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SUMMARY

Atiltrotor has the features of both a fixed-wing aircraft and a helicopter, thereby blending the vertical flight ca-
pabilities of helicopters with the speed, altitude, and range of fixed-wing aircraft. Compared to conventional
helicopters, tiltrotors are more competent in the application of military transportation, medical and rescue
service, and offshore platform transportation. With the prosperity of the Urban Air Mobility industry, tiltrotor
aircraft has the potential to be widely used in the future. However, as an important aspect of piloted aircraft,
the handling qualities of tiltrotor aircraft have not been studied extensively. Few studies have investigated
the tiltrotor handling qualities in conversion mode. This thesis aims to add knowledge to the bare-airframe
handling qualities of tiltrotor aircraft in conversion mode and contribute to the tiltrotor design for handling
qualities. To achieve this goal, this study was divided into four stages. In Stage 1, a TU Delft in-house 3 de-
grees of freedom tiltrotor model was improved and necessary functions such as trim and linearization were
implemented. Stage 2 was to use the improved tiltrotor model to locate the handling qualities deficiencies.
In Stage 3, the design parameters were selected, the design space was generated and explored. In Stage 4,
optimization was performed to find the optimal sets of design parameters under different constraints.

A flight dynamic model is the basis of this study. Thus, in Stage 1, a TU Delft in-house 3 degrees of free-
dom tiltrotor model based on the published data of the XV-15 tiltrotor aircraft was improved to obtain better
accuracy. In Stage 2, the handling qualities criteria were selected, including control anticipation parame-
ter (CAP), bandwidth, pitch dropback, and quickness. These criteria were selected from rotorcraft handling
quality specification ADS-33E and fixed-wing handling quality specification MIL-HDBK-1797A. Control an-
ticipation parameter is a measure of predictability of the pitch response. Bandwidth is an indication of the
highest frequency at which the pilot-aircraft loop can be closed without introducing instability. Pitch drop-
back is a criterion used in conjunction with the CAP or bandwidth criteria. It compares the ratio of the peak
to steady-state pitch rate with the ratio of pitch attitude dropback to the steady-state pitch rate. Quickness
is a measure of the aircraft’s ability to achieve rapid attitude changes. Other than the four handling qualities
criteria, two maneuverability parameters, namely the peak normal load factor during the pull-up and the
acceleration time, were also evaluated. In this thesis, the design parameters are disk loading, rotor solidity,
blade loading, tip speed, and tail volume coefficient. Based on the improved model from Stage 1, handling
qualities of multiple points in the flight envelope were evaluated to identify the handling qualities deficien-
cies. Results demonstrated that the quickness and the pitch dropback were the primary handling problems in
conversion mode. In most cases, CAP and bandwidth were satisfactory but they would degrade when flying
very close to the boundaries of the flight envelope.

In Stage 3, an analysis tool was developed to automate the process of configuration generation, trim and
linearization, weight evaluation, and handling quality analysis. The 100 knots flight at 30 degrees nacelle an-
gle was selected as the design case. With the help of this analysis tool, thousands of designs were generated to
form the design space. The prediction profilers, which contain the sensitivity curves of each handling qual-
ity parameter with respect to each design parameter, were then created. Two different rotor blade loading
conditions were studied, one with a fixed blade loading and the other with blade loading as a design param-
eter. Under both conditions, it was found that none of the selected design parameters showed observable
influence on the quickness parameters. Thus, the quickness parameters were dropped out. Under the first
condition with a fixed blade loading, the rotor tip speed had the largest impact on handling qualities param-
eters. Next to it, the tail volume coefficient was considered the parameter that had the second-largest impact
on handling qualities parameters. By decreasing the tip speed and increasing the tail volume coefficient, the
dropback parameter can be improved significantly. However, decreasing the tip speed and increasing the tail
volume coefficient always led to additional weight. Under the second condition, the inclusion of blade load-
ing as a design parameter provided more space for tip speed to decrease. Also, the blade loading itself had a
strong influence on the dropback parameter and bandwidth frequency.

Based on the knowledge gained from the design space, an optimization study was conducted. Cases with
different constraints were investigated. The results showed that the dropback can be improved but not to the
desired region with blade loading fixed. After removing the constant blade loading constraint and making it
a design parameter, the dropback can be improved to the desired region. However, the flight envelope was
largely compressed due to a higher design blade loading. Finally, a design with a satisfactory dropback was
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found by applying reasonable constraints on weight and acceleration time. This design can also satisfy all
other handling qualities criteria in the meantime. But it requires weight investment and more power to fly,
implying a shorter range.

In conclusion, this thesis presented a conceptual design and optimization framework to improve the han-
dling qualities of the XV-15 tiltrotor aircraft. Handling qualities deficiencies of the XV-15 in conversion mode
were investigated. The results in this thesis exhibited the influence of each design parameter on the handling
qualities. The six optimization cases demonstrated that the handling qualities can be improved by adjust-
ing the design parameters, but the increases in aircraft empty weight and power required are inevitable. The
work done in this thesis contributes to the understanding of these design parameters’ role in tiltrotor han-
dling qualities, thus provides future tiltrotor designs with valuable knowledge. Although this thesis focused
on the conversion mode, the developed framework can be applied to any flight mode.
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INTRODUCTION

1. ORIENTATION

This thesis project aims to add knowledge to the handling qualities of tiltrotor aircraft in conversion mode and
to investigate the influences of various tiltrotor design parameters on the handling qualities in conversion
mode. To gain sufficient background knowledge for the project to proceed, the literature study hence needs
to cover the following topics:

 Characteristics of tiltrotor aircraft. Their differences from conventional helicopters and airplanes.
¢ Existing rotorcraft and fixed-wing aircraft handling qualities criteria.

* Previous studies on tiltrotor handling qualities.

* Design methodologies and optimization techniques that are applicable to this project.

This literature study is then laid out to cover these topics consecutively. Section 2 introduces the history of
tiltrotor aircraft and its characteristics. Section 3 discussed the handling qualities standards and previous
studies on tiltrotor handling qualities. Section 4 presents the design and optimization methodologies used in
literature.

2. TILTROTOR AIRCRAFT

2.1. A BRIEF HISTORY OF THE TILTROTOR AIRCRAFT

A tiltrotor has the features of both a fixed-wing aircraft and a helicopter, thereby blending the vertical flight
capabilities of helicopters with the speed, altitude, and range of fixed-wing transport aircraft. This concept
has been conceived by aeronautic pioneers since the 1920s. In the 1920s, Henry Berliner designed a fixed-
wing biplane with a large diameter propeller mounted on a vertical shaft near the tip of each wing. For for-
ward flight, the shafts would be tilted forward but could not be converted fully to the horizontal. [1] Later
in September 1930, a flying machine with tiltable rotors was patented by George Lehberger [2]. His design
included the basic concept of the tiltrotor aircraft, which was the use of a relatively low disk loading propeller
that can be tilted from the vertical to the horizontal. But at that time, many technology advancements were
required to make these concepts come true. Until the end of the 1950s, the feasibility of this concept was first
proved by the Bell XV-3. The data and experience gained from the XV-3 were later applied to the development
of the XV-15. [1] Extensive experiments and flight tests have been carried out with the XV-15 to help engineers
develop design tools and guidelines for tiltrotors, which paved the way for the V-22 [1]. Besides the military
applications, tiltrotors also have huge potentials on civil missions such as Urban Air Mobility (UAM), medical
and rescue service, offshore platform transportation, etc. [3] Currently at AgustaWestland, the AW609 is at its
final certification phase and will probably enter into service in 2021, which will make it the first civil tiltrotor
aircraft. The XV-3, XV-15, and AW609 are shown in Figure I.1



2 I. INTRODUCTION

(a) Bell XV-3 in airplane mode (b) Bell XV-15 in hover (c) AW609 in airplane mode

Figure I.1: XV-3, XV-15, and AW609 !

2.2. CHARACTERISTICS OF THE TILTROTOR AIRCRAFT

The feature that distinguishes a tiltrotor from a helicopter or a fixed-wing aircraft is its tiltable nacelles. Dif-
ferent nacelle angles correspond to three flight modes. For instance, the nacelles of the XV-15 tiltrotor aircraft
can tilt from 0 to 95°. With 0° being the horizontal position, its three flight modes are:

e Helicopter mode: 80-95°
 Airplane mode: 0°

* Conversion mode: all other angles

‘ Longitudinal Cyclic
Pitch Eltch
' Throttle and Collective Pitch
with Beta Governing
Thrust Thrust
Differential
l Collective Pitch
A
Roll Roll
Side force
Yaw
Yaw
(a) Helicopter mode (b) Airplane mode

Figure 1.2: XV-15 controls [4]

When flying in helicopter mode, the nacelles are at the vertical position. This configuration is used for
VTOL(Vertical take-off and landing), hover, and low-speed flight. By tilting the nacelles forward, the tiltrotor

limage source for the XV-3: "Bell XV-3", Wikipedia, last modified on 1 January 2021, https://en.wikipedia.org/wiki/Bell_XV-
3#/media/File:Bell_XV-3_in_level_flight.jpg
Image source for the XV-15: "XV-15 tilt rotor takeoff - first NASA Dryden flight", NASA - Dryden Flight Research Center Photo Collection,
last Modified on 6 February 2002, https://www.dfrc.nasa.gov/Gallery/Photo/XV-15/HTML/ECN-13850.html
Image source for the AW609: "(Originally Bell-Augusta) Augusta Westland AW-609 in airplane mode (Paris Air Show 2007)", Dmitry
Mottl, 18 June 2007, https://commons.wikimedia.org/wiki/File:BA609_02.jpg
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enters the conversion mode and achieves the airplane mode when the nacelles reach the 0° position. Tiltro-
tors all have a "conversion corridor", which is the flight envelope that limits the operational nacelle angle vs.
flight speed.

Tiltrotor aircraft use different controls in different modes. The controls of the XV-15 tiltrotor aircraft are
illustrated in Figure 1.2. In helicopter mode, the pitch control is achieved by longitudinal cyclic and elevator
deflection. The roll control is achieved by differential collective. The yaw control uses differential longitudinal
cyclic. By applying the lateral cyclic, the XV-15 can perform sideward flight. The control surfaces such as the
elevators, the rudders, and the ailerons are active in all modes but ineffective at low speed. As the nacelles
tilt forward and the tiltrotor enters the conversion mode, the rotor controls are automatically phased out and
the control surfaces start to generate moments as the the dynamic pressure builds up. In airplane mode, the
XV-15 uses conventional airplane control surfaces. However, other control strategies are also possible. For
example, AW609 uses the differential collective for the yaw control instead of the rudder in airplane mode.

3. HANDLING QUALITIES

3.1. FLYING QUALITIES AND HANDLING QUALITIES

Before introducing the concept of "Handling Qualities", it is convenient to first introduce the concept of
"Flying Qualities", as these two are closely related and hardly distinguishable. Phillips [5] defines "Flying
Qualities" as "the stability and control characteristics that have an important bearing on the safety of flight
and on the pilots’ impressions of the ease of flying an airplane in steady flight and in maneuvers."” From this
definition, flying qualities not only concern the performance of the aircraft, but also the pilots’ impressions
of controlling the aircraft. Cooper and Harper [6] defines "Handling Qualities" as "those qualities or charac-
teristics of an aircraft that govern the ease and precision with which a pilot is able to perform the tasks required
in support of an aircraft role". In the same report, Cooper and Harper emphasized that handling qualities
include more than just stability and control characteristics. Other factors such as the cockpit interface (e.g.,
displays, controls), the aircraft environment (e.g., weather conditions, visibility, turbulence), and stress also
influence the handling qualities. In most tests, the evaluation of handling qualities will take into account all
these factors. The definitions of "Flying Qualities" and "Handling Qualities" both contain the performance
of the aircraft, as well as the pilot’s ease to fly the aircraft. Colloquially, handling qualities are used to refer
to the flying qualities of aircraft [7]. Cooper and Harper also noted that the generally accepted meaning of
"Flying Qualities" is similar to the above definition of "Handling Qualities". Therefore, no attempt will be
made to further distinguish these two concepts in this report. The concept "Handling Qualities" will be used
throughout the report except when referring to flying qualities specifications.

3.2. HANDLING QUALITIES STANDARDS

The handling qualities have been a subject of considerable concern during the development of aircraft. It
was noted that 25%-50% of the flight testing time might be spent on improving the handling qualities in the
development program [8]. In fixed-wing aircraft design, relatively simple static analyses can provide a good
prediction of a vehicle’s stability, control, and handling qualities through the use of parameters like tail vol-
ume coefficients and location of the center of gravity. However, such methods cannot be readily applied
to rotorcraft design, since most bare-airframe rotorcraft are inherently unstable and require a stability aug-
mentation system to make them handleable. [7] Therefore, during the development of a rotorcraft, handling
qualities were often treated as an outcome of the overall design and left unresolved until the flight tests were
performed. [8]

To adequately inform the aircraft design process for good handling qualities to prevent any accidents
due to handling problems, the handling qualities discipline has never stopped growing since the first real
specification for flying qualities written by Gilruth [9] and published by NACA in 1943. This growth has now
reached a point where the performance standards, the criteria and test techniques, the understanding of
aeromechanics and control, and the design tools, are available to designers to "ensure that handling deficien-
cies never again have to define the boundary of the operational flight envelope." [3] However, there still exists
a shortfall in handling qualities standards for unconventional aircraft configurations, for example, the tiltro-
tor aircraft. Accidents due to handling qualities problems are still occurring today. During a flight test on
30 October 2015, the second of the prototypes of AW609 entered a "Dutch roll" instability and disintegrated
in midair, killing two test pilots on board. Later investigators found that this was due to the pilot-induced
oscillations which is a severe handling qualities problem. [10] This accident infers that work is still needed
to develop the handling qualities standards, as well as the methods and tools for the prediction of handling
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qualities problems.

The handling qualities standards for fixed-wing aircraft and helicopters have already been well-defined:
the fixed-wing standard MIL-HDBK 1797A [11] and the rotorcraft standard, ADS-33E-PRF [12]. In the respec-
tive helicopter/fixed-wing flight mode, tiltrotor designers may refer to these standards. But specific standards
for tiltrotor aircraft in the conversion mode is still lacking. The MIL-83300, published in 1970, is the only stan-
dard for V/STOL aircraft. It addressed the flight regime up to the conversion speed (the speed at which the
aircraft enters the airplane mode). It was adopted by the US. Navy to guide the development of V-22. How-
ever, because the MIL-83300 paid very little attention to the handling qualities requirements for transition
and operating the entire mission at intermediate thrust vector settings, the V-22 program could hardly rely
on it and had to develop a list of handling qualities requirements on its own. [13] Also, Meyer and Padfield
[4] pointed out that in the BA609 program, the majority of the certification basis for performance and han-
dling qualities had to be either adapted from regulations in Federal Aviation Regulations (FAR) for fixed-wing
aircraft and rotorcraft or newly-created.

In MIL-HDBK 1797A, handling qualities are divided by aircraft classes, flight phases, and levels of perfor-
mance as shown in Table 1.1, 1.2, 1.3.

Table I.1: Aircraft classes

Class Description

I Small, light-weight, medium maneuverability airplanes

1I Medium-weight, low to medium maneuverability airplanes
I Large, heavy-weight, low maneuverability airplanes

v High-maneuverability airplanes

Table I.2: Flight phase categories

Category Description

A Nonterminal flight phases that require rapid maneuvering, pre-
cise tracking, or precise flight path control.

B Nonterminal flight phases that are accomplished with gradual
maneuvers (climb, cruise, descent)

C Terminal flight phases such as takeoff or landing

Table 1.3: Flying qualities levels

Level Description

1 Flying qualities clearly adequate for the mission flight phase

2 Flying qualities adequate to accomplish the mission flight phase, with some increase in
pilot workload or degradation of mission effectiveness

3 Flying qualities such that the aircraft can be controlled safely, but pilot workload is ex-

cessive or mission effectiveness is inadequate

The structure of ADS-33E is shown in Figure 1.3 from Ref. [13]. ADS-33E adopts the Mission-Task-Element
(MTE) approach. The operational missions are defined by the user according to the aircraft’s role. Each
mission can be seen as a combination of a series of MTEs. ADS-33E provides a menu of MTEs that are suitable
for each helicopter category, together with the required level of agility for each MTE. In the core of all handling
qualities standards are the dynamic response criteria which cover aircraft responses to controls, disturbances,
and trim characteristics [14]. Besides the dynamic response criteria, ADS-33E also includes other factors that
affect the handling qualities, e.g., the usable cue environment (UCE) and operational environment.

MISSION TASK ELEMENTS APPROACH
Mission-Task-Element (MTE) is an element of a mission that can be treated as a handling qualities task. Re-
gardless of the aircraft class or size, the key handling qualities issues center on the mission tasks. [15]. This
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forms the basis of using the MTEs in handling qualities standards. As indicated in Figure 1.3, on the one hand,
with the required agility derived from the applicable MTEs, designers use quantitative criteria to obtain the
predicted levels of handling qualities. On the other hand, the applicable MTEs are translated to flight test
maneuvers (FTMs), which can be evaluated by test pilots in flight simulators to obtain the assigned levels of
handling qualities through the use of Cooper—Harper rating [6]. Ideally, the predicted levels and the assigned
levels of handling qualities should be equal. In the case of inconsistency, investigations need to be carried
out to find out what factors contribute to the difference.

DYNAMIC MANEUVER ENVELOPE/RESPONSE TYPES

The dynamic response of aircraft can be divided into areas in a frequency-amplitude chart as shown in the
center of Figure 1.4 from Ref. [15]. The maneuver envelope line defines the achievable maneuvers, the am-
plitude of which decreases as frequency increases. According to Ref. [14], four areas, two relating to stability
and the other two relating to agility (agility is the rate of change of maneuverability. Maneuverability can
be defined as the aircraft’s ability to change the flight path by applying acceleration. Hence, agility can be
thought of as the quickness of entering or exciting different maneuver states, making it more appropriate to
use agility rather than maneuverability in Figure 1.4 to describe control power and quickness.), can be dis-
tinguished within this envelope. Examples of the criteria for stability and agility are shown in the outer four
charts in Figure [.4.

* Bandwidth Defined by Padfield [14]: "Response bandwidth defines the upper end of the frequency range
where the pilot can close the loop on a particular motion without having to apply significant lead to
avoid closed-loop instability." The complementary parameter on the bandwidth charts is the phase
delay defined to avoid the pilot-induced oscillation (PIO).

* Mid-long term stability The stability boundaries for mid to long term motion are defined by the frequency-
damping charts. For both rotorcraft and fixed-wing aircraft, a minimum damping ratio of 0.35 is re-
quired for all axes to meet level 1 requirements.

* Control power Large-amplitude attitude changes are characterized by control power. For instance, in
ADS-33E for the hover and low-speed condition, control power for different axes are defined as the
achievable angular rate or the achievable attitude angle according to different response types. The
Higher the agility required by a maneuver, the larger the control power is required.

* Quickness Moderate-amplitude attitude changes are defined by the quickness parameter. In ADS-33E,
itis defined as the peak attitude change rate to attitude change achieved during a sharp attitude-change
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maneuver. Quickness reflects how quickly can the pilot command an attitude change. It is described
as a 'closed-loop’ agility parameter due to the fact that it originates from the analysis of closed-loop
maneuvers. [14]

3.3. STUDIES ON TILTROTOR HANDLING QUALITIES

For the purpose of gaining knowledge on the handling qualities characteristics and challenges of tiltrotors, a
search on the existing literature with respect to these topics resulted in finding that few studies have covered
the handling qualities of tiltrotor aircraft. Among these studies, the handling qualities in the helicopter mode
and airplane mode constitute the majority of the contents. The handling qualities in the conversion mode
have been given very little attention. Most studies treated the conversion mode as a "transient process",
instead of a mode at which the aircraft will operate the entire mission. For example, the search and rescue
mission may require the tiltrotor to follow the terrain and loiter in the rescue zone in the speed range between
80 and 120 knots, for which the conversion mode is most suitable. For a tiltrotor flying in this speed range,
the airplane mode will stall and the conversion mode is more efficient than the helicopter mode. [16] In the
following two sections, the literature on the lateral and directional handling qualities, and the longitudinal
handling qualities will be reviewed. Key results and conclusions from them will be presented.

LATERAL AND DIRECTIONAL HANDLING QUALITIES
In Ref. [4], Meyer and Padfield presented the first results of the handling qualities work package of the RHILP
project (Rotorcraft Handling, Interactions and Loads Prediction. A critical technology program sponsored
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by the European Commission), where a step-by-step approach to the development of civil tiltrotor handling
qualities was outlined. It was suggested that ideally, a specific tiltrotor handling qualities manual should
combine the criteria of the helicopter mode, the conversion mode, and the airplane mode into one single cri-
teria or at least in one single format. For this purpose, Meyer and Padfield conducted a compatibility analysis
to search for the commonality and distinctions between the fixed-wing aircraft and rotorcraft handling quali-
ties criteria. They identified the major gaps as the absence of data on the aircraft characteristics and handling
qualities criteria in the conversion mode. In an attempt to fill such gaps, pilot-in-the-loop simulations were
performed to evaluate the handling qualities of an XV-15 model, particularly in the roll axis. A roll-step test
maneuver was designed to expose the deficiencies in the critical responses including the roll attitude quick-
ness, the roll attitude bandwidth and phase delay. Simulation results and pilot comments showed that the
tracking tasks boundary in the ADS-33E is more appropriate to be used as the roll attitude quickness bound-
ary for the XV-15. Also, the roll bandwidth and phase delay characteristics of the XV-15 in the conversion
mode (60°nacelle angle) appeared to correlate well with the ADS-33E boundaries for helicopters in forward
flight.

Rollet et al. [17] performed a study on the lateral and directional handling qualities of tiltrotor aircraft.
Piloted simulation results exposed several handling qualities problems in all flight modes with (Stability Aug-
mentation System) SAS off. In low-speed helicopter mode, significant PIO tendency in pitch, roll, and heave
was discovered. Due to the large inertia and poor aerodynamic damping in yaw, the yaw response was judged
sluggish during large amplitude rotations but small-amplitude heading change was rather easy to achieve. In
forward flight helicopter mode, the handling qualities were rated level 2. Adverse dihedral effect and an ev-
ident decrease in pitch damping in steep climb conditions were also reported by pilots. This study did not
cover the handling qualities of flight in the conversion mode, only conversion and reconversion maneuvers
were considered. Apart from the need for pilots to compensate for the large trim changes in pitch, conver-
sions and reconversions were judged easy to achieve. In airplane mode, three problems were discovered.
The first was the oversensitivity in pitch, which was fixed by increasing the control force with airspeed. The
second problem was the insufficient stiffness and damping in pitch at high altitude. Besides using the SAS to
fix this problem, Rollet er al. also suggested that enlarging the stabilizer could be another solution. The third
problem was the poor damping in yaw. This phenomenon became worse when the altitude increased and
eventually led to divergent dutch-roll mode beyond 3000m. Again, switching on the SAS helped the aircraft
restore level 2 handling qualities.

LONGITUDINAL HANDLING QUALITIES

Padfield and Meyer [15] and Cameron and Padfield [18] studied the pitch-axis handling qualities of tiltrotor
aircraft. They discussed the inconsistency between the pilot ratings from piloted simulation tests and the
predicted handling quality levels based on the frequency and damping of the short-period dynamics, pitch
bandwidth, and the control anticipation parameter. The difference was caused by the adverse effects of the
attitude dropback, which were solved by referring to Gibson’s dropback parameter. Ref. [18] exceeds the
scope of Ref. [15] in that a new handling quality parameter that can be used together with the CAP to capture
the influence of the dropback in one single criterion was derived. The key process and results of these two
articles are presented as follows to help gain insights into the pitch-axis handling problems.

Figure 1.5a from Ref. [15] shows the pitch attitude quickness of the XV-15 model in all modes with SCAS
off plotted together with the boundaries from both ADS-33E tracking tasks and MIL-STD-1797A. It was con-
cluded that the aircraft should possess adequate performance in the pitch axis to fly moderately aggressive
tasks in all modes. The performance margin also increases with flight speed. The short period mode was also
studied. The root loci of the short period mode for different IAS (Indicated airspeed) and configurations were
given in Figure 1.5b from Ref. [15]. As the IAS increases and the aircraft converts from helicopter to airplane
mode, the damping ratio reduces and the short period frequency increases. In the airplane mode, 200knots,
6000m density altitude, the damping ratio reduces below the 0.35 level 1 boundary. Another parameter, the
incidence lag (Tp2) which also influences the pitch handling qualities, was discussed as well. The incidence
lag is the lag between the flight path and pitch attitude response after an elevator step input. The transfer
function of the flight path to pitch attitude response is shown in Equation I.1.

Y 1

0 - Toos+1

(L.1)

The lag Ty, can be approximated using Equation [.2. The denominator Z,, is the heave damping, which is the
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Figure 1.5: XV-15 pitch attitude quickness and short-period mode root loci [15]

derivative of the body vertical force w.r.t. a step change in the body vertical velocity.

1
Tpr = Zw (1.2)
This lag results in an overshoot in the pitch response before the stiffness (M,,, the derivative of pitching
moment w.r.t a step change in the body vertical velocity) due to the incidence change starts to pull the nose
towards the opposite direction. Padfield and Meyer [15] described that this overshoot, if large, can make it
difficult for pilots to predict the control movement required to achieve a given attitude change. Gibson [19]
presented the generic pitch time response as shown in Figure 1.6, in which other parameters including the
dropback, the steady-state pitch rate, the peak pitch rate, etc. were defined, which will be discussed later.
Incidence lag was treated more in detail by Cameron and Padfield in Ref. [18]. According to the flight sim-
ulation results, the incidence lag decreases with airspeed for XV-15 in airplane mode. Though too large a pitch
rate overshoot should be avoided, pilots may prefer some overshoots because this provides a faster response
to a control input. [18] Furthermore, the dropback should never become negative as this will lead to a slug-
gish and unpredictable response. Later in Ref. [18], the control anticipation parameter (CAP) was included to
capture the complex pitch response. The control anticipation parameter is a measure of predictability of the
pitch responses of fixed-wing aircraft. Before the introduction of CAP, the evaluation of short-period dynam-
ics were based on the "thumbprint" plot, in which the short-period undamped natural frequency is plotted
against the short-period damping ratio. The thumbprint plot fails to account for the zeros in the numerator
of the short period transfer function, specifically the 1/ Ty,, as shown in equation I.3. [20]

qs)  Ms s+ i)

— 1.3)
8e(s) S +20pwsps+ w3,

Bihrle [21] introduced the CAP to tackle this. CAP is defined as the ratio of initial pitch acceleration (g(0)) to

steady-state normal acceleration (72(co)). '
CAP = .q(O) (1.4)
tiz(00)

Cotting [20] made an intelligible explanation of the meaning of the CAP:

The human vestibular system is very sensitive to pitch acceleration and is the first feedback to the pilot
that the aircraft is changing motion. The desired aircraft pitch change results in an angle of attack (), and
ultimately a change in g-loading on the aircraft as the flight path changes. This g-loading (7;) of the aircraft
is sensed by the pilot and is used to command aircraft flight path. Closing this loop by the human requires
that the dynamic relationship between pitch attitude acceleration and aircraft loading be within human
sensing capabilities. [20]

Gibson [19] pointed out that CAP was widely misunderstood to be a measure of the quality of attitude re-
sponse. As explained by Cotting, the g-loading due to a change in angle of attack sensed by the pilot is used to
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predict the flight path change. In fact, CAP is a measure of predictability in flight path control, where the inci-
dence lag is an important parameter. The following derivations demonstrate how the incidence lag is related
to the CAP [22].

Recalling Equation 1.3, the pitch attitude to elevator input transfer function can be expressed as:

o0 __ Malst, (15)
8e(8)  S(s2+20pwsps+why) '
Thus, the pitch acceleration to elevator input transfer function is:
0 20
() s°0(s) 1L6)

5e(s)  8e(s)

Using the initial value theorem of Laplace transform, the initial pitch acceleration to a unit step elevator input
can be calculated as:

Lo SWM s+ 7)) 1

6(0) = s6(s)| ~ Mj, (1.7)

ST 8e(8) 2+ 20 5pwsps+ w5, Sls—oo

The steady state normal acceleration can be written as:

%4
nz(oo) = Eq(OO) (1.8)
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In which the steady state pitch rate to a unit step elevator input can then be calculated using the final value
theorem:

1 1
s6(s) 1 Ms, (s+7-) 1 Ms, 7,
qlo)=s=—~| = | (L9)
e(8) sls=0 2+ 20 p05ps+ s, Sls— w?,
Hence,
. 2
00 M, 8ws, T2
cap=20 8 Mo 8% (1.10)
I’lz(OO) \%4 Mae@ Vv
w3,

In Ref. [18], Cameron and Padfield obtained level 1 handling qualities for precision tracking tasks using
bandwidth and CAP criteria. The heave-hop MTE was selected to evaluate the pitch and flight path handling
qualities in the small amplitude-high frequency region. A series of piloted simulation tests demonstrated
that the handling qualities of XV-15 only met level 2 in such tasks. Cameron and Padfield quoted the method
proposed by Mitchell er al. [23] who noticed that responses with large attitude rate overshoots fail to meet
the CAP or bandwidth criteria. It was suggested that the handling quality levels can be predicted correctly by
jointly using the dropback parameter and the CAP/bandwidth criteria. Figure I.7a illustrates how to obtain
the parameters needed by the dropback criterion. The dropback criterion compares the ratio of the peak to
steady-state pitch rate with the ratio of pitch attitude dropback to the steady-state pitch rate. As shown in
Figure [.7b, if the resulting point lies above the boundary line, the handling quality level based on CAP/band-
width should be degraded by one level. If the point lies below the boundary line, the handling qualities remain
the same.
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Figure 1.7: Pitch dropback - overshoot definition and criteria [15]

Padfield and Meyer [15] concluded that for pitch maneuvers, ADS-33E is appropriate for tiltrotor aircraft
in low-speed helicopter mode while fixed-wing criteria are needed in conversion and airplane modes. In
Figure 1.8 from Ref. [15], the XV-15 responses to a 1-inch step longitudinal control input were plotted for all 3
modes, which clearly shows that the pitch rate response, pitch attitude response, and flight path response of
the XV-15 in conversion mode resemble that in airplane mode. For the XV-15 in helicopter mode, the pitch
attitude settles to a steady value, while in conversion and airplane mode the pitch rate settles to a steady value.
In conversion and airplane mode, the pitch attitude and flight path angle will settle to an almost constant
slope while in helicopter mode, the flight path angle will start to drop shortly after the input. However, the
pitch rate overshoot and dropback in conversion mode behave similarly to that in helicopter mode because
they do not show a significant overshoot and dropback as observable in the airplane mode. This is because
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in airplane mode, the large in-plane prop-rotors make positive contributions (destabilizing) to the pitching
moment derivative M, causing the damping ratio of the short period mode to reduce. Moreover, the heave
damping Z,, is also relatively low, leading to a slow build-up in lift. [18] These factors together result in the
large pitch rate overshoot and pitch dropback.
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Figure 1.8: XV-15 response to a 1 inch step longitudinal control input SCAS off [15] (NAC=nacelle angle, SL=sea level)

These studies disclose the complexity of the handling qualities problems on the tiltrotor aircraft. The
mixed-use of helicopter and airplane responses criteria are required. Since the goal of this section is to pre-
pare the knowledge to help understand the tiltrotor handling qualities characteristics in the conversion mode,
several key conclusions from these studies that are considered useful for this thesis project are summarized
below:

* The bare-airframe handling qualities levels of the XV-15 are usually level 2 or level 3.

* For XV-15-sized tiltrotor aircraft which are designed to perform the search and rescue mission, the
tracking tasks boundary in the ADS-33E is more appropriate for most of the tasks.

¢ For pitch maneuvers, ADS-33E is appropriate for tiltrotor aircraft in low-speed helicopter mode while
fixed-wing criteria are needed in conversion and airplane modes.

* The roll bandwidth and phase delay characteristics of the XV-15 in the conversion mode (60°nacelle
angle) appeared to correlate well with the ADS-33E boundaries for helicopters in forward flight.

* The damping in yaw is insufficient in both helicopter and airplane modes. The damping in pitch may
become insufficient at high altitude. These suggest the option to increase the area of the empennage.

* When using the CAP and bandwidth criteria, the pitch rate overshoots and the pitch attitude dropback
should also be taken into account.

Furthermore, the problem of couplings between axes also troubles the handling qualities of the tiltrotor air-
craft at high speeds in conversion mode. For example, the proverse roll-yaw coupling will occur due to the
differential collective control. Careful design of the gearing between airplane and helicopter controls as a
function of nacelle angle can alleviate this problem. Also, a heave-surge coupling due to the application of
collective pitch will upset speed control during flight-path adjustment. This can be treated with a better
gearing design between elevator and helicopter controls.

4. DESIGN FOR HANDLING QUALITIES

As discussed in the previous section, in the early days of aircraft, especially rotorcraft development, handling
qualities were treated as an outcome of the overall design and were left until flight test to evaluate and fix. This
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can result in project delay and a large amount of cost if severe deficiencies are found after the completion of
the overall design and manufacturing. Padfield [8] suggested that handling qualities were not given their
proper place in the early design trade-space. With mature standards, comprehensive design tools, and high
computation power at hand, handling qualities should feature at the highest level in the system architecture
and be addressed substantially in preliminary design. Though nowadays the massive application of fly-by-
wire system enables us to tune the stability and control augmentation system (SCAS) to modify the output
handling qualities of the aircraft, the inherent bare-airframe handling qualities should never lose its impor-
tance for two reasons. 1) The bare-airframe handling qualities influence the safety of flight in case of failure
of the stability augmentation systems. As specified in ADS-33E, the complete or partial loss of any function
of the flight control system shall not cause dangerous or intolerable flying qualities. 2) Better bare-airframe
handling qualities can make it easier for designers to tune the handling qualities later and give the aircraft
more margins in future improvements. Padfield emphasized in Ref. [14] that the requirements in the mod-
ern handling quality standards drive for more sophisticated flight control augmentation system and careful
design of the interface between pilots and autopilot functions, but it is always worth considering to improve
natural stability with aerodynamic 'fixes’ which reduce the requirements on the control augmentation system
when upgrading the handling qualities of an existing design.

With the intention to improve the bare-airframe handling qualities of tiltrotor aircraft with aerodynamic
“fixes”, this section will introduce the methodologies applied by other authors [7] [24] [25] who have taken
efforts to investigate and improve rotorcraft maneuverability and stability. Though their goals differ from the
current project, maneuverability and stability are essentially subsets of handling qualities. Thus, reviewing
their work is beneficial in terms of learning how to approach the design problems. Besides the methodologies
themselves, some figures showing important results from the literature are also presented here. This thesis
can learn from these figures on how to perform the analysis and how to present the results. In addition, these
results can provide information about the selection of design parameters and the influence of these design
parameters on aircraft performance.

4.1. DESIGN METHODOLOGIES

Flight Simulation
MA M/A MA

PN

HP TS

Fundamental parameter

M/A = Maneuverability/agility
DL = Disk loading

Deslgn

HP = Installed power Gu!dfztrlnas
g1 Weight-efficient

WE = Weight empty M/A improvement

Figure 1.9: Design approach used by Ref. [24]

Oslon and Scott presented a methodology in Ref. [24] for the investigation of the influence of the design pa-
rameters on the maneuverability of a single main rotor helicopter. The design process is illustrated in Figure
[.9. Eight maneuvers, which can reflect the rate of climb, acceleration and deceleration capability, etc. were
selected for the study. To ensure the identical maneuvers being commanded repeatedly, a maneuver con-
troller was adopted to adjust the control inputs based on the errors between the actual maneuver flown and
the reference state. The measure of maneuverability for each maneuver was defined differently according
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to the characteristics of the maneuver. For example, the measure of maneuverability of acceleration is the
elapsed time to accelerate to a certain speed and that of pull-up maneuver is the maximum achieved load
factor. Six design variables, namely the disk loading, blade loading, installed power, tip speed, flapping hinge
offset, and blade lock number, were selected. Disk loading characterizes the hover performance and shows
how loaded is the rotor. Usually, low disk loading indicates high thrust efficiency. Rotor solidity is the ratio of
total blade area to disk area. It impacts the stall margin or the maneuverability potential of the rotor. Blade
loading shows how loaded is the blade and indicates how close to stall is the blade operating. Rotor tip speed
characterizes the noise and the performance of the rotor. Blade flapping hinge offset is the offset of blade
hinge to rotor center. This offset strongly affects the dynamic response of the blade. Blade lock number is the
ratio of the aerodynamic force to the inertia force acting on a blade. It influences the dynamic response of the
rotor and the autorotative landing capability of the aircraft. By varying each design parameter independently,
the sensitivity of each maneuver to design parameters were established. In some cases, the effects of some
design variables on one maneuverability measurement could be captured by a more fundamental parameter
which served as a common denominator for these different design variables. Where feasible, that fundamen-
tal parameter was utilized to plot the trends. It was called "collapse" of the trends in their article. Figure I.10a
shows the example where the fundamental parameter for the bob-up maneuver was the thrust-to-weight
ratio and the effects of four design variables were summarized by it. Those design parameters which had sig-
nificant influences on the maneuvers are illustrated in Figure 1.10b, where the direction of the arrow indicates
whether that parameter needs to increase or decrease to improve that maneuver.
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Figure 1.10: Type of plots in Ref. [24]

In addition, Oslon and Scott investigated the weight change. The baseline helicopter was resized after
each change of the design parameters to maintain its capability to perform the same mission. Figure I.10c
illustrates the impact of various design changes on the rate of climb and the associated weight change. The
curve that has the highest slope (i.e., reducing the disk loading) means that this design change is the most
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efficient one in improving the rate of climb in terms of bringing the least amount of weight penalty. Finally,
Oslon and Scott discussed the design for overall maneuverability. It was argued that most design changes
have influences on more than one maneuver, but the influence may be in the opposite direction. The impact
of 100 pounds weight investment to reduce the disk loading is shown in Figure I.10d, in which the climb and
acceleration performance were improved but the deceleration performance was decreased.

Patterson et al. [25] developed a design methodology for rotorcraft maneuverability during the concep-
tual design phase, as shown in Figure I.11. They utilized several powerful design tools but the design process
is, in essence, similar to that applied by Oslon and Scott [24]. The major difference is that the methodology
developed by Patterson et al. focuses on the conceptual design phase where no baseline model is available.
Therefore, they first had the design goal and configuration defined, which was, in their example, designing
a coaxial helicopter with a pusher propeller for high maneuverability and agility. The acceleration, decelera-
tion, longitudinal and lateral quickness, and power loading were selected as design metrics. Before starting
the design process, a screening design was run to identify the parameters that had major influences on the
design metrics. Next, these selected design parameters were varied within the prescribed range utilizing the
design of experiments “ to generate the design space, represented by the response surface °. After the com-
pletion of the response surface, a prediction profiler was used to visualize the response surface equations
which were in the form of second-order polynomials. As illustrated in Figure 1.12, the prediction profiler
shows the sensitivity of each design metric (on the vertical axis) to each design parameter (on the horizontal
axis) at the design point. Designers can adjust each design parameter to observe the changes in the trends
instantaneously.
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Figure I.11: Methodology and M&S environment used in Ref. [25]

Another tool used by Patterson et al. [25] is the design space contour plot as shown in Figure .13. In
this plot, the design metrics, the power loading, and the disk loading make up the axes. The design metrics
are plotted as shaded constraints, which can be varied by adjusting the design parameters. The white space

2The design of experiments (DoE) is the design of any task that aims to describe and explain the variation of information under con-
ditions that are hypothesized to reflect the variation. An experiment aims at predicting the outcome by introducing a change of the
preconditions, which is represented by one or more independent variables, also referred to as "input variables" or "predictor variables."
The change in one or more independent variables is generally hypothesized to result in a change in one or more dependent variables,
also referred to as "output variables" or "response variables." ("Design of experiments", Wikipedia, last modified 21 December 2020,
https://en.wikipedia.org/wiki/Design_of_experiments)

3In statistics, response surface methodology (RSM) explores the relationships between several explanatory variables and one or more
response variables. The method was introduced by George E. P. Box and K. B. Wilson in 1951. The main idea of RSM is to use a sequence
of designed experiments to obtain an optimal response. ("Response surface methodology", Wikipedia, last modified 19 December 2020,
https://en.wikipedia.org/wiki/Response_surface_methodology)
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remaining represents the feasible design space. This tool helps the designers understand how the design
parameters affect the design metrics which in turn alter the design space.
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Figure I.12: Prediction profiler [25]

In Ref. [7], Lawrence ef al. presented a tool, SIMPLI-FLYD, which can perform modelling and analysis for
the assessment of the handling qualities of the rotorcraft conceptual designs. The architecture of this tool is
illustrated in Figure This tool integrates the flight dynamic modelling, control system modelling, and control
gains optimization. The output includes control and stability derivatives, HQ parameter values, and HQ
design margins for each axis at the specified flight condition. Since this thesis project will focus on the bare-
airframe handling qualities, the control augmentation system included in SIMPLI-FLYD is not of interest. In
the results section, Lawrence ef al. demonstrated the capability of this tool by conducting a sensitivity analysis
on the effects of design parameters on the control and stability derivatives. Two cases were analyzed, one is
the pitch axis of an XV-15 like tiltrotor in airplane mode at 200 knots, the other one is the yaw axis of a UH-60A
like helicopter in hover. The results shown in Figure .15 is the tiltrotor case. The vertical axis contains the
names for the stability and control derivatives being examined. The bottom axis is for the names of the input
parameters. The third axis is for the value of the sensitivities which is calculated using equation I.11.
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The enlightening part of their study is that the sensitivity derivatives % were scaled using the scaling pa-

rameter 7 to allow fairly comparisons among different derivatives. The perturbation variables P; have been
weighted to ensure a plausible amount of perturbations been applied to different input parameters such that
the effect of them on the overall aircraft can be compared equally. An example used by Lawrence et al. to
explain this was that perturbing rotor radius and chord by the same dimensional amount would be inappro-
priate.
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In summary, the core of all these methodologies is the sensitivity analysis, which reveals the sensitivity
of each design metric to each design parameter. These three studies take different approaches to perform
sensitivity analysis. Probably due to the lack of computation power and analysis tools at that time, Oslon
and Scott [24] could only analyze the sensitivity of one or two performance metric(s) to the change in design
parameters each time. Only the major trends could be obtained when comparing the sensitivity results of
multiple design metrics together. With the availability of more advanced computers and tools, Patterson
eral. [25] and Lawrence et al. [7] were able to integrate the results together to show the complete picture of the
sensitivity results. In the design case presented by Patterson et al., 20000 random designs were automatically
generated to create the response surfaces. The prediction profiler, based on these response surfaces, adopted
by them is so powerful that it allows the designer to freely modify each design input and reflects the influence
of the shift in design point on every design metric simultaneously. This is very helpful in the early design
phase when designers do not have a clear picture of how each design parameter affects the design metrics.
Moreover, the design space contour plot enables the visualization of the feasibility of each design, which
assists the designers to set reasonable design goals. In the tool proposed by Lawrence et al., sensitivity results
were scaled to allow fair comparisons among different sensitivity results. This helps in terms of locating the
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most influenced design parameters which differ in dimensions. For this thesis project, because no previous
study has investigated the same design problem, gaining understandings of the effects of design parameters
and design metrics on the design space is crucial for the successful formulation of the optimization problem
later.

4.2. OPTIMIZATION METHOD
In addition to the attempt to gain knowledge of the influence of the design parameters on the handling qual-
ities, the author also plans to incorporate the final optimization process, during which the design parameters
are tuned to obtain the desired handling qualities, into this thesis project.

Continuing the sensitivity analysis presented in the last section, Patterson er al. [25] also introduced an
optimization method based on the Joint Probabilistic Decision Making technique [26].

1. Generate a joint cumulative probability distribution, as given in Equation .12 and I.13. F(xy, X2, ..., X;)
denotes the probability of the events X; = x1, X;;, = X, ..., X;n = X, happening simultaneously. x; de-
note the target values which are the desired values of the design metrics, while a; stand for the sample
values of the design metrics.

2. Calculate the probability of success (POS) (Equation I.14) which reflects the feasibility of a design. The
minimal and maximal values of a design metric are up to the designer to set. Too big a POS indicates
the design goal is too low while too small a POS indicates the design goal is too stringent, meaning that
a small design change could lead to an infeasible design. Therefore, the range of each design metric
should be determined carefully to ensure a feasible and competitive design.

3. Use gradient-based methods to obtain a set of design parameters that bring about the optimized design
goals.

m

F(X1, X2,y Xpp) = — ) 1(@i1 < X1, A2 < Xp, 00y Ain < Xn) (L12)
i=1
1 n 1, for(aj1 = x1,8i2 = X2,..., Qi = X
— Y I(aj < X1, Q12 < Xp, ey Qi < Xom) = for(ai C bt im = Xm) (1.13)
i=1 0,0therwise
1 m
POS=—3 I(Ximin < @i < Ximax) (I.14)
i=1

This joint-probabilistic method is very suitable for situations where designers possess incomplete knowl-
edge about the system and the design goals. It is often the case that multi-criteria optimization methods
require deterministic information about the criteria, however, this kind of information may be inadequate
for those fields which few studies have touched upon. The handling qualities of tiltrotors is one of those
fields. The previous literature review has shown that currently, no specific handling qualities standard exists
for tiltrotor aircraft, and only a limited number of researches have been done to study the handling qualities in
the helicopter mode and the airplane mode. The handling qualities in the conversion mode have barely been
carefully treated. Moreover, for flight in the conversion mode, the sensitivity of handling qualities metrics to
design parameters has never been studied. As a result, during the optimization phase, the author of this the-
sis project does not have the knowledge of how much can each of the selected handling quality metrics being
improved. For instance, if the baseline model demonstrates level 2 handling quality in pitch bandwidth un-
der certain flight conditions, what would be the goal of the improvement? It is possible that no feasible design
solution can be found if level 1 is the goal, or other metrics degrade heavily in the meantime. Therefore, the
joint probability distribution can be very helpful in terms of helping the designer to understand the influence
of the values of the design metrics on the design space so that reasonable and balanced design goals can be
determined.

5. RESEARCH QUESTION

The literature study has disclosed the knowledge gaps in tiltrotor handling qualities in conversion mode. No
systematic approach has been taken to investigate the influences of design parameters on the bare-airframe
handling qualities in conversion mode. The objective of this thesis is to add knowledge to these gaps and to
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Figure I.15: Sensitivity of component pitch stability and control derivatives to input parameters [7]

form design guidelines for better bare-airframe handling qualities in conversion mode. The main research
question is then formulated:
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How to improve the bare-airframe handling qualities of the XV-15 tiltrotor aircraft in conversion mode?

The basis of this thesis is a good flight dynamic model of the XV-15 tiltrotor aircraft. In the Control and
Simulation group of the Faculty of Aerospace Engineering at TU Delft, a 3 degrees of freedom (DoF) flight
dynamic model of the XV-15 tiltrotor aircraft was developed prior to this thesis. This model has been chosen
as the baseline model in this thesis. But some improvements and extensions need to be done before this
model is ready to be used for this study. Therefore, to answer the main research question, this thesis is divided
into three stages.

1. Stage 1: Improve the TU Delft in-house 3-DoF XV-15 tiltrotor model and implement necessary func-
tions.

2. Stage 2: Use the improved tiltrotor model to locate the handling qualities deficiencies.
3. Stage 3: Select design parameters, generate and explore the design space.
4. Stage 4: Perform the optimization to find the optimal set of design parameters.

Stage 1 prepares the flight dynamic model for this study. The main research question is then broken down
into three sub-questions corresponding to Stage 2, 3, and 4. These sub-questions are ordered in such a way
that each of them provides the necessary knowledge for answering the next question.

1. What are the existing problems of the handling qualities of the XV-15 tiltrotor aircraft in conversion
mode?

2. What are the design parameters to be selected and how do they influence the handling qualities?

3. How to find the optimal values of design parameters?

6. LAYOUT OF THE REPORT

Chapter 2 describes 3-DoF XV-15 tiltrotor model and the improvements done to it. It also includes the math-
ematical description on the trim and linearization process. Chapter 3 introduces the selected handling qual-
ities parameters. The definition of these parameters are explained. The handling qualities over the flight
envelope are investigated. In Chapter 4, the design parameters are selected and the weight evaluation meth-
ods are described in detail. The analysis tool developed in this study is introduced and the results of the
design space exploration are presented. Six optimization cases are performed to investigate the trade-offs
in design and the influences of constraints. In Chapter 5, reasonable conclusions are made to answer the
research questions. Finally, the recommendations for future work are outlined.
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FLIGHT DYNAMICS MODEL

1. INTRODUCTION TO THE 3-DOF XV-15 TILTROTOR MODEL

The original TU Delft in-house model of the XV-15 tiltrotor aircraft is a 3-DoF model describing the longitu-
dinal dynamics. It has been selected as the baseline model of this study. Figure 1.1 sketches the important
angles, aerodynamic forces and moments, and body reference frame of this model. The rotor is modelled
as an articulated type using the Blade element momentum theory (BEM), with H-force and hub spring in-
cluded. The flapping equation is solved using the quasi-static solution, which assumes that all transients
decay rapidly and the blade flaps in simple harmonic motion, limited to the first harmonic and a steady term
(conning angle). The wing downwash angle and flap/flaperon in the figure are not modelled in the baseline
model but have been added into the improved model.

The computation scheme of the model is illustrated in Figure I1.2. The blade element momentum theory
uses nondimensional aerodynamic velocities. The convergence of the thrust coefficient based on the BEM
method and the Glauert theory gives the longitudinal disk tilt angle, inflow ratio, and thrust coefficient. Next,
the coning angle and later disk tilt can be obtained. With these parameters, the thrust, the H-force, and the
hub spring reaction moment are then calculated. The aerodynamic forces and moments generated by the
wing, the horizontal tail, and the fuselage are calculated in their local reference frames. Finally, all forces and
moments are transformed to the body reference frame (attached to the CG) and summed to compute the
state derivatives.

Xp X axis in body frame Ly, Lift of the horizontal tail
Z), Zaxis in body frame D, Drag of the horizontal tail
Control plane a; Longitudinal flapping angle Mj,  Pitching moment of the horizontal tail
a, Tip path plane 0. Angle of the control plane w.r.t. the shaft plane  L;  Lift of the fuselage
Shaft plane 6;  Fuselage pitching angle Dy  Drag of the fuselage
n  Nacelle angle M;  Pitching moment of the fuselage
&  Wing downwash angle T Rotor thrust
L,, Lift of the wing H  Rotor H-force
D,, Drag of the wing My flapping spring reaction moment on rotor hub
M,, Pitching moment of the wing CG  Center of gravity

Wind [/ i ————

Zv

Figure II.1: Forces and moments acting on the XV-15 tiltrotor model (vertical tails not shown)

The inputs to the model are states, state derivatives, and controls. The outputs are state derivatives.
State variables include the body velocity in the x and z direction, pitch rate, and pitch angle:

(u,w,q,07"

21
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II. FLIGHT DYNAMICS MODEL

horizontal tail, and fuselage.

. Aircraft mass and moments of inertia; parameters and look-up tables of rotor, wing,
Aircraft parameters:

Control settings: 7, flap/flaperon setting

Control variables: Xcor, XIN

State variables:
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Figure I1.2: Computation scheme of the improved model
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State derivative variables:
(i1, w,§,0/,]"

Control variables include the travel of collective lever and the travel of longitudinal stick:

[(Xcor, Xin1"

The flap/flaperon and nacelle angle are control settings rather than control variables because they are se-
lected prior to the start of the simulation and are not changeable during the simulation. Since the dynamic
process of transition and flap deflection is not part of the study, this limitation will not influence the study.
The computation scheme is shown in Figure I1.2.

During the simulation, the process of updating state variables is as follows:

1. Using the initial condition to calculate the accelerations:

[rs1, West, Gee1,Op ] = MODEL([ut, we, G, 077, e, Wr, G, 07,7, [XCOL@),XLN@)JT) (IL1)

2. Update the state variables, where At is the simulation step length:

Upsl = U + U1 AT
W1 = Wy + We At
qi+1 =gt + 4r+1At
Ofrs1=0p+0fp AL

(I1.2)

3. Using the result of this step to perform the next-step calculation:

[itrs2, Wev2, Gre2, O a2l = MODEL([”HL Weet, Gr+1, O pean) o (et Weat, Grat, O] [Xcorsn), Xengen]”
(I1.3)
In the original model, several simplifications were made which limit the accuracy of the model.

1. Fuselage aerodynamics was approximated by a flat plate with only drag being taken into account.

2. The gimballed rotor of the XV-15 was modelled as an articulated rotor.

3. The perpendicular velocity seen by the rotor blade element was assumed to be much smaller than the
tangential velocity. Therefore, it was omitted during the blade element calculation. This simplification
will lead to inaccurate results in high-speed flights at large tilt angles.

4. Wing/rotor downwash on the horizontal stabilizer was not included.

5. Rotor downwash on the main wing and the empennage was not included.

6. Wing aerodynamics varying with the mast angle was not included.

7. CG shift due to nacelle tilt was not included.

8. Flap/flaperon was not included.

9. The gearing of the collective stick control was not modelled because the rotor RPM governor was not
modelled. In the real XV-15, the collective lever control on the collective pitch is phased out as a func-
tion of the nacelle tilt angle. In airplane mode, the collective lever only controls the power setting of

the engine. The collective pitch is fully controlled through the governor to maintain the pilot-selected
RPM. [27]
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2. IMPROVEMENTS TO THE MODEL

To improve the accuracy of the baseline model, some of the above-mentioned simplifications were removed.
Look-up tables from [28] were implemented to model the following:

1. Fuselage aerodynamics.
2. Effect of the tilt angle on the wing aerodynamics.
3. Flap/flaperons aerodynamics.
4. Wing downwash on the horizontal tail.
Apart from the look-up tables, the updated model derived in this thesis also have the following improved:

1. CG shift due to nacelle tilt was included.
2. Aircraft moment of inertia change due to nacelle tilt was included.
3. Maximum blade loading Cr/0 and power available were added as constraints.

The wing downwash on the horizontal tail is very important for longitudinal handling quality analysis. Be-
cause the deflected flow after the wing has a large influence on the angle of attack of the horizontal tail. The
rotor downwash on the wing and the horizontal tail is less important. According to the study of Ref. [29], the
rotor downwash on the wing can be ignored at a forward speed of 60 knots. Results in Ref. [30] show that the
rotor wake on the horizontal tail is very small after a tilt angle of 30 degrees. Its influence on the horizontal
tail is the strongest at low speed (40-60 knots) but diminishes as the speed increases.

Another modification is the travel limit of the collective lever. The rotor rpm governor system is used in
all modes. It maintains the pilot-selected rpm by adjusting the blade pitch. In helicopter mode, the collective
pitch inputs from the governor are superimposed on the collective pitch inputs from the collective lever and
the differential collective pitch inputs from the lateral stick. As the aircraft converts from helicopter mode
to airplane mode, the collective pitch inputs from the collective lever are phased out. [27] In airplane mode,
the collective pitch is controlled through the rpm governor alone. [31] The baseline model used 10 inches
as the limit for all modes, which is the actual travel limit of the XV-15 collective lever. But that should come
together with the RPM governor. Without the implementation of the RPM governor, a more representable
value should be used. In Ref. [28], the collective pitch is calculated via Equation I1.4.

Oor = ﬁ (Xcor) +0orL +6oriG +Ooaiff (IL.4)

The subscript R indicates the right rotor.

Oor is the collective pitch.

XcoL is the position of the collective lever.

0o is the low limit of blade pitch at 0.75 blade radius.
Oor/c is the governor blade pitch. -5 deg < Ogr/G < 33.5 deg
Boairr is the blade pitch due to differential collective.

This thesis only studies 3 degrees of freedom, thus the differential collective can be ignored. Table I1.1 lists
the collective pitch gearing and 6oy 1.

In the improved model, a constant gearing ratio 06y/0Xcor, = 1.6 is used. The collective pitch in airplane
model is controlled through the governor alone, so the only two terms left in Equation 11.4 is Oz, and 8gg/ -
In the absence of the governor, assuming Oyr,; in airplane model is still controlled by the collective lever
through a gearing ratio of 1.6. Finally, the limit of Xcp; can be obtained by dividing the maximum value of
Oor/c by 1.6, as shown in Equation

0 33.5
ORIGUmax) _ 222 _ 5 9dinches (IL.5)

XCOL(max) = 16 16
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Table II.1: Collective pitch gearing and low limit of blade pitch at 0.75 blade radius. Table 8a-IV in Ref. [28]

Table Ba-IV, XV-15 Collective Pitch Gearing,

a0
2]
(BXCOL, 8, at 0.75 R)
€oLL
390
Mast Angle, g, deg w deg/in at 0.75 R,
COL deg
0 1.6 -2.3
10 1.5 -1.0
20 1.35 1.0
30 1.13 4.0
40 0.92 7.0
50 0.71 10.2
60 0.52 13.5
70 0.34 16.7
80 0.15 19.5
90 0 21.3

3. TRIM AND LINEARIZATION
3.1. TRIM

To trim an aircraft means to find the control settings so that the aircraft can maintain the prescribed attitude
and speed. Trimming is the essential stage before performing stability or handling quality analysis. Since for
most cases, these analyses start from an aircraft flying in a steady state. In our case, steady level flight. After
finding the trim point, the model can then be linearized around this point for further analysis.
A nonlinear set of dynamics is given by
x=fx,u) (IL.6)

where X is the state vector, u is the vector of inputs, and f is a nonlinear vector function that describes the
dynamics. A trim point is analogous to an equilibrium point - a point for which if the system starts there it
will remain there for all future time. An equilibrium point is characterized by setting the state derivative to
Zero:

x=fxu) =0 (I.7)

The result is an algebraic set of equations that must be solved for both x¢ and ug, where the subscript 0
denotes the equilibrium.

In the 3-DoF model, the control variables used to trim the aircraft are fuselage pitch angle (8 1), collective
control (Xcor), and longitudinal control (X;). Not to be confused with the blade pitch control angles, the
collective control and longitudinal control here are "stick position". The trim process is defined as follows:

1. Select the trim condition. For steady level flight, choose flight speed (V), mast angle (1), and flap set-
ting.

2. Give an initial guess to the control variables 6, Xcor, Xpn. Then each time the control variables get
updated, the input state variables need to be updated accordingly.

u="Vcos(0y) w=Vsin(@y) (I1.8)
3. Minimize the following function, which is the sum of the square of all acceleration terms.

FOy,Xcor, Xin) = U + W* + ¢ (IL.9)
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3.2. LINEARIZATION

Linearization is the process of finding the linear model around the trim point. For small perturbations in a
short time, it is valid to assume that the system properties remain constant. Thus, the linear time-invariant
state-space model is utilized.

X(f) = Ax+ Bu(1)

(I1.10)
y(£) = Cx+ Du(1)

Define the actual state as x(f) = Xg+0x(¢) and the actual control inputs as u(¢) = ug+6u(t). Then the linearized
equations can be developed using the Taylor series expansion about x¢ and ug
Recall equation 11.6, each equation of which

X; = fix,u) (IL.11)

can be expanded as

d
E(xol- +6x;) = fi(Xo + 0X,up + 6u)
(I1.12)

» of; of;
= fi(Xo,up) + ™ 06x+ 0 06u
where
ofi_(0fi  of
ox loxy 7 ox,

The higher order terms are ignored because the variations are small. Since %xei = fi(Xo,up), then we have

d of; of;
—Ox))= —| 6 — 6 11.13
ar O 5,0 a0t (L13)
Combining for all n state equations, gives that
on ] [oA|]
ox 0 ou 0
o |on of:
—dx= 0x o 0x+ Ou | ou
dt . . (I1.14)
o ot
0X 0 | Ou 04
= Adx+ Bdu
where ] . )
oh Of O ofi of oA
0x; O0x» = 0xp ouy Ouy, ~ Oup
of2 0f of Ok 0f Sf
A= 6x1 6x2 o axn B= 6u1 0u2 aum (I1.15)
[0x; 0x; " Oxulo 0wy dus T Oumlo

Typically the "6" can be dropped, thus the state equation can be written as
x(#) = Ax+ Bu(1) (11.16)

which is of the same form as equation I1.10
Following this approach, the A and B matrix of our model is computed column by column, i.e., by varying
each state variable at one time. The detailed method is illustrated below.
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1. At the trimmed point, add a small perturbation +e€ to the first state variable u,

U Upt+e€
%= | :AJODEI( R Xbo“]) (IL.17)
q qo X1No
0 f1 0 fo
2. Add a small variation —e to the first state variable
ng Ug—€
. wo wo XcoL
X2=| .“| =MODEL + 0 11.18
2 7 ( qo XNy ) ( )
Or2 0o
3. Then the first column of the A matrix is
ofi
ou 0
of .
ou || - X1—X2 (I1.19)
2€
ofi
| ou 0

4. Repeat step 1-3 but add the variation € to the other three state variables w, g, 8 individually to compute
the other three columns of the A matrix. Similarly, the B matrix can be obtained as well.

4, RESULTS OF THE IMPROVED MODEL

This section presents the trim and dynamic stability results of the improved model. Trim results of the base-
line model are also used for comparison.
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Figure I1.3: Level flight pitch trim curve. Baseline model, After CG, Flap/flaperon=40/25

Figure I1.3 shows the pitch trim curves in level flight of the original model (dashed line) plotted against
the published data ("+" marker) from Ref. [32]. The results show a large discrepancy between these two.
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The baseline model tends to over-predict the pitch angle, especially at high speed. Also, the curves of the 0
degrees, 15 degrees, and 30 degrees cases fail to follow the published trends well. There is an area between 40
and 100 knots where the 30 degrees configuration cannot be trimmed, which largely violates the published
data.
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Figure I1.4: Level flight pitch trim curve. Improved model, After CG, Flap/flaperon=40/25

Figure 11.4 shows the pitch trim curves in level flight of the improved model (dashed line) plotted against
the published data ("+" marker) from Ref. [32]. Compared to the baseline model, there is an evident improve-
ment in the trim curves. For each nacelle angle, the improved model tends to under-predict the pitch angle
as the airspeed becomes higher. The reason could be that only the tangential flow into the rotor is consid-
ered. If both tangential and perpendicular velocities are considered, the vector sum of the total inflow will
cause a larger pitching up moment which grows with speed. In general, the solid lines correlate well with the
published data. The improvement is largely due to the implementation of the wing downwash effects on the
horizontal tail [30], the flap/flaperons aerodynamics, and fuselage pitching moment.

Table I1.2: Eigenvalues comparisons. After CG, Flap/flaperon=40/25, Ref. [33]

Table 10.1 Comparison of FXV-135 eigenvalues (italics) with published data

H-mode H-mode C-mode (60) A-mode A-mode
hover (SL) 120 kts (SL) 120 kts (SL) 170 kts (SL) 260 kts (SL)
—0.68, —0.143 —1.41+2.79 —-1.29+2.5i —1.53+3.71i -2.20+4.59i
Pitch S-P —1.32, -0.105" —1.44 +3.34 —1.302+2.86i* —1.21+1.82" -2.23+4.19i¢
-0.807,-0.20 —1.18+2.241 (11sxs) — 1.07+1.281 —1.29+1.421 —4.23,-0.861
0.15+0.42i —0.054 +0.076i —0.077 +0.173i  —0.15+0.16i —0.17+0.17i
Long. phugoid 0.268 +0.513° —0.034 +0.12:4 —0.073 +£0.27:° -0.012+0.015:
0.123+0.4291 —0.223, 0.06 1185y —0.081+0.1081 —0.218+0.3241 0.173+0.492i

9Ref. 10.12 (Harendra).

PRef. 10.51 (Tischler 1987).

“Ref. 10.52 (Tischler 2012).

@Refs. 10.49, 10.50 (Fergusen, Schroers).

The eigenvalues of the short-period and phugoid modes are shown in Table 11.2 taken from Ref. [33].
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There are three rows for each mode. The first row gives the results of the FXV-15 model; the second row gives
the results from flight tests and validated mathematical models; the third row in red colour gives the results of
our improved model. The FXV-15 model is a 6-DoF XV-15 model developed by the University of Liverpool in
FLIGHTLAB (A comprehensive analysis and simulation tool for rotorcraft developed by Advanced Rotorcraft
Technology, Inc.). Ref. [34] contains a complete description of this model. In helicopter mode, conversion
mode, and low-speed airplane mode, the predictions made by the improved model compare well with the
data in the table, but a few differences stand out. The short-period frequencies predicted by the improved
model in all modes are lower than others. In high-speed helicopter mode (120 kts), the phugoid mode pre-
dicted by the improved model becomes unstable while other results indicate a stable phugoid. However,
all results show that the phugoid pole will move closer to the imaginary axis as the airspeed increases. The
phugoid poles of FXV-15 and Harendra’s model [32] are extremely close to the imaginary axis at 120 kts. Thus,
the unstable phugoid of the model is not completely unreasonable. In low-speed airplane mode (170 kts),
the predicted short-period is close to Tischler’s result [35], but the predicated phugoid frequency is almost
two times that of the FXV-15’s. The largest discrepancy occurs in the high-speed airplane mode (260 kts).
The predicted short period damping is too large that it is no longer oscillatory and the phugoid frequency is
higher than the published data. However, it can be seen from this table that the FXV-15’s results are not very
close to flight test data. The FXV-15 contains the inflow dynamics and 6 degrees of freedom, which make its
results closer to flight test data compared to the 3-DoF model. Considering the complexity and assumptions
of the improved 3-DoF model, achieving such results is reasonably good.
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LONGITUDINAL DYNAMICS AND HANDLING
QUALITIES

1. MISSION TASK

One primary role of XV-15 sized tiltrotor aircraft is Search and Rescue (SAR). During SAR missions, the air-
craft may need to perform the terrain-following MTE. In such missions, the aircraft has to fly near the ground
surface in order to detect the rescue site and to search the injured personnel. The pilot needs to constantly
maneuver the aircraft to fly the terrain contours at medium speed. Such maneuvers include rapid control of
flight path, airspeed, roll angle, and heading. These bring issues to the handling quality of the aircraft. The
critical requirement is on the short-term pitch and flight path responses. Because the ability to establish and
sustain a load factor as rapidly as possible depends on the aircraft pitch and flight path response character-
istics to the longitudinal control input. Sufficient control power, attitude quickness, and maneuver stability
are also important.

The SAR mission context suggests that most of the time the tiltrotor aircraft needs to fly in the conversion
mode. Taking into account the acceptable computation power when running design calculations, two condi-
tions are selected to be evaluated in this study, 80 knots with 30° nacelle angle and 120 knots with 60° nacelle
angle.

2. APPROXIMATE LONGITUDINAL DYNAMICS

For the conventional angle-of-attack response type, two classical longitudinal modes are phugoid and short
period. "The short period is a relatively rapid mode that governs the transient changes in angle of attack,
pitch, flight path and normal load factor that occur following rapid control or gust inputs" [36]. The phugoid
motion is commonly a low-frequency and lightly damped oscillation in flight speed and pitch angle. It has a
nearly constant angle of attack due to a repeated exchange of airspeed and altitude. While the short period
characteristics have a strong influence on accurate flight-path control, the phugoid is usually not a problem
because its period is too long (typically 20-60 sec) that a pilot can correct it without even noticing it. Next, the
longitudinal equations of motion are presented, following the derivations in Ref. [37][38].
The linearized longitudinal equations of motion of the aircraft are:

mu = Xyu+Xyw+Xqq+ X5,6 — mgcostod (II1.1)

m(w - qUp) = Zyu+ Zyw+ Zyw + Zgq + Zs,0 . — mgsinfy0 (I11.2)
Iy = Myu+Myw+ My +Myq+ Ms,5, (IIL.3)

=g (I11.4)

where u, w, g, 6, and §, denote small deviations from the equilibrium state. 6y is the pitch angle around

which we obtain the linearized equations. Same for the Uy, it is the airspeed around which we obtain the

. . . . . S ~ My = Vi L .

linearized equations. Non-dimensionalize X, = X;,/m, My = I—y", I'= 1M§' . Put these equations in the matrix
—ZLw

form, as shown in Equation I11.5.

31
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i ):(u }:(w A 0 —gcosby u Xae
Zy Zw Zg+ Uy —gsinby N
w — — —_— —_— w Zs,
= 1-Zy 1-Zy 1-Zy 1-Zy +1 Oe (I11.5)
q My+ 2,0 My+ 2,0 Mg+ (Zg+ Ul —gsinfol| |4 Ms,
0 0 0 1 0 0 0

2.1. SHORT PERIOD DYNAMICS
The forward speed remains almost constant during short-period oscillations [19]. Hence, the speed variable
u and the force X can be omitted, resulting in the 2 x 2 system in Equation .

w V4 U w Zs
=1 . w . ) ‘ A +| |6 (I11.6)
{'] My + Z,y My Mq+U()MM'/ q M(se
With
N Zoyw Z .
Zyw= =—=w=sw
m m

The term My, + Z,, My, can be rewritten as My, + sMy. Since UyMy;, is much smaller than My, it can be
dropped out. Then Equation I11.6 can be written as

w Z Uy w 25
| ™ - n 5o (111.7)
q My +sMy, Mg| | q Ms

Solve this equation for the transfer function that relates q and 6., we get
MyZs, - ZwMs, )

(M56+252Mw) S+ — ——
q(s) ( Ms, + Z5, My

8e(8)  s2+ (=My— Zy — UgMy)s+ My 2y — My, Uy

(II1.8)

We can also ignore the lift generated by the control surface deflection de. This is because 1. its contribution
to overall lift is very small compared to the rotors and main wing; 2. its pitching moment effect is much larger
than lift effect. [36] Therefore, this equation can be further simplified to

M5 S— Zw
N e
9) = = = ( = ) —— = (I11.9)
0e(s) s+ (-Mg—Zy—UgMy)s+MyZy — MUy
The short period transfer function in the general form is
Vs, (s + —)
8 (S+ ——
q9) _ To, (I11.10)

0e(s)  $2+205pwsps+wsp?

Compare Equation I11.10 and I11.9, the expression for short period natural frequency and damping ratio can
be obtained:

2 spwsp =—Mg— Zy— UMy,

S . II1.11)
Wsp® = MgZy — My Uy
2.2, PHUGOID DYNAMICS

During phugoid motion, changes to w and q are very small compared to «, so a constant pitch rate ¢ = 0 and
a constant w = 0 (corresponds to a constant angle of attack) can be assumed. Therefore, we can set g = 0,
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w =0, and 0y = 0 in Equation IIL.5.

i Xu X 0 —gcosty | |, s,
V4 V4 Zg+ U —gsind .
0 “ Y q—AO g—AO w Zs,
= 1-Zy 1-Zy 1-Zy 1-Zy + R (56 (II.12)
O | Wyt Zul Bt 20l Wi+ g+ UnT —gsingol| [ 9] | V.

Then following the derivation in Ref. [37], we can obtain the coarse approximation for phugoid as shown in
Equation I11.13, in which the control variables d. is left out.

. X, -g
ul _ 7

0

u

9 (II1.13)

0

The eigenvalue of the A matrix gives the approximation for phugoid natural frequency and damping ratio.

2(phwph = _Xu

- 82, (I11.14)
a)ph = U
0
The damping ratio can be further extracted out
XUy
Cph=——"7=— (I1.15)
p 2\/§g
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Figure III.1: Pole-zero map predicted by the improved model ("x": poles; "0": zeros)

In Table 1.2, it was found that in helicopter mode, the phugoid became unstable at 120 knots. Figure I11.1
shows the short period and phugoid poles and zeros in helicopter mode at various speeds predicted by the
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improved model. As the airspeed grows, the phugoid poles continue approaching the real axis. In Equation
11115, X, will become more negative and Uy will be higher as airspeed increases. Thus, the resulting phugoid
damping ratio will increase as well. At 120 knots, it finally exhibits a non-oscillatory behavior. One of the
phugoid poles moves to the right-half plane, leading to an unstable aircraft.

From the discussion above, it can be seen that short period motion is dominated by the pitching moment
derivatives My, M, and Z force derivatives Z,,. Phugoid is dominated by force derivative X, and Z,. In this
thesis, we mainly concern the short-period dynamics which govern the pitch tracking ability of the aircraft.
The dominant factors in short period damping and frequency are M, My, and Z,,. The largest contribution
to the derivatives of the pitching moment with respect to the pitch rate and heave speed comes from the
horizontal tail. The heave damping term Z,, is influenced by the rotor and wing. Consequently, the selection
of design parameters should take these into account.

3. SELECTED CRITERIA FOR EVALUATION

This section will introduce in detail the selected criteria in this study. In addition to handling quality pa-
rameters, two maneuverability parameters are also included. One is the peak normal load factor during the
pull-up and the other is the acceleration time from 100 knots to 150 knots. Figure I11.2 shows the handling
quality parameters and whether they come from helicopter standards or fixed-wing standards. By selecting
a mixed set of criteria from both helicopter and fixed-wing standards, the uniques of the tiltrotor aircraft can
be reflected.

Helicopter Fixed-wing

- Bandwidth
- Short-period
damping ratio

- CAP

- Quickness
- Dropback

Figure II1.2: Selected handling quality criteria

3.1. BANDWIDTH

Bandwidth is designed to indicate the highest frequency at which the pilot-aircraft loop can be closed without
introducing instability (i.e. PIO). The main advantages of using the bandwidth criteria are that it applies to all
response types and thus is ideal for highly augmented aircraft, and it can be readily extracted from the bode
plot of the higher-order system. [39] Figure I11.3 shows the definition of bandwidth taken from ADS-33E. It is
defined as the frequency where the phase margin is 45 degrees or where the gain margin is 6dB.

The bandwidth boundaries are task-dependent, because the characteristic frequency of the command
varies for different tasks. For most configurations, the phase margin bandwidth is lower than the gain margin
bandwidth, which means they are phase margin limited. For configurations that are gain margin limited, they
tend to be PIO prone. [39]

Because this model describes only the bare-airframe dynamics, i.e., no control augmentation system in
the loop, there is no higher-order delay in the pitch transfer function. In the absence of the time delay param-
eter, the bode plot of the pitch attitude to longitudinal stick input transfer function has no intersection with
the -180 degrees line. By definition, it means the phase delay equals 0 and thus the bandwidth is only limited
by the phase margin, which is in accordance with the rule stated above. In ADS-33E, the pitch bandwidth
must be higher than 2 rad/sec to achieve level 1 for target acquisition and tracking tasks.

3.2. CONTROL ANTICIPATION PARAMETER
Control anticipation parameter is a measure of predictability of the pitch response. Figure 111.4 is the CAP
criterion for Category A landing and approach specified in MIL-HDBK-1797A [11].
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Figure III.4: CAP criterion. MIL-HDBK-1797A Category A landing and approach

Recall Equation I.10

.. 2

0(0 s, T

O 8%p02 (I11.16)

CAP= e
1z(00) |4

Therefore, CAP is closely related to the incidence lag and short period responses. For category A flight, CAP
must be higher than 0.28 rad/sec?/g and lower than 3.6 rad/sec®/g to achieve level 1 handling quality. In
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Ref. [40], Gibson proposed the "Gibson Criteria", in which an upper limit of 3.6 rad/sec?/g was considered
satisfactory for gross maneuvering without a target. But it was unsatisfactory above 2 rad/sec?/g for landing
approach, above 1 rad/sec?/g for precise tracking. In later analysis, 0.28 rad/sec®/g to 1 rad/sec?/g will be
used as the boundaries.

3.3. DROPBACK

Dropback is a criterion used in conjunction with the CAP or bandwidth criteria as shown in Figure II1.5.
It compares the ratio of the peak to steady-state pitch rate with the ratio of pitch attitude dropback to the
steady-state pitch rate. It is a measure of the quality of the pitch responses.

45 T T I T T
If the response is above the limit, then
the level base on CAP or bandwidth
should degrade by 1 level.

0 . . . . .
0 05 1 15 2 25 3

DB/‘qEE
Figure II1.5: Dropback criterion

The determination of dropback parameters follows the definition by Gibson as illustrated in Figure I.6.

1071

Angle [deg]

10 1 2 3 4 5 6 7 8
t[s]

Figure II1.6: Method to determine dropback parameters from pitch responses

Two parameters are needed in this criteria, the ratio of pitch dropback to steady-state pitch rate DB/ g
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and the ratio of peak pitch rate to steady-state pitch rate g,/ gss. Figure 111.6 shows the method used to de-
termine these two parameters when programming. It is the history of pitch rate, pitch attitude, and flight
path angle after a longitudinal pulse input applied at 1s and removed at 6s. It was found that for most config-
urations, the pitch rate stables 3 seconds after the initial input. Hence, the pitch rate at 4s and 5s, namely the
ptl and the pt2, are taken and the average of them is considered the steady-state pitch rate. A line is drawn
through the pt3 and pt4, which are the pitch angle at 4s and 5s, and its intersection point with the horizontal
axis is used to determine the DB/ g;.

3.4. ATTITUDE QUICKNESS

Pitch attitude quickness is a measure of the aircraft’s ability to achieve rapid pitch attitude changes. It was

first introduced in ADS-33 to characterize moderate-amplitude attitude changes (5° < 6 < 30°) for helicopter

hover and low-speed flight (0-45 kts). It is defined as the ratio of peak pitch rate to changes in pitch attitude.
Adpk

Qo= 5 (II1.17)
pk

ADS-33 did not define quantitative measurements of pitch agility for high-speed forward flight. In an attempt
to develop a new set of consistent, complementary metrics for agility in forward flight, Pavel and Padfield
defined a new quickness parameter in Ref. [41]. While the previous quickness defined in ADS-33 was named
"theta quickness Qg", the new parameter was named "gamma quickness Q," which is the peak quasi-steady
normal acceleration in g units corresponding to a step change in flight path angle.

npk

=— I11.18
Ay ( )

Qy
Pavel and Padfield also proved that for small-amplitude flight path change, the gamma quickness is a measure
of the heave damping. While for large-amplitude flight path change, it characterizes more the pitch attitude
control. Both quickness parameters will be computed in this study. Though the theta quickness is designed
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Figure II1.7: Requirements for moderate-amplitude pitch attitude changes — hover and low speed, target acquisition and tracking [12]

only for low-speed flight, it will be used for all cases to compare with the gamma quickness.

3.5. PULL-UP MANEUVER

The high-speed pull-up maneuver is of great importance in situations where a sharp increase in altitude is
required, such as avoiding an obstacle during the terrain following task. This is a core element in the Search
and Rescue mission task. The measure of this maneuver performance is the maximum achieved normal load
factor after applying a 2-second 0.5-inch longitudinal stick pull.

3.6. ACCELERATION ABILITY

The acceleration ability of the aircraft is also added as a measure of maneuverability. Unlike helicopters which
can start accelerating from hover, tiltrotor aircraft have a minimum speed limit if we only consider a fixed tilt
angle. The tilt angle is not changeable during this maneuver because the tilting dynamics is not modeled.
Thus, for different tilt angles, this maneuver has to be initiated from a different speed.
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During the acceleration, the pilot needs to push the longitudinal stick and controls the collective to main-
tain the altitude at the same time. A closed-loop PID control system was designed to perform this maneuver
[42]. Tt consists of an altitude control loop and a pitch angle (attitude) control loop as shown in Figure I11.8.
The altitude command (h_c) and pitch angle command (theta_c) is set by the user. The altitude control loop
requires two states from the dynamic mode, h_dot (vertical speed in the inertia frame, which is the same as
Vz) and h (altitude). The error between h_c and h is named h_e which will go through a PI controller to get
the vertical speed command (Vz_c). Vz_c then subtracts Vz to compute the error Vz_e. Again, the error goes
through a PI controller and adds to the trimmed collective control to obtain the collective control command.
Because the stick has its travel limit, a saturation block is added to ensure the command does not exceed the
limit. Similarly, the pitch angle (theta) and the pitch rate (q) are fed into the pitch angle control loop, which
uses a PID controller to compute the longitudinal stick command.

Trim +

Collective stick

h_dot

CD.EC.VE s

Colletive stick limit h

Altitude command

theta

theta_c theta_e
@

Longitudinal stick

Pitch angle command Longitudinal stick limit

theta Dynamic mode!

Trim +

Longitudinal stick —

Figure I11.8: Control system block diagram

In later design studies, the aircraft will arrive at a different trimmed condition after modifying the design
parameters. For instance, for steady level flight at the same speed, the trimmed pitch angle will be different for
different design parameters. Then how do we set the pitch angle command so that the aircraft with different
design parameters can show its accelerating ability? With this simple PID controller, it is not possible. For
this purpose, a more suitable method is the inverse simulation technique which has been used to calculate
the control action required to achieve a specified system response [43] [44]. However, control is not the focus
of this project. Therefore, we will use the PID controller above to perform the maneuvers and it can provide
some insights into the acceleration ability.

To find out the maximum accelerating ability, an approximate solution to this problem is used in the
program. If the power required after the aircraft reaches its steady-state after acceleration equals the power
available, then this pitch angle command will be considered the maximum pitch-down angle that can help
the aircraft achieve the maximum accelerating ability. Based on this assumption, the technique is to increase
the pitch-down angle after each loop (every loop is a full simulation of this acceleration maneuver from the
initial speed to the final speed) until the power available being exceeded. Table III.1 lists the XV-15 power
rating at sea level on a standard day (density: 1.229 kg/m3; pressure: 101.325 kPa; temperature: 15 °C).

Table I1I.1: XV-15 power rating (sea level standard day) [27]

Contingency (2 minutes) 1802 hp
Takeoff (10 minutes) 1550 hp
Military (30 minutes) 1401 hp
Normal (max.continuous) 1250 hp

Figure I11.9 shows the history of various parameters during the acceleration from 100 knots to the power-
limited speed at 30 degrees tilt angle. The maximum airspeed is about 160 knots which requires a pitch-down
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angle of 16 degrees. This maximum speed obtained is consistent with the limit shown in the conversion
corridor in Figure I11.10.
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Figure I11.9: Control system performance

4. HANDLING QUALITIES OVER THE FLIGHT ENVELOPE

Using the improved 3-DoF XV-15 model, the handling qualities of the XV-15 in different flight configurations
are evaluated in this section to locate the deficiencies in handling qualities. The red points indicated in Figure
II1.10 are selected to evaluate the variation of handling qualities through the flight envelope. The plotted
flight envelope follows that in Ref. [27]. These points lie near the conversion corridor boundaries. Flying near
the boundaries will face critical situations, e.g., wing stall, flutter, retreating blade stall, etc. Referring to the
normal operative configuration to reduce the rotor download as noted in Ref. [33], the flap/flaperon setting is
40°/25° in helicopter and conversion mode, and 0°/0° in airplane mode. (NOTE: In Figure I11.10, 0 degree tilt
is the airplane mode and 90 degrees is the helicopter mode. But in the following illustrations, this follows
the definition in the mathematical model, where 0 degree is the helicopter mode and 90 degrees is the
airplane mode.)

First, the short period poles of these configurations are plotted on the pole-zero map as shown in Figure
III.11a. The solid black line is the 0.35 damping ratio line, which is the level 1/2 boundary defined in ADS-
33E. Almost all poles fall in the level 1 area, except the 100 knots 60 degrees tilt case has a damping ratio of
0.349, which is slightly to the right of the boundary. There is a trend that the damping ratio and the undamped
natural frequency will increase with airspeed. This can be more clearly observed by plotting different airspeed
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Figure I11.10: Selected points inside the flight envelope. (The flight envelope is from Ref. [27])

cases for the same tilt angle, as illustrated in Figure [11.11b. When flying at 30 degrees tilt angle, the pole moves
to the left and farther away from the origin as the airspeed increases from 80 knots to 150 knots. Thus, in terms
of short period damping, the XV-15 has a better handling quality in high-speed flight.

3 3
3 — - 3 ‘ - —
0.48 0.36 024" 012 0.36 0.26 0.16 0.08
25 062 130_90 25 251048 \ [ VR 1 25
= 100_60 .
: %110_0 ! :
| =240790 0.2 [ - el 2. 2]
2 . L ,Level.z 2 %140_30"- Le\lg.el2
. #150_30 . *150_30 e TN
. : 160_60 = D Nz [082 *I20H0 a0 30
g O‘_?S - _ i R xﬂOﬂ o =
| | | E
= 15F 18] = 15F - 15
o o
3 3
0.78
1 1088 Level 1 _--1* 10 ’ Level 1 p u
40,0
0.5 [0.97 el 0.5 [0.94 e
0 il Il il e O L L 1 1 L i
2 15 -1 05 0 1.4 1.2 08 06 04 02 0
apsp Lsp¥sp

(a) Short-period damping ratio of different configurations

(b) Short-period damping ratio varying with airspeed 30 deg

Figure I1I.11: The results of short-period poles.
(The data tip "A_B" means "Airspeed_nacelle angle". For example, "40_0" means 40 knots flight at 0 degree nacelle angle.)

Figure I11.12a shows the CAP plotted against the boundaries for Category A flight phases specified in MIL-
HDBK-1797A. Due to the insufficient damping, the 100 knots 60 degrees tilt case falls in the level 2 area,
while the rest are all in the level 1 area. Section 3.2 introduced that Gibson recommended an upper limit of



4. HANDLING QUALITIES OVER THE FLIGHT ENVELOPE 41

1 rad/sec?/g for fine tracking. According to this rule, only three cases: 150 knots 30 degrees, 160 knots 60
degrees, and 250 knots 90 degrees satisfy. These are all on the high-speed side for each tilt angle in the flight
envelope. To better look at the influence of airspeed on CAP, Figure I11.12b plots the CAP of different speeds
at 30 degrees tilt configuration. The CAP moves below 1 rad/sec?/g as the speed increases, suggesting that
for pilots, the predictability of the pitch response is better as the aircraft gains speed.
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Figure I11.12: The results of CAP
(The data tip "A_B" means "Airspeed_nacelle angle". For example, "40_0" means 40 knots flight at 0 degree nacelle angle.)

Bandwidth result is shown in Figure 111.13. The level 1 boundaries taken from the ADS-33E tracking
and target acquisition task and MIL-HDBK-1797A Category C approach and landing task are indicated with
dashed lines. Because the phase lag is zero, the bandwidth value becomes the only measure. Similar to
the trend in the above two criteria, the bandwidth increases with airspeed. As the aircraft transforms from
helicopter mode to airplane mode, the difference in bandwidth value between the low-speed case and the
high-speed case becomes smaller. In the chart, the bandwidth of the 40 knots flight in helicopter mode does
not meet the level 1 requirement of ADS-33E tracking and target acquisition task. Fixed-wing requirement is
much higher than rotorcraft requirement in terms of bandwidth. The level 1 requirement in MIL for category
A flight is over 6 rad/sec?/g. None of the cases meet this level. The requirement for category C flight is 2.5
rad/sec? /g, which excludes the case of 80 knots flight at 30 degrees tilt angle.

The pitch attitude quickness results after a 0.25-inch longitudinal stick input are drawn in Figure I11.14
and I11.15 with boundaries in ADS-33E for different mission tasks. Each color represents a configuration. The
circular marker stands for the high-speed case in that configuration and the triangular marker stands for the
low-speed case. For each line, the four markers signify the input duration of 1 second, 2 seconds, 3 seconds,
and 5 seconds. It can be seen that there is a lot of overlapping for low-speed cases because the attitude change
is too small. The high-speed case is more stretched for each configuration. As the airspeed increases, the line
will move to the right, making it closer to the level 1/2 boundary. The black dashed lines in Figure 111.14
are the boundaries for target acquisition and tracking tasks. Most parts of these lines fall inside the level 2
area. When the input duration extends, these lines can penetrate the level 2/3 boundary. A less stringent
requirement is drawn in Figure I11.15 which is for all other MTEs. As a result, the 240 knots flight in airplane
mode meets level 1 while other cases start inside the level 1 area but stretch into the level 2 area as the input
duration increases.

In comparison to the pitch attitude quickness, the results of gamma quickness are plotted in Figure I11.17.
The black dashed line is the proposed level 1/2 boundary determined by Pavel and Padfield [45]. In contrast
to the left and right distribution for low-speed and high-speed cases seen in the theta quickness plot, the
gamma quickness plot shows an up and down distribution: low-speed cases start at a high 7., /y while
high-speed cases start at a low n,,,/y. Also, they overlapped with each other in the vertical direction.

The dropback results are shown in Figure 111.18. The boundary proposed by Mitchell ez al. [23] is indicated
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Figure II1.13: Bandwidth results (The number on top of each bar is the airspeed in knots)
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Figure II1.14: Attitude quickness of the selected points in the flight envelope. Boundaries: ADS-33E target acquisition and tracking.
(The legend "A_B" means "Airspeed_nacelle angle". For example, "40_0" means 40 knots flight at 0 degree nacelle angle. The data tips
indicate the input pulse duration. For each line, the four markers from left to right correspond to the input duration of 1 second, 2
seconds, 3 seconds,and 5 seconds.)

with a blue line. If the response is above this line, then the level based on CAP or bandwidth should degrade
by 1 level. Half of the cases lie above the line, mostly the low-speed case for each configuration. However,
both the low-speed and high-speed cases in airplane mode fail to satisfy this criterion, suggesting that the
XV-15 has an undesirable dropback response in airplane mode. It can also be observed that as the tilt angle
increases, the point moves towards the top right. In other words, the dropback gets worse as the aircraft
converts to airplane mode. Figure I11.19 shows the evolution of the dropback result as the speed increases
from 80 knots to 140 knots when the nacelle angle is 30 degrees. It clearly illustrates that increasing airspeed
will improve the dropback.

The maximum achieved normal load factor during a 2-second longitudinal stick pulse input is plotted in
Figure I11.20. It aims to demonstrate the aircraft’s agility during rapid obstacle avoidance maneuvers. Figure
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Figure II1.15: Attitude quickness of the selected points in the flight envelope. Boundaries: ADS-33E All other MTEs.
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Figure I11.16: Attitude quickness of different airspeed at 30 degrees nacelle angle. Boundaries: ADS-33E All other MTEs.
(The legend "A_B" means "Airspeed_nacelle angle". For example, "40_0" means 40 knots flight at 0 degree nacelle angle. The data tips
indicate the input pulse duration. For each line, the four markers from left to right correspond to the input duration of 1 second, 2
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111.20a shows the results of all cases. Clearly, the peak normal load factor is a function of speed. It is also
related to the configuration of the aircraft. As can be seen from the height of the bars, the peak normal
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Figure I11.18: Dropback results of selected points in the flight envelope.
(The data tip "A_B" means "Airspeed_nacelle angle". For example, "40_0" means 40 knots flight at 0 degree nacelle angle.)

load factor during the 110 knots 0 degree flight is higher than that during the 130 knots 90 degrees flight.
Thus, flying at the right side of the conversion corridor is easier to achieve higher load factors. Figure 111.20b
plots the variation of the peak normal load factor with airspeed at 30 degrees tilt angle. It clearly shows the
relationship between the peak normal load factor and the airspeed.

5. SUMMARY OF THE FINDINGS ON HANDLING QUALITIES DEFICIENCIES

For the short-period damping ratio, except the 100 knots 60 degrees nacelle angle had a damping ratio slightly
lower than 0.35, all other cases were higher than 0.35. It was also found that the damping ratio and the un-
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(The data tip "A_B" means "Airspeed_nacelle angle". For example, "40_0" means 40 knots flight at 0 degree nacelle angle.)
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Figure I11.20: Peak normal load factor during a 2-second pulse longitudinal stick input

damped natural frequency would increase with airspeed. In general, the short-period damping ratio is not
a problem for this aircraft and the damping ratio will become better at high speed. For CAP, requirements
are different in different standards. If using the boundaries for Category A flight specified in the MIL-HDBK-
1797A, only the 100 knots 60 degrees case fell into the level 2 area due to slightly low damping. Other cases
were level 1. However, if using the boundaries recommended by Gibson in Ref. [19], which is more strin-
gent, half of the cases failed to meet level 1. It was also found that as the aircraft gains speed, the CAP would
improve. In conclusion, CAP will be a problem for this XV-15 model when flying at low speed if we use the
stringent criteria proposed by Gibson, but it will not be an issue if we use the less-strict criteria from the
MIL-HDBK-1797A Category A flight. The results of bandwidth were compared with requirements of ADS-33E
target acquisition and tracking and MIL-HDBK-1797A Category C approach and landing. The latter is more
stringent. Results showed that low-speed flight in helicopter mode could not satisfy the level 1 requirement
of ADS-33E. Moreover, low-speed flight in helicopter mode and conversion mode (nacelle angle below 30 de-
grees) could not satisfy the level 1 requirement of MIL. It was also found that the bandwidth frequency would
increase with airspeed. In summary, the bandwidth frequency in low-speed flight at small nacelle angles is
insufficient but it is satisfactory as the airspeed and nacelle angle increase. For the attitude quickness, none
of the cases met the ADS-33E level 1 requirement of the target acquisition and tracking tasks. Some even fell
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into the level 3 area as the input pulse duration increased. If using the requirement of all other MTEs, which
is less stringent, only the high-speed flight in airplane mode can meet level 1. For the agility quickness, most
cases started in the level 1 area using the proposed boundary in Ref. [41], but fell into the level 2 area as the
input pulse duration increased. Therefore, the quickness, in general, is a problem for this aircraft through-
out the flight envelope. Dropback was found to be the most critical problem for this aircraft. Results have
demonstrated that very severe dropback occurred in low-speed flights. As the nacelle angle increased and
the aircraft converted towards the airplane mode, dropback became worse even at high speed.



IV

DESIGN AND OPTIMIZATION

1. DESIGN PARAMETERS
Common design parameters for helicopters include disk loading, rotor solidity, blade loading, rotor tip speed,
blade hinge offset, and installed power. Disk loading characterizes the hover performance and shows how
loaded is the rotor. Usually, low disk loading indicates high thrust efficiency. Rotor solidity is the ratio of total
blade area to disk area. It impacts the stall margin or the maneuverability potential of the rotor. Blade loading
shows how loaded is the blade and indicates how close to stall is the blade operating. Rotor tip speed char-
acterizes the noise and the performance of the rotor. Blade hinge offset is the offset of blade hinge to rotor
center. This offset strongly affects the dynamic response of the blade. Blade hinge offset was left out because
it was not modelled in our flight dynamic model. The installed power was also left out because varying it
will cause significant changes in the weight of engines and transmission systems. Consequently, aircraft drag
and weight of the tilting mechanism will change. These changes are beyond the predicting capability of our
model. In the pitch axis, the tail volume coefficient is an important design parameter that affects the longitu-
dinal stability and handling quality. It is a nondimensional parameter proportional to the tail moment arm.
Finally, the design parameters selected were disk loading, solidity, blade loading, tip speed, and tail volume
coefficient. Table IV.1 lists the basic data of the XV-15 tiltrotor aircraft. It is considered the baseline design.
Look-up tables are involved in the 3-DoF improved model, thus, it may come into concern that whether
the validity of these tables still holds after changing the design variables. These tables describe the aerody-
namics of the fuselage, the horizontal tail, and the wing. Apart from the look-up tables for the fuselage aero-
dynamics that contain the aerodynamic forces, what all other tables contain are aerodynamic coefficients.
Hence, the resulting aerodynamic forces and moments for the horizontal tail will be reasonably scaled ac-
cording to its size. Another important variable for the horizontal tail is the wing downwash angle. It remains
valid because the wing is not part of the design process. The rotor is the primary subject during the design
process. Its aerodynamic forces and moments are completely based on the blade element momentum theory
and no look-up tables are involved. However, the significantly varied rotor will call the look-up tables for the
wing, which describe the variations of wing aerodynamic coefficients with tilt angles, into question. It should
be pointed out that these tables are not related to the rotor wash on the wing, but the influence of wing-pylon
interference on the wing-pylon aerodynamic coefficients. They merely result from the shape change on the
wing-pylon because of different nacelle angles. Therefore, their validity still holds after design changes. In
summary, the look-up tables in the model will not cause problems during the design process.

1.1. TAIL VOLUME COEFFICIENT

In conventional aircraft, the primary function of the horizontal tail is to counteract the moment produced
by the main wing. In tiltrotor aircraft, obviously, the moment produced by the rotor should be balanced by
the horizontal tail as well. The lift generated by the horizontal tail is proportional to its area. Tail lift times
the distance between aircraft CG and the tail aerodynamic center results in the tail moment. Tail volume
coefficient is a nondimensional parameter proportional to the tail moment arm. It relates the tail moment
arm, the wing area, and the mean aerodynamic chord of the wing.
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Table IV.1: XV-15 aircraft data

Wing
Span 9.80 m
Chord 1.60 m
Area 15.70 m?
Horizontal tail
Span 391 m
Chord 1.19m
Area 4.67 m?
Proprotor
Number of blades 3
Rotational speed 589 rpm (Helicopter mode)
517 rpm (Airplane mode)
Radius 3.81m
Chord (constant) 0.356 m
Solidity 0.089
Disk loading 632.02 N/m?
Weight
Gross 5886.7 kg
Empty 4573.6 kg

Sy, is the horizontal tail area.

Ly, is the horizontal tail moment arm.

Sy is the wing area.

MAC is the mean aerodynamic chord of the wing.

Horizontal tail volume coefficient is a significant parameter in longitudinal stability and trim issues. As
it increases, the aircraft tends to be more longitudinally stable but less controllable. Therefore, fighter air-
craft usually have a low V}, to maintain the maneuverability while transport aircraft tend to have a high Vj,
to achieve a high degree of stability. The XV-15 has a tail volume coefficient of 1.276, which is a relatively
high value. The tail volume coefficient is constrained by the longitudinal static stability requirement. The ex-
pression for the longitudinal static stability derivative C,, is shown in Equation V.2, where Cr, denotes the
derivative of lift coefficient of the main wing with respect to angle of attack (Cr, = dC./da), Cr, o denotes the
derivative of lift coefficient of the horizontal tail with respect to angle of attack, /. is the distance of the wing
aerodynamic center to the aircraft center of gravity (positive if the wing aerodynamic center is ahead of the
CG), and ¢ is the wing downwash angle at the horizontal tail. The wing downwash angle € is a linear function
of angle of attack of the main wing before flow separation takes place. For the XV-15 aircraft, de/da = 0.375.
(28]

Comy = Cr, - _C de
mg — YLy~ T Lha'(l__)'vh (IV.2)
c da

a

A statically stable aircraft should possess a negative C;,, which leads to Equation IV.3.

Cr,leg 43x%0.25

Vi, > =
1.6 x 3.94 x 0.625

~0.273 (IV.3)
de
¢ Cr,al- %)

Thus, the minimum value of V}, is 0.273. The tail volume coefficient is constrained on the high side by parasite
drag and sensitivity of pitch trims to airspeed. Given a constant tail arm, a large tail will add parasite drag.
Also, a large tail will move the neutral point after, which will increase the stability margin and thereby cause
large (and annoying) pitch trim changes with changing airspeed. The pilot needs to apply a large elevator
angle change command to restore the aircraft to level flight. In this study, the tail volume coefficient is given
a small margin of +10% to vary (1.14-1.4).
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1.2. DISK LOADING

Disk loading is defined as the ratio of the aircraft weight to its rotor disk area in hovering. For tiltrotor aircraft,
the rotor disk area are the sum of the two rotors’ disk area. Low disk loading is an indicator of high thrust
efficiency. Figure 1V.1 shows the specific thrust (thrust over power) versus disk loading in hover for various
VTOL configurations. As the disk loading increases, the specific thrust decreases which indicates higher en-
ergy consumption per unit of thrust. In this figure, tiltrotor aircraft has a typical disk loading of 632 N/m?.
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Figure IV.1: Hover lift efficiency vs disk loading [46]
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The maximum acceptable rotor size sets the lower limit of disk loading. For helicopters, the upper limit is
constrained by autorotative landing capability. For tiltrotor aircraft, it is a bit different because autorotative
landing capability is not a mandatory requirement for them. The XV-15 and AW609 both have demonstrated
the autorotation capability, however, the V-22 was not designed with this capability. Thus, it seems that for
civil applications, the autorotation capability is an additional safety requirement compared to military stan-
dards. In this study, the autorotative landing capability of the XV-15 will be preserved. Fradenburgh [47]
derived the autorotative flare index which relates the energy available in descent to the energy required to
perform the flare. This index is defined as:

_ IxQ?
- 2W-DL

Higher the index is preferred because low disk loading reduces the steady-state descent rate, thus requiring
less kinetic energy in the rotor. In the study carried out by Scaramuzzino ef al. [48] to investigate the influence
of this index on helicopter flight dynamics, most helicopters have an index between 5 to 40 ft3/1b (0.31 to 2.5
m3/ kg). For the XV-15, it has an autorotative flare index of

Al (IV.5)

_ 138x3x61.682

=——=2.07
2 x 5896 x 64.45

Due to the fact that the rotational speed Q is also a variable, this index can not be translated to a fixed limit
of the disk loading. Instead, it will act as a performance indicator at the end to evaluate the autorotative flare
capability of each design. Finally, the limits of the disk loading is taken from Ref. [49]: 12-17 psf, which equal
to 569-814 N/m?>.
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1.3. BLADE LOADING
The definition of blade loading is
w Cr

BL=—— ==L
pAVrloc o

(Iv.6)

W is the aircraft gross weight in Newtons.

For tiltrotor aircraft aircraft, the W has to be divided by two because of two rotors. The design blade
loading is the blade loading in hover. As the aircraft maneuvers, blade loading will change dependent of
the thrust. The blade loading is constrained on the low side by structural efficiency and on the high side by
the onset of blade stall. [24] Therefore, the design blade loading should not be too high in order to provide
sufficient stall margin for maneuvers. The hover blade loading of the baseline XV-15 is 0.105. According to
Ref. [50], certain sections may operate close to stall when the hover blade coefficient is above 0.13.

_  6Cr
Cp~ 2T IV.7)
(o

C is rotor mean lift coefficient.

Using Equation IV.7, the rotor mean lift coefficient is 0.78 if the blade loading equals 0.13. 0.78 is a rel-
atively high value for mean lift coefficient, indicating that the rotor is operating close to stall. Therefore, an
upper limit of 0.12 is selected for the blade loading to provide some margins for maneuvers and high-speed
flight. Ref. [24] did not specify how to translate the structural efficiency to blade loading. The studies in Ref.
[50][51] used 0.5 and 0.6 as the lower limit of the design blade loading. In this thesis, the lower limit of 0.8 is
selected to provide the room of 20% reduction in blade loading.

1.4.TIP SPEED
The rotor tip speed is defined as:
Vr=QR (IV.8)

Q is the rotor rotation speed.
R is the rotor radius.

Tip speed is constrained on the low side by an advance ratio of 0.5, where half the retreating blade side
is in reverse flow. [24] It is constrained on the high side by the tip Mach number of 0.95 of the advancing
blade, where the compressibility effect come into play. The rotors of XV-15 operate at 589 rpm in helicopter
and conversion mode, and at 517 rpm in airplane mode. The rotor has a radius of 3.81m. According to its
performance data, the XV-15 has a maximum dive speed of 300 knots (154 m/s) in airplane mode, which
translates to a rotor tip speed of

517x2

7
Vr= \/1542 + (T x 3.81)2 = 257m/s = 0.75Ma

In helicopter mode (0° tilt angle), the maximum dive speed is 132 knots (67 m/s). The tip speed is

589 x 2w
Vr =67+ (T x 3.81) =302m/s = 0.88Ma

In conversion mode (60° tilt angle), the maximum dive speed is 190 knots (98 m/s). The tip speed is

589 x 27 . 589 x 27
Vr= (T x 3.81 x sin60°)2 + (T x 3.81 x cos60° +98)2 =~ 296 m/s = 0.86Ma

In the airplane mode, there exists a considerable margin before the compressibility effect takes place. The
design tip speed is the tip speed in hover. Consider the helicopter mode 140 knots flight where the tip speed
mach number is the highest, the design tip speed must be lower than 259 m/s in order to keep the tip speed
below 0.95 Ma when the aircraft reaches the dive speed. This corresponds to the upper limit of the design
tip speed. The highest advance ratio occurs at the highest speed in helicopter mode. In order to keep the
advance ratio below 0.5, the lower limit of the tip speed is 72/0.5=144 m/s.
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1.5. ROTOR SOLIDITY
As defined in Equation V.9, rotor solidity is the ratio of total blade area to disk area.

_Nc

g=—
R

(Iv.9)
Solidity is an important parameter in rotor design. The rotor mean lift coefficient is given in terms of the blade
loading. A rotor that uses airfoil sections with a higher maximum lift coefficient can have a lower solidity.
Alternatively, for the same solidity, the use of high lift airfoils allows a lower tip speed. Selecting the solidity
requires careful consideration of blade stall limits, which is the rotor mean lift coefficient where the rotor
is operating close to stall. The onset of stall limits the performance of a rotor. A high solidity provides a
larger stall margin, which is the margin between the average operational lift coefficient and the maximum
lift coefficient. Thus, rotors that are designed for high-speed flight and high maneuverability require a higher
solidity for a given tip speed and radius. However, high solidity has a negative effect on profile power. To
minimize the profile power, one should select a solidity as low as possible, which in turn will increase the
blade loading and decrease the stall margin. In addition, high solidity comes with increased blade weight
and higher overall rotor weight. Therefore, rotor solidity is constrained on the low side by hover performance
and on the high side by maneuverability requirement. The baseline XV-15 uses a solidity of 0.089. In Ref. [50]
and Ref. [51], the range of solidity is 0.5-0.16 and 0.06-0.12, respectively. Thus, in this study, 0.06-0.14 is used.

2. WEIGHT

To evaluate the effects of design parameters on aircraft empty weight, a standard published methodology was
used [52]. These components include the rotor, wing, horizontal stabilizer, and drive system. The weights of
them are estimated using empirical equations which combine analytical and empirical factors and have been
well correlated with many helicopters in history. However, in the tiltrotor aircraft, some of these components
have a different layout. For instance, the XV-15 has a central gearbox system that can deliver the power of
one engine to the rotor on the other side in case of one engine inoperative situation. Also, the wing has to
support the bending moments from the nacelles at the wingtips, which requires it to be stronger than wings
on conventional aircraft. Thus, before applying these weight equations, the predictions by these equations
are compared to the XV-15 data published in Ref. [27] to check if the accuracy of these equations is good. If
differences are found, a correction factor will then be added to these equations to correct the deviations. The
results are summarized in Table IV.2.

This weight evaluation task is different from the conventional sizing task, due to the fact that the fuel
required is not considered. To simplify the analysis, the aircraft’s gross weight is held constant.

2.1. ROTOR
The rotor is divided into hub and blades. The weight of the rotor controls is not included in the weight of the
rotor, but belongs to the weight of flight controls and is useful when evaluating the weight of the wing.

BLADE
Wy, = 44 - K438
GwW R2 R-r (IV.10)

K=—LLF— c-Kp
104 100 10

GW: Design gross weight

LLF: Limit load factor

R: Rotor radius

r: Blade cutout radius

b: Number of blades per rotor

c: Blade chord

Kj: Rotor type factor. Hingeless=2.2

Hus
Wy, = 61 - K0358

(IV.11)
K=Wj-R-(Ng)?-Pg-r'®. 0> . Kyppa - 10711
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Table IV.2: Comparison of the XV-15 components weight predicted by the empirical equations to the published data
("unknown" means the data is not published. For example, Ref. [27] does not give the hub weight and blades weight, but the rotor
weight in total. The empirical equations give the hub weight and blades weight, which can be added to obtain the rotor weight. Then,
the two values of rotor weight are compared (535 vs 537). Finally, the correction factor is applied to the rotor weight derived from the
empirical equations, such that "Published weight = Predicted weight x Correction factor". Some correction factors are applied to the
component itself, some are applied to its sub-component.)

Published data [27] Predicted Correction factor
Wing 873 799 1.1
Tail 209 - -
Horizontal Tail unknown 138 1
Vertical Tail unknown - -
Rotor 535 537 0.996
Hub unknown 290
Blades unknown 247
Drive system & 1263 1226
Tilt Mechanism
Drive system unknown 1096 1.034
Tilt Mechanism unknown 130 1
Fuel 1490 (Max.) - -
0Oil and trapped 138 - -
fluids

Wp: Hub weigh per rotor
Wy: Blade weight per rotor
Npg: Rotor RPM
Ppg: Rotor horsepower per rotor
Kyna:axmxd
-a: Design concept: Hingeless=0.53 Other=1
-m: Material type: Steel=1 Titanium=0.54
-d: Development stage: Early=1 Developed=0.62

ROTOR CONTROLS
Wgrc =0.3Wg (IV.12)

According to Ref. [27], the weight of the XV-15 rotors is 1070 lbs, which gives 535 Ibs per rotor. Most of
the terms in the above equations are explicit and the value of them can be found in published data. Except
that it is not clear which power should be used for the term rotor horsepower Pr. There are contingency
power, takeoff power, military power, and normal power (max. continuous). It was decided to use the normal,
maximum continuous power of 1250 hp since it is the designed power for most of the flight conditions. The
term K4 is determined by the rotor type, material type, and the development stage. The XV-15 features
a gimballed hingeless rotor with a titanium hub. Thus, K;;,4 = 0.53 x 0.54 x 0.62 = 0.177. As a result, the
equations give 247 lbs for the weight of the blades, and 289 lbs for the weight of the hub. Add these two
together results in 536 1bs for each rotor, which is almost identical to the actual weight of 535 lbs.

2.2. WING
Wy, = 377.2K%58

e B )t s o

Ry;: Relief term
Wxw: Gross weight less items at center of lift, which includes:
-Rotors

(IV.13)
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-Rotor controls
-Wing
-Fuel = 1490 Ibs (Maximum)
-Oil and trapper fluids = 138 1bs
-Powerplant = 1754 Ibs
-Drive system and tilt mechanism=1263 lbs
Sw: Planform wing area
b: Wing span
B: Maximum fuselage width
A: Wing taper ratio
K;: Wing root thickness, percent chord
N: Ultimate load factor
Vp: Dive speed
AR: Aspect ratio

It was not explained in the reference on how to derive the relief term Rj;. It should be a term related to
the relieving effects on the bending of the wing due to the fuel weight stored in the wing. The same value of
0.6 is used as that in the Ref. [52]. The XV-15 wing uses a modified NACA 64A223 airfoil, which indicates a
maximum thickness of 23% chord. The dive speed is 300 kts. According to Ref. [27], the structural ultimate
factor of safety is 1.5. Multiplying it with the limit load factor 3 gives the ultimate load factor of 4.5. In this
equation, the mostimportant term is the Wy, which is the gross weight less items at the center of lift. Among
those items, rotors, rotor controls, drive system and tilt mechanism are also part of the weight evaluation task.
Thus, they should be evaluated before the wing. The wing weight itself is also one of the items that need to
be subtracted. Thus, a while loop is created to obtain the convergence of the wing weight.

Ww = 1000; % initial guess of the wing weight
err = 10; % condition to start the loop
while abs(err) > 1
W_w_est = Ww;
W.ixw = GW — W_w_est — W_others; % W_others: weight of items at center of lift
Ww = F(W.xw); % Ww is a function of Waxw
err = Ww - W_w_est;

Usually, convergence can be achieved in around 3 loops. The predicted wing weight is 799 1bs, which is about
10% less than the actual weight of 873 1bs. A correction factor of 1.1 is added to the wing weight equation.

2.3. HORIZONTAL TAIL

Wyr :350'K0'54

SH lOgVD

102 Tpat (IvV.14)
GW Ky by 1+2A

H= — ——

T 70" 1010 144 TE

K=F

Wy : Weight of horizontal tail

Sy: Horizontal tail area

Vp: Dive speed

Ty a: Tail moment arm

t: Root thickness

Ky : Pitch radius of gyration. Refer to Figure V.2
by: Tail span

A: Tail taper ratio

Kr: Tail load factor

Ref. [27] did not present the data of the weight of the individual horizontal tail, but the whole tail which is
209 Ibs. Using the equations above the predicted weight of the horizontal tail is 138 Ibs, which is a reasonable
portion of the tail weight. Therefore, no correction factor is applied to the horizontal tail equation.
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Figure IV.2: Pitch radius of gyration [52]

2.4. DRIVE SYSTEM AND TILT MECHANISM

Baeing Model 222 tikt rotor aivcrat - Bosing-Ames Fhotograph AL36-0140 1

Figure IV.3: Boeing Vertol Model 222
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DRIVE SYSTEM
Wps =250- KO'67

o LIXHP 55 (IV.15)
" RPM !
Wps: Weight of drive system
HP: Total horsepower
RPM: Rotor design RPM
Z: Number of stages in main drive
K7: Configuration factor = 1.3
TILT MECHANISM
Wrp =0.01-GW (IV.16)

Wrar: Weight of tilt mechanism

Using the data from Ref. [27], the total weight of the drive system plus the tilt mechanism is 1263 lbs. The
weight of drive system and tilt mechanism predicted by Equation IV.15 are 1096 and 130 lbs, respectively. Add
them up gives 1226 Ibs in total, which is very close to the actual value. Widdison er al. wrote in Ref. [52] that
the drive system weights were based on that of the Boeing Vertol Model 222, whose engines are in fixed pods
at the end of its wing, and a small rotating pod that houses the rotor is located at the inner side of the engine.
Compared to it, the XV-15’s engines are mounted inside the nacelles and tilt together with the rotors. The
engine configuration is completely different for these two models, thus obtaining such a close result is very
surprising. In the end, a correction factor of 1.034 is applied to the drive system weight to achieve consistent
results.

3. DESIGN SPACE GENERATION

Design space is a multidimensional space which describes the relationship between performance parameters
and design parameters. With the design space, designers can readily observe the influence of each design
parameter on all performance parameters, as well as the strength of the influence. This knowledge will form
the base for later optimization stage. The design parameters are disk loading, solidity, tail volume coefficient,
blade loading, and tip speed. The performance parameters are handling qualities, component weight, and
maneuverability. To generate the design space, an analysis tool must be developed to perform the following
four tasks:

1. Translate design parameters into aircraft configuration parameters.
2. Evaluate the weight of each components.

3. Calculate the handling qualities parameters.

4. Simulate maneuvers and output the performance parameters.

This section will explain in detail how these tasks are accomplished and how they are connected to each other.

3.1. ADDITIONAL CONSTRAINTS
Apart from the individual lower and upper limit for each design parameter, there are also constraints arising
from other aspects. Figure IV.4 shows the three views of the XV-15 aircraft. It should be noticed that when in
airplane mode, the clearance between the blade tip and the fuselage is very small. Thus, increasing the rotor
radius is not possible without increasing the wingspan simultaneously. The wing of the XV-15 features a for-
ward sweep to provide a margin for the flapping motion of the rotor blades. Hence, increasing the wingspan
will shift the nacelle forward, leading to the shift of the body CG. This change will impact the stability and
overall structure of the aircraft, which exceeds the scope of this study. Therefore, the wingspan is held con-
stant. Correspondingly, the lower limit of disk loading is fixed to 632.04 N/m?.

The design parameters are interconnected and they cannot be varied independently. To generate the
design space, the approach described in NASAs NDARC (NASA Design and Analysis of Rotorcraft) [53] is
adopted. For each combination of design parameters, the rotor radius or the disk loading, the blade loading,
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Figure IV.4: Three views of the XV-15

the rotor solidity, and the tail volume coefficient are inputs and other parameters are derived. Following the
approach taken by Fradenburgh [54], this study keeps the gross weight and lifting capacity constant. The
gross weight is fixed at 5897 kg. The lifting capacity is the same as the blade loading. The definition of lifting
capability is:

NcR(QR)? = g AV} = CONSTANT (IV.17)

Thls relatlonshlp 1S derlved fI‘OIIl the equatlon fOl‘ the thl’ust fOl‘CB.

The blade sectional lift coefficient g is always the same because the blade airfoil is not changed. Thus, the re-
maining part of Equation IV.18 constitutes the lifting capability described in Equation [V.17. This requirement
will alter the rotor rpm. In addition, the blade number is fixed. One reason is that increasing the blade num-
ber will significantly add to the rotor weight. The other reason is that all tiltrotor aircraft (XV-3, XV-15, V-22,
AW609, V-280) use a 3-blade rotor, which reflects that a 3-blade rotor is particularly suitable for tiltrotors.

3.2. SET-UP OF THE ANALYSIS TOOL

The formulation of design space requires a large number of design points. Therefore, automating the process
of generating configurations, evaluating weight, computing performance parameters are essential. For each
design configuration, the evaluation process is divided into five modules as illustrated in Figure IV.5: configu-
ration generator, trim and linearization, weight evaluation, maneuver performance evaluation, and handling
qualities evaluation. Each module is programmed as a function in Matlab and they are organized together in
aloop. By executing the loop, the program will sequentially generate all possible configurations based on the
user-specified range of the input design parameters. Then, it will perform all the calculations and save the
results to a csv file.

The process starts from the configuration generator. The inputs are disk loading, tail volume coefficient,
blade loading, and rotor solidity. The outputs are the aircraft configuration parameters. For the horizontal
stabilizer, the aspect ratio and the tail arm are kept constant. Thus, its chord and span can be derived from
the tail volume coefficient. For the rotors, with a known radius and solidity, the blade chord can be calculated.
Then using Equation IV.6, the rotational speed Q2 can be derived. At this step, all variables needed to calculate
the tip speed have been obtained. Next, the calculated tip speed is compared against its lower and upper
limits. Only if it falls into the specified range, the procedure continues. Otherwise, this combination of input
parameters is discarded and the program will move to the next combination.

The second block is weight evaluation, to which the input is the aircraft configuration parameters ob-
tained from the configuration generator. Using the empirical equations described in Section 2, the weight of
those design-related components are calculated. Next, the calculated weight results are compared to their
original value so that the change in the weight of each component can be obtained. Finally, adding them up
gives the change in total empty weight.

For maneuver performance and handling qualities evaluation, trim and linearization results are needed.
In addition to the configuration parameters, the flight condition (flight speed, air density), flap setting, and
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Figure IV.5: Block diagram of the program

nacelle tilt angle are also input parameters to the trim and linearization block. Following the procedure in-
troduced in Section 3 in Chapter 2, it computes the trimmed controls in the designated flight condition and
obtains the linearized state-space model. The block "HQs" computes the handling qualities parameters that
can be derived directly from the linearized state-space model. The block "Maneuvers" contains those han-
dling qualities and maneuverability parameters that can only be derived from simulation, including attitude
quickness, agility quickness, peak normal load factor, and acceleration time.

4. DESIGN SPACE EXPLORATION — CASE STUDY: 100 KNOTS 30 DEGREES

The previous results show that when flying at 30 degrees with a speed of 100 knots, the original XV-15 design
demonstrates insufficiency in CAP, quickness, and dropback. This case study will use the approach in Figure
IV.5 to generate the design space, in the hope to find a design configuration that exhibits improved handling
qualities. The inputs and their limits are shown in Table IV.3.

Table IV.3: Input parameters and their limits.
(Note: Details of how these limits were determined have been explained in Section 1. Tip speed is not an input, it is derived from other

input parameters)
Inputs Symbol Unit Lower Upper Constraint descriptions
limit limit

Disk loading DL N/m? 632.04 814.23 Rotor size and autorotation
capability

Solidity SIGMA - 0.06 0.14 Hover performance and ma-
neuverability

Blade loading BL - 0.08 0.12 Structural efficiency and ma-
neuverability

Tail volume coefficient TVC - 1.14 1.4 Stability, parasite drag, and
pitch trim

With the help of a commercial statistical analysis software JMP (a suite of computer programs for statisti-
cal analysis developed by the JMP business unit of SAS Institute), the influences of each design parameter on
handling quality performance parameters were constructed by fitting the data into polynomial curves. The
results are shown in Figure IV.6 in the form of a prediction profiler. On the horizontal axis are four design
parameters (blade loading is constant thus not shown): disk loading, solidity, tail volume coefficient, and tip
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speed. On the vertical axis are six handling quality parameters: short period damping ratio, short period nat-
ural frequency, CAP, bandwidth frequency, attitude dropback over steady-state pitch rate, and peak pitch rate
over steady-state pitch rate. Each curve shows the predicted response of a handling quality parameter w.r.t.
a design parameter. The dashed lines are user-adjustable, which intersect with the response curves at query
points. All response curves are dynamically computed based on the query points. A different combination of
query points will output different shapes and positions of the response curves.

The design parameters in Figure [V.6 are set to their original values. Obviously, tail volume coefficient and
tip speed have much stronger influences on these handling quality parameters than disk loading and solidity.
Looking at these responses curves, the following can be observed:

* Alow disk loading is preferable in respect of reducing dropback, reducing CAP, increasing short period
damping, and increasing the peak normal load factor. Disk loading has a minor effect on the short
period natural frequency and bandwidth frequency.

¢ Solidity has very small influences on all these handling qualities parameters. It barely has any influ-
ence on the dropback and peak normal load factor. Decreasing solidity is favorable to increase the
bandwidth frequency but will reduce the short period damping ratio and increase the CAP.

¢ Tail volume coefficient shows a strong influence on these handling quality parameters. Increasing the
tail volume coefficient is effective in terms of elevating the bandwidth frequency and reducing the ratio
of the attitude dropback to the steady-state pitch rate. However, it is not preferred because the short
period damping ratio will drop and the CAP will grow.

* Similar to the tail volume coefficient, tip speed also has noticeable effects on these parameters. All
curves show that lowering the tip speed is beneficial in every aspect.

From the above observations, it can be seen that disk loading and tip speed have the same effect on all
handling quality parameters, improving one will not worsen the others. But the influence of solidity and tail
volume coefficient is not that simple. When trying to improve one handling quality parameter by adjusting
solidity or tail volume coefficient, other handling quality parameters may receive negative influences. But in
view of the handling quality requirements, as long as these parameters remain in the level 1 area, the design
changes are considered acceptable.

The influence of these design parameters on total weight is shown in Figure [V.7.

* The horizontal tail weight is only influenced by the tail volume coefficient. Due to the fact that the
horizontal tail weight is only a small part of the total weight, the tail volume coefficient has almost no
influence on the total weight.

 Diskloading affects the weight noticeably. Increasing the disk loading can significantly reduce the drive
system weight because the rotor becomes smaller and the required torque is lower.

¢ Solidity has a medium influence on the total weight mainly through its influence on the drive system
weight, because higher solidity will require more torque to overcome the profile drag.

* Tip speed has a comparable influence on weight as disk loading does and their influences on the weight
of each component share the same trends.

Itis worth noticing that the decrease of tip speed will significantly increase the total weight, although lowering
the tip speed is beneficial in every aspect.

The CAP variation with tip speed and tail volume coefficient is plotted in Figure IV.8. All configurations
demonstrate satisfactory CAP values between 0.28 and 1. Only the lowest and the highest tip speed are indi-
cated because the points are very dense. From left to right, the tip speed varies from 267 to 202 m/s. Also,
three different values of tail volume coefficient are marked with different colors as illustrated in the legend.
This plot is a more concrete illustration of the curves in the prediction profiler for CAP: decreasing the tail
volume coefficient and the tip speed both contribute to the decline of CAP.

Apart from the tail volume coefficient, other parameters have negligible effects on the bandwidth fre-
quency. The bandwidth frequency varies linearly with the tail volume coefficient. Figure IV.9 shows the band-
width frequency vs. tail volume coefficient when other design parameters are fixed (DL=632.04, SIGMA=0.085,
VT=202). The level 1 boundaries from ADS-33E and MIL-HDBK-1797A are drawn in dashed lines. The base-
line design has a tail volume coefficient of 1.276, which falls below the level 1 boundary of the fixed-wing
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Figure IV.6: Predication profiler of handling qualities parameters — 100 knots 30 degrees

requirement for approach and landing tasks, but satisfies the rotorcraft requirement. By increasing the tail
volume coefficient, the level 1 boundary of the MIL requirement can be met.

Figure IV.10a shows the evolution of dropback when the tip speed changes. The disk loading is set to
632.04 and solidity to 0.085. Three cases with different tail volume coefficients are shown here. By increasing
the tail volume coefficient by 10%, a low tip speed down to 202 m/s can move the dropback response to the
boundary of the preferred zone. Increasing the tail volume coefficient will shift the curve to the left, making it
closer to the boundary. It can be expected that if more freedom were given to the tail volume coefficient and
the tip speed, a dropback point inside the preferred zone can be obtained.

The dropback criterion requires two parameters, which constitute the two coordinates to determine the
point on the dropback plot. It is inconvenient to use two parameters in the analyzing process. Additionally,
two parameters make it difficult to show dropback together with the other results on a 2D plot. Hence, it was
decided to use a new parameter, namely the "dropback distance", to express the dropback quantitatively. It
is basically the distance between the resulting point to the dropback boundary line. The expression of the
boundary line in the dropback plot is

y=-0.6x+3 (IV.19)
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The distance of a point (xp, yp) to aline y = kx + b can be calculated via

d

_ |kX()—y()+b|

VkZ+1

(IV.20)
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Thus, the distance of a point (xg, ) on the dropback plot to the boundary line is

_ —0.6x¢ — Yo +3
v0.62+1

If d is positive, the point lies below the line. Otherwise, it lies above the line. Therefore, the larger the d is, the
better the dropback response. And a positive d is preferred.

By applying the "dropback distance", the effect of the variation of dropback, tail volume coefficient, and
tip speed on the empty weight is plotted in Figure IV.10b. Dropback distance is on the vertical axis. The
larger the better. This plot shows the variation of tip speed from 202 m/s to 267 m/s under three values of tail
volume coefficient and the resulting change in the empty weight. Each curve consists of five points. From
left to right, they represent tip speed values of 267, 251, 235, 218, and 202 m/s. As the tail volume grows, the
curve moves upwards and the points move rightwards. The former means an improvement of dropback and
the latter means an increase in empty weight. At high tip speed, the three lines converge, indicating that the
tail volume coefficient no longer influences the dropback too much. As the tip speed decreases, the dropback
improves but the empty weight rises as well. When the tip speed equals 202 m/s at a tail volume coefficient of
1.4, the dropback distance becomes zero, which corresponds to the point lying on the boundary line in Figure
[V.10a. However, the empty weight is also the highest at this point.

The attitude quickness of all configurations and the requirements for target acquisition and tracking are
drawn in Figure IV.11a. Correspondingly, the agility quickness results of all configurations are plotted in Fig-
ure [V.11b. It shows that these design parameters have nearly no effect on attitude quickness and agility
quickness.

Finally, the curves showing the change in the power required (100 knots 30 degrees) vs. change in design
parameters are plotted in Figure [V.12. All parameters are scaled to percentages. The slope of the curve indi-
cates the sensitivity of the power w.r.t. the design parameter. Clearly, the power required is most sensitive to
the variation in tip speed because increasing tip speed will lead to the rapid growth of rotor drag. Secondly,
disk loading and solidity have almost identical effects on the power required. Lastly, the tail volume coeffi-
cient barely influences the power required. This is due to the fact that this parameter only changes the tail
surface area, which is a very small contribution to the overall drag of the aircraft.

d (Iv.21)

4.1. COMPARISON WITH THE 140 KNOTS 60 DEGREES CASE

A tiltrotor can fly at different configurations than the 100 knots 30 degrees. Then the question comes: are
the trends obtained above also applicable to other configurations? In order to answer this question, the same
process was run again for the 140 knots 60 degrees case to generate another prediction profiler. By comparing
the trends of the curves to those of the 100 knots 30 degrees case, it can be found that

* For disk loading and solidity, the slopes of the curves remain small. There are minor differences in the
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Figure IV.10: Dropback at different tail volume coefficient (DL=632.04, SIGMA=0.085)
(The number next to each point is the tip speed in m/s)

directions of these curves, but the majority shows a consistent result. These minor differences may also
source from the errors during the fitting.

* The major differences are the effects of tip speed on bandwidth frequency and short-period frequency.
In the 100 knots 30 degrees case, the two frequencies increase with tip speed. While in the 100 knots 60
degrees case, the two frequencies slightly decrease with tip speed.

Therefore, even though most of the trends are similar, the results of the 100 knots 30 degrees alone cannot
represent the influences of the design parameters in other configurations. In order to make the design study
more comprehensive, more configurations should be included in the future.

4.2, REMOVE THE CONSTRAINT OF CONSTANT BLADE LOADING

In previous design changes, the dropback point cannot be moved into the preferable region. In this section,
the constant blade loading constraint will be removed to give the design more freedom in the hope to obtain
a better dropback performance. The blade loading then becomes another design parameter. In the configu-
ration generator, the tip speed will be derived from these four inputs. Same as before, the derived tip speed
will be compared against its lower and upper limits, out-of-bounds tip speed will cause this combination of
inputs to be rejected.

Figure [V.14 and V.15 shows the predication profiler of handling qualities parameters and weights, re-
spectively. It can be found that the blade loading does have an influence on the dropback parameters, as
well as the bandwidth frequency. A higher blade loading causes the bandwidth frequency to decrease and
the dropback to degrade. Its influences are only next to the tip speed’s. The biggest benefit of increasing the
blade loading is that it permits a wider range for the tip speed. From the definition of blade loading, it can
be seen that a higher blade loading can lead to a lower tip speed when fixing disk loading and solidity. Figure
[V.10a already demonstrated the huge impact the tip speed has over the dropback — a lower tip speed is very
helpful in improving the dropback. Though the increase in blade loading will worsen the dropback, it will
eventually produce a much better dropback result due to the extra decreasing room for the tip speed. This
will be proven in the following sections. In terms of weight, blade loading has a large influence on the rotor
weight but overall a relatively small influence on the total weight. Reducing the blade loading will increasing
the rotor weight, thereby increasing the total empty weight.

5. OPTIMIZATION

5.1. PROBABILISTIC DESIGN INCORPORATING HANDLING QUALITY REQUIREMENTS

Section 4.2 in Chapter I introduced the Joint Probabilistic Decision Making technique. This technique is
applied here to investigate how easy is it to obtain a design with desired handling qualities. The correlating
equations are repeated here. As given in Equation 1V.22 and 1V.23, F(xy, X2, ..., X;;) denotes the probability
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Figure IV.12: The variation of power required with individual design parameters

of the events X; = x1, X = Xm, ..., Xm = X, happening simultaneously. Xx;j;;i, and Xxjmnqx denote the lower
and upper limit of the handling qualities, which are selected according to the observations from Section 4
and 4. a; stands for the sample values of the design metrics, which are the points in the design space. The
probability of success (POS) (Equation IV.24) reflects the feasibility of a design. Too big a POS indicates the
design goal is too low while too small a POS indicates the design goal is too stringent, meaning that a small
design change could lead to an infeasible design. In the end, a gradient-based method will be used to obtain
a set of design parameters that bring about the desired handling qualities within the achievable range.
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Figure IV.13: Predication profiler of handling qualities parameters — 140 knots 60 degrees

m
F(xly X2y eeey xm) = E Z I(ail =X1,4i2=X2,..,Aim = xm) (IVZZ)
i=1

12 1, for(aj1 = x1,Qi2 = X2, .0, Qi = Xm)
— Y I(ai < X1, iz < Xg, ooy Qi < Xp) = Jor(@in =1, Giz = X, .w Gim = Xm (IV.23)
m;zy 0,otherwise

1 m
POS= E Z I(Ximin < a; < Ximax) (Iv.24)
i=1

Continuing with the 100 knots 30 degrees case, the key to this technique is a design space containing a
large number of design points. Hence, 5541 feasible points were first generated using the approach presented
in Figure IV.5. Next, the limits of handling qualities parameters need to be determined. According to previous
findings, the 100knots 30 degrees case fails to meet the following requirements:

* Level 1 bandwidth frequency requirement specified in MIL-HDBK-1797A Category C flight

* Level 1 Attitude quickness
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Figure IV.14: Predication profiler of handling qualities parameters — 100 knots 30 degrees. Constant blade loading constraint removed

* Level 1 Agility quickness
* Dropback criteria
Table IV.4: Ideal design metrics.

(Note: the limits here are ideal values according to handling qualities specifications ADS-33E and MIL-HDBK-1797A. In later design
optimization, these limits will change because it is not possible to satisfy them all at the same time)

Parameters Symbol Unit Lower limit Upper limit
Short-period damping ratio (sp - 0.35 1.3
Control anticipation parameter CAP rad/s?/g 0.28 1
Bandwidth frequency WBW rad/s 2.5 -
Dropback distance d - 0 -
Autorotative index Al m3/kg 2.0 -

Acc. time (100 to 150 kts) t_150kts ] - 10.2
Weight investment dw kg - 0

It has been demonstrated in Figure [V.11 that the design parameters have no effect on both quickness
parameters, hence these two quickness parameters will be dropped out during the optimization. Table V.4
lists the handling quality parameters that will act as constraints during optimization. The upper and lower
limits are their ideal values. For example, it is desired that the CAP is below 1 rad/s?/g even though below
3.6 rad/s?/g already meets the level 1 requirement. It is also desired that the bandwidth frequency can be
higher than 2.5 rad/s to satisfy the level 1 requirement for category C flight specified by the MIL, which is
more stringent than the ADS-33E level 1 requirement for target acquisition and tracking. Also, the dropback
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Figure IV.15: Predication profiler of components’ weight — 100 knots 30 degrees. Constant blade loading constraint removed

distance should be larger than 0 for the dropback point to fall below the boundary line. For the autorotative
index, the baseline model has an Al of 2.088 m®/kg. This index ranges from 0.31 m®/kg to 2.5 m3/kg for
most helicopters. [48] The main wing lies below the rotor in tiltrotor aircraft, which may have a negative
effect during autorotation. Thus, it is preferred not to decrease the original value too much in order to retain
its autorotation capability. Thus, the lower limit is 2 in this case. The baseline model takes 10.2 seconds
to accelerate from 100 kts to 150 kts. Ideally, the modified design should possess the same or even better
acceleration ability. Thus, 10.2 seconds is the upper limit of t_150kts. The last parameter is the amount of
weight investment. Usually, the weight always increases on one’s way to better performance. The amount of
weight investment means how much increase in weight is acceptable for the designer. Its ideal upper limit is
0.

The resulting POS, however, is zero if using the ideal values in Table [V.4. This implies that by modifying
disk loading, solidity, tail volume coefficient, and tip speed, it is not possible to find a design that can satisfy
all these ideal constraints. Therefore, there must be trade-offs and the "optimal" is up to the designer to
define. To illustrate the feasibility of each design under different constraints, Table IV.5 shows the resulting
POS of various constraints. The first row lists the values of these parameters for the baseline design. It can be
concluded from this table that while meeting the damping ratio and CAP constraints is easy, finding a design
that is better than the baseline design in other these aspects is very difficult. Especially the dropback distance
which, if improves a bit, can rapidly reduce the POS. Also, the POS will drop evidently once the required
bandwidth frequency is set to 2.5 rad/s. Another parameter to look at is the time required to accelerate from
100 kts to 150 kts. It seems that when trying to satisfy other constraints, the design will always face a decrease
in the acceleration ability. Meeting other constraints while trying to keep the same acceleration ability is
extremely difficult. The last parameter is the weight investment. It is almost inevitable if one wants to make
design changes.

5.2. OPTIMIZATION CASES

With the knowledge gained in the previous discussion, the study now can now move forward to the optimiza-
tion part. Still continuing with the 100 knots 30 degrees case, the study will make use of the fmincon function
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Table IV.5: POS experiments — 100 knots 30 degrees

{ep cap Wy d Al t_150kts dw POS (%)

0.49 0.835 2.4 -0.82 2.088 10.2 0 Baseline
(0.35,1.3) (0.28,1.0)  (2.0,Inf) | (-0.5,Inf) = (2.0,Inf) | (0,15.0)  (-Inf, 100) 5.52
(0.351.3) (0.28,1.0) (2.51Inf) = (-0.5Inf)  (2.0,Inf) = (0,15.0)  (-Inf, 100) 2.00
(0.35,1.3) (0.28,1.0)  (2.0,Inf) | (-05,Inf) = (2.0,Inf) | (0,14.0)  (-Inf, 100) 4.80
(0.35,1.3) (0.28,1.0) (2.5,Inf) = (-05,Inf)  (2.0,Inf) = (0,140) (-Inf, 100) 1.79
(0.35,13) (0.28,1.0) (2.0,Inf) | (-0.5,Inf)  (2.0,Inf) | (0,140)  (-Inf 50) 3.90
(0.35,1.3) (0.28,1.0)  (2.5,Inf) = (-0.5,Inf) = (2.0,Inf) = (0,14.0)  (-Inf 50) 1.32
(0.35,1.3) (0.28,1.0) (2.0,Inf) | (-0.2,Inf)  (2.0,Inf) | (0,14.0)  (-Inf, 100) 0.14
(035,1.3) (0.28,1.0) (2.5Inf) | (-0.2,Inf)  (2.0,Inf) = (0,14.0)  (-Inf 100) 0.11
(0.35,1.3) (0.28,1.0)  (2.5,Inf) | (-0.11,Inf) (2.08,Inf) = (0,16.0)  (-Inf, 100) 0.02
(0.35,1.3) (0.28,1.0) (2.51Inf) | (-0.11,Inf) (2.08,Inf) = (0,10.2)  (-Inf, 100) 0.00

from the Optimization Toolbox in Matlab. Ideally, the design space should be constrained by the limits listed
in Table IV.4. But in practice, these ideal limits cannot be satisfied simultaneously. Thus, trade-offs need
to be made when selecting the optimization constraints. The dropback parameter has been chosen as the
target parameter to improve because the excessive dropback is found to be the most serious and common
problem in previous studies. The dropback, which originally needs two parameters to describe, has been
represented by the dropback distance (d). Referring to its definition in Equation IV.21, a negative d means the
point lies above the boundary line which is not preferred. Additionally, the d may change its sign during the
optimization. In order to formulate a minimization problem, it is required that the objective function value
stays positive and preferably, be normalized. Therefore, the positive and normalized d’, which is defined in
Equation V.25, will be used during optimization.

d =(-d+10)/10; (IV.25)

For the 100 knots 30 degrees case, requirements like short-period damping ratio, CAP can be met easily.
To give the design more freedom, the bandwidth will be constrained by the boundary specified by the ADS-
33E target acquisition and tracking instead of the MIL-HDBK-1797A category C flight. The autorotative index
is not constrained. The time required to accelerate from 100 kts to 150 kts and the weight investment are two
constraints to be varied. Several experiments were done to determine the limit of the acceleration time. It
was found that 12 seconds and 16 seconds were two values that can represent two levels of acceleration ability
while provide other design parameters enough space to change. Finally, xix cases are studied with different
conditions, as listed in Table IV.6.

Table IV.6: Conditions of the six optimization cases

Cases BL Csp CAP wWBwW Al dw t_150kts
1 0.105 >0.35 <1.0 >2.0 Free 0 <16
2 0.105 >0.35 <1.0 >2.0 Free <20 <12
3 0.105 >0.35 <1.0 >2.0 Free <50 <12
4 0.105 >0.35 <1.0 >2.0 Free Free <16
5 0.08-0.12 >0.35 <1.0 >2.0 Free Free Free
6 0.08-0.12 >0.35 <1.0 >2.0 Free <100 <16

The results of these optimization cases will be shown in bar plots. Appendix A contains the complete and
detailed results. In the bar plots, the percentage changes of each parameter compared to their baseline values
are plotted. The design parameters are placed at the beginning, including disk loading (DL), solidity (SIGMA),
blade loading (BL), tail volume coefficient (TVC), and tip speed (VT). The rest are performance parameters,
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from left to right are Al (autorotative index), CAP (control anticipation parameter), w_BW (bandwidth fre-
quency), d (dropback distance), P_100kts (power required to fly at 100 kts), nz_pk (peak normal load factor
during a 2-second pulse longitudinal stick input), t_150kts (time required to accelerate from 100 kts to 150
kts), P_150kts (power required to fly at 150 kts). Note that the d in these diagrams is the original d, not the d’
defined in Equation IV.25. Thus, the more it decreases, the more close it is to the boundary line, which can be
interpreted as milder dropback. The resulting dropback points are summarized in Figure IV.22.

CASE 1: CONSTANT BLADE LOADING, dW =0, t_150kts<16
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Figure IV.16: Optimization Case 1: dW=0 kg, t_150kts<16 seconds

In the first case, the constraints are dW<0 and t_150kts<16. As a result, disk loading, solidity, and tail
volume coefficient are all increased. Only the tip speed is decreased by 10%. It shows that with 0 weight
investment, the dropback distance can be decreased by 60%. The bandwidth frequency is also increased.
However, there are performance parameters that become worse. Firstly, the autorotative index is reduced by
20%, which may cause the autorotative landing capability to degrade. Secondly, the CAP is slightly increased
but still remains between 0.28 and 1 rad/s?/g. Thirdly, the time required to accelerate from 100 kts to 150 kts is
significantly increased from 10.2 seconds to 16 seconds (upper limit). This indicates a noticeable degradation
in the aircraft’s accelerating ability. Lastly, 10% more power is now required to fly at 150 kts, which can lead to
a drop in the maximum speed since the aircraft will hit the power limit earlier. The data in Appendix A point
out that 1300 hp is now required to fly at 150 kts, which has already exceeded the normal power of 1250 hp.
Thus, the endurance of the aircraft in high-speed flights will be limited.

CASE 2: CONSTANT BLADE LOADING, dW <20, t_150kts <12

In the second case, with 20 kg weight investment and the limit of acceleration time adjusted to 12 seconds, the
optimal design is obtained as shown in Figure IV.17. Compared to the first case, the directions of change of the
four design parameters are the same, except that the magnitude is reduced. The result is encouraging because
a45% reduction of the dropback distance is obtained at the cost of only a small drop in the autorotative index
and a small rise in the acceleration time and the power required to fly at 150 kts. The bandwidth is also
increased which is good. In the meantime, the CAP grows more than that in the previous case, which brings
it closer to the upper limit of 1 rad/s?/g.

CASE 3: CONSTANT BLADE LOADING, dW <50, t_150kts <12
The allowable weight investment is 50 kg and the upper limit of the acceleration time is 12 seconds in Case
3. The optimization converged at 35 kg weight investment. The relative changes of these parameters are very
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Figure IV.17: Optimization Case 2: dW<20 kg, t_150kts<12 seconds
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Figure IV.18: Optimization Case 3: dW<50 kg, t_150kts<12 seconds

similar to Case 2. The disk loading is not modified here, allowing the autorotative index to remain unchanged.
This time the dropback distance is decreased by 50%. Compared to the last case where a 20 kg weight invest-
ment achieves a 45% reduction in the dropback distance, a 50% reduction is not comparable to the increase
in weight. In other words, more investment in weight results in only a small improvement in the dropback,
which is obviously not cost-effective.
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Figure IV.19: Optimization Case 4: unlimited dW, t_150kts<16 seconds

CASE 4: CONSTANT BLADE LOADING, dW UNLIMITED, ¢_150kts < 16s

The fourth optimization case presented here is the dW-free case, where the weight investment is not con-
strained. The acceleration time is set to its upper limit of 16 seconds. An 87% reduction in the dropback
distance is obtained, representing the biggest dropback improvement one can obtain with a fixed blade load-
ing. However, the biggest improvements come with the largest side-effects: 74 kg additional weight. The
acceleration time again hits its upper limit of 16 seconds. Apart from the improvement in dropback, the
improvements in bandwidth frequency and power required to fly at 100 kts can be observed. It is worth
mentioning that the power required to fly at 100 kts is the least in all four cases, which can to some extent
compensate for the addition in weight. However, the power required to fly at 150 kts is higher.

CASE 5: VARIED BLADE LOADING, d W UNLIMITED, ¢_150kts UNLIMITED

In previous optimization cases, the dropback could not be improved to the satisfied level. Referring to the
definition of dropback distance in Equation 1V.21, a positive d is the target of the design optimization. This
corresponds to more than -100% decrease of d. It was decided to remove the constraint of constant blade
loading to give more freedom to the design. Now, blade loading is a design parameter. Figure [V.21 shows
the optimization results of the new design case, where both weight investment dW and acceleration time
t_150kts are not limited. This condition will give the extreme value of the dropback distance. The outcome is
a decrease of -176% in the dropback distance. The dropback point is plotted in Figure 1V.22. The design hits
the upper limit of solidity and blade loading in order to reach the lowest tip speed possible. Aside from the
improvement in dropback, the peak normal load factor is the highest among all cases, and the power required
to fly at 100 knots is reduced.

However, the cost is not negligible. The autorotative index is reduced; the bandwidth frequency is reduced
(almost arrives at the level 1/2 boundary of the ADS-33E target acquisition and tracking. See Table A.1); 111
kg of additional weight; the maximum speed at 30 degrees is now 136 knots. The decrease in maximum speed
is unaffordable. A higher design blade loading means a smaller blade stall margin. The blade will enter stall
more quickly as the thrust increases. Also, the maneuverability of the aircraft will be influenced because a
less-rapid maneuver now can trigger stall in the rotor, which will cause strong vibrations and decrease control
effectiveness.

CASE 6: VARIED BLADE LOADING, dW <100, t_150kts< 16
In Case 6, the blade loading is also adjustable. But different from the last case, an upper limit of 100kg and 16s
is now applied to the allowable investment and maximum acceleration time, respectively. The goal is to ob-
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Figure IV.21: Optimization Case 6: dW<100, t_150kts<16, varied BL

tain a design that results in a good dropback while keeping the weight and maneuverability at an acceptable
level. Finally, a decrease of 105% in the dropback distance is obtained. As shown in Figure IV.22, the drop-
back point just falls into the preferred area. It comes with 85kg of additional weight. Contrary to Case 5 where
the blade loading was changed to the upper limit, the blade loading here is close to the lower limit of 0.08.
This can be explained by the curves in Figure IV.14. It has already been known that the dropback distance
is most sensitive to the tip speed. In Case 5, the optimization program did everything to achieve the lowest
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Figure IV.22: Optimized dropback results

tip speed to improve the dropback. But in Case 6, due to the constraints of weight and maneuverability, the
optimization program chose to reduce the blade loading in addition to a low tip speed. This way not only can
it further improve the dropback distance compared to the first 4 cases, but also keep a reasonable weight and
maneuverability.

5.3. SHORT SUMMARY OF THE OPTIMIZATION RESULTS

Although the magnitudes of the changes differ, the results of the first four cases display the same design trend:
decreasing the tip speed, increasing the solidity, increasing the tail volume coefficient, and increasing the disk
loading (when the weight investment is low). The directions of change in these four design parameters are
closely related. In previous discussions, the large benefit of decreasing the tip speed has been illustrated.
Due to the requirement of keeping the lifting capability constant, the lift lost because of a lower tip speed is
compensated by a higher rotor solidity. Also, a lower tip speed requires higher torque, which gives rise to the
drive system weight. In case the weight investment is low, the disk loading has to be increased to prevent the
weight from growing too much. In Case 5 and 6, the blade loading becomes a design parameter. It can be
increased or decreased depending on the constraints of weight and acceleration time. Case 5 shows that a
high design blade loading can give considerable space for the tip speed to decrease further. But it is hardly
acceptable because the blade stall margin will be largely squeezed, thereby limiting the flight envelope. After
applying the constraints on weight and acceleration time, Case 6 gives a better result by decreasing the blade
loading. Not only the dropback has been improved to the desired region while satisfying other handling
quality requirements, the resulting weight and acceleration ability are also within the acceptable range.

It can be seen that the improvement in dropback after applying these design changes always comes with
the cost of longer acceleration time and more power required to fly at high speed. To investigate this phe-
nomenon, the power curves of the baseline design and the fourth optimization case are plotted in Figure
[V.23. The largest contribution to the increase in total power is the parasite power. This is due to a larger tail
surface resulting from a higher tail volume coefficient, causing an increased portion of power to be diverted
to overcome the parasite drag of the horizontal tailplane. In addition, the induced power also plays a part
in the increase in total power. Typically for helicopters, the induced power will decrease continuously as the
airspeed increases. But a noticeable rise in the induced power from 100 knots to 150 knots is clearly shown
in Figure IV.23. This is mainly because of the decrease in the angle of attack of the wing when airspeed in-
creases. The trimmed pitch angle in steady level flight of the XV-15 always decreases with speed, as illustrated
in the pitch trim curves in Figure I1.4. Thus, the angle of attack of the main wing decreases as well. As a con-
sequence, the rotors need to generate more lift to compensate for the loss in the wing lift, which causes the
induced power to rise. This process is illustrated in Figure [V.24.
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CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS
The main research question of this thesis is:

How to improve the bare-airframe handling qualities of the XV-15 tiltrotor aircraft in conversion mode?

The main research question was divided into three sub-questions. This thesis was ordered in such a way
that these sub-questions were answered consecutively. Chapter 1 and 2 serve as the preparation phase of this
thesis. In Chapter 1, relevant literature was reviewed to gather information about the features of the tiltrotor
aircraft, the handling quality standards, the development of tiltrotor handling quality studies, and methods
that can be applied for design and optimization. They form the theoretical base of this thesis. In Chapter
2, a TU Delft in-house 3-DoF XV-15 flight dynamic model was selected as the baseline model of this study.
The baseline model was improved by implementing look-up tables to model various aerodynamic effects.
Some errors in the baseline model were also corrected. Then the trim and linearization functions were im-
plemented, using which the trimmed curves of the improved model and the baseline model were obtained.
The trimmed curves were compared to the published data. The comparisons showed an obvious improve-
ment in matching the real pitch trim curves. Besides, the short period and phugoid poles calculated by the
improved model also compared well with the published data. The results of these comparisons demonstrated
that the improved model has good accuracy in predicting pitch dynamics. In the following part, the answers
to each sub-question are summarized.

1. What are the existing problems of the handling qualities of the XV-15 tiltrotor aircraft in conversion
mode?

The handling quality parameters, including short-period damping ratio, control anticipation parameter
(CAP), bandwidth, attitude quickness, agility quickness, and pitch dropback across the flight envelope were
investigated. 4 nacelle tilt angles were selected, each of which was studied for a low-speed case and a high-
speed case. The results were plotted against boundaries from rotorcraft standard ADS-33E and fixed-wing
standard MIL-HDBK-1797A.

Short-period damping ratio The short-period damping ratio requirement specifies that the damping ratio
needs to be higher than 0.35 to meet the level 1 requirement. Except for the 100 knots 60 degrees nacelle an-
gle had a damping ratio slightly lower than 0.35, all other cases were higher than 0.35. It was also found that
the damping ratio and the undamped natural frequency will increase with airspeed. In general, the short-
period damping ratio is not a problem for this aircraft and it becomes better at high speed.

CAP Control anticipation parameter is a measure of predictability of the pitch response. Requirements are
different in different standards. If using the boundaries for Category A flight specified in the MIL-HDBK-
1797A, only the 100 knots 60 degrees case fell into the level 2 area due to slightly low damping. Other cases
were level 1. However, if using the boundaries recommended by Gibson in Ref. [19], which is more stringent,
half of the cases failed to meet level 1 requirement. It was also found that as the aircraft gains speed, the CAP
improves. In conclusion, CAP will be a problem for this XV-15 model when flying at low speed if we use the
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stringent criteria proposed by Gibson, but it will not be a problem if we use the less-strict criteria from the
MIL-HDBK-1797A Category A flight.

Bandwidth Bandwidth is an indication of the highest frequency at which the pilot-aircraft loop can be closed
without introducing instability. The results of bandwidth were compared with requirements of ADS-33E tar-
get acquisition and tracking and MIL-HDBK-1797A Category C approach and landing. The latter is more
stringent. Results showed that low-speed flight in helicopter mode can not satisfy the level 1 requirement of
ADS-33E. Moreover, low-speed flight in helicopter mode and conversion mode (nacelle angle below 30 de-
grees) could not satisfy the level 1 requirement of MIL. It was also found that the bandwidth frequency will
increase with airspeed. In summary, the bandwidth frequency in low-speed flight at a small nacelle angle is
insufficient but it is satisfactory as the airspeed and nacelle angle increase.

Quickness Quickness is a measure of the aircraft’s ability to achieve rapid attitude changes. For the attitude
quickness, none of the cases met the ADS-33E level 1 requirement of the target acquisition and tracking tasks.
Some even fell into the level 3 area as the input pulse duration increased. If using the requirement of all other
MTEs, which is less stringent, only the high-speed flight in airplane mode can meet level 1 requirement. For
the agility quickness, most cases started in the level 1 area using the proposed boundary in Ref. [41], but fell
into the level 2 area as the input pulse duration increased. Therefore, quickness, in general, is a problem for
this aircraft throughout the flight envelope.

Dropback Dropback is a criterion used in conjunction with the CAP or bandwidth criteria. It compares the
ratio of the peak to steady-state pitch rate with the ratio of pitch attitude dropback to the steady-state pitch
rate. It is a measure of the quality of the pitch responses. Dropback was found to be the most critical problem
for this aircraft. Results demonstrated that large dropback occurred in low-speed flights. As the nacelle angle
increases and the aircraft converts towards the airplane mode, dropback becomes worse even at high speed.

2. What are the design parameters to be selected and how do they influence the handling qualities?

Common design parameters for helicopters include disk loading, rotor solidity, blade loading, rotor tip
speed, blade hinge offset, and installed power. Disk loading characterizes the hover performance and shows
how loaded is the rotor. Usually, low disk loading indicates high thrust efficiency. Rotor solidity is the ra-
tio of total blade area to disk area. It impacts the stall margin or the maneuverability potential of the rotor.
Blade loading shows how loaded is the blade and indicates how close to stall is the blade operating. Rotor tip
speed characterizes the noise and the performance of the rotor. Blade hinge offset is the offset of blade hinge
to rotor center. This offset strongly affects the dynamic response of the blade. Blade hinge offset was left
out because it was not modelled in our flight dynamic model. The installed power was also left out because
varying it will cause significant changes in the weight of engines and transmission systems. Consequently,
aircraft drag and weight of the tilting mechanism will change. These changes are beyond the predicting ca-
pability of our model. In the pitch axis, the tail volume coefficient is an important design parameter that
affects the longitudinal stability and handling quality. It is a nondimensional parameter proportional to the
tail moment arm. Finally, the design parameters selected were disk loading, solidity, blade loading, tip speed,
and tail volume coefficient. The first four are helicopter design parameters and the last one is the fixed-wing
design parameter. Disk loading is constrained on the low side by the maximum allowable rotor radius. In this
study we do not modify the wing, hence, the rotor cannot be larger than the original one to prevent it from
hitting the fuselage. In practice, the disk loading is constrained on the high side by the autorotative landing
capability, which is defined by the autorotative index. Since this index’s expression includes the rotor rota-
tional speed, which is also a variable, the autorotative index cannot be determined in advance. Hence, it was
selected as a performance indicator during the analysis. Selecting solidity is in practice a process of finding a
balance between maximizing maneuverability and minimizing drag. It is constrained on the low side by ma-
neuverability requirement and on the high side by hover performance. Tip speed is constrained on the low
side by the retreating blade stall and on the high side by the compressibility effect on the advancing blade.
In terms of the tail volume coefficient, its lower limit is determined by the static stability requirement. The
higher the tail volume coefficient, the more stable the aircraft will be. But too stable means less controllable.
Additionally, a high tail volume coefficient will make the pitching moment to be very sensitive to the change
in airspeed, thus causes problems in the pitch trim.

In order to automate the analysis process, an analysis tool was developed. It integrates the process of
configuration generation, trim and linearization, weight calculation, handling quality analysis, and simple
maneuver simulation based on a PID controller. With the help of this tool, a design space was created with de-
sign parameters as inputs and handling quality parameters, maneuverability parameters, plus components’
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weight as outputs. The resulting data was then processed by the statistical analysis software JMP to generate
the prediction profilers. The prediction profiler is a plot that shows the response curves of each performance
parameter with respect to each design parameter. In addition, these design parameters’ influences on hover
power were plotted. The results showed that the tail volume coefficient and the tip speed had a large influ-
ence on handling qualities and maneuverability; disk loading and tip speed had a large influence on empty
weight; disk loading had the most pronounced influence on hover power. These design parameters had no ef-
fect on quickness. The dropback, which is determined by two parameters, was represented by one parameter:
"dropback distance", defined by the author for easier illustration. As the most critical problem, the dropback
parameter can be improved by increasing the tail volume coefficient, decreasing the blade loading, and de-
creasing the tip speed. But with a fixed blade loading, the room for improving the dropback parameter was
limited. Later results showed that increasing the blade loading can produce a much better dropback result
because higher blade loading permits a much lower tip speed.

3. How to find the optimal values of design parameters?

Through the probabilistic design, the probability of success under different constraints was studied. The
result showed that it is impossible to find a design that can satisfy all requirements. The probability of success
(POS) was very low when constraints were set close to the desired values. Also, it was found that the dropback
problem can be improved but cannot be cured if the blade loading was kept constant. Most importantly, al-
most all preferred design changes contribute to additional weight. Next, fmincon, the gradient-based method
provided by the Optimization Toolbox in Matlab, was used to find the optimal design based on different con-
straints. The quickness requirement was left out because it was independent of all design changes. The
bandwidth requirement and autorotative requirement were loosened to provide the optimization with more
freedom. The amount of weight investment and the allowable acceleration time were the two adjustable con-
straints during the optimization. With a fixed blade loading, four cases with different combinations of these
two constraints were presented. They showed that the dropback can be improved but cannot be improved
to the desired region. After adding the blade loading as a design parameter, another two optimization cases
were studied. These two cases with adjustable blade loading showed that the dropback parameter can be
improved further to the desired region by modifying the blade loading. This is because a higher blade loading
permits more room for the tip speed to reduce and the blade loading itself has a relatively large influence on
the dropback parameter. Decreasing the blade loading combining with a low tip speed could help to improve
the dropback further. However, the blade loading would influence the flight envelope and power required sig-
nificantly, thus it should be careful when increasing the blade loading. It was observed that the improvement
in dropback after applying these design changes always came with the cost of longer acceleration time and
more power required to fly at high speed. To investigate the reason why more power is required to fly at high
speed after these design changes, the power curves were plotted. It was found that the parasite power was
the largest contribution to the increase in total power, which was due to a larger tail surface resulting from a
higher tail volume coefficient. In addition to parasite power, the induced power also increased because of the
higher thrust coefficient. The induced power was found to increase with airspeed. This is mainly because of
the decrease in the angle of attack of the wing when airspeed increases. The trimmed pitch angle in steady
level flight of the XV-15 always decreases with speed, thus, the angle of attack of the main wing decreases as
well. As a consequence, the rotors need to generate more lift to compensate for the loss in the wing lift, which
causes the induced power to rise.

2. RECOMMENDATIONS FOR FUTURE WORK

The aircraft dynamic model was constructed based on some assumptions. Future work can be done to reduce
the number of assumptions to make this model more accurate. For example, the articulated rotor can be
substituted by a gimballed rotor to improve the accuracy of the rotor dynamic response; the beta-governor
model can be added to mimic the real collective control system; the tilting dynamics can be modeled to
enable the simulation of the transition process; the rotor inflow dynamics can be modelled to improve the
accuracy of the rotor dynamic response. In addition, the rotor wash on the wing and the horizontal tail is
not a negligible factor for tiltrotor aircraft, so it is better to include it in future work. Also, the look-up tables
are not very suitable for dealing with design changes. The best practice is to model these interference effects
analytically.

In this study, only five design parameters that concern the rotor and the horizontal tail were included.
To make the design analysis more comprehensive, the wing, the airfoils, and different tail configurations can
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also be part of the design parameters. For instance, XV-15 and V-22 both use an H-tail configuration. But
the newly developed Bell V-280 features a V-tail configuration. What does this imply in terms of the handling
qualities? Another important factor that was omitted in this study is the fuel or range requirement. In this
study, the amount of fuel was assumed to be constant, therefore the resulting design may fail to meet the
original mission requirement. Sizing of the aircraft requires it to carry sufficient fuel in order to accomplish a
certain mission. A parametric model will be needed to estimate the volume of the fuel tanks.

In the maneuver simulation part, a PID controller and an approximate solution were used to find the
maximum acceleration ability. Instead, an inverse simulation approach can be used to simulate specific ma-
neuvers, which will yield results that are more close to the real pilot-in-the-loop simulation.

In the design and optimization stage, we mainly focused on one case: 100 knots 30 degrees. The 140 knots
60 degrees case was briefly studied by showing that the trends in its prediction profiler were similar to those
of the 100 knots 30 degrees case. Moreover, the optimization was merely based on the 100 knots 30 degrees
case. But the tiltrotor performance can vary in other configurations because its CG, its shape, and aerody-
namics will change notably. It is possible that the optimized design in the 30 degrees nacelle configuration
will worsen the performance in other configurations. A complete and reliable design and optimization study
should include all modes. But the effort and time required would dramatically exceed what is tolerable for
this thesis. However, it can be very meaningful to perform such inclusive work in future studies.



OPTIMIZATION RESULTS

Table A.1: Optimization results

Units Baseline Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
DL N/m? 632.04 784.52 665.94 632.04 632.04 632.040 632.040
SIGMA 0.089 0.139 0.106 0.101 0.120 0.140 0.140
BL 0.105 0.105 0.105 0.105 0.105 0.120 0.082
TVC 1.276 1.467 1.467 1.467 1.467 1.085 1.400
VT m/s 234.834 209.515 221.046 220.685 202.235 175.247 211.617
Al m3/kg 2.087 1.682 1.982 2.087 2.087 1.829 2.667
(sp 0.489 0.505 0.492 0.493 0.512 0.616 0.497
Wsp rad/s 1.910 2.029 2.057 2.063 2.055 1.628 2.120
Too S 1.201 1.172 1.171 1.161 1.115 1.086 1.029
CAP rad/seczlg 0.835 0.920 0.945 0.942 0.897 0.549 0.881
WBW rad/s 2.402 2.621 2.626 2.631 2.639 2.051 2.643
DB/ qss s 2.144 1.594 1.657 1.628 1.403 0.969 1.231
qpk! Gss 2.673 2.435 2.527 2.506 2.284 1.691 2.210
d -0.822 -0.336 -0.447 -0.414 -0.108 0.624 0.044
P_100kts hp 537.560 530.900 529.520 526.100 508.500 472.440 551.256
Nzpk g 1.354 1.367 1.360 1.361 1.377 1.438 1.370
t_150kts s 10.166 16.000 12.000 12.000 16.000 - 16.000
P_150kts hp 1190.382 1300.936 1236.639 1228.030 1294.572 - 1295.800
dW_rotor kg 0.358 -11.074 0.790 6.512 16.625 16.035 48.842
dW_wing kg 0.190 0.588 -1.193 -2.006 -5.315 -9.652 -6.844
dW_hs kg -0.080 7.413 7.413 7.413 7.413 -7.791 4.797
dwW_ds kg 0.932 3.073 12.990 22.822 55.154 112.476 38.125
dW_tot kg 0.000 0.000 20.000 34.741 73.878 111.068 84.919
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