights for this particular model.

A (14th) orderH∞ controllerK∞ =
[

K1 K2

]

was synthesised with the value forρ

for reference model matching set to2. The controller had an uncertainty margin ofǫ =

0.35 (γ = 2.86), which was within the range considered acceptable in [72].This indicated

approximately35% allowable uncertainty inNs andMs at the cross-over frequency range.

The final 2DOF controllerK = W1

[

K1 K2W2

]

also had 14 states. The frequency

response of the loop transfer functionGW1K2W2 is given in Figure 4.13. The shape of

the open loop singular values is quite poor but similar to Figure 4.12, which is essential in

attaining closed loop design objectives. However, gain (σ(GW1K2W2)) at low frequency

value was not as high as desired and the low loop gain (σ(GW1K2W2)) 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 bandwidthωB was found to be 80rads/s,

which was too high to be used in practice.
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Sensitivity plot
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Cosensitivity plot

Figure 4.14: Closed loop frequency response - Design 1

The sensitivity(I +GW1K2W2)
−1 and cosensitivityGW1K2W2 (I +GW1K2W2)

−1 sin-

gular value plots are shown in Figure 4.14. The sensitivity plot shows strange behaviour,

with small singular values between 0.1 and 10 rads/s corresponding to good mid frequency

tracking. However low frequency tracking (for at least someinputs) will be poor due to the

relatively high low frequency singular values. In addition, a closed-loop bandwidth (from

the sensitivity perspective)ωB of 20 rads/s would result in poor robustness within the flight

envelope. The cosensitivity function also has a fairly attractive shape, with high frequency

roll off, although again, the closed-loop bandwidthωBT is approaching a high100 rads/s.

The resultant controller also showed poor performance whenapplied to the full order model
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(not shown here). Overall the above controller provided a good uncertainty margin and both

the open and the closed loop singular values showed the capability of achieving the desired

shape which would make this an apt choice, however the large closed loop bandwidth and

poor low frequency performance suggested that further iteration was required.

Design 2

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

the shaping function was replaced by the following dynamic function

W1 = diag

(

(s+ 7.0)

5s
,
3(s+ 8.5)

10s
,
2(s+ 9)

s

)

(4.5)
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Figure 4.15: Shaped open loop singular values - Design 2

and the post compensatorW2 was unchanged.W1 is basically a bank of PI type controllers.

The integral action was added to improve the low frequency performance such as disturbance

rejection and steady state tracking. The phase lead part of the compensator was adjusted to

ensure that the open-loop bandwidth was sufficiently high for adequate manoeuvring capa-

bility and also around the cross-over point the slope of the singular value curves is relatively

shallow. Recall that high-phase lag is associated with steep gradients so an approximate way

of avoiding the critical Nyquist point in the multivariableloop shaping is to ensure small gra-

dients near the cross-over point. The process of multivariable loop shaping is something of an

art and the values given in Equation 4.5 were arrived at by an iterative tuning and simulation

in order to obtain good open-loop shapes. The singular values of the shaped system (solid)
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along with the nominal system (dashed) is illustrated in Figure 4.15. The low frequency gain

is significantly larger compared to the shaped plant singular values (Figure 4.12) obtained

in Design 1. In addition the open loop bandwidth has reduced to 9 rads/s which would still

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

evident.

With the value ofρ unchanged, a 17th order controllerK∞ with a slightly lower uncertainty

margin ofǫ = 0.24 (γ = 4.17) was obtained after the optimisation process. This value ofǫ

relates to24% of tolerable uncertainty inNs andMs at the cross-over frequency range.
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Figure 4.16: Stabilised open loop singular values - Design 2

The actual 2DOF controller,K, derived by combining the shaping function with the above

controller,K∞, was of the order 20. In order to analyse the closed loop frequency response

the feedback part of this controller,W1K2W2, was then connected in series with the nominal

plant. The singular value plot of the resultant loop transfer function,GW1K2W2, is shown

in Figure 4.16.

The corresponding sensitivity and cosensitivity singularvalue plots are illustrated in Fig-

ure 4.17. A closed loop bandwidth of8 rads/s was found from the loop transfer function

frequency response. Loop transfer function had the desiredtext book shape with high loop

gain at low frequencies below the gain crossover frequency and this guarantees good low

frequency disturbance rejection and good steady state command following. This was further

confirmed by the sensitivity plot with the maximum singular valueσ
(

(I +GW1K2W2)
−1) <<

1 at frequencies below about 0.5 rads/s. At frequencies abovethe crossover frequency the

open-loop transfer function had the desirable low loop gain, ensuring attenuation of mea-
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Sensitivity plot
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Cosensitivity plot

Figure 4.17: Closed loop frequency response - Design 2

surement noise and the cosensitivity plot confirms this further with high roll off rate at high

frequencies. There was also a significant improvement in theclosed loop bandwidth (≈ 10

rads/s from the cosensitivity perspective), however, as itwas effectively the same as the upper

limit set by the open loop singular values and as this would cause performance deterioration

(as shown in the time domain results in Figures 4.35, 4.36 and4.37), further iterations were

conducted.

Design 3

Subsequently the following pre-compensatorW1 was finalised

W1 = diag

(

(s+ 2.5)

4s
,
(s+ 2.5)

4s
,
(s+ 5)

2s

)

(4.6)

and as before the post compensatorW2 was unchanged. The shaped (solid) singular values

along with the nominal (dashed) are presented in Figure 4.18. The effect of the shaping

function is clearly evident as the shaped plant now has the desired shape of high loop gain

at low frequency and low loop gain at high frequency. Crucially, the open-loop bandwidth is

now noted to be a low and acceptable4.5 rads/s (9 rads/s with Design 2).

The value ofρ was left constant and theH∞ optimal control problem was solved. As a result

a 17th order controller,K∞, with a slightly lower uncertainty margin ofǫ = 0.23 (γ = 4.33)

was produced.
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Figure 4.18: Shaped open loop singular values - Design 3
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Figure 4.19: Stabilised open loop singular values - Design 3
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Sensitivity plot
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Cosensitivity plot

Figure 4.20: Closed loop frequency response - Design 3

The final 2DOF controllerK = W1

[

K1 K2W2

]

was then derived from the above con-

troller and similarly to Design 2, produced a 20th order controller. The loop frequency
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response (Figure 4.19) showed a comparatively higher low frequency gain and also the band-

width of 6 rads/s, which is less than the limit set by the open loop singular values. The larger

low frequency gain would guarantee performance and lower controller bandwidth would

guarantee stability against variation in flight conditions. The corresponding sensitivity and

cosensitivity plots are shown in Figure 4.20. These plots further confirm the above results

with maximum singular valueσ
(

(I +GW1K2W2)
−1) << 1 at low frequencies in the sen-

sitivity plot andσ
(

GW1K2W2 (I +GW1K2W2)
−1) << 1 at high frequencies in the cosen-

sitivity plot. Also, the plots also show a lower closed loop bandwidth of5 rads/s observed

from the cosensitivity plot.

4.4 Linear simulation results

The controller design discussed in the previous section wasassessed using both linear (pre-

sented here) and nonlinear (presented in Chapter 7) time domain simulation. While the

frequency domain analysis gives a rough indication of the effectiveness of a given controller

design, as it is based mainly on singular value analysis, it is not precise enough to yield suf-

ficient information about the level of coupling and transient behaviour of the system. Thus

the time domain results presented here give a vital counterpart to the frequency domain anal-

ysis. For simplicity, all simulation results given in this section consider axis-by-axis pulse

input demands. While a little artificial, such analysis gives a good indication of the level

of coupling and transient response of the aircraft, although the long term responses must be

interpreted with care. For both the frequency and time domain analysis, the controller was

implemented as shown in Figure 4.21,

K1

K2
K(s) G(s)

u (t) y(t)t
r(t)

Figure 4.21: 25-state SIMULINK model for time domain analysis

where
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• r(t) =











θdem

φdem

rdem











= Pilot demand

• y(t) =























θ

φ

r

q

p























= System output

•
[

K1 K2

]

= W1

[

K1 K2W2

]

= 2DOF controller

• ut(t) =











Longitudinal cyclic

Lateral cyclic

Tail rotor collective











= Control effector

Recall that the controller was designed using a reduced order 8-state linear plant at a 40kts

/0ft/14200kg trim condition. However, the linear plant used to assess its time domain perfor-

mance was the full 25-state linear model. A variety of trim points (Table 4.6) were tested, al-

though only a selection are presented here. The trim points shown here are 0kts/0ft/11000kg,

40kts /0ft/11000kg, 80kts/4500ft/11000kg, 0kts/0ft/14200kg, 40kts/0ft/14200kg and 80kts

/2500ft/14200kg. Also, at each trim point the demands of−20 deg,20 deg and−10 deg/s

were applied one by one to the pitch, roll and yaw channel respectively.

4.4.1 Longitudinal response

Pitch attitude responses at the listed flight conditions areillustrated in Figure 4.26. Linear

pitch attitude response at the design point is fast and smooth as that predicted by the second

order reference model with little coupling into other channels and certainly less than the 25%

limit specified by the ADS-33 standard. The pitch rate also appears smooth and predictable.

The responses at the off-trim points also maintain the general form of the on-trim response,

however minor degradations were observed. The response at 40kts/0ft/11000kg flight con-

dition shows minimal degradation. The response was faster by 0.2 s with an overshoot of
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1.5% and coupling was similar to that at the design point. At the hover condition, it can be

seen that there is slightly more “steady state” coupling than at the design point, however, no

major degradations were observed in the performance. Also,there is a slight “wash-out” in

the response leading to a “steady state” error of around1 deg. At the 80kts/2500ft/14200kg

condition, the response is slightly slower compared to the design point and has an overshoot

of 4%. Off-axis responses at this flight condition were generally good, although there was

some initial roll transients of a significant magnitude. Similar response was achieved at the

flight condition 80kts/4500ft/11000kg. Figures 4.27 and 4.28 illustrate the variations in on-

axis pitch attitude response with changes to flight conditions. It was observed that the single

MIMO controller was highly effective at all flight conditions, with the exception of 10kts

forward speed.

4.4.2 Lateral response

Figure 4.29 shows the roll attitude response at the above flight conditions. At each of the

flight conditions, the response is very similar with a swift and smooth transient response in

roll attitude and effectively no steady state error. Off-axis responses appear very good, with

only the 80 kts flight condition showing a slight long-term off-set in pitch attitude. Damping

in all cases appears good with an overshoot of zero. Figures 4.30 and 4.31 illustrate the

variations in on-axis roll attitude response with changes to flight conditions. However, unlike

the longitudinal channel the MIMO controller was effectiveat all flight conditions.

4.4.3 Directional response

Yaw rate responses are shown in Figure 4.32. As with the pitchand roll attitude responses,

the yaw rate response is best at the design point. On-axis response is good, being swift and

well-damped, and off-axis response is acceptable but with some steady state coupling into

pitch. Recall, that the singular values did not display “ideal” integrator behaviour at low

frequencies. At the other flight conditions, the on-axis yawresponse was broadly similar

apart from a slight steady state error of about1 deg at hover and overshoot of approximately

4% at high speed flight condition, although remember that this is in yaw rate which is dif-

ficult for a pilot to detect. Most of the off-trim degradationin responses manifested itself
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as increased coupling into other axes. The hover condition is particularly noticeable with

coupling reaching just below 20% transiently in most off-axis variables. However, this level

of coupling was thought to be acceptable as it was within the 25% tolerance specified by

the ADS-33 document. Figures 4.33 and 4.34 illustrate the variations in on-axis yaw rate

response with changes to flight conditions. The single MIMO controller 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 illustrated by the time responses presented in

Figures 4.35 (pitch), 4.36 (roll) and 4.37 (yaw). Comparingthe pitch attitude response from

Design 2 to Design 3 shows a similar on-axis performance at the design point as well as the

off-trim flight conditions. However, the off-axis behaviour at each of the condition show mi-

nor deteriorations. There is a development of a “kink” in pitch rate response at high velocity

flight condition and appears to allow an oscillatory transient behaviour in roll axis. While

this was not thought to be too much of a problem it is noted as a deficiency of this design

which might cause pilot complaint. Effectively this “kink”in pitch rate manifests itself as

an abrupt acceleration of the rotorcraft that appears as a “jerk” to the pilot. The roll attitude

response shows minor deterioration in the on-axis performance, especially at high velocity

flight conditions, and there is a significant amount of degradation in roll rate response with

an exaggerated presence of several uncomfortable “kinks”.Again, these kinks cause “jerky”

accelerations of the helicopter that could cause discomfort to the pilot. Yaw rate responses,

in terms of on-axis performance show minor degradation and off-axis responses show the

presence of an oscillatory transient behaviour which wouldbe deemed uncomfortable by the

pilot. These high-order dynamics in Design 2 were mainly dueto the closed loop controller

bandwidth (≈ 10 rads/s) being very close to the bandwidth limit set by the model reduction

process. Due to its close proximity to the limit, it made the controller highly sensitive to the

variation in flight conditions. In terms of countering inter-axis coupling, both controllers are

equally capable of keeping it below the prescribed 25% mark.However, the responses have

shown, comparatively, a lot more off-axis oscillation withDesign 2 and that would suggest

that the controller derived using Design 3 is more suited to the EH101 system. The main
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on-axis time response features are presented in Tables 4.13, 4.14 and 4.15. While these ta-

bles do not indicate much difference between Designs 2 and 3,the “jerky” rate behaviour

is a notable weakness in Design 2 and was the main reason for iterating until Design 3 was

obtained.

4.4.5 Controller order reduction

The above 2DOFH∞ loop shaping design methodology provided a feasible way of produc-

ing a robust FA controller. The resulting controller, however, was noted to be complicated

with a high order (20th in this case), making it difficult to be implemented in practice. Meth-

ods such astruncation, residualisation, Hankel norm approximation, are available in robust

control toolbox that allow to reduce this order. These methods required either a balanced or

a minimal realisation of the controller. As the above controller was noted to be marginally

unstable with three eigenvalues at the origin, the normalised coprime factorisation was ap-

plied to the controller in order to obtain a balanced realisation and the controller order was

then reduced by applying residualisation. There is a measure known as theν-gap that allows

to measure the deviation of the reduced controller from the original full order controller.

Table 4.12 shows the expected increase in this measure with reduction in controller order.

Figures 4.22 to 4.25 shows the variation in controller performance (longitudinal channel) as

the controller order is reduced. These plots show that a lower order controller (upto4th in

this case) is more or less capable of matching the full order controller performance. Despite

these encouraging results, it was decided to work with the original full orderH∞ controllers.

Although from an implementation perspective, it indeed would be possible to replace the

full order controllers with the reduced order versions of significantly less complexity, and

because the thesis did not attempt to implement any controllers, this avenue of research was

not pursued any further. Furthermore, the results obtainedlater in the thesis are not dependent

on the controller order and hence in principle can be appliedto any linear-based controller

design. Thus, while it is acknowledged that in practice, thereduced order controllers would

be preferable to implement, theH∞ controllers used throughout the remainder of the thesis

are all of full order.

79



Controller order ν − gap

16 0.002

12 0.013

8 0.08

4 0.4

Table 4.12: Controller orderν − gap variation

10
−3

10
−2

10
−1

10
0

10
1

10
2

10
3

10
−3

10
−2

10
−1

10
0

10
1

10
2

10
3

10
4

Frequency

S
in

gu
la

r 
va

lu
es

Frequency domain comparison

0 2 4 6 8 10 12 14 16 18 20
−3.5

−3

−2.5

−2

−1.5

−1

−0.5

0

0.5

1

Time [sec]

P
itc

h 
at

tit
ud

e 
re

sp
on

se
 [d

eg
]

 

 
Full order controller
Low order controller
Pitch demand

Controller performance

Figure 4.22:16th order controller
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Figure 4.23:12th order controller

4.5 Conclusion

The design of a multivariable FA controller using 2DOFH∞ loop shaping design procedure

has been described. The methodology is systematic and fairly easy to tune, with the designer
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Figure 4.24:8th order controller
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Figure 4.25:4th order controller

only having to select weighting functions for controller re-design. The controllers described

in this chapter were LTI controllers, designed at an operating point of 40kts/0ft/14200kg and

featured no scheduling. Three different designs were proposed and it was concluded that

Design 1 with non-dynamic weights was the weakest amongst them with poor frequency

and time response features. Designs 2 and 3 with the dynamic weighting functions were

both satisfactory at the design point and both performed well at other conditions within the

flight envelope. However, the fragility of Design 2 became apparent with poor off-axis per-

formances, particularly at off-trim flight conditions. Design 3 produced satisfactory results

at all the tested flight conditions with minimal degradationin performance at both on and

off-trim points. Design 2 contained higher singular value bandwidths (in terms of sensitivity

and cosensitivity function) than necessary thus making Design 3 clearly the preferred con-
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troller, both as a standalone FA controller, and as the basisfrom which the LA controller

could be constructed. The following chapter presents LA architecture proposed in this study

along with the state-space based formulae to transform the FA controller 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 1.9 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 1.4 1.4 0.2 0.0

40kts/0ft/11000kg 1.4 1.4 1.0 0.5

Hover/14200kg 1.4 1.4 0.5 0.5

Hover/11000kg 1.4 1.4 0.3 0.3

80kts/2500ft/14200kg 1.4 1.4 1.6 0.8

80kts/4500ft/11000kg 1.4 1.4 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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Figure 4.26: Pitch attitude time response - Design 3
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Figure 4.27: Variation in longitudinal response with flightcondition (14200kg)
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Figure 4.28: Variation in longitudinal response with flightcondition (11000kg)
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Figure 4.29: Roll attitude time response - Design 3
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Figure 4.30: Variation in lateral response with flight condition (14200kg)
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Figure 4.31: Variation in lateral response with flight condition (11000kg)
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Figure 4.32: Yaw rate time response - Design 3
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Figure 4.33: Variation in directional response with flight condition (14200kg)
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Figure 4.34: Variation in directional response with flight condition (11000kg)
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Figure 4.35: Pitch attitude time response - Design 2
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Figure 4.36: Roll attitude time response - Design 2
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Figure 4.37: Yaw rate time response - Design 2
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Chapter 5

Transformation to limited authority

controllers

The findings of Chapter 4 suggest that a well-designed FA controller can bestow desirable

characteristics on a helicopter as coupled and nonlinear asthe EH101. However, as men-

tioned in Chapter 1, there is a desire to realise FA performance within the LA framework.

This chapter discusses the architecture of LA controllers and identifies some of the system

theoretic problems which arise in their design. In particular, the implications of injecting

reference demands to the controller are discussed in detail. A state space based formulae

is also developed that would then translate an arbitrary FA controller 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 mechanicaland an electronic system. The

mechanical system consists of hydraulic interlinks with which the pilot has total control over

the swash plates. The electronic system consists of the stabilisation strategy that achieves

augmentation of basic handling qualities either via the limited authority, high rate series

actuators alone or via the combination of series actuators with the high authority, limited

rate parallel actuators.

Recent years have seen significant progress in the application of modern control techniques
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to helicopter FA FCS design. However, there is still a lack ofrigorous, systematic theory to

assist the engineer in the construction of LA control systems. Moreover, with the arrival of

digital FBW (fly-by-wire) technology there is the possibility of constructing more advanced

control systems to deliver improved performance and functionality. Despite this, even state

of the art contributions have tended to gloss over a crucial issue in LA control system design:

the transpositions of a FA system into a LA one. Although the harmonious functionality

of series and parallel actuators are mentioned to some extent in [31], the parallel actuator

control systems appear more as retro fits to predominantly a series actuator based design

rather being an integral part of a more holistic design. It isimportant to remark that, from a

control perspective at least, the LA architecture can be seen as a problem because it is rather

different to the control system architectures found in standard texts on control system design,

where FA architectures are assumed to be the norm. The aim of this chapter, which also is

a significant contribution of this study, is to develop a method which provides a systematic

way of translating a FA controller, which may be designed using any standard method, into

a LA architecture. It ensures that the small signal performance of the original FA controller

are matched by the resulting LA.

In order to comprehend the functionality of a LA control system, it is best to refer to Figure

5.1. The total control input to the swash plate comprises a direct mechanical link between the

pilot’s stick and the swash plates, plus a contribution fromtheseries actuators, the input of

which is generated from the electronic controller. The reference for the electronic controller

is generated by the stick datum. In turn this is influenced by the pilot’s stick position and the

parallel actuatorswhich are also driven by the electronic controller. It should be noted at this

stage that the electronic controller only has authority over the series and parallel actuators and

their correct use is crucial to the functionality of a LA control system. Thus the total control

signal delivered to the helicopter’s swash plate is dependent on the direct pilot command

through the mechanical interlinks, the series and the parallel actuators. Depending on which

combination of these devices is used the type of control system achieved is classified as:

1. Manual control : This operation utilises full control authority mechanicalsystem that

is influenced by the absolute stick datum and allows the pilotto influence the swash

plates independently to the electronic controller. However helicopters are inherently

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

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

workload and to permit better performance.

2. Auto-stabilisation : In order to reduce the pilot workload and to improve handling

qualities, LA architectures utilise an auto-stabilisation loop. The stabilisation correc-

tions are made by means of electrically driven fastseries actuators. They operate

with a limited control authority in order to protect againsthardover failures [41], i.e.

not allowing the actuators to be driven to extreme positions. These actuators receive

stabilisation signals from the electronic controller and then provide fast input to the

swashplates without feeding back to the pilot’s control stick, hence they are said to be

in series with the pilot. Now, their key feature, from a control designers perspective is

that they are modelled as a saturation element. This essentially limits themagnitude

of the output. As the saturation level is set to a small percentage of the total control

authority, for large stick inputs or aggressive manoeuvring, these actuators have the

tendency to saturate.

3. Autopilot : The auto-stabilisation function sends small high frequency control inputs

to the swashplates, whereas the autopilot function is used send slowly varying control

inputs. The autopilot function is achieved by means ofparallel actuatorsthat can ei-

ther be activated by the pilot’s trim switch or by feedback. Along with slowly changing

the swashplate these actuators are also reflected at the stick, hence they are said to be
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in parallel to the pilot. The parallel actuators also have limited control authority, but

unlike the series actuators, their dominant feature is thattheir rate is limited. Their

rate is limited in order to protect the helicopter against excessive transient that arise

in the event of a trim malfunction [41]. However, this limited rate does makes them

prone to rate saturation and they are unable to react to sudden control signal changes,

although their output can attain fairly large magnitudes.

Note that for low aggression pilot stick movements (i.e. lowmagnitude, low rate), the series

actuators will not saturate and the parallel actuators willnot rate-limit. However, as soon as

more aggressive pilot commands are input, saturation in either magnitude (series actuators),

rate (parallel actuators) or both is likely to occur. This makes the system nonlinear and un-

predictable and is often a source for system stability problems and consequently degraded

handling qualities. Effectively the saturation causes thehelicopter to attain a more open loop

type behaviour, transferring the task of stabilisation to the pilot and thereby increasing work-

load which then has a detrimental effect on the aircraft’s handling qualities [35]. Another

important feature to notice about the LA architecture is theway in which the parallel actu-

ators appear, causing there to be an “inner loop” in the controller. Obviously care has to be

taken to ensure that this itself is stable, as well as the overall outer loop involving the aircraft

dynamics.

5.1.1 EH101 interlinks model

In the work thus far, the interlinks between the absolute stick datum and the swashplate have

been considered to be purely linear and constant. Similarly, the links between the series

actuators and the swashplate have been assumed to be part of the plant model, as depicted in

Figure 5.1. However, the EH101 interlinks model which was used in this study was supplied

in a form which was somewhat different as shown in Figure 5.2.Considering Figure 5.2, it

is evident that the interlinks provide a mapping from the series actuator commands, absolute

stick datum commands and, main rotor torque and speed to cyclic, collective and engine

torque. In particular, for the EH101, the series actuator command is split (equally) among

two different physical actuators and thus the control architecture needs slight modification

to account for this. This section describes how the EH101 configuration can be addressed
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using the approach proposed in this thesis. It is assumed that the series actuator command

will have the form,u′s(t) =
[

p′s(t) r′s(t) y′s(t)
]T

, where

• p′s(t) = Longitudinal series actuator command

• r′s(t) = Lateral series actuator command

• y′s(t) = Directional series actuator command

and the series actuator command in each channel is also equally divided, i.e.

p′s(t) =
[

1
2
p′s(t)

1
2
p′s(t)

]T

, r′s(t) =
[

1
2
r′s(t)

1
2
r′s(t)

]T

andy′s(t) =
[

1
2
y′s(t)

1
2
y′s(t)

]T

.

Main rotor torque

Main rotor speed
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Figure 5.2: EH101 interlinks

The behaviour of this interlink is highly nonlinear and tends to vary with flight condition,

thus presenting another complication to the controller design process. In order to simplify

this process, the interlinks model is linearised at the sameoperating point at which the FA

controller was designed and this produces a5 × 12 linear model. Next, the main rotor

collective channel is left open-loop (pilot preference), the main rotor torque and speed are

assumed to be constant and the engine torque is considered tohave minimal influence during

linear analysis. This effectively results in truncating the linearised model to a3 × 9 system

which is then further divided into two subsystems:M , a 3 × 3 system denoting the map
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from stick datum commands to the cyclics and collectives andL̂, a 3 × 6 system denoting

the map from the series actuator commands to the cyclics and collectives. As they both

exhibited sufficiently fast poles, the subsystems were thensimplified to their respective DC

gain matrices. This produced matricesM ∈ R3×3 andL̂ ∈ R3×6. It was further noted, that

matrix L̂ (after some re-arrangement) consisted of two equal matrices, i.e. L̂ =
[

L L
]

whereL ∈ R3×3. Now, the total controller output,ut(t), was given by

ut =
[

L L M
]











1
2
u′s

1
2
u′s

r + up











(5.1)

where,

• r(t) = Pilot command

• up(t) = Parallel actuator command

• r(t) + up(t) = Absolute stick datum command

The above equation further simplifies to

ut =
[

L M
]





u′s

r + up



 (5.2)

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

by replacing the matrix̂L and the signal vector

u′s(t) =
[

1
2
p′s(t)

1
2
r′s(t)

1
2
y′s(t)

1
2
p′s(t)

1
2
r′s(t)

1
2
y′s(t)

]T

(5.3)

with matrixL and signal vector

u′s(t) =
[

p′s(t) r′s(t) y′s(t)
]T

(5.4)
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5.2 Proposed limited authority architecture

Perhaps the most important aspect of LA control system is to find a way in which the series

and parallel actuators work together effectively and harmoniously. They are complementary

in the sense that the series actuators are useful for fast, low magnitude control signals and the

parallel actuators are useful for slow, large magnitude control activity. This, however, is a

simplistic view and a number of ways of harnessing series andparallel actuators effectively

have been proposed. Many are discussed in [31] and they rangefrom simply using parallel

actuators to trim the aircraft, to complementary filter approaches and more abstruse nonlinear

schemes involving blending. In this study the architecturedepicted in 5.3 is followed. In this

architecture,

Ks2

Ks1

M

+

+

t

+

+
L

K (s)p

G(s)

Parallel
actuators

Series
actuators

r(t)
u  (t) u’  (t)

u  (t)

u  (t)p

y(t)

ss

K (s)s

Figure 5.3: Proposed LA control architecture

• us(t) = Series actuator input

• u′s(t) = Series actuator command

• up(t) = Parallel actuator command

• ut(t) = Total controller output

• G = Helicopter dynamics

• M = 3× 3 interlinks gain between stick datum to swash plate
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• L = 3× 3 interlinks gain between series actuator command to swash plate

• r(t) = Pilot command

• y(t) = System output

• Ks(s) =
[

Ks1 Ks2

]

= Series component of LA controller

• Kp(s) = Parallel component of LA controller

This architecture is in sync with the existing helicopter LAcontrol system and is similar to

that used in [35] and [85] in which the series actuator outputis generated by the difference

between an “ideal” control output and the mechanical linkage activity. The parallel actuators

are then used to off-load the series actuators and ideally reduce their steady state output to

zero, thus preventing long term saturation. The advantage of viewing the LA architecture in

this manner is that it effectively partitions the electronic controller in two: the primary part is

used for driving the series actuators to deliver responsivecontrol activity and the secondary

part of the controller is used purely for parallel actuator control which is used to influence the

behaviour in a much slower manner and to off-load the series actuators, hopefully preventing

their long-term steady state saturation. The following section will now present an analysis of

this particular architecture and describe the formulae that would 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 cause theseries or parallel actuators

to encounter position or rate-limits and, in principle should operate in an essentially linear

manner. However, there appears to be no wide agreement of how, precisely, a LA controller

should be designed for such small signal behaviour. One can view an equivalent FA design as

representing the “ideal” small signal behaviour. Then the problem becomes one of transpos-

ing the FA design (of arbitrary linear architecture) into a LA design, which has a restricted

architecture due to the mechanical interlinks and the partitioning of the various control ele-

ments. In this section, state-space formulae which enable this transposition 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, whereit is assumed that the series and

parallel actuator control signals are sufficiently small such that position and rate-limits are

not violated, and that the mechanical interlink componentsmay be considered to be linear.

r(t) is a three dimensional vector with elementsri(t) ∈ [−50, 50] which represent the pilot

forward/aft and left/right stick demands and the pedal demands respectively, where+50

(−50) indicates the maximum positive (negative) displacement of the inceptor. us(t) and

up(t) denote the series and parallel actuator control signals, respectively, whileut(t) denotes

the total control signal appearing at the swash plate.y(t) is the vector of measurements fed

back to the controller. For the purposes of this analysis it is assumed thatM andL are purely

static elements, although in reality they have high bandwidth linear dynamics. An informal

statement of the LA control problem would be:

L

Parallel
actuators

K  (s)

Series
actuatorse’(t)

K

K

s2

s1

M

G(s)

p

u (t) y(t)r(t)

u (t)p

u (t)s

t

+

+

+
+K  (s)s

Figure 5.4: Unconstrained LA architecture

Problem 5.1 LA control problem: GivenG(s), L andM , designKs(s) andKP (s) such

that the outputsy due to stickr are desirable.

It is interesting to compare this to the FA problem, depictedin Figure 5.5, where the rela-

tionship between





r

y



 andut is simply given byK =
[

K1 K2

]

. Informally the FA

controller problem given by:

Problem 5.2 FA control problem: GivenG(s), designK(s) such that the outputsy due to

stickr are desirable.
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K1

K2
K(s) G(s)

u (t) y(t)t
r(t)

Figure 5.5: FA architecture

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

give a relationship between





r

y



 andut, but the LA problem ismore constrained. From a

control theoretic perspective, in the FA control problem the controller’s internal architecture

is allowed to beunconstrained, whereas 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 one candesign FA control systems

and indeed the vast majority of control theory concentrateson this. However there are few,

if any, systematicmethods for designing LA control systems of the architecture depicted in

Figure 5.7. It therefore seems logical to determine whetheranarbitrary FA controller (Figure

5.6 can be implemented as the LA architecture in Figure 5.7 and to derive the relationship

between the various control elements. This was investigated previously in [58] and a formula

which allowed the translation of an arbitrarily structuredFA control law into a LA form was

derived using transfer functions. However, this formula was restricted to SISO control laws

when in reality helicopter control laws may have extra measurements available to them and

also may have the flexibility to manipulate more than one control input. In addition, the

transfer function approach tends to lead to rather high order controllers. It would therefore

be helpful, if expressions for the series control law elements could be given which allow

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

L

K (s)p

M

r(t)

y(t)

u (t)

u  (t)

p

e’(t)

u  (t)

s

s1K

s2K
K (s)s

+

+
+ +

t

Figure 5.7: LA controller

A transfer function based representation

The first step in the derivation of state-space formulae is toderive a transfer function rela-

tionship (for multivariable systems) between the FA and LA control architectures. The total

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

ut =
[

K1 K2

]





r

y



 (5.5)

The above FA controller is to be implemented in the LA architecture of Figure 5.7 and the

aim here is to derive an expression for
[

Ks1 Ks2

]

such that the transfer function for




r

y



 −→ ut is identical for the two architectures. Now, from Figure 5.7:

e
′

= r +KP

[

Ks1e
′

+Ks2y
]

e
′

= [I −KPKs1]
−1 [r +KPKs2y] (5.6)

Also,

us = Ks1e
′

+Ks2y
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us = Ks1 [I −KPKs1]
−1 [r +KPKs2y] +Ks2y

us = Ks1 [I −KPKs1]
−1 r +

[

Ks1 [I −KPKs1]
−1KP + I

]

Ks2y (5.7)

Applying the “push through” rule [12] to Equation (5.7) the following expression is derived:

us = Ks1 [I −KPKs1]
−1 r + [I −Ks1KP ]

−1Ks2y (5.8)

Now, the total control signal(ut) can be represented as,

ut = Lus +Me
′

(5.9)

By replacing forus ande
′

from Equations (5.7) and (5.6) respectively gives,

ut = LKs1 [I −KPKs1]
−1 r + L [I −Ks1KP ]

−1Ks2y +

M [I −KPKs1]
−1 r +M [I −KPKs1]

−1KPKs2y

ut = [LKs1 +M ] [I −KPKs1]
−1 r + [L+MKP ] [I −Ks1KP ]

−1Ks2y (5.10)

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

(Equation (5.5)) gives the following expression forKs1,

K1 = [LKs1 +M ] [I −KPKs1]
−1

K1 [I −KPKs1] = [LKs1 +M ]

K1 −M = [L+K1KP ]Ks1

Ks1 = [L+K1KP ]
−1 [K1 −M ] (5.11)

and forKs2:

K2 = [L+MKP ] [I −Ks1KP ]
−1Ks2

Ks2 = [I −Ks1KP ] [L+MKP ]
−1K2 (5.12)

Substituting forKs1 from Equation (5.11) in Equation (5.12):

Ks2 = K2

[

I − [L+K1KP ]
−1 [K1 −M ]KP

]

[L+MKP ]
−1

Ks2 = K2 [L+K1KP ]
−1 [L+K1KP − [K1 −M ]KP ] [L+MKP ]

−1

Ks2 = [L+K1KP ]
−1K2 (5.13)
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Complexity of the inner loop

The parallel actuators, in this architecture, drive both the mechanical system from the stick

datum through the mechanical linkages, and also provide part of the reference to the elec-

tronic controller which then drives both the series and parallel actuators - giving rise to this

complex loop within the controller itself. Also, notice that the expressions for bothKs1 and

Ks2 feature the parameterKP which is the control element used primarily to control the par-

allel actuators. Therefore, given an expression forKP , Equations (5.11) and (5.13) represent

anexplicitway of translating a FA design into a LA one which delivers identical small signal

performance. An appealing way of choosingKP is so that it reduces the steady state output

of the series actuators to zero, thus avoiding any long term saturation problems. This can be

achieved easily and for this part of the analysis,Ks1,Ks2 andKP are assigned the following

representations,

Ks1 =
1

ds
K̂s1 (5.14)

whereK̂s1 is a3× 3 matrix,

Ks2 =
1

ds
K̂s2 (5.15)

whereK̂s2 is a3× 5 matrix, and

KP =
1

dp
K̂P (5.16)

whereK̂P is a3× 3 diagonal matrix (as one parallel actuator per channel).

Also, ds anddp are the characteristic equation of the transfer function matricesKs andKP

respectively. Applying the push through rule to Equation 5.8, modifies the expression for

series actuator control signal,us, to

us = [I −Ks1KP ]
−1 [Ks1r +Ks2y] (5.17)

and applying the definitions from Equations(5.14), (5.15) and(5.16) to the above represen-

tation,
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us =

[

I −
1

dsdp
K̂s1K̂P

]−1(
1

ds
K̂s1r +

1

ds
K̂s2y

)

= dp

[

dsdpI − K̂s1K̂P

]−1 (

K̂s1r + K̂s2y
)

(5.18)

Therefore, by selectingdp = s, and assuming thatdet
∣

∣

∣

(

dsdpI − K̂s1K̂P

)
∣

∣

∣

s=0
6= 0, it follows

that the transfer function matrix from





r

y



 to us

lim
s→0

dp

[

dsdpI − K̂s1K̂P

]−1 [

K̂s1 K̂s2

]

= 0 (5.19)

This implies that provided the control loop is stable, the series actuator control signals will

tend to zero at steady state, thus preventing long-term saturation. An additional problem, as

mentioned earlier, caused by the above LA structure, is the presence of this complex “inner”

control loop due to the parallel actuators. It transpires that in order to stabilise this inner

loop, the transfer function matrix

Ks1[I −KPKs1]
−1 = dp

[

dsdpI − K̂s1K̂P

]−1

K̂s1 (5.20)

must be stable. This can be accomplished by ensuring the stability of the matrix,
[

dsdpI − K̂s1K̂P

]

.

With

K̂P =











γp 0 0

0 γr 0

0 0 γy











(5.21)

conventional approaches were used to determine an appropriate gain value, i.e.γp, γr and

γy. Applying SISO techniques such as Routh-Hurwitz criterion[36], it was possible to guar-

antee stability of the inner loop for all positive gain values [58] (irrespective of the channel).

Within the scope of this study, the parallel actuators available in the EH101 helicopter were

slow actuators, that were primarily used to off-load the series actuators to prevent long-term

saturation. Based on the above derivation, in order to drivethe series actuator error to zero,

the parallel actuator controller was chosen as a bank of integrators. The parallel actuator

controller plays a crucial role in determining the range of pilot demand that would produce

identical FA responses. This was dependent upon the scalingγp, γr andγy and there was
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certain amount of tuning involved in this. It will be shown inChapter 6 that very low gain

values would lead to minimal off-loading of the series actuators and hence would result in

premature saturation of series actuators even at relatively small pilot demands. Conversely,

too high a gain value would mean a highly active parallel actuators 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 component of the LA controller can be

written as follows,

[

Ks1 Ks2

]

=
[

(L+K1KP )
−1(K1 −M) (L+K1KP )

−1K2

]

[

Ks1 Ks2

]

= (L+K1KP )
−1
[

K1 −M K2

]

(5.22)

y(t)

L KP
−1

+

−

+

−

u  (t)’s u  (t)s

u  (t)p

r(t)

M

K

K
K(s)

2

1

Figure 5.8: Block diagram realisation

The above equation can be pictorially represented by the block diagram in Figure 5.8.

us = L−1 [K2y +K1 [r −KPus]−Mr]

[L+K1KP ] us = K2y + (K1 −M)r

us = [L+K1KP ]
−1
[

K1 −M K2

]





r

y



 (5.23)

Equation 5.23 validates the block diagram representation.Now, the next step in the deriving

the state space realisation ofKs(s) is to assignK(s) andKP (s) the following state-space
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realisations (based on the above block diagram),

K(s) ∼































ẋc = Acxc + [Bcr Bc]





(r − up)

y





yc = ús = Ccxc + [Dcr Dc]





(r − up)

y





(5.24)

KP (s) ∼







ẋp = Apxp +BpL
−1
[

ús −Mr
]

yp = up = Cpxp +DpL
−1
[

ús −Mr
] (5.25)

It should be noted at this stage that the matricesM andL are assumed to be static and

nonsingular. Now, substituting forup from Equation (5.25) in to the output equation in

Equation (5.24),

ús = Ccxc +Dcr

[

r − Cpxp −DpL
−1
[

ús −Mr
]]

+Dcy

ús
[

I +DcrDpL
−1
]

= Ccxc +Dcrr −DcrCpxp +DcrDpL
−1Mr +Dcy

ús =
[

I +DcrDpL
−1
]−1

[

Ccxc +Dcr

[

I +DpL
−1M

]

r −DcrCpxp +Dcy
]

(5.26)

By defining

∆ =
[

I +DcrDpL
−1
]−1

(5.27)

Equation (5.26) can now be simplified further to,

ús = ∆Ccxc −∆DcrCpxp +∆Dcr

[

I +DpL
−1M

]

r +∆Dcy (5.28)

Now, by substituting foŕus from Equation (5.28) in to the output equation in Equation (5.25),

up = Cpxp +DpL
−1
[

ús −Mr
]

up = Cpxp +DpL
−1
[

∆Ccxc +∆Dcr

[

I +DpL
−1M

]

r −∆DcrCpxp +∆Dcy −Mr
]

up = DpL
−1∆Ccxc +

(

Cp −DpL
−1∆DcrCp

)

xp

+DpL
−1
(

∆Dcr

[

I +DpL
−1M

]

−M
)

r +DpL
−1∆Dcy

(5.29)
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Analysing the following extract from Equation (5.29),

DpL
−1(∆Dcr(I +DPL

−1M)−M) = DpL
−1∆Dcr +DpL

−1(∆DcrDpL
−1 − I)M

= DpL
−1∆Dcr

+DpL
−1∆

(

DcrDpL
−1 − I −DcrDpL

−1
)

M

= DpL
−1∆(Dcr −M) (5.30)

Thus, simplifying Equation (5.29) to,

up = DpL
−1∆Ccxc +

(

Cp −DpL
−1∆DcrCp

)

xp

+DpL
−1∆(Dcr −M) r +DpL

−1∆Dcy (5.31)

Next, using the state equation from Equation (5.24) and by substituting forup from Equation

(5.31),

ẋc = Acxc +Bcrr −BcrDpL
−1∆Ccxc − Bcr

(

Cp −DpL
−1∆DcrCp

)

xp

−BcrDpL
−1∆(Dcr −M) r −BcrDpL

−1∆Dcy +Bcy

ẋc =
(

Ac −BcrDpL
−1∆Cc

)

xc +Bcr

(

DpL
−1∆DcrCp − Cp

)

xp

+Bcr

(

I −DpL
−1∆(Dcr −M)

)

r +
(

Bc − BcrDpL
−1∆Dc

)

y (5.32)

and by substituting foŕus from Equation (5.28) in the state equation in Equation (5.25),

ẋp = Apxp +BpL
−1
[

∆Ccxc +∆Dcr [I +DpL
−1M ] r −∆DcrCpxp +∆Dcy −Mr

]

ẋp = BpL
−1∆Ccxc +

(

Ap − BpL
−1∆DcrCp

)

xp +BpL
−1∆(Dcr −M) r +BpL

−1∆Dcy

(5.33)

The above two equations (5.32 and 5.33) forms the state equation for the series actuator

controller and,

us = L−1 (ús −Mr)

us = L−1
(

∆Ccxc −∆DcrCpxp +∆Dcr

[

I +DpL
−1M

]

r +∆Dcy
)

−Mr

us = L−1∆Ccxc − L−1∆DcrCpxp + L−1∆(Dcr −M) r + L−1∆Dcy (5.34)
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Equation 5.34 forms the output equation for the series actuator controller. Furthermore,

using the expression for∆ and applying the push-through rule, the following extract from

Equation (5.32),

Bcr

(

DpL
−1∆Dcr − I

)

Cp (5.35)

can be written as,

Bcr

(

DpL
−1
(

I +DcrDpL
−1
)−1

Dcr − I
)

Cp

= Bcr

(

(

I +DpL
−1Dcr

)−1
DpL

−1Dcr − I
)

Cp (5.36)

Next, by defining

∆̃ =
(

I +DpL
−1Dcr

)−1
(5.37)

Equation (5.36) simplifies to,

Bcr

(

∆̃
(

DpL
−1Dcr − I −DpL

−1Dcr

)

)

Cp = −Bcr∆̃Cp (5.38)

Similarly, another extract from Equation (5.32) simplifiesto,

Bcr

(

I −DpL
−1∆(Dcr −M)

)

= Bcr

(

∆̃ +DpL
−1∆M

)

(5.39)

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

ẋc =
(

Ac − BcrDpL
−1∆Cc

)

xc − Bcr∆̃Cpxp

+Bcr

(

∆̃ +DpL
−1∆M

)

r +
(

Bc − BcrDpL
−1∆Dc

)

y (5.40)

Thus, obtaining the following state space realisation











ẋc

ẋp

us











=











Ac − BcrDpL−1∆Cc −Bcr∆̃Cp Bcr

(

∆̃−DpL−1∆M
)

(

Bc − BcrDpL−1∆Dc

)

BpL−1∆Cc

(

Ap − BpL−1∆DcrCp

)

BpL−1∆(Dcr −M) BpL−1∆Dc

L−1∆Cc −L−1∆DcrCp L−1∆(Dcr −M) L−1∆Dc

























xc

xp

r

y















(5.41)

The above state-space formula gives a concise description of the series actuator controller

which is necessary to replicate the small-signal behaviourof K. Moreover, assuming no

pole-zero cancellations in the transfer function in Equation (5.23) then the order ofKs as

described above should be minimal.
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Large signal performance

Although the above analysis is useful for small-signal matching of FA and LA designs, when

actuator saturation occurs and the system therefore becomes nonlinear, it does not hold. In

fact for large pilot demands, the series actuator experiences saturation that makes the system

unpredictable and may degrade the handling qualities. Although the parallel actuators are

used in the architecture to offload the series actuator by driving their output to zero in steady

state, the parallel actuators themselves are subject to rate-limiting that introduces another

nonlinearity into the system, which may degrade performance further. It therefore becomes

critical to assess how far the LA control system could be pushed before the helicopter be-

comes unstable and difficult to control. In order to form a complete picture, LA controller’s

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

5.4 Alternative reference demand injection

In LA control architectures, the way in which the pilot reference is injected into the control

system is of critical importance. This is partly because thepoint in which the reference is

fed into the control system alters the configuration of the control loops and hence adjusts the

complex “internal” controller loop, which of course has stability consequences as shown in

the previous section. The point at which the reference is injected also has associated large

signal stability and performance implications when the series or parallel actuators saturate.

The way in which the reference is fed into the control system,ultimately alters the refer-

ence signal which the electronic portion(Ks(s)) of the controller “sees”. The architecture

seen thus far has shown the pilot reference being altered by the parallel actuator output,

up. This architecture has the important advantage that it conforms to the architecture seen

within current generation of helicopters, however, it contains small signal stability intricacies

due to the complex internal loop that required careful treatment as was shown in the above

derivation. Another potential obstacle is that the pilot’sstick is back-driven by the parallel

actuators which might also be unsettling. However, quite often to avoid this back drive the

parallel channel is only activated once the stick is centred(this again has its own stability

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

method considers the architecture as shown in Figure 5.9, where:

u  (t)s

K (s)p

Parallel
actuators

u  (t)p

Ks2

Ks1

K (s)s

t

+
L G(s)

Series
actuators

u’  (t)

u  (t)

s
+

+

+

r(t)

y(t)

M

Figure 5.9: Alternate LA architecture

• us(t) = Series actuator input

• u′s(t) = Series actuator command

• up(t) = Parallel actuator command

• ut(t) = Total controller output

• G = Helicopter dynamics

• M = 3× 3 interlinks gain between stick datum to swash plate

• L = 3× 3 interlinks gain between series actuator command to swash plate

• r(t) = Pilot command

• y(t) = System output

• Ks(s) =
[

Ks1 Ks2

]

= Series component of LA controller

• Kp(s) = Parallel component of LA controller
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It should be noted from the schematic that the pilot command,r(t), is fed directly into the

controller without modification, however, the signal into mechanical linkages is modified

by parallel actuator command,up(t). Note in particular that the parallel actuatorsdo not

influencethe reference which the series actuator controller “sees”.Although such a scheme

would be difficult to implement in current generation helicopters, it could be implemented as

a purely electronic version of a LA controller in future aircraft. 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 are nocomplicated “inner loops”

which affect stability.

3. The pilot’s stick is not “back driven” by the parallel actuators, meaning that the pilot

would not experience unsettling non-commanded movement ofthe cyclic stick datum.

However, as the helicopter trim is normally delivered by theparallel actuators, this may

mean that the pilot loses track of the aircraft’s trim. In order to present a complete picture, a

small signal analysis was also conducted for this scheme in asimilar manner to the proposed

architecture and this is presented below.

Analysis

From Figure 5.9 it can be seen that for small pilot demands where the saturation elements

are assumed as unity gain

ut = Lus +M (r + up)

ut = (L+MKp) us +Mr (5.42)

asup = KPus

Also,

us = (Ks1r +Ks2y) (5.43)
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Now, replacingus in Equation (5.42) using the above relation,

ut = (L+MKp) [(Ks1) r + (Ks2) y] +Mr

ut = [(L+MKp)Ks1 +M ] r +

(L+MKp) (Ks2) y (5.44)

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

providing the following expression for
[

Ks1 Ks2

]

as

K1 = (L+MKp) (Ks1 +M)

Ks1 = (L+MKp)
−1 (K1 −M) (5.45)

and

K2 = (L+MKp)Ks2

Ks2 = (L+MKp)
−1K2 (5.46)

Equations (5.45) and (5.46) describe the transfer functionbased transformation formulae

that, once applied to the FA controller, would produce the series actuator compensator com-

ponent(Ks)(s) for this alternative LA architecture. In order to obtain thestate space based

solution the block diagram in Figure 5.10 was constructed.

K

K
K(s)

u  (t)’s
L KP

−1
u  (t)s

M

2

1

r(t)

y(t)

u  (t)p

+

+

+

−

β

Figure 5.10: Block diagram realisation - alternative scheme

and the following analysis was conducted to assess its validity.
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us = L−1 [K2y +K1r −M (r +KPus)]

[L+MKP ] us = K2y + (K1 −M)r

us = [L+MKP ]
−1
[

K1 −M K2

]





r

y



 (5.47)

Also, the following state-space realisations are assigned

K(s) ∼































ẋc = Acxc +
[

Bcr Bc

]





r

y





yc = ús = Ccxc +
[

Dcr Dc

]





r

y





(5.48)

KP (s) ∼







ẋp = Apxp +BpL
−1
[

ús −Mβ
]

yp = up = Cpxp +DpL
−1
[

ús −Mβ
] (5.49)

It can be seen from Figure 5.10 and the output equation of Equation 5.49,

β = up + r

β =
(

I +DpL
−1M

)−1 [
Cpxp +DpL

−1ús + r
]

(5.50)

The output equation part of the series actuator compensatoris given by

us = L−1 (ús −Mβ)

us = L−1
(

ús −M
(

I +DpL
−1M

)−1 [
Cpxp +DpL

−1ús + r
]

)

us = L−1
(

I +DpL
−1M

)−1
(ús −M (Cpxp + r)) (5.51)

and by replacing foŕus from Equation 5.48
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us = L−1
(

I +DpL
−1M

)−1



Ccxc + [Dcr Dc]





r

y



−M (Cpxp + r)





us = L−1
(

I +DpL
−1M

)−1
[Ccxc −MCpxp + (Dcr −M) r +Dcy] (5.52)

Similarly, by replacing forβ andús in the state equation in Equation 5.49 results in

ẋp = Apxp +Bp

[

L−1Λ [Ccxc −MCpxp + (Dcr −M) r +Dcy]
]

ẋp = BpL
−1ΛCcxc +

(

Ap − BpL
−1ΛMCp

)

xp +

BpL
−1Λ (Dcr −M) r +BpL

−1ΛDcy (5.53)

whereΛ = (I +DpL
−1M)

−1

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

ẋc = Acxc + [Bcr Bc]





r

y



 (5.54)

(5.55)

Thus, resulting in the following state space realisation for the series actuator compensator











ẋc

ẋp

us











=











Ac 0 Bcr Bc

BpL
−1ΛCc

(

Ap −BpL
−1ΛMCp

)

BpL
−1Λ (Dcr −M) BpL

−1ΛDc

L−1ΛCc −L−1ΛMCp L−1Λ (Dcr −M) L−1ΛDc



























xc

xp

r

y

















(5.56)

5.5 Conclusion

This chapter has proposed two approaches for transforming FA schemes into LA schemes,

and associated state-space formulae which allow these transformations have been developed.
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The key idea behind these transformations is that the LA schemes are considered as “stan-

dard” control schemes but withconstrainedinternal architectures (dictated by the series and

parallel actuators). The first transformation is useful in helicopters of today as most of their

LA systems are configured as assumed in the first scheme. Extensive use of the transfor-

mation will be made in the remainder of the thesis. The secondtransformation is appealing

conceptually and while it is not appropriate for current LA configurations it may be of in-

terest for future LA configuration, particularly LA systemswhich are implemented purely

“electronically”.
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Chapter 6

Linear limited authority simulation

This chapter describes the analysis and computer-based linear simulation of a LA controller

for the EH101 helicopter. These simulation results are tagged as linear because they are con-

ducted using the linear 25-state model of the EH101, although there are nonlinear elements

(i.e. magnitude and rate saturation) present in this architecture. It demonstrates the applica-

tion of the transformation formulae derived in Chapter 5 andshows how they can be used

to successfully realise a given FA controller in a LA architecture. Also, it explores the im-

portance of parallel actuators in a LA control system. In order to appreciate the importance

of parallel actuator controllerKp, the LA controller was analysed and comparedwith and

without the parallel actuator controller,Kp. The chapter’s main contribution is the extensive

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

6.1 Modifications to the full authority controller

Recall from Chapter 4, that the FA controller was multivariable and designed using the 2DOF

H∞ loop shaping technique as discussed in Chapter 2. The nonlinear flight mechanics model

was trimmed and linearised at several different design points throughout the flight envelope

and the 40kt/0ft/14200kg trim point was used for controllerdesign. The controller was an

ACAH controller in the pitch and roll channels and a RC controller in the yaw channel,

and the collective was left open-loop. The FA controller functioned well over the portion

of the flight envelope tested (0-120kts speed, 0-4500ft altitude, 11000-14200kg mass). The
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controller did not require scheduling with flight conditionand, although its responses de-

graded at points distant from the design point, it still enabled reasonably good responses to

be obtained.

Note that FA helicopters are driven by a reference, which is generated by the pilot’s inceptor

(i.e. stick or pedals). In practice this means that there must be a “scaling” or a gain which

takes the stick or pedal input and converts it into an appropriate reference demand for a FA

controller. For example if the pilot pushes the stick forward as much as possible, this must

then be converted to a maximum pitch attitude command for thehelicopter by a scaling in

the controller. In block diagram terms, this means that an extra block is inserted at the input

of the FA controller to generater from the stick/pedal displacements.

In LA architectures the situation is slightly more complex because the pilot’s stick/pedal

inputs act as both thereference demand generatorfor the series actuator controller, and a

direct swash-plate command via its connection to the mechanical interlinks. It is therefore

vital to ensure that the gain (or scaling) which converts stick/pedal displacement to reference

acts harmoniously with the capabilities of the mechanical interlinks. 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 associate±50% to∓30 deg in pitch,±60 deg in roll and∓45

deg/s in yaw rate. These input ranges in each channel are based upon the EH101 capability

and it effectively means that a50% pilot input is equal to−30 deg,60 deg and−45 deg/s

demand in longitudinal, lateral and directional channel respectively. Now, the FA controller

has the following state space realisation

ẋc = Acxc +
[

Bcr Bc

]





r

y





yc = Ccxc +
[

Dcr Dc

]





r

y



 (6.1)

and by incorporating the below diagonal matrix

Kref =











−0.6 0 0

0 1.2 0

0 0 −0.9
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into Equation 6.1, the FA controller is modified to

ẋc = Acxc +
[

BcrKref Bc

]





r

y





yc = Ccxc +
[

DcrKref Dc

]





r

y



 (6.2)

This above FA controller was used to obtain the time responses along with the total control

activity to a5% (-3 deg pitch attitude, 6 deg roll attitude and -4.5 deg/s yawrate) demand in

each channel (one channel at a time) and these are presented in Figures 6.1 (design point),

6.2,6.3, 6.4, 6.5 and 6.6 (off trim points). These plots provide the baseline set of small signal

FA responses that the LA architecture is desired to replicate. The control activity in these

plots is evidence of the high level of inter-axis coupling that is present in the helicopter model

with each inceptor being active even when not excited by the pilot. This activity shows the

decoupling capability of the controller and the degree of inceptor activity depends upon the

level of inter-axis coupling which in turn is related to the flight condition that helicopter is

operating at.
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Figure 6.1: FA response - 40kts/0ft/14200kg (Design point)
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Figure 6.2: FA response - 40kts/0ft/11000kg
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Figure 6.3: FA response - Hover/14200kg
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Figure 6.4: FA response - Hover/11000kg
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Figure 6.5: FA response - 80kts/2500ft/14200kg

125



0 2 4 6 8 10 12 14 16 18 20
−4

−3

−2

−1

0

1

2

Time [sec]

P
itc

h/
R

ol
l A

tti
tu

de
 [d

eg
], 

P
itc

h/
R

ol
l/Y

aw
 R

at
e 

[d
eg

/s
ec

]

 

 
25−state model θ
25−state model φ
25−state model r
25−state model q
25−state model p
Pitch Demand

Longitudinal response

0 2 4 6 8 10 12 14 16 18 20
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Time [sec]

C
on

tr
ol

 S
ig

na
l

 

 
Longitudinal Cyclic
Lateral Cyclic
Tail Rotor Collective

Total control activity

0 2 4 6 8 10 12 14 16 18 20
−8

−6

−4

−2

0

2

4

6

8

Time [sec]

P
itc

h/
R

ol
l A

tti
tu

de
 [d

eg
], 

P
itc

h/
R

ol
l/Y

aw
 R

at
e 

[d
eg

/s
ec

]

 

 
25−state model θ
25−state model φ
25−state model r
25−state model q
25−state model p
Roll Demand

Lateral response

0 2 4 6 8 10 12 14 16 18 20
−1

−0.5

0

0.5

1

1.5

2

Time [sec]

C
on

tr
ol

 S
ig

na
l

 

 
Longitudinal Cyclic
Lateral Cyclic
Tail Rotor Collective

Total control activity

0 2 4 6 8 10 12 14 16 18 20
−5

−4

−3

−2

−1

0

1

2

Time [sec]

P
itc

h/
R

ol
l A

tti
tu

de
 [d

eg
], 

P
itc

h/
R

ol
l/Y

aw
 R

at
e 

[d
eg

/s
ec

]

 

 
25−state model θ
25−state model φ
25−state model r
25−state model q
25−state model p
Yaw Demand

Directional response

0 2 4 6 8 10 12 14 16 18 20
−1

0

1

2

3

4

5

6

7

Time [sec]

C
on

tr
ol

 S
ig

na
l

 

 
Longitudinal Cyclic
Lateral Cyclic
Tail Rotor Collective

Total control activity

Figure 6.6: FA response - 80kts/4500ft/11000kg
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6.2 Linear simulation

This section describes the results of a series of simulations carried out using linear models of

the EH101 augmented with the proposed LA control system. Thenonlinear elements were

the series actuator saturation limits and the parallel actuators rate limits. These limits are

tabulated in Table 6.1 and it should be noted that they are given in percentages for consistency

and as required by the model. Although purely linear, these simulations give a good idea of

what can be expected in the nonlinear model and give a rough idea of the range in which the

LA functions well.

Variable Limit

Series actuator position limits (all channels)±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 the 40kts/0ft/14200kg flight condi-

tion and therefore the LA controller was also expected to perform best at this point. Most

results are presented for this flight condition, although for comparison purposes a small se-

lection of results at other flight conditions are also presented. Figure 5.3 shows the schematic

of the SIMULINK model that was used to obtain the results, whereG(s) represents the linear

helicopter dynamics,M andL represent the mechanical interlinks components as described

previously, andKs(s) andKP (s) represent the series and parallel components of the LA con-

troller respectively. The stick inputs,r(t) (interpreted as reference demands), were chosen

to be fairly clinical pulse inputs which gives a rough idea ofthe performance of the control

system.

The results were not only compared to the FA results but also to a LA controller which

only uses series actuation. This would assist in understanding the limitations of the series-

actuator only architecture and strengthens the case for theinclusion of parallel actuators in

the architecture.
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6.2.1 Series actuation only
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Figure 6.7: LA architecture - series actuators only

One of the issues that was highlighted in the previous chapter was that parallel actuators in

this architecture back drives the stick which could cause discomfort to the pilot. Thus, for the

purpose of comparing, it would be interesting to discover what a LA control system equipped

only with that series actuators (Figure 6.7) could achieve.This particular architecture (with

no parallel actuators) was also quite heavily used by [35, 33] and QinetiQ in their various

PAFCA trials and is comparatively simpler to implement. Theexpression for the series

actuator controller can be obtained simply by setting the parallel actuator controller,KP (s),

to zero. Thus, the expressions for
[

Ks1 Ks2

]

reduces to

Ks1 = (L)−1 (K1 −M) (6.3)

Ks2 = (L)−1 (K2) (6.4)

with the following state space realisation





ẋc

us



 =





Ac Bcr∆̃ Bc

L−1∆Cc L−1∆(Dcr −M) L−1∆Dc















xc

r

y











(6.5)

Note, that this arrangement means that the total blade angledemand is still the sum of the

mechanical control signal and the series actuator control signal, but, importantly, the parallel

actuators are not present to off-load the series actuators and this must be done solely by the

pilot. However, it is important to point out that the PAFCA trials illustrated some success

with this LA architecture.
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Figure 6.8: Longitudinal Response (5%)
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Longitudinal response (9.25%)
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Figure 6.9: Longitudinal Response (9.25%)

The LA controller designed with only series actuation was able to retain identical responses

to that of the FA controller for inputs of up to±8.5% (∓5.1 deg) in the longitudinal axis.

In Figure 6.8 an example response to a pulse demand of5.0% (−3.0 deg) is shown, that

confirms small signal behaviour matching. When the pilot demand is increased beyond

±8.5%, the performance degrades sharply and, excessive series actuator saturation causes

the response to become intolerable when input demands greater than±9.25% (∓5.55 deg)

are applied. An example response in Figure 6.9 to a demand of±9.25% (∓5.55 deg) and the

corresponding series actuator behaviour is shown in Figure6.10. These plots confirm that

the degradation is due to the longer periods of series actuator saturation.
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Figure 6.10: Series Actuator Response - Pitch channel
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Figure 6.11: Lateral Response (8%)

Lateral Response

This architecture showed similar behaviour in the lateral channel, however, with two impor-

tant differences: (i) performance identical to the FA architecture 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 system ableto tolerate reference demands of

up to about±20.0% before instability. This was mainly due to the lateral channel requiring a

low series actuator compensator activity compared to the longitudinal channel. This resulted

in the lateral channel series actuators not saturating as early as the longitudinal channel series

actuator. It is noted that this feature of the limited authority system is not surprising because

the series actuator limits are approximately the same in theroll channel as the pitch channel,
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Figure 6.12: Lateral Response (12%)
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Lateral response (18%)

0 2 4 6 8 10 12 14 16 18 20
−3

−2

−1

0

1

2

3

4

5

6

Time [sec]

C
on

tr
ol

 S
ig

na
l

 

 
Longitudinal Cyclic
Lateral Cyclic
Tail Rotor Collective

Total control activity (18%)

Figure 6.13: Lateral Response (18%)

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

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

craft, meaning that the series actuator saturates for higher pilot demands in the roll channel

than the pitch channel. Example of an identical FA response is shown in Figure 6.11 where a

stick demand of8.0% (9.6 deg) is applied. Degradation in the off-axis response, in particular

yaw rate, began to appear as the inputs were increased beyond±10.5%. Figures 6.12 and

6.14 show the response due to a lateral stick input of12.0% (14.4 deg). Note the largely un-

affected roll response with degradation in yaw rate response due to saturation of directional

channel series actuator. The roll attitude response is onlyaffected by the directional chan-

nel series actuator saturation when demands exceeding±17.0% (±20.4 deg) are applied.
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Series actuator response (8%)
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Series actuator response (12%)
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Figure 6.14: Series Actuator Response - Roll channel

Here both the directional and lateral channel series actuators experience saturation and this

is shown in Figures 6.13 and 6.14 that show response due to a roll attitude demand of18.0%

(21.6 deg). Recall, that the helicopter is a highly coupled vehicle with the roll and yaw axes

showing significant coupling. The controller is designed todecouple these responses, but

when actuator saturation occurs, the vehicle displays a combination of open and closed loop

properties and thus some of the cross coupling is exposed. The roll controller was designed

to ensure roll commands were followed with negligible impact on the yaw of the aircraft.

However, such behaviour required significant yaw actuator input since the helicopter natu-

rally yaws when it rolls. Thus, for a roll demand there is activity in both actuators and hence,

when the yaw series actuator saturated, the decoupling between the yaw and roll channels

was reduced, as may be expected.
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Directional Response

In the directional axis, identical response to FA system wasobserved up to a yaw rate demand

of ±7.0% (∓6.3 deg/s) and as the demands are increased beyond this, degradation in both

the on- and off-axis responses are observed. The example plot in Figure 6.15 shows the

yaw rate response and the total control activity to a pilot demand of5.0% (∓4.5 deg/s) and

the corresponding series actuator activity is shown in Figure 6.17. Similar to the other two

axes, identical responses are seen in the directional channel as long as the series actuator is

unsaturated. As the pilot demand is increased above the±7.0% limit, the actuator begins to

saturate and this directly starts to degrade the system yaw rate response. An example of this

shown in the yaw rate response (Figure 6.16) and the corresponding series actuator activity

(Figure 6.17) to a pilot demand of±9.0% (∓8.1 deg/s), and confirms that the degradation in

the responses is directly associated to the series actuatorsaturation.
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Figure 6.15: Directional Response (5%)

Summary

The maximum pilot demand in the longitudinal, lateral and directional channel that produced

identical FA response was±8.5% (∓5.1 deg),±10.5% (±12.6 deg) and±7.0% (∓6.3 deg/s)

respectively. The relatively low value for the maximum value was due to the series actuators

being loaded with all the work, causing premature saturation of these actuators. These results

showed the weakness of this particular design and also presented a problem that required
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Figure 6.16: Directional Response (9%)

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

architecture by the introduction of the parallel actuator and 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 theoretical results presented in Chapter 5 to

the EH101. In this case, the parallel actuators and an accompanying controller are included

in the LA framework. For this study, the parallel actuator controller was chosen as a scaled

integrator in each channel, in order to drive the series actuator outputs to zero and in com-

mon with some of the other LA architectures. Parallel actuator compensator are given the

following state-space realisation

ẋp =











1 0 0

0 1 0

0 0 1











ûp

yp = α











1 0 0

0 1 0

0 0 1











xp (6.6)

whereûp represents the input to the compensator. The choice ofα is of significant impor-

tance as it has a strong implication towards the success of this architecture. To begin withα

was chosen as0.05.
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Figure 6.18: Longitudinal Response (8%)
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Figure 6.19: Longitudinal Response (16%)
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Figure 6.20: Series Actuator Response

The presence of the parallel actuators increased both the range of pilot input that produced

identical FA system response, and the range of input that could be tolerated before the re-

sponse becomes unstable. These increased from±8.5% to ±12% (∓7.2 deg) and from

±9.25% to ±20% (±12 deg) respectively. An example of the response for small input de-

mand (8% (−4.8 deg)) is shown in Figure 6.18 and the corresponding series and parallel

actuator activities are presented in Figures 6.20 and 6.21.At this pitch magnitude, the series

actuators are active only for a short period of time. Also, note that the parallel actuator,

through its integral action, drives the mechanical links tobecome consistent with such a

demand and hence in steady state the series actuators are inactive.

Figures 6.19, 6.20 and 6.21 show the response to a larger demand of 16% (−9.6 deg). Note
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Figure 6.21: Parallel Actuator Response

that for this stick demand, the series and parallel actuators are saturated and rate-limited

respectively for longer and hence the response deteriorates. In particular, note that the rate-

limit of the parallel actuators prevent the swift off-loading of the series actuators and the

transient response suffers as a result. As the stick demand is increased, the series and parallel

actuators experience their respective saturations for longer periods of time, and the helicopter

reverts to open-loop type behaviour.
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Figure 6.22: Lateral Response (12%)

The behaviour of the roll-axis with the LA controller was similar to the pitch axis, but larger
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Figure 6.23: Lateral Response (20%)
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Series actuator response (20%)

Figure 6.24: Series Actuator Response

stick demands were tolerated before the response became unstable. The maximum stick

demand which could be applied to the system before minor deterioration started to appear

increased from±10.5% (with series-actuation-only) to±17% (±20.4 deg). For demands

above±17%, the deterioration in the response became worse, but these deteriorations are

bearable until a stick input of around±26% (±31.2 deg).

Figures 6.22, 6.24 and 6.25 show the response of the system with a stick input of12% (14.4

deg). The workload is shared between the series and parallelactuators in a similar manner

to the longitudinal channel with the series actuators beingheavily activated in the first few

seconds, followed by a slower parallel actuator response togradually drive the series actuator

control signal to zero. Note that, the yaw series actuator saturation which caused off-axis
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Parallel actuator response (20%)

Figure 6.25: Parallel Actuator Response

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

control scheme.

Figures 6.23, 6.24 and 6.25 show the response to a stick demand of 20% (26 deg). The slight

degradation in the response is explained by the series actuator saturation. It is also noted

that the parallel actuators experience rate-saturation for this level of stick demand, causing a

prolonged period of series saturation (as they are unable todrive the output to zero as quickly

as desired) and hence weakened performance.
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Figure 6.26: Directional Response (10%)
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Figure 6.27: Directional Response (20%)
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Figure 6.28: Series Actuator Response

The directional responses due to pedal inputs follow a similar pattern to the longitudinal and

lateral responses due to stick inputs. Using the parallel actuators allowed the maximum pedal

inputs applicable before response deterioration to be increased from±7% to ±15% (∓13.5

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

inputs of±27% (∓24.3 deg/s) are applied.

An example of a the system’s response to a low amplitude pedalinput is shown in Figures

6.26, 6.28 and 6.29. Despite some saturation of the series actuators, the parallel actuators

allow the LA controllers response to match the FA response. Without the parallel actuators,

the series actuators would remain in saturation much longerand would 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 6.27, 6.28 and 6.29. During this larger

input, there is rapid series actuator activity leading to saturation. However, due to the parallel

actuator rate-limits this activity cannot be attenuated asquickly by the parallel actuators and

hence persists for longer, leading to deterioration of the response. As the pedal inputs are

increased, the periods of series and parallel actuation magnitude and rate saturation increase,

respectively, and performance deteriorates further.

Design point results summary

The above results show that the inclusion of the parallel actuators in the LA architecture in

the manner proposed in this study leads to increased ranges of stick/pedal inputs that can

be applied without leading to grossly deteriorated response. Table 6.2 and 6.3 shows the

summary of these results. Note, the range of inputs which lead to responses identical to that

of the FA system has also increased. It is also interesting toobserve that the roll and yaw

channels appear to preserve tolerable rotorcraft behaviour for much higher levels of pilot

stick/pedal demands than the pitch channel mainly due to thelarger amount of saturation in

the pitch channel.
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Actuation Max pilot demand

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

Series ±8.5(∓5.1) ±10.5(±12.6) ±7(∓6.3)

Series plus parallel ±12(∓7.2) ±17(±20.4) ±15(∓13.5)

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(∓5.4) ±17(±20.4) ±10(∓9.0)

Series plus parallel ±20(∓12) ±26(±31.2) ±27(∓24.3)

Table 6.3: Maximum pilot input for stable LA response

6.2.3 Other choices for parallel actuator controller

The parallel actuator controller,KP (s) is crucial for deciding the workload split between

the series and parallel actuators. Large gain values ofKP (s) imply that the parallel actuator

will attempt to off-load the series actuators as swiftly as possible, but also implies increased

instances of parallel actuator rate-limiting. Excessive parallel actuator activity can also be

irritating to the pilot. On the other hand, low parallel actuator gains imply that the series

actuator is responsible for most of the control and stabilising task and is likely to saturate

more due to less assistance from the parallel actuator. Thissection investigates the effect of

different values ofα.

Output Matrix Gain α > 0.05

For this set of resultsα was set to0.5 which meant that the parallel actuators are expected to

be more active and also try to off-load the series actuators more rapidly than before. Figure

6.31 shows an example response using this value ofα for a longitudinal stick demand of

10% (-6 deg). The parallel actuator was observed to be working intheir saturated (rate-

limited) state from the start of this manoeuvre and due to this the series actuators were also,

although momentarily, pushed above their saturation limit. The oscillations in the pitch

attitude response when compared to the response obtained for α = 0.05 (Figure 6.30) were
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Parallel actuator response

Figure 6.30: Longitudinal Response (10%) (α = 0.05)

predominantly due to parallel actuator saturation. This also meant that the range of pilot

demands that produced identical or stable FA response was smaller than whenα was set to

0.05.

Output Matrix Gain α < 0.05

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

series actuator. This set of results was generated by settingα to 0.005. In the limit asα → 0,

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

also analysed for the same10% stick demand in the longitudinal axis as before and is shown

in Figure 6.32 along with the series/parallel actuator activity. Again, the helicopter response

is degraded compared to whenα is set to0.05. This was mainly due to the series actuators
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Figure 6.31: Longitudinal Response (10%) (α = 0.5)

experiencing longer saturation periods as the parallel actuator was slower in returning the

series actuator signal to zero.

Similar patterns as the longitudinal channel were also observed with the lateral and direc-

tional channels. A summary of these results is presented in Table 6.4. High gain values

gave the parallel actuators more workload that made them prone to rate saturation, whereas

a low gain value meant that the series actuators were more prone magnitude saturation due

to excessive workload. The above explanation justifies the choice ofα value as0.05 a good

compromise that provides a satisfactory division of work toboth series and parallel actua-

tors without making either of them susceptible to prematuresaturation. This of course does

not take into account whether the pilot is comfortable with this level of parallel actuator

interference, and would have to be tuned from helicopter to helicopter.
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Figure 6.32: Longitudinal Response (10%) (α = 0.005)

Value of α Max pilot demand

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

0.005 ±9(∓5.4) ±12(±14.4) ±8(∓7.2)

0.05 ±12(∓7.2) ±17(±20.4) ±15(∓13.5)

0.5 ±4.5(∓2.7) ±5(±6) ±10(∓9)

Table 6.4: Maximum pilot input for a identical response withvariation to value ofα

6.2.4 Robustness

In a similar manner to the FA analysis, in order to form a broader understanding of the ro-

bustness property of LA controller, it was essential to simulate the LA controller at different

flight conditions. The controller was analysed at various flight conditions 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 - 0kts/0ft/11000kg.

3. Hover, heavy - 0kts/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 was analysed. Throughout the flight

envelope, identical FA responses were observed in both the longitudinal and the lateral chan-

nels for approximately similar magnitude range of pitch androll attitude demands respec-

tively. The only discrepancy was seen in the directional channel, where the range increased

from to ±6.3 deg/s at low speed/low altitude to±10.8 deg/s at hover and dropped signifi-

cantly to±2.43 deg/s at the high speed/high altitude condition. A similar pattern was noticed

after the inclusion of parallel actuator with both longitudinal and lateral channels producing

identical FA responses for approximately the same range of pilot demands as at the design

point. However, the directional channel again showed a reduction to the range of pedal de-

mand that could be applied for an identical FA response at high speed/high altitude condition

from ±13.5 to ±8.1 deg/s. Overall, it could be concluded that the above LA controller is

fairly robust towards flight condition changes especially in the longitudinal and lateral chan-

nel. A summary of these results are presented in Tables 6.5 and 6.6.

Figures 6.33, 6.34, 6.35, 6.36 and 6.37 present the LA responses to a pulse demand of5%,

i.e. −3 deg in longitudinal,6 deg in lateral and−4.5 deg/s in directional, to each of the

channel one at a time. These responses confirm LA controller’s ability to reproduce the

FA responses, not only at the design point but also at other trim conditions and this was

observed by comparing these to the FA responses presented earlier in the chapter (Figures

6.2 to 6.6). The baseline FA controller presented in Chapter4 was designed usingH∞ loop

shaping methodology that guarantees robustness against coprime factor uncertainty which is

believed to be a highly comprehensive type of uncertainty description. The transformation

methodology presented in Chapter 5 has assisted to obtain a LA controller that has retained

the robustness property of this baseline FA controller.
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Flight Condition Max pilot demand

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

40kts/00ft/14200kg ±8.5(∓5.1) ±10.5(±12.6) ±7(∓6.3)

40kts/00ft/11000kg ±8.7(∓5.22) ±10.2(±12.24) ±7(∓6.3)

Hover/14200kg ±9.8(∓5.88) ±9.4(±11.28) ±11.5(∓10.35)

Hover/11000kg ±9.3(∓5.58) ±9.6(±11.52) ±12(∓10.8)

80kts/2500ft/14200kg ±9.4(∓5.64) ±9(±10.8) ±2.5(∓2.25)

80kts/4500ft/11000kg ±9.5(∓5.70) ±8.75(±10.5) ±2.3(∓2.07)

Table 6.5: Series actuation robustness and summary

Flight Condition Max pilot demand

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

40kts/00ft/14200kg ±12(∓7.2) ±17(±20.4) ±15(∓13.5)

40kts/00ft/11000kg ±12(∓7.2) ±16(±19.2) ±14(∓12.6)

Hover/14200kg ±12(∓7.2) ±18(±21.6) ±16(∓14.4)

Hover/11000kg ±12(∓7.2) ±17(±20.4) ±15(∓13.5)

80kts/2500ft/14200kg ±12(∓7.2) ±15(±18) ±9.5(∓8.55)

80kts/4500ft/11000kg ±12(∓7.2) ±12(±14.4) ±9(∓8.1)

Table 6.6: Series and parallel actuation robustness summary

6.3 Conclusion

This chapter has described the responses achieved using the25-state linear model after the

transformation formulae was applied. The results from an architecture that utilises only the

series actuator activity were also shown to illustrate the advantages of using parallel actuators

in LA architectures. The maximum pilot demand in the longitudinal, lateral and directional

channel using series actuation alone was observed to be±8.5(∓5.1 deg),±10.5(±12.6 deg)

and±7(∓6.3 deg/s) respectively. Applying the parallel actuators improved upon the limit

on the maximum pilot demand that could be applied for an identical FA response by 135%,

148% and 200% in the pitch, roll and yaw channel respectively. It was also observed that

maximum pilot input that ensured a stable, not identical, response improved by a further

25% and 38% in the longitudinal and lateral stick deflectionsrespectively and 81% in the
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pedal demand. The results in this chapter showed a more than satisfactory functioning of the

proposed LA architecture throughout the flight envelope. These responses allowed for a fair

prediction of the helicopter performance and are further substantiated by the nonlinear and

handling qualities evaluation presented in the next chapter.
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Figure 6.33: LA response - 40kts/0ft/11000kg
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Figure 6.34: LA response - Hover/14200kg

150



0 2 4 6 8 10 12 14 16 18 20
−5

−4

−3

−2

−1

0

1

2

3

4

Time [sec]

P
itc

h/
R

ol
l A

tti
tu

de
 [d

eg
s]

, P
itc

h/
R

ol
l/Y

aw
 R

at
e 

[d
eg

s/
se

c]

 

 
25−state model θ
25−state model φ
25−state model r
25−state model q
25−state model p
Pitch Attitude Demand

Longitudinal response

0 2 4 6 8 10 12 14 16 18 20
−2.5

−2

−1.5

−1

−0.5

0

0.5

1

1.5

Time [sec]

C
on

tr
ol

 S
ig

na
l

 

 
Longitudinal Cyclic
Lateral Cyclic
Tail Rotor Collective

Total control activity

0 2 4 6 8 10 12 14 16 18 20
−20

−15

−10

−5

0

5

10

15

20

Time [sec]

P
itc

h/
R

ol
l a

tti
tu

de
 [d

eg
s]

, P
itc

h/
R

ol
l/Y

aw
 R

at
e 

[d
eg

s/
se

c]

 

 
25−state model θ
25−state model φ
25−state model r
25−state model q
25−state model p
Roll Attitude Demand

Lateral response

0 2 4 6 8 10 12 14 16 18 20
−2

−1

0

1

2

3

4

5

6

Time [sec]

C
on

tr
ol

 S
ig

na
l

 

 
Longitudinal Cyclic
Lateral Cyclic
Tail Rotor Collective

Total control activity

0 2 4 6 8 10 12 14 16 18 20
−10

−5

0

5

Time [sec]

P
itc

h/
R

ol
l A

tti
tu

de
 [d

eg
s]

, P
itc

h/
R

ol
l/Y

aw
 R

at
e 

[d
eg

s/
se

c]

 

 
25−state model θ
25−state model φ
25−state model r
25−state model q
25−state model p
Yaw Rate Demand

Directional response

0 2 4 6 8 10 12 14 16 18 20
−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

2.5

3

Time [sec]

C
on

tr
ol

 S
ig

na
l

 

 
Longitudinal Cyclic
Lateral Cyclic
Tail Rotor Collective

Total control activity

Figure 6.35: LA response - Hover/11000kg
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Figure 6.36: LA response - 80kts/2500ft/14200kg
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Figure 6.37: LA response - 80kts/4500ft/11000kg
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Chapter 7

Nonlinear simulation and quantitative

ADS-33 analysis

The results presented thus far have been based on the 25-state linear model and while they

do represent the EH101’s behaviour to a certain extent, and provide a good initial assessment

of both the FA and LA controller’s performance, the large signal results in particular may be

somewhat inaccurate. This chapter presents the results obtained using the nonlinear EH101

model which should assist to make a more accurate appraisal of both controller’s perfor-

mance. These are further complemented by an evaluation of quantitative handling qualities

information against the design standard ADS-33.

7.1 Full authority simulation results

Sensor measurements

stick
Pilot

Controller
Nonlinear

Dynamics
Helicopter

Interface
FA

FAK

Linear to Nonlinear
Modification

output
Controller

angle commands
Total blade

Nonlinear EH101 schematic

Total blade
angle commands

Sensor measurements

stick
Pilot

Controller Helicopter
Dynamics

Linear

Linear EH101 schematic

Figure 7.1: Linear and Nonlinear FA architecture comparison

This section describes the nonlinear simulation results obtained with the FA controller de-
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scribed in Chapter 4. The structure of the control system is essentially the same as in the

linear case, with some slight differences due to the inclusion of a mechanical mixer, or “FA

interface” in the nonlinear model. In addition, because thenonlinear simulation is inherently

a four-axis simulation model, the collective stick - which was not considered in the earlier

linear simulations - was included in the simulation set-up,although was set to zero. Thus

the main difference between the linear and non linear model is the FA interface which is a

nonlinear device, that converts rotor jack positions into the corresponding blade angle com-

mands. Thus, for the nonlinear simulation the controller must generate demands in terms of

jack positions rather than blade angle commands.

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

in Figure 7.1. The right hand figure shows the situation in thelinear case. The left hand

figure shows the nonlinear set-up. In the left hand figureKFA represents a matrix gain

which converts the controller output (blade angle commands) into jack commands, which

are accepted by the FA interface.KFA represents the inverse of the steady-state gain of

the linearised FA interface. Note, that because the dynamics are fast, at small blade angle

commands,K−1
FA is a very good approximation of the FA interface and thus the components

in the dashed box in the left hand diagram of Figure 7.1 are essentially equal to the identity

and thus the linear controller functions virtually identical to the linear case. However, for

larger blade angle demands, the nonlinearity of the FA interface means that some differences

between the linear and nonlinear simulations are evident.

Based on the linearisation of the FA interface,KFA was thus chosen as

KFA =

















−2.74 0.53 −3.03 0

1.01 2.59 −3.03 0

2.37 −1.46 −3.03 0

0 0 0 −3.14

















(7.1)

During the nonlinear analysis, the linear controller was not only tested for varying flight

conditions but also for different magnitude and direction of pilot demands. While it is not

possible to present an analysis of all flight conditions and all inputs, this section describes

simulation results from several differing flight conditions for the heavier EH101 configura-

tion (14200kg) - 0kts/0ft (hover), 40kts/0ft (design point) and 80kts/2500ft (high speed/high
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altitude). The trim values at these flight conditions are listed in Table 7.1.

Trim values

Trim point θ0 φ0 ψ0 q0 p0 r0 u0 v0 w0

0kts/0ft 6.8 -3.4 0 0 0 0 0 0 0

40kts/0ft 7.4 -1.2 0 0 0 0 20 0 2.6

80kts/2500ft 5.1 0 0 0 0 0 42 2.4 3.7

Table 7.1: Trim points and variables values

7.1.1 Longitudinal response (pitch-down)

The nonlinear analysis of the longitudinal channel began with a series of pitch-down pulse

demands of varying magnitudes that were applied in a similarway as in Chapter 4. Figure 7.2

shows the helicopter responses at the controller design point due to pitch attitude demands

of 5% (−3 deg), 20% (−12 deg) and50% (−30 deg). Not surprisingly, the response to

small amplitude pilot demands (up to15% (−9 deg) are identical to those predicted by the

linear simulation in Chapter 4. As the pilot demands increase to moderate amplitude (up to

30% (−18 deg), the helicopter behaviour is broadly similar to that predicted by the linear

behaviour especially the short term response. The long termresponse, 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 deteriorate dramatically, but there are

noticeable differences in the finer behaviour. One such difference is the development of a

“kink” in the pitch rate response that resulted in a higher degree 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-right pulse demands. The responses to

inputs of5% (6 deg),20% (24 deg) and40% (48 deg) at the design point are shown in Figure

7.3. Overall, the on-axis responses were in good agreement with the linear simulations in

terms of their time response features. The roll attitude andthe off-axis responses for a small
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demand of up to10 deg are clearly in agreement to the linear predictions. As the demand

increases up to30 deg, the coarse behaviour is similar to the linear prediction. However,

roll rate response develops the previously highlighted “kink” which could be discomforting

for the pilot. At 48 deg roll demand, the on-axis response shows minimum deterioration

with only the long term response showing some discrepancy. However, 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 range ofyaw rate demands. The responses

to pulse demands of5% (−4.5 deg/s),20% (−18 deg/s) and50% (−45 deg/s) at the design

point are presented in Figure 7.4. For small amplitude demand, the yaw rate response is

in broad agreement with the linear prediction, however, minor discrepancies in terms of the

larger overshoot and the higher degree of coupling are observed. The response did not show

any significant deterioration up to pedal demands of−10 deg/s, however at larger pedal

inputs,−20 deg/s and greater, minor deterioration in tracking were observed.

Design point results summary

Overall, the responses at the design point have shown that for low magnitude stick/pedal

inputs, the nonlinear small signal responses were essentially true to their linear predictions.

At larger pilot demands minor deteriorations began to appear, but mainly in the off-axis

responses. Also, inter-axis coupling was similar to that observed during the linear analysis

for low amplitude signals and was severe at large pilot inputs. These discrepancies in the

nonlinear responses were mainly due to the differences between the linearised 25-state model

of the EH101 and the full nonlinear dynamics of the helicopter.

7.1.4 Robustness

Apart from the design point, the controller was also analysed at other flight conditions. It

is of definite interest to investigate how the robust stability indications, obtained from lin-

ear analysis, affected the robust performance of the nonlinear system. Figures 7.5, 7.6 and

157



7.7 illustrates the pulse demand responses in the longitudinal, lateral and directional channel

respectively at the hover condition. For consistency, the off-design point responses are also

shown for the same range of pilot demands as the design point.In the longitudinal channel,

the responses for small amplitude pitch demands matched thecorresponding linear predic-

tions. The helicopter’s behaviour at larger pilot demands was broadly similar, particularly

in terms of short period response features, to their respective linear prediction. The long

term behaviour, on the other hand, showed slightly “bumpier” activity than that seen at the

design point. In the lateral channel, the responses for low amplitude roll demand were again

in agreement with their predictions. As the roll demand was increased up to25% (30 deg),

degradations were mainly noticeable with off-axis responses, especially with roll rate re-

sponse. The tail rotor collective input begins to saturate beyond30 deg roll attitude demand,

however, the on-axis response remains satisfactory and saturation mainly results to exag-

gerated coupling into yaw and pitch rate responses. In complete contrast to the above two

channels, the directional channel responses at hover condition did not see any deterioration

with changes in the yaw rate demand, although, an overshoot larger than the linear responses

was observed.

Figures 7.8, 7.9 and 7.10 illustrate the pulse input responses in the longitudinal, lateral and

directional channel respectively at the high speed/high altitude flight condition. The lon-

gitudinal responses for small pitch demands were again identical to their linear prediction.

On-axis gross attitude acquisition deteriorates as the demands increase in magnitude. Off-

axis responses, mainly pitch rate, also showed an exaggerated presence of the discomforting

“kink”, as observed at other flight conditions. Lateral channel responses remain, by and

large, in agreement with the linear prediction at all the tested roll demands, particularly the

on-axis response. Off-axis response, mainly roll rate, showed a greater deterioration as the

roll demand is increased from5% (6 deg) to40% (48 deg). The directional channel on-axis

response, for small yaw rate demands, were also in agreementto their predictions, whereas

the off-axis responses showed significantly more coupling than their prediction. Tail rotor

collective saturation occurred as yaw rate demand was increased to20% (−18 deg/s) which

effectively caused a sharp transient in the on-axis response as well as some corresponding

deviation in the off-axis responses. Generally, the off-axis was observed to be quite poor

even without the above saturation.
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Overall, small signal analysis of the nonlinear model showed that the helicopter’s coupling

characteristics were in agreement with linear predictions, but for larger inputs significantly

higher cross coupling was observed. For instance, a demand of 50% (−30 deg) in the longi-

tudinal channel showed an increment from12% to 28% (Figure 7.2) in roll rate response. In

the lateral case, a maximum coupling of32% (Figure 7.6) was observed at the hover condi-

tion for a roll attitude demand of40% (48 deg). The directional channel showed the highest

degree of coupling during the high speed/high altitude flight condition analysis ((Figure 7.10)

where a maximum coupling of35% was observed. Overall, the linear controller was highly

effective against inter-axis coupling, although there were instances, such as the ones men-

tioned above, where performance degraded and the level of coupling could be discomforting

for the pilot.

7.1.5 Note on symmetry

Helicopter behaviour has the tendency to vary from one flightcondition to another predom-

inantly due to the variation in dynamics. The analysis presented thus far had examined the

helicopter responses forpositivepilot demands, however, due to their nonlinear nature, sub-

tle differences were expected between these responses and those obtained fornegativepilot

demands. This section will present the set of responses obtained for negative pilot demands

and analyse their symmetry to those obtained in the previoussections.

Longitudinal response (pitch-up)

At low magnitude stick deflections, up to5%, the off-axis response characteristics for pitch-

up demands were found to be symmetrical to the pitch-down demands. On-axis responses

were comparable in terms of their rise time and overshoot characteristics, however, there

was a small error in terms of fine response tracking behaviour. As the pitch-up demand was

increased to20% (12 deg) the fine tracking feature suffered further acquiring slightly oscil-

latory type behaviour. At increased pitch demand magnitudes, i.e. from20% (12 deg) to

50% (30 deg), the on-axis response showed improvement with the magnitude of the above

oscillations notably reduced. The symmetry in responses for low magnitude pilot demand

and the asymmetry at larger magnitudes were observed at the other flight conditions as well.
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Although the responses for positive and negative pilot demands were found to be asymmetri-

cal in their fine tracking behaviour, the linear FA controller was capable of producing stable

responses with a good rise time and minimal overshoot for thefull set of pitch attitude de-

mand (−30 to+30 deg). A sample of pitch-up responses along with pitch-down response of

the same magnitude is presented in Figures 7.11, 7.12 and 7.13.

Lateral response (roll-left)

At low magnitudes of roll attitude demands, both the on- and off-axis performances had

similar time response features for roll-left and roll-right situations. As the magnitude was

increased to20% (24 deg), small discrepancies with fine tracking began to appearin roll-left

responses. The off-axis performance remained symmetricalfor both roll-left and right de-

mands. Increasing the demand magnitude further saw a greater amount of discrepancy with

the roll-left responses which showed larger overshoot along with an exaggerated presence

of the “kink” that was observed in roll rate response during the linear analysis. This trend

of symmetrical responses for low magnitude demands and asymmetrical response at larger

magnitudes was observed at other flight conditions as well. Asample 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 in Figures 7.17, 7.18 and 7.19. These

responses remained broadly symmetrical to the right pedal demands in terms of their short

term features, with a few notable discrepancies in their finetracking properties. Coupling

into other channels due to left pedal demands was observed tobe significantly more than right

pedal demands. The analysis was also extended to other flightconditions and it was observed

that at the hover flight condition, the responses to left pedal demands were symmetrical to

the right pedal demands up to a magnitude of35% (31.5 deg/s). During the high speed/high

altitude flight condition analysis, it was noted that the responses for low magnitude left pedal

input remained broadly symmetrical to right pedal inputs with minor discrepancies in fine

tracking properties. At a left pedal input of20 deg/s a sharp transient is observed in the

on-axis response due to the saturation of tail-rotor collective signal and this behaviour is
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symmetric to the on-axis response for a right pedal demand of20 deg/s. As the demand is

increased to the maximum pedal press the quality of responseis degraded with the tail-rotor

collective signal saturating for longer periods.

7.1.6 Summary

The above results have shown good, but not perfect, agreement between the linear predic-

tions from Chapter 4 and the actual nonlinear FA controller performance. It was also noticed

that, in the simulations very small (e.g. less than 0.1 unit peak to peak) persistent oscillations

occurred in variables such as sensed CG acceleration, rotorspeed and angular velocity (r).

This does not appear to be an instability associated with thecontroller, however, it is be-

lieved that these oscillations are most likely a manifestation of the rotor passing frequency,

as the rotor is modelled as an individual blade rotor rather than with the disc approximation

normally used. The controller’s robustness and counter cross-coupling properties extended

to the nonlinear realm as well and satisfactory results wereobtained at the tested flight con-

ditions. In terms of symmetry in responses, the linear controller was able to adapt to the

variation in helicopter characteristics and maintained consistent time response features for

both positive and negative demands.
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Figure 7.2: Nonlinear pitch attitude response - 40kts/0ft
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Figure 7.3: Nonlinear roll attitude response - 40kts/0ft
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Figure 7.4: Nonlinear yaw rate response - 40kts/0ft
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Figure 7.5: Nonlinear pitch attitude response - 0kts/0ft

165



0 2 4 6 8 10 12 14 16 18 20
−8

−6

−4

−2

0

2

4

6

8

Time [sec]

P
itc

h/
R

ol
l A

tti
tu

de
 [d

eg
], 

P
itc

h/
R

ol
l/Y

aw
 R

at
e 

[d
eg

/s
ec

]

 

 
25−state model θ
25−state model φ
25−state model r
25−state model q
25−state model p
Roll Demand

Lateral response (5%)

0 2 4 6 8 10 12 14 16 18 20
−0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

Time [sec]

C
on

tr
ol

 S
ig

na
l

 

 
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

Total control activity (5%)

0 2 4 6 8 10 12 14 16 18 20
−40

−30

−20

−10

0

10

20

30

Time [sec]

P
itc

h/
R

ol
l A

tti
tu

de
 [d

eg
], 

P
itc

h/
R

ol
l/Y

aw
 R

at
e 

[d
eg

/s
ec

]

 

 
25−state model θ
25−state model φ
25−state model r
25−state model q
25−state model p
Roll Demand

Lateral response (20%)

0 2 4 6 8 10 12 14 16 18 20
−4

−2

0

2

4

6

8

10

12

14

Time [sec]

C
on

tr
ol

 S
ig

na
l

 

 
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

Total control activity (20%)

0 2 4 6 8 10 12 14 16 18 20
−80

−60

−40

−20

0

20

40

60

Time [sec]

P
itc

h/
R

ol
l A

tti
tu

de
 [d

eg
], 

P
itc

h/
R

ol
l/Y

aw
 R

at
e 

[d
eg

/s
ec

]

 

 
25−state model θ
25−state model φ
25−state model r
25−state model q
25−state model p
Roll Demand

Lateral response (40%)

0 2 4 6 8 10 12 14 16 18 20
−20

0

20

40

60

80

100

Time [sec]

C
on

tr
ol

 S
ig

na
l

 

 
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

Total control activity (40%)

Figure 7.6: Nonlinear roll attitude response - 0kts/0ft
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Figure 7.7: Nonlinear yaw rate response - 0kts/0ft
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Figure 7.8: Nonlinear pitch attitude response - 80kts/2500ft
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Figure 7.9: Nonlinear roll attitude response - 80kts/2500ft
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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/0ft
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Figure 7.12: Nonlinear pitch attitude symmetry - 00kts/0ft
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Figure 7.13: Nonlinear pitch attitude symmetry - 80kts/2500ft
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Figure 7.14: Nonlinear roll attitude symmetry - 40kts/0ft
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Figure 7.15: Nonlinear roll attitude symmetry - 00kts/0ft
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Figure 7.16: Nonlinear roll attitude symmetry - 80kts/2500ft
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Figure 7.17: Nonlinear yaw rate symmetry - 40kts/0ft
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Figure 7.18: Nonlinear yaw rate symmetry - 00kts/0ft
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Figure 7.19: Nonlinear yaw rate symmetry - 80kts/2500ft
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7.2 Limited authority simulation results

This section presents the results obtained using the nonlinear EH101 model which should

provide a more accurate appraisal of the LA controller’s performance. In addition to the

standard nonlinear FM, this model incorporates nonlinearities which are present in the me-

chanical interlinks. This second source of nonlinearitiesis noteworthy because the mathe-

matical derivation ensuring identical small-signal performance for the FA and LA controllers

is based on the assumed linearity of these interlinks. This assumption is not quite satisfied

here and small differences are expected, even in the small signal performance. The results

presented here are compared to the linear (i.e. based on the linear EH101 model) LA pre-

dictions from Chapter 6 that would indicate the success of the linear LA controller within

a nonlinear environment. These results were also compared to the FA responses that were

seen in the previous section to give an indication of how wellit copes with both the internal

(series and parallel actuator saturation) and external (nonlinear 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/0ft

The nonlinear model was initially analysed for low magnitude pitch-down demands - an

example response to a pitch-down demand of5% (3 deg) is shown in Figure 7.20. It was

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

to the linear LA response. The series and parallel actuator responses at the5% demand are

presented in Figures 7.22 and 7.23 respectively, and their performance was also observed to

be identical to the linear analysis. The “noise” like feature in the control activity is in fact a

simulation artefact due to the nonlinear model of the helicopter that uses an individual blade

element of the rotor rather than the normal disc model. They are present throughtout the

nonlinear responses, however, they are more exaggerated inthe above plot due to the low

y-axis scale. The nonlinear responses only began to differ from their linear predictions at

demands of8% (−4.8 deg) and greater as the nonlinearity within the model becamemore

dominant at these demands. Also, as the series and parallel actuators did not saturate at this

demand magnitude, it ensured that the nonlinear LA responses were identical to the nonlinear

FA responses. However, this similarity began to deteriorate at pitch-down demands greater

than12% (7.2 deg) and this was due to the series actuators saturating for short periods. The

pitch attitude limit at which the series actuators started saturate was not influenced by the

nonlinearities in the system.

Once the pitch channel was subjected to larger pilot demands, degradations became more

evident in the responses and the level of agreement with the nonlinear FA responses weak-

ened further. These deteriorations were predominantly dueto the magnitude saturation of

series actuators. This is illustrated through the plots in Figure 7.21 that show the response to

a pitch demand of14% (−8.4 deg) along with the corresponding series and parallel actuator

responses in Figures 7.22 and 7.23 respectively. As the stick demand 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 rate limiting which affects their

ability to drive the series actuator output to zero, hence prolonging the periods of magnitude

saturation and causing the helicopter to revert to more open-loop type behaviour. The max-

imum pitch demand that produced a tolerable longitudinal response was found to be18%

(−10.8 deg) and, as expected, was lower than the linear prediction of 20% (−12 deg).

7.2.2 Lateral responses (roll-right)

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

was able to accommodate a larger amount of pilot stick deflection. 16.0% (19.2 deg) was
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Figure 7.24: Nonlinear LA roll attitude response - 40kts/0ft
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Figure 7.25: Nonlinear LA roll attitude response - 40kts/0ft

the maximum roll attitude demand that produced lateral responses that were true to their

linear predictions. This also was the limit where the LA responses began to differ from the

nonlinear FA responses and was similar to the demand limit that was observed during the

linear LA analysis. Nonlinearities due to unmodelled dynamics did not influence the limit

of applicable roll attitude demand for an identical nonlinear FA response. For roll attitude

demands greater than16.0%, minor deteriorations began to appear, however, these werenot

significant enough to class the response as unstable. Instabilities in the form of open-loop

type behaviour were only observed once roll demand magnitude greater than24.0% (28.8

deg) were applied.

Figures 7.24, 7.26 and 7.27 show the lateral channel response and 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 demand of 8.0% (9.6 deg). The workload

was shared between the series and parallel actuators in a similar manner to the longitudinal

channel with the series actuators being heavily active during the first few seconds, followed

by a slower parallel actuator response to gradually drive the series actuator control signal to

zero. Also presented in the above figures is the response and the series and parallel actuator

activity to a larger roll attitude demand of20% (24 deg). The slight degradation observed in

the roll attitude response is caused by both series and parallel actuator saturations. Compar-

ing the actuator responses for the above demands, it was noted that as long as the parallel

actuators were not rate limited they were able to drive the series actuators to zero and make

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

drive the lateral channel series actuator to zero, hence causing longer periods of saturation

and the corresponding deterioration in the response. Also,in spite of the differences in the

linear and nonlinear models, the parallel and series actuators did not saturate earlier than the

linear analysis. This resulted in a maximum applicable rollattitude demand of24.0% (28.8

deg).

7.2.3 Directional response (right pedal forward)
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Figure 7.28: Nonlinear LA yaw rate response - 40kts/0ft
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Figure 7.29: Nonlinear LA yaw rate response - 40kts/0ft

Unlike the longitudinal and lateral channels, the low magnitude yaw rate responses were not
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in total agreement to their respective linear predictions,as an undershoot of2.0% was noticed

in the nonlinear responses. This undershoot was also observed during the nonlinear FA

responses, therefore, despite being dissimilar to the linear predictions the directional channel

produced identical nonlinear FA responses up to a pedal input of 14% (−12.6 deg/s). Again

in spite of the presence of nonlinearties, this limit was observed to be similar to that observed

during linear LA analysis. An illustration of this small signal performance is presented in the

example plot in Figure 7.28 that shows the response to a pedalinput of 10% (−9.0 deg/s).

Figures 7.30 and 7.31 show the corresponding series and parallel actuator behaviour and

the plots show the workload being shared between the actuators. Here as well, the series

actuators show significant activity at the initial stage andthen the slower parallel actuators

take over to ensure that the series actuator activity is reduced to zero.
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Figure 7.30: Series actuator response

Figures 7.29, 7.30 and 7.31 show the response to a pedal inputof 24% (−21.6 deg/s). During

larger inputs as well (such as the one shown in the example plot), the series actuators display

a fast initial activity, however as the parallel actuators are also saturated, they are further held

back in their ability to drive the series actuator’s output to zero and the directional channel

series actuator remained saturated for longer periods of time. As the demand magnitudes

were increased, the series and parallel actuators in the other channels were also saturated,

thus deteriorating the responses to open-loop type behaviour. The maximum applicable yaw

rate demand for a stable response was noted as26% (−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 responses achieved due to the varying magni-

tudes of stick and pedal inputs. At low magnitude pilot demands, these responses, except

the directional channel, were in agreement to their linear predictions and at larger demands,

where the nonlinearities were more severe, insignificant tosignificant discrepancies were

observed between the linear and nonlinear responses. Also,the limits on applicable pilot

demands for identical nonlinear FA responses were observedto be similar to those predicted

during the linear LA analysis. The discrepancies at larger pilot demands were tolerable to

a certain demand level and at demands greater than these limits the helicopter reverted to a

more open-loop type behaviour. Overall, it was observed that there was a pilot demand range

level that matched the FA responses and a larger level of demand range where the responses

were different, but, stable and these limits are summarisedin Table 7.2.
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Figure 7.32: Nonlinear LA responses - 0kts/0ft
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7.2.4 Robustness

In a similar manner to the linear analysis, other flight conditions were also considered in

order to examine the robustness property of the LA controller. Recall, during linear analysis,

it was predicted that the longitudinal and lateral responses (at the off-design operating points)

matched their respective linear FA responses until saturation. The maximum stick input

before the helicopter reverted to open-loop behaviour was noted be consistent for all the flight

conditions. The only discrepancy was in the directional channel where the system reached

instability for very low pedal inputs at the particular operating 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 responses at the off-design operat-

ing points of 0kts/0ft and 80kts/2500ft respectively. At the hover flight condition, for low

magnitude pilot demands all the channels were true to their respective linear predictions. As
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the demand magnitudes were increased, the level of discrepancy between the linear predic-

tions and the nonlinear responses was more significant. In terms of matching the nonlinear

FA responses the maximum pilot demand in each channel was around the same value. This

was also true for the values of pilot demands that guaranteedstable but non-identical re-

sponses. At the high speed/high altitude flight condition similar trends were observed. The

only anomaly was observed in the directional channel because at a significantly low pedal

input of10% (−9.0 deg/s) and without any series and parallel actuator saturation the yaw rate

response reverted to open-loop behaviour. This anomaly wasalso predicted during the linear

LA analysis. The limits obtained at the other tested flight conditions are listed in Tables 7.3

and 7.4.

7.2.5 Note on symmetry

There are certain differences expected, as seen in the FA analysis, between the responses

obtained for positive pilot demands to the responses obtained for negative pilot demands

due to the nonlinear nature of helicopter dynamics. Symmetry of responses for the EH101

helicopter has already been analysed during the FA controller analysis and it thus becomes

important to also assess the capability of the LA controllerin replicating the FA responses

due to negative pilot demands.

Longitudinal response (pitch-up)

At low magnitude stick inputs, i.e. below5% (3 deg), both the on- and off-axis features of

the pitch-up responses were generally similar to that of thepitch-down responses. As the

magnitude was increased, the responses to positive and negative demands started to differ.

The maximum stick input for identical nonlinear FA responseduring pitch-down analysis

was noted as10% (6 deg) and during pitch-up analysis this limit was noted to be14% (8.4

deg). This pitch-up limit was lower than the limit predictedduring linear LA analysis. Also, a

stable response, not identical to the nonlinear FA responses, was achievable up to a maximum

pitch-up demand of17% (10.2 deg). These differences between the pitch-up and pitch-down

responses is further illustrated in Figure 7.34 which showsthe response to pitch inputs of

15% and−15%. The response to the15% pitch-up demand showed less degradation as
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compared to the pitch-down response. There was also a greater level of similarity observed

with the pitch-up response to the nonlinear FA response. At the hover condition, an identical

FA response was achievable up to a pitch-up demand of13% (7.8 deg) and the maximum

limit for a tolerable response, was noted to be17% (10.2 deg). The limits on the applicable

pilot demands at the high speed/high altitude flight condition was also observed to be around

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

Lateral response (roll-left)

The roll responses were generally symmetrical at all flight conditions. A notable difference

was seen at the design point where the maximum roll-left demand for a stable response was

observed to be18% (21.6 deg) which was lower than the roll-right limit of28.8 deg. This

lower limit for negative roll demand is further illustratedin Figure 7.35, where the responses

to the roll inputs of20% and−20% are presented. This comparative plot shows the greater

deterioration in roll-left response and this was predominantly due to the early saturation of

series actuators. Other flight conditions also experiencedpremature saturation during roll-

left analysis which then resulted in a lower limit on roll-left demands for a stable response.

Directional response (left pedal forward)

At low magnitude pedal inputs, i.e. below10%, both positive and negative yaw rate re-

sponses showed identical short term features. However, theleft pedal input response devel-
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Figure 7.35: Nonlinear LA roll attitude symmetry - 40kts/0ft

oped a significant transient just after4 seconds (Figure 7.36) that caused some tracking error

in performance. As pedal demand magnitude was increased, the responses to positive inputs

showed minor degradations and the responses to negative demands showed an improvement

(Figure 7.37), as a quicker recovery of the error in trackingwas observed. Once the series ac-

tuators have reached magnitude saturation, the level of degradation in the off-axis responses

was a lot stronger for negative yaw rate demands. The exampleplot in Figure 7.37 presents

the response to a pedal input of−15% (13.5 deg/s) and comparing this to the response to a

demand of15% shows this elevated level of off-axis degradations in the former. Generally,

the pedal limits that guaranteed identical nonlinear FA response were unchanged for all flight

conditions. This was also the case for the limits that guaranteed a stable response. The irreg-

ularity was again observed in the high speed/high altitude flight condition where the range

of pilot demands was significantly smaller.

7.2.6 Summary

The nonlinear LA results presented here have been predominantly true to their linear pre-

dictions. At low magnitude pilot demands, the LA architecture is capable of preserving

the FA behaviour. However, there was a maximum pilot input limit beyond which minor

degradations began to appear in the performance. Furthermore, these degradations were

only tolerable up to a certain extent. The limit for both identical and tolerable nonlinear

responses was observed to be similar to that predicted during the linear analysis in Chapter
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Figure 7.36: Nonlinear LA yaw rate symmetry - 40kts/0ft
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Figure 7.37: Nonlinear LA yaw rate symmetry - 40kts/0ft

6. It was particularly noteworthy that FA type behaviour waspreserved by the LA controller,

for small pilot demands, across the flight envelope. The LA controller was also capable of

reproducing the FA controller’s counter cross-coupling and symmetry in response properties

to a satisfactory level.

Tables 7.3 and 7.4 present the maximum stick/pedal input that could be applied in order to

produce an identical FA response and a stable (non-identical) response respectively, with

respect to changes in flight conditions. It can be seen from the values that the longitudinal

and lateral channel limits are consistent with variation inflight conditions. The directional

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

Thus far the analysis of both the FA and LA controller has beenbased on time domain
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Max pilot demand

Flight Condition Pitch attitude%(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 attitude%(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 Qualities Toolbox [34] was used

to supplement the above computer aided controller designs in order to integrate handling

qualities provided by the pilot into the complete design andanalysis cycle.

195



7.3 Handling qualities rating assessment

The Aeronautical Design Standard (ADS)-33 document details the guidelines for assessing

the performance of helicopter control system. The documentprovides both quantitative and

qualitative criteria for evaluation of such systems; some require pilot comments, however

there are those that are based on either simulated responsesor flight test results. The results

presented here were produced by utilising the following quantitative criteria (discussed in

Chapter 3):

1. small amplitude input response - short-term assessment is conducted by deducing the

bandwidth and phase delay parameters and mid-term assessment concerns the damping

factor at frequencies below the bandwidth found earlier,

2. moderate amplitude input response - handling qualities are assessed from the ratio of

peak rate to peak attitude change for different magnitude ofchange in attitude,

3. large amplitude input response - ratings are provided by the maximum demand that

could be applied to control system before the responses become unstable, and

4. inter-axis coupling - ratings are judged based on the level of interactions between the

channels.

7.3.1 Small amplitude input criteria

The small amplitude ADS-33 criteria are essentially those which assess the response of the

helicopter to small amplitude pilot demands where the helicopter behaves in an essentially

linear manner. For such small amplitude pilot commands, themagnitude and rate-limits

of the series and parallel actuators respectively, are not excited and thus, according to the

formulae presented in Chapter 5, the FA and LA control laws behave identically. Thus, this

section presents results from the ADS-33 small amplitude assessment of the FA controller

and this alone is necessary since for these small inputs, theLA controller behaves in exactly

the same manner.

The small amplitude handling quality assessment involved calculating the bandwidth and

phase delay parameters using the 25-state linear model of the EH101. Bandwidth is defined
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by the frequency at which the phase has fallen to−135 deg and phase delay is the measure-

ment of the rate of change of phase with frequency beyond thisbandwidth frequency. To-

gether these two parameters are used to quantify the controller’s tracking performance and

generally, designers seek to achieve a high bandwidth alongwith a low phase delay. Table

7.5 shows the bandwidths, phase delays and handling qualitylevel induced in the rotorcraft

at various flight conditions by the FA controller. It shows that both bandwidth and phase

delay values remain consistent throughout the flight envelope. Figure 7.38 depict the calcu-

lated ADS-33 handling qualities for the pitch and roll channels in the combat/target tracking

scenario (the most demanding environment), in fully attended operations (UCE (usable cue

environment) = 1) and for other divided attention operations (UCE> 1). UCE defines the

type of environment that the helicopter is operating and it allows to quantify the HQR given

by the pilot, where UCE> 1 represents degraded environment conditions where the pilots

attention may be divided [3]. Also, yaw channel results for combat and fully attended op-

erations scenarios are shown in Figure 7.39. The values showthat the controller bestows

Level 1 handling qualities in the most demanding of environments and that, as far as these

measures are concerned, appreciable degradation does not occur as the flight conditions are

altered. It is important to note that the values presented here are only predictions based on

linear models and on-axis responses. Although, at the beginning of the project it was en-

visaged that there would be opportunity for piloted simulation results in which a test pilot

would assess the controllers using various ADS-33 criteriaon the AgustaWestland simulator.

For a number of reasons this did not materialise and with the project coming to a completion

there was no real opportunity to do this. However, previous studies such as [65, 66, 67, 85]

have indicated good correlation between predicted and achieved bandwidths and phase delay

during piloted simulations.

A damping factor of at least0.35 is required in the pulse responses in order to satisfy mid-

term Level 1 handling qualities criterion [50]. The 2 DOFH∞ loop shaping methodology

was capable of inducing damping factor of0.7, 0.8 and2.0 in the pitch, roll and yaw chan-

nels respectively. This ensured a damping factor that was well above the requirement for a

Level 1 handling quality. Overall, the small amplitude demand criteria predicted that the FA

controller induced a Level 1 handling quality.
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Flight condition Axis Bandwidth Phase Delay Handling Quality

Combat 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 quality ratings

7.3.2 Moderate amplitude input criteria

The moderate amplitude requirements are also known asattitude quickness. It is a ratio of

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

handling qualities levels. This criteria is structured in such a way that the over and under

shoot characteristics of the attitude response will ensurepoor handling quality rating. It is

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

response types, which compared to ACAH response types tend to offer more agility to the

response at the expense of stability [54]. Attitude quickness is expected to be degraded here

as the response type sought here is attitude control and in such response types stability of

responses is given priority over agility.

The moderate amplitude analysis of the longitudinal channel was conducted for pitch attitude

demands ranging from5% to 50%. The predicted longitudinal attitude quickness with both

FA and LA controllers along with the ADS-33 requirement levels are shown in Figure 7.40.

It can be seen that the Level 2 requirements was satisfied in this channel by the FA controller

at all tested flight conditions and this behaviour was also replicated by the LA controller. It

should be noted, that LA analysis was limited to a maximum pitch attitude demand of18%

(10.8 deg), as the helicopter reverted to open loop type response at larger demands. The

attitude quickness values for the longitudinal channel with both FA and LA controllers are

summarised in Tables 7.6 and 7.7 respectively.

The lateral channel analysis was conducted for roll attitude demands from8% to 50%. At the

lower end of this range, attitude quickness criteria for Level 1 handling quality are stricter

and relax for larger roll attitude demands. The attainable lateral attitude quickness at various

flight conditions along with the ADS-33 requirements are shown in Figure 7.41. It shows

that for low attitude demands the FA controller is only capable of inducing Level 3 handling

quality and as the demand magnitude is increased (beyond35 deg) the induced handling

quality improves to Level 1. As the helicopter reverts to open loop 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

0kts/00ft/14200kg

Attitude quickness 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

mands greater that25% (30 deg) due to the complexities in the LA controller architecture

the moderate amplitude analysis for the LA controller was only conducted to this limit. The

LA controller, prior to system instability, was only capable of inducing a Level 3 handling

quality at all the flight conditions. Attitude quickness values for the lateral channel are sum-

marised in Tables 7.8 and 7.9.
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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

0kts/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 longitudinal and lateral channels, Level

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

As the controller in this study was designed to seek an ACAH type response, i.e. focus

more on stability than agility, from the helicopter, attitude quickness levels were expected

to be degraded and are not as integral as the other categoriesin judging the ability of such

controllers. Degradation in the values was predominantly due to the high damping factor

induced by the controllers which effectively slowed the responses. The response speed and

in turn attitude quickness could be increased by reducing the damping factor, however, this

would then reduce the controller bandwidth and degrade the handling quality levels induced

at other criteria.

