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ABSTRACT
This study investigates a novel approach to flight control for a compound rotorcraft in a
variety of maneuvers ranging from fundamental to aerobatic in nature. Fundamental maneuvers
are a class of maneuvers with design significance that are useful for testing and tuning flight
control systems along with uncovering control law deficiencies. Aerobatic maneuvers are a class
of aggressive and complex maneuvers with more operational significance. The process
culminating in a unified approach to flight control includes various control allocation studies for
redundant controls in trim and maneuvering flight, an efficient methodology to simulate nonpiloted maneuvers with varying degrees of complexity, and the setup of an unconventional
control inceptor configuration along with the use of a flight simulator to gather pilot feedback in
order to improve the unified control architecture.
A flight path generation algorithm was developed to calculate control inceptor commands
required for a rotorcraft in aerobatic maneuvers. This generalized algorithm was tailored to
generate flight paths through optimization methods in order to satisfy target terminal position
coordinates or to minimize the total time of a particular maneuver. Six aerobatic maneuvers were
developed drawing inspiration from air combat maneuvers of fighter jet aircraft: Pitch-Back Turn
(PBT), Combat Ascent Turn (CAT), Combat Descent Turn (CDT), Weaving Pull-up (WPU),
Combat Break Turn (CBT), and Zoom and Boom (ZAB). These aerobatic maneuvers were
simulated at moderate to high advance ratios while fundamental maneuvers of the compound
including level accelerations/decelerations, climbs, descents, and turns were investigated across
the entire flight envelope to evaluate controller performance.
The unified control system was developed to allow controls to seamlessly transition
between manual and automatic allocations while ensuring that the axis of control for a particular
inceptor remained constant with flight regime. An energy management system was developed in
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order to manage performance limits (namely power required) to promote carefree maneuvering
and alleviate pilot workload. This system features limits on pilot commands and has additional
logic for preserving control margins and limiting maximum speed in a dive. Nonlinear dynamic
inversion (NLDI) is the framework of the unified controller, which incorporates primary and
redundant controls. The inner loop of the NLDI controller regulates bank angle, pitch attitude,
and yaw rate, while the outer loop command structure is varied (three modes). One version uses
an outer loop that commands velocities in the longitudinal and vertical axes (velocity mode),
another commands longitudinal acceleration and vertical speed (acceleration mode), and the third
commands longitudinal acceleration and transitions from velocity to acceleration command in the
vertical axis (aerobatic mode). The flight envelope is discretized into low, cruise, and high speed
flight regimes. The unified outer loop primary control effectors for the longitudinal and vertical
axes (collective pitch, pitch attitude, and propeller pitch) vary depending on flight regime. A
weighted pseudoinverse is used to phase either the collective or propeller pitch in/out of a
redundant control role. The controllers were evaluated in Penn State’s Rotorcraft Flight Simulator
retaining the cyclic stick for vertical and lateral axis control along with pedal inceptors for yaw
axis control. A throttle inceptor was used in place of the pilot’s traditional left hand inceptor for
longitudinal axis control.
Ultimately, a simple rigid body model of the aircraft was sufficient enough to design a
controller with favorable performance and stability characteristics. This unified flight control
system promoted a low enough pilot workload so that an untrained pilot (the author) was able to
pilot maneuvers of varying complexity with ease. The framework of this unified system is
generalized enough to be able to be applied to any rotorcraft with redundant controls. Minimum
power propeller thrust shares ranged from 50% - 90% in high speed flight, while lift shares at
high speeds tended towards 60% wing and 40% main rotor.
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EPIGRAPH
…Life piled on life
Were all too little, and of one to me
Little remains: but every hour is saved
From that eternal silence, something more,
A bringer of new things; and vile it were
For some three suns to store and hoard myself,
And this grey spirit yearning in desire
To follow knowledge like a sinking star,
Beyond the utmost bound of human thought.
…Come, