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Abstract. This work proposes a set of validation/evaluation maneuvers to evaluate controller performance and
robustness through simulation, thus helping to ensure that any redesign occurs in early stages of the development, if
necessary. The main idea is to check the validity of the design model and controller, thus giving the user information
on which criteria have been violated, as well as an indication of a possible solution to the problem detected during
validation/evaluation. The importance of this work is to exhibit approaches which might reduce the complexity of
control laws and the overall control system design project. To define a set of such maneuvers, specific aircraft mission
and flight conditions are considered. The paper initially presents a brief overview on aircraft handling qualities. With
the help of this background, an explanation is given why the chosen maneuvers are relevant to controller evaluation.
After a justification of maneuver choice, an example is introduced to illustrate controller assessment. The case study
considers a primary longitudinal control law design for a business aircraft. The overall goal of thiswork isto point out
criteria to decide which maneuvers are important to evaluate a controller, that fit into a procedure for development
which isthe most general possible, independently of the type of controller used.
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1. INTRODUCTION

When a modern aircraft is created, it is necessamyesign a set of controllers that will help thewnsystem to
accomplish its mission. This set of rules is caliight Control Law (FCL).

The success of a flight control law design dependsponly on aircraft dynamics (stability and car but on how
comfortable, safe and easily it is handled by tiet.pHowever, concepts like these, besides beingestive, are
difficult to express in terms of control theory. ihg several years of research, criteria were ape that propose to
link the pilot's assessment to design (Hodgkind®99). In general, these criteria are characterm@ednalysis of the
design result, off-line simulations and simulatiovith pilot-in-the-loop.

Flight and handling qualities are properties treatify how comfortably and precisely the airplams\waers to pilot
commands during a specific task. Because thesesgirep are evaluated in terms of pilot opinionds ihecessary to
find alternative quantitative descriptions to azalyhem. This analysis takes into account the afirctass, the flight
phase category and the quality level required abttte aircraft dynamic characteristics accomgligir mission.

The FCLs are established with the development efsystem, and should be structured such that theawtions
can be done quickly and accurately at any stagleeofiesign.

The most important decisions are made when thegtrghilosophy is established. However, is not giyaossible
to know all the variables involved in the procesd &'s only possible to discover a problem in atheal stages of the
design.

In phases like flight simulation, the cost to rageshe gains is high and should be avoided. Orssipdity is to
create a phase of validation in early design stabfes main idea is to specify important flight pesisind define criteria
and requirements to evaluate the controller. Thaskwroposes to define a set of criteria and maeeuthat will be
useful in the evaluation of the longitudinal cotigoin several flight phases.

This paper begins with a technical background tokviogether with an overview of handling and flightalities. It
will discuss the main considerations that justifg imethod chosen to evaluate the handling quatitiesria. After this,
a brief introduction is given on the importancetlod maneuvers in the validation of a flight conteok design. The
next section presents a case study to apply theopea criterion. A few situations will be presentedassess the
robustness criterion. Finally, conclusions unté #ttual point and next steps to -finalize thiskhane listed.

2. HANDLING AND FLIGHT QUALITIES

Both civil and military aircraft have frequently dr@ using systems with augmented stability and cexnpl
commands to aim at improving the aerodynamic dexreémt and to decrease pilot workload and, conselyyusnpply
a minimum of handling quality to the pilot.

George Cooper and Raymond Harper defined Handlinglities (HQs), in 1969, as: "Those qualities or
characteristics of an aircraft that govern the easkprecision with which a pilot is able to penfothe tasks required in
support of an aircraft role."
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Mooij et al, 1982, goes on to split handling queditinto criteria and requirements. Handling gieditcriteria are
defined as design guidelines for use by contralesysiesigners and authorities, whereas the custegairements for
airworthiness have to be demonstrated to the matiibn authorities as having been met and mayuppated by the

criteria.

The handling qualities can be categorized baseth@mircraft class (based on size, weight and mamability),
flight phase categories and level of acceptahbiitgomplete the mission, as described in the Tab. 1

Table 1. Aircraft classifications according to thelass, flight phase and level of acceptability

Class

Class | — small,

Class Il — medium weight,
low-to-medium

Class Il — large, heavy,
low-to-medium

Class IV - high
maneuverability

light aircraft maneuverability aircraft maneuverability aircraft aircraft

Category A - non-

Ferm'nal phage, Category B - non-terminal | Category C - terminal phase,
. involving rapid : . . ) )

Flight phase maneuvering phase, involving gradual involving tight flight path
categories precision track and maneuvering like cruise or | control like landing or take-
: climb off
or flight path
control
Level 2 - the flight qualities | Level 3 - the aircraft can be

Levels of Level 1 - the flight | are adequate for the mission controlled, however, due to

acceptability
to conclusion
of mission

qualities are clearly
adequate for the
mission flight phase

flight phase, but there is a
significantly increase in
pilot's workload or a loss of

significantly increase in
pilot's workload mission
effectiveness is seriously

effectiveness damaged

While the HQs are dedicated to specify a set afgtihat ensure the fulfillment of the mission witmimum safety
and quality for pilot and crew, the Flight Qual#ié-Qs) are defined by Ashkenas, 1984, as "theadtingroperty where
the pilot can totally explore his potential and elepment during a large gamma of missions and tasgiteout the
aircraft limits produce any controllability problemaircraft".

Considering the longitudinal motion, the FQs atateal the two distinct characteristics: the shad the phugoidal
period modes. The phugoid modes can be easilyatatdrby the pilot, while the short period moddsjat adequately
managed during the design, can be critical in theenverability. Because of this, the behaviourasttmller, pilot and
aircraft must be consistent. It isn't admissiblat tin aircraft doesn't have good short period dyegmnthus this paper
focuses on in these characteristics to chooseppriated handling quality criteria for them.

3. CRITERIA TO EVALUATE HANDLING QUALITIES

After a brief introduction about flight and handjimualities, the choice of relevant criteria anduieements is
outlined in this session.

MIL-STD-1797A presents several criteria to evaluatndling qualities. But, this variety enables aietst of
choices, and of when to use each criterion is ret understood. Thus the flight control designeithaut a proper
handling qualities background or without experienoéght use too many criteria, incurring in oversfieation and
even obtaining contradictory results. A common exams the use of the CAP criterion with non-cortieamal
response types.

According Saussié et al, 2006, the HQ criteria loardivided in three categories: modal, frequenay @mporal
criteria. The modal criteria deal essentially witle damping ratios of the aircraft natural modis: phugoid and the
short period modes. The Control Anticipation Pareem¢CAP) is an additional criterion blending thatural short
period frequency and the corresponding zero. Téguiency criteria correspond to an analysis in thguency-domain
and the Bandwidth criterion is an example of ttagegory. Finally, there are time-domain criterialsas the Gibson
Dropback criterion. These criteria are chosen logKor those that provide a suitable measure optlod's ability to
control the aircraft with precision.

The choice of criteria to evaluate the handlinglitjea must consider the importance of flexibilityith respect to
the allowable transfer functions of the aircrafhdgnics. When a certain transfer function structsrassumed by the
criterion, it must be ensured that the methodiikwatlid if the flight conditions and the transféunction change. This
kind of consideration is very important when theirtion is to expand this analysis and create &aodeto evaluate any
aircraft. Additionally, it has to be defined if tlealuation method considers the system in open atose loop. A
system is in closed loop when the influence ofgihat’s gain is considered. The bandwidth method whosen here as
the longitudinal handling quality criterion becausesides not specifying a structure for the trandd@ction, it
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analyzes, for example, the range of gains alloveedHe pilot transfer behavior, a close loop chimastic, from open
loop data obtained from the Bode Diagram.

3.1. Bandwidth Method

The bandwidth is a classical term that has beed tseescribe system capability to follow an inpug range of
frequencies.

The airplane control bandwidth is critically impamt to a good handling and the FCS easily moditighe control
of bandwidth is complicated by the fact that itigaraccording to the input-output variables invdlv€ontrol and
handling difficulties may arise when the bandwidttan input-output relationship is lower than ibskd be. Thus, all
input-output bandwidth properties should be coasistvith good handling and adequate stability nregi

The bandwidth is defined by the frequency wherepth@se margin is equal or higher than 45° and & margin
is equal or higher than 6 dB. The Fig.1 represtigsdefinition.

Concerns with the phase margin result from pilatestation dataTo realize a tracking with 45° of phase margin,
the situation requires the full attention from fiikot, although the maximum effort is not attain@the limit of 6 dB is
due to experimental data showing that values less 6 dB may induce undesirable Aircraft Pilot dowp (APC),
sometimes also called Pilot Induced OscillatiorQPIPIO is an inadvertent and sustained oscillatii@t results from
an abnormal interaction between the pilot and theait. As this problem appears when the pilatgrio command the
vehicle, such oscillations can be seen as instaloilithe closed loop control system.
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Figure 1. Bandwidth frequency definition (Hodgkinsd999)

The criterion is defined in Fig. 2 in terms of twarameters: the bandwidth frequeneyy, and the phase delay,
The bandwidth frequency is the lower frequency agniire frequencies of phase and gain margin. Theeptelay is
obtained by the following equation:

- - (02w180’ +180)
% 2673wt @
Where:

w1g0e (in rad/s) is the frequency where the phase ardl80°.
02180 (in degrees) is the phase angle at the frequeiney gy twicem,go-

The reason to use the parameter defined in Eds that during the development of this criterianwas perceived
that the pilots were sensible to the shape of laes@ slope in the frequency region closegg.
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Figure 2. Definition of flight qualities bandwidtbr pitch attitude

4. SET OF MANEUVERS TO VALIDATION OF FLIGHT CONTROL LAW DESIGN

To reduce the possibility of incompatibility betwethe subsystems, it was sought to increase irttegrhetween
the stages of the design of an aircraft. The smiutod this difficulty inside control engineering tise use of robust
control. According to McRuer, 1994, “the traditibqmocess of systems integration is to make indialty designed
subsystems work together on an aircraft, thatoirtsure compatibility and minimize adverse intéoas. The new
goal is to carry out concurrent multidisciplinargsigns of the highly interactive systems in ordem@ximize aircraft
performance, viewed in its broadest terms”.

The uncertainty around the operational environnasmt vehicle characterization are the largest olestdfor the
designer. They produce the necessity of a desiggaof scheduling so that control law can guarastesility and
performance. However, this design has a high amstWo reasons: the control law must be realizadafoy design
point and a large number of evaluations must be domguarantee stability and performance.

The robust control has as principal characteristimaintain the performance and the stability eivethe presence
of uncertainties. In recent years, the technigde®loust control have undergone considerable adsangmong the
advantages that these techniques provide, pogsiblgnain one is the reduction in the number ofgtepioints for the
gains of the control laws, since the laws of rolettrol cover a large area around an operationtpoithe flight
envelope.

The final objective is not to obtain single satiséay controllers, but exhibit approaches that oedaontrol law
complexity and the overall control systems desigclec Besides presenting this approach, it is iéento detail the
justification for maneuver choice considering thalaation purpose. Thus it will be possible expdhd analysis
proposed here to other evaluations.

The maneuvers chosen must assess the followingakaistics along the flight envelope:

1. Availability of sufficient control power to maintaia steady state, straight and level flight, ad e@hsistent
steady state maneuvers consistent with the aineriaftion;

2. Proper following of transitions between flight cdirmhs and from there to ground operation condgig¢and
vice versa) and flight.

Those characteristics need to be guaranteed e¥brawinoperative engine, as such failure can occur

5. CASE STUDY

After defining the kind of control that will be u$éin this case for longitudinal control), it isqessary to define the
aircraft mission, the flight phases and flight civiods.

To exemplify the methodology presented in this warlodels, data and other relevant case study cenadidns
were taken from Cruz, 2008. Thus the followingsswaned:
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» Aircraft mission: Civil transport aircraft;
»  Flight conditions: Described by Tab.2;
» Flight phases: Climb, approach, cruise, take-off mmding.

Table 2. Flight Conditions for the Case Study

Weight (kg) CG (% MACY)
23224 10
44452 10
23224 40
44452 40

B MAC - mean aerodynamic chord
The aircraft configurations are described in the.Ta

Table 3. Aircraft Configurations for Case Study

Altitude Speed
0 1,3 vs?
0 340 KCAS?
30900 1,3Vv§)
30900 340 KCAY
51000 1,3Vv§)
51000 0,89 Mach

D:Vs - stall speed?: KCAS - calibrated airspeed measured in knots.

More information related to aircraft model can tained from Cruz and Kienitz, 2007.

The requirements are established considering asQlds (medium weight land based aircraft). Levehandling
qualities for flight phases in category B are regdias described in MIL 8785C. The chosen claseispatible with
the aircraft used in the case study while the hagdjuality levels is representative of a primaspditudinal control
law in up and away phases.

Considering the aircraft dynamics and the specifioa described above, the transfer function frdewvator §) to
attitude @) given in Eq. (2) was obtained.

1.33210°s’ -1.601s* — 1.19s - 0.04698 )
s* +1.4525° +3.0525° + 0.0469¢s +0.0831!

9.
6

To plot the Bode Diagram, determine the bandwidtti analyze the handling quality, it is necessargpecify a
delay time. Two distinct situations were consideate where a specific delay time was fixed andfligat conditions
were varied and, another situation where the flggintdition was fixed and the delay time was varied.

For the first case, four situations were considevid delays of 10 ms, 50 ms, 100 ms and 150 ngs.3-and Fig. 4
represent the results for 10 ms and 50 ms, anHithé and Fig. 6 for 100 ms and 150 ms.
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Figure 3. Influence of the flight conditions in thandling quality criteria according bandwidth nwatHor a delay
time of 10ms

In this Figure it is possible to perceive that, fimw delay time, the aircraft performance is thensaalthough the
flight conditions have been varied. The phase dé&aybasically, the same for all conditions. Foe thituations
described by Fig.3, the aircraft is PIO free arallihndling quality is Level 1.
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Figure 4. Influence of the flight conditions in thandling quality criteria according bandwidth nwatHor a delay
time of 50 ms

Compared with Fig. 3, the Fig. 4 had an increagléndifferences among the flight conditions cheeastics. Part
of them (trim01, trim02, trim07, trim08, trim09,rrl0 and trim13) is, although PIO free, going t@®Musceptibility
spot. On the other hand, another group of flighditions has their bandwidth reduced. This caus@spfone behavior
if the overshoot is excessive. The increase in@latay resulted in a decrease in handling quiglitgl (Level 3).
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Figure 5. Influence of the flight conditions in thandling quality criteria according bandwidth nwatHor a delay
time of 100 ms

If the flight condition is inside the PIO prone $pmd handling quality level is Level 3, the detaye shouldn’t be
allowed. In Fig. 5 the conditions trim01, trim02int03, trim09, trim10 and trim13 describe such aiton. All the
simulations refer to the landing flight phase, thritical to the pilot, another reason that jussftheir avoidance.
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Figure 6. Influence of the flight conditions in thandling quality criteria according bandwidth nwatHor a delay
time of 150 ms

In the last situation described in here, Fig. 6tte conditions, except the condition trim05, arghe worst case
(PIO prone and level 3 of handling quality).

From Figs. 3, 4, 5 and 6 it is seen that the irsrez delay time leads to an increase in the tesydehPIO and a
decrease of the handling quality level. Some flighhditions allow large delay times, even if PIGseptibility
appears. But, this admissibility depends on tightlphase. Cases where maximum pilot attentioadsired need off-
line analysis.

In the analysis of delay time influence on handlongality criterion is interesting to verify thatethgreater the
bandwidth, the greater will be the delay time ateefor the aircraft, considering the requiremeatavoid P1O.

Taking into account the influence of the delay timethe degradation of the handling quality criveriis very
important. Harper and Cooper, in 1986, showed ftilats were sensible to the shape of the phases siofhe regions
close towgw. Because of this, the analysis of the influencdady time on the handling quality criterion isassary.
An increase in delay time yields a decrease in Wait and an increase in phase delay. This infleemay lead to a
change in the choice ofgy. Here, this analysis was done for two flight caiodis. In Fig. 7 and 8 the variations of
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bandwidth,ogw, and phase delay,, are shown. In both cases the delay time is vaneteps of 20 ms, from 10 ms to
200 ms.
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Figure 7. Influence of the delay time in the hamgllguality criteria according bandwidth method ffight condition
13

With the condition trim03 it can be perceived ttfs system had, in the first moment, its bandwidttuced (check
the performance of flight condition with 10ms ar@h® of delay). The bandwidth continued reducingl itnteached
phase delay close tg~ 0,15s. Then, the bandwidth increased, but it didedich Level 1 of handling quality.

The next figures show with more clearness the behav aircraft dynamics response.
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Figure 8. Influence of the delay time in the hamglguality criteria according bandwidth method ffight condition
05

The figure above shows a “tendency” of decreasbandwidth for some delay times (PIO free, PIO prine
overshoot excessive or PIO prone). In these sextibere is a tendency to decrease the bandwidthinkthe next
sections, the bandwidth increases along the settien decreases again. The bandwidth decreasesrstban the
phase delay increases, so the aircraft behavgwing swiftly to the section where the PIO susdaslity is high.

In Figure 9 the influence of delay time on incregsfPIO prone” behavior and decreasing HQ is highan in
previous cases.
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Figure 9. Influence of the delay time in the hamglguality criteria according bandwidth method ffight condition
09

Although the BW is decreasing faster than in oigrations, the worst case is reached with the sdetey time
(*)90ms). Unlike the other conditions (trim03 and BB}, this was the condition in which the aircraftained in the
region free of PIO with the largest delay. The deiMta of it is that it has less flexibility of timgelay, when we
changed the bandwidth.

6. CONCLUSIONS AND FUTURE WORKS

Focusing on longitudinal control for the sake oéeplification, this work proposes a set of critearad maneuvers
to evaluate handling qualities. One available détevas chosen and evaluated that was considened i relevance to
the purpose of this work. A routine was developleat tvaluates both the influence of variation irmie of flight
conditions as well as of delay time.

With just these two types of analysis, it was passito verify the influence of these two parametensthe
bandwidth criterion, which gives relevant infornaattion PIO susceptibility.

In ongoing work, it is intended to determine a getmaneuvers that will describe a scenario to &nthvaluate
proposed controllers. The main idea is the coilmiabetween the conventional analysis, by the hagdjualities
criteria, and the simulation. Such analysis carmobec an important phase in a flight control desgjnce a deeper
understanding of the behavior of the system ininihiil stages of the design can further reducepibesibility of future
redesign, reducing production costs.
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