7.3.3 Large amplitude input criteria

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

judges the capability of the two controllers at situations where these approximations are no

202



0 10 20 30 40 50 60
0

0.5

1

1.5

2

2.5

Attitude deg

R
ol

l r
at

e/
R

ol
l a

tti
tu

de
 1

/s
ec

 

 

LEVEL 1

LEVEL 2

LEVEL 3

40kts/00ft/14200kg
00kts/00ft/14200kg
80kts/2500ft/14200kg
120kts/2500ft/14200kg

Roll attitude quickness - FA

0 5 10 15 20 25 30
0

0.5

1

1.5

2

2.5

Attitude deg

R
ol

l r
at

e/
R

ol
l a

tti
tu

de
 1

/s
ec

 

 

LEVEL 1

LEVEL 2

LEVEL 3

40kts/00ft/14200kg
00kts/00ft/14200kg
80kts/2500ft/14200kg
120kts/2500ft/14200kg

Roll attitude quickness - LA

Figure 7.41: Roll attitude quickness

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

0kts/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

Table 7.8: FA roll attitude quickness

longer valid. The handling qualities level in the large amplitude category is judged by the

maximum pilot demand that can be applied before the helicopter becomes unstable. The

maximum required pilot demand varies depending upon the task to be performed and these

are divided into following categories - limited agility task, such as hover; moderate agility

task, such as slalom; aggressive agility task, such as sidestep and; target acquisition and
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Flight condition Roll demand (%)

5 10 15 20 25

40kts/00ft/14200kg

Attitude quickness 1.19 1.19 1.18 1.15 1.11

Handling quality 3 3 3 3 3

0kts/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 maximum pilot demand in order to

satisfy Level 1 and 2 large amplitude criteria is shown in Table 7.10 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 requirement

With the FA architecture, Level 1 rating was predicted in thepitch channel for all four cat-
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egories as a stable helicopter response was achievable up tothe required maximum demand

of ±30 deg. The lateral channel produced a stable response up to a roll attitude demand of

±60 deg and this corresponded to a Level 1 rating in all the agility categories. The direc-

tional channel produced a stable response for maximum pedalinput of ±45 deg/s and this

corresponded to a Level 2 rating for aggressive agility and Level 1 for limited to moderate

agility category. This analysis was further extended to other flight conditions as well and it

was noted that the longitudinal and lateral channels predicted the same Level as at the design

point. The directional channel, however, showed a discrepancy in only the high speed/high

altitude flight condition where the maximum demand was observed as±20 deg/s. This limit

corresponded to borderline Level 2 handling quality in aggressive agility category and Level

1 in moderate to limited agility categories. A summary of theFA results 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 ±60 ±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 saturation, the maximum pilot demand

before instability (at the design point) was observed to±10.8 deg, −24/28.8 deg, and

−23.4/24.3 deg/s, in the longitudinal, lateral and the directional channel respectively. As

a consequence the handling quality rating for limited agility tasks was Level 1 for direc-

tional and lateral channels and Level 2 for longitudinal channel. Whereas, for moderate to

aggressive agility large amplitude analysis predicted Level 2-3. The longitudinal and lateral

channels predicted the same handling quality levels at other flight conditions as well. How-

ever, the directional channel showed a large drop in maximumapplicable demand at the high

speed/high altitude flight condition which resulted in degradation in the predicted handling

quality level. Overall, a low handling quality level was expected for LA architecture as the
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limit of applicable pilot demands was restricted by the series and parallel actuator saturation

limits. A summary of the LA results at the design point are tabulated 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, i.e. the manner in which pitch is

affected by roll, and vice-versa. It states that for a Level 1handling quality the ratio of roll

attitude due to pitch attitude commanded change following ainput should not exceed0.25.

Table 7.13 presents the pitch to roll and roll to pitch coupling values with both FA and LA

controller at selected flight conditions. Although, the FA controller produces comparatively

lower values than LA, all values are below the Level 1 requirement of0.25. The multivariable

characteristics ofH∞ loop shaping control law were effectively responsible for countering

inter-axis coupling and inducing optimum handling qualities to the helicopter.

7.3.5 Summary

This section has presented the quantitative ADS-33 predictions of both the FA and LA con-

troller. The small amplitude short-term and mid-term assessments have shown that Level 1

handling qualities can be achieved in pitch, roll and yaw, creating a high bandwidth, stable

control platform. The test for the controller’s effectiveness against inter-axis coupling also

predicted a Level 1 handling quality rating. Moderate amplitude (attitude quickness) analy-

sis showed that the FA controller was capable of inducing a Level 2 handling quality in the

longitudinal and a Level 3-to-1 in the lateral channel with increase 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

0kts/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 quality level in the longitudinal channel

as the FA controller, however, in the lateral channel the induced handling quality level was

maintained at Level 3. The degraded level of handling quality was expected because the

controller was designed with more emphasis on stability anddamping than quickness. Fi-

nally, FA controller was capable of inducing predominantlya Level 1 handling quality in

all three channels during the large amplitude demand analysis. The maximum applicable

demand in LA architecture was only a percentage of the full scale stick deflection which

meant that the LA controller could only induce Level 2/3 handling quality depending upon

the task to be performed. Overall, the ADS-33 evaluation predicted a reasonably good level

of handling quality rating for both the FA and LA controllers, although the controllers were

not specifically designed to meet the ADS-33 requirement.

7.4 Conclusion

This chapter has presented the nonlinear simulation responses along with a quantitative ADS-

33 analysis of both the FA and LA controllers for the EH101 helicopter. The nonlinear FA
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responses have positively substantiated the application of 2DOFH∞ loop shaping method.

The linear controller, as shown in Chapter 4, was designed using an 8-state approximation

of the EH101 helicopter and was highly effective in providing stable responses for the en-

tire flight envelope without the aid of gain scheduling. However, minor deteriorations were

noticed at the extremes of pilot demand range. The low inter-axis coupling emphasized the

multivariable nature of the chosen methodology.

The nonlinear LA responses acquired by implementing the linear controller that was de-

signed using the transformation formulae described in Chapter 5 agreed with the linear re-

sponses seen in Chapter 6 in terms of the maximum applicable pilot demand that produced a

stable response. Also the small signal responses obtained using the LA controller were iden-

tical to the respective FA responses, thereby giving support to the transformation method.

The maximum applicable pilot demands and the responses to demands up to that limit were

quite consistent throughout the flight envelope which further highlighted the effectiveness of

the transformation formulae in preserving the robustness and counter coupling properties of

the linear FA controller.

The ADS-33 analysis yielded interesting results. Not surprisingly, it revealed that in the

small amplitude tests both FA and LA controllers performed similarly well, with both con-

trollers bestowing Level 1 handling qualities ratings on the rotorcraft. Furthermore, it was

also seen and perhaps this was a little more surprising and encouraging that, provided the pi-

lot demands were not excessively large, both the LA and FA controllers were able to achieve

good large signal handling qualities on the aircraft, although the FA system was superior in

this respect due to the absence of the various actuator limits. Perhaps the most surprising

aspect of the ADS-33 analysis was the poor performance of both controllers in the moder-

ate amplitude attitude quickness tests, where both controllers performed to Level 3, which

indicates quite poor performance. As noted earlier this wasmay be due to the ACAH na-

ture of the control laws and, perhaps, also due to the nature of the attitude quickness test

which is somewhat crude in nature (one might argue that it “rewards” poorly damped control

systems since their quickness can be greater than better damped systems). Thus, due to the

emphasis on stability and damping in design, both FA and LA systems did poorly in this test.

Thus, despite some varied handling ratings, the LA and FA controllers were both thought to

perform reasonably well in the ADS-33 tests, with the FA obviously showing superiority in
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some aspects due to the absence of troublesome series/parallel actuator limits. It should also

be noted that the controllers were not specifically designedto satisfy ADS-33 requirements

and therefore, more fine tuning of the controllers could improve their associated ratings.

Overall, the advantages ofH∞ loop shaping methodology are evident from the results. The

transformation formula was able to preserve the robustnessand counter-coupling properties

of the FA controller in the LA architecture. Small signal performance matching verified

the effectiveness of the proposed LA design. However, thereare avenues that should be

explored, such as anti-windup compensation for enhancing the proposed LA architecture

further, especially in improving the large signal performance. Also, it is important to note

that the designs had not considered the pilot in the loop and this human 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 of a systematic method for constructing

LA flight control systems. The proposed method has been applied to a realistic case-study:

the AgustaWestland EH101 helicopter. Traditional LA architectures have tended to provide

helicopters with basic stability augmentation and have tended to be designed in quite “mys-

terious” ways. In particular, the treatment of the parallelactuators in the design of such

systems has not been theoretically satisfactory. The results in this thesis demonstrate how

a given FA controller can be implemented in a LA architecturein a completely methodical

manner, allowing the LA system to take advantage of the FA system’s “optimum” perfor-

mance, at least for small pilot demands. It is hoped that the results here provide a useful

approach for practitioners wishing to design LA systems andtherefore will allow current he-

licopters to benefit from some sort of FA performance withouta complete overhaul of their

fight control systems. The main outcomes of the study are described below.

8.1.1 Design of a robust FA controller

This study was essentially divided into two halves with the initial phase involving the design

of a robust FA control system for the EH101 helicopter. The FAcontroller was designed

using 2DOFH∞ loop shaping methodology due to its capability to deal with multivariable
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systems that are subjected to uncertainties and also because they provide robust stabilisation

to coprime factor uncertainty description. Coprime factoruncertainty description is ideal for

representing uncertainties in helicopters as they are capable of representing unstable plants

and they also allow sensible description of lightly damped resonant poles - both scenarios

are highly likely within helicopters. The FA controller wasdesigned using an 8-state linear

representation of the EH101 helicopter and this was tested across the entire flight envelope

using both linear and nonlinear models.

Main outcomes

Desktop simulation results from the FA architecture, alongwith quantitative handling quality

ratings analysis, have validated the choice of methodologyas the controller designed using

the 8-state linear model was capable of producing highly satisfactory responses throughout

the helicopter flight envelope. Moreover, this was achievedwithout the aid of gain schedul-

ing. These results have demonstrated the potential desirable flying qualities achievable by a

FA FCS. Some of the notable advantages of this system over itsLA counterpart, normally

used in FCS design, is that the FA system allows good performance to be achieved even

at high levels of pilot command and there is no point at which asuddendegradation of

performance occurs due to series/parallel actuator saturation. Therefore, even in aggressive

piloting situations, the pilot can always rely on the FA controller to deliver acceptable decou-

pling and response types; this is considerably more difficult, or impossible, to achieve with

a LA controller with the types of series/parallel actuator limits present in typical helicopters

today.

8.1.2 Derivation of the transformation formulae

The second phase of the study included the proposal of a LA architecture along with a

systematic formulae that would take the above FA controller, or any arbitrary 2DOF FA

controller for that matter, and “transform” it to acquire anequivalent LA controller. It is

important to note that the formulae presented here accountsfor the presence of the parallel

actuators in the architecture and they are somewhat more involved than the more simplified

approaches used in [35] and [85]. Parallel actuators are used to drive the steady state series

211



actuator output to zero and is of critical importance in LA architectures. With this in mind

two design schemes were presented. The first scheme uses the stick datum (pilot demand

+ parallel actuator output) as the reference demand to the electronic controller. Although,

this architecture is commonly observed within current helicopter hardware, there are certain

disadvantages (i.e. complex internal loop and pilot stick back drive) due to the point at which

the parallel actuator output is included. An alternate scheme was also presented, where the

pilot stick demands are fed directly to the electronic controller without interference from

the parallel actuator output. The advantage of this scheme is that the architecture is simpler

with no complex internal loop issues. It would be difficult toimplement this scheme within

current generation of helicopter hardware, however, it is considered to be feasible for an

electronic implementation of LA architectures, and would also prevent the pilot’s stick from

being back-driven. Therefore, the first scheme was chosen asthe proposed architecture for

the LA control system analysis.

The transformation formulae were applied to the above FA controller and the resultant LA

control system was analysed using both linear and nonlinearmodels of the EH101 across the

entire flight envelope. This provided an opportunity to compare the responses from the two

architectures in order analyse the capability of the proposed LA architecture in replicating

the FA behaviour.

Main outcomes

The transformation formulae derived in this study providesa systematic method for the con-

struction of LA architectures that would encompass the small signal behaviour of an arbitrary

FA controller. This is of significance because, apart from the studies like [33], [35] and [84],

there has been little in the way of methodical and rigorous theory that would assist the design

of LA control systems.

Parallel actuators were highly significant in this architecture as they were directly involved in

the series actuator compensator design process, whereas inprevious 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 a nonlinear flight mechanic

model provided by AgustaWestland. For small pilot commandsboth control systems showed

desirable to adequate performance across the tested portion of the flight envelope, despite

no gain scheduling being employed. Moreover, for moderately sized pilot inputs, it was

seen that the LA controller was still able to furnish the helicopter with adequate response

types, although the series/parallel actuator saturation obviously degraded the response when

compared with the FA system. Such extensive simulations arebelieved 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 at large pilot demands due to the strict lim-

itations on series actuator authority. As seen with the responses in this study, saturation can

degrade performance and also with unstable plants it could compromise closed loop stability.

Although parallel actuators are used in the proposed architecture to offload the series actua-

tors by driving their steady state output to zero, they themselves are subject to rate-limiting

that introduces more nonlinearity into the system, which further degrades the performance.

As mentioned in the introduction, during saturation the helicopter shows unstable behaviour

and becomes more difficult to fly. In order to limit this performance degradation anti-windup

(AW) compensators form a possible solution. AW compensators are driven by the differ-

ence between the saturated and unsaturated series actuatorsignals and remains inactive until

saturation occurs. However, during saturation the compensator becomes active and tries to

artificially reduce the controller input to drive the controller output below the saturation level.

All AW literature assume that the control system architecture is FA and various AW schemes

have been put forward which can guarantee stability of such closed loop systems [18]. The

challenge with LA architecture is not as simple because of the complex interactions between

the PFCS and the AFCS control inputs. However, with the aim topreserve performance

and also to have a large stability domain, it is known that AW compensators go some way
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towards this, although it is hard to calculate this explicitly.

Piloted simulation

Due to the role of the pilot in control and stabilisation for large demands, a necessary next

stage in the assessment of these results is piloted simulation. This will enable the determi-

nation of acceptable levels of parallel actuator activity and it may be the case that the level

determined by simulation in this report is too high for a typical pilot to feel comfortable.

However, a redesigned parallel actuator controller leads to a simple series actuator controller

re-design using the formulae provided here.

Parallel actuator study

Another point worthy of investigation is the situation, which is currently implemented in the

EH101, where the parallel actuators are only active when no pilot input is applied. In this

case, the parallel actuators do not assist in pilot-in-the-loop tasks and purely act to stabilise

the trim position. Preliminary investigation of this architecture suggested that controllers

similar to those proposed here appear to perform reasonablywell, but as the parallel actuators

are only active for zero pilot commands (stick/pedals centred), the tracking performance

degrades significantly. In this case, the tracking control effort is governed purely by the series

actuator controller and it makes sense to design the series actuator controller independently

of the parallel actuator controller.

Also important in the parallel actuator study would be to findalternative strategies to de-

sign the highly critical parallel actuator compensator,KP . In this study,KP was chosen as

bank of integrators that was required to drive the series actuator output in each channel to

zero in steady state. Although the compensator was successful in accomplishing its main

objective, it was believed that its performance could be optimised further. For instance, the

current bank-of-integrator structure, while simple, offers little flexibility for tuning the par-

allel actuator compensator. As with classical control system design it might be beneficial

to add lead-lag elements to the controller to allow more refinement in system performances.

Similarly, as the parallel actuator controller is, by nature, multivariable, additional improve-

ment could be made by making the controller non-diagonal. Finally, the parallel actuator
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controller could also be designed by optimisation techniques, such asH∞ , in order to obtain

even better performance - although at the expense of significantly increasing the complexity

of the parallel actuator control system
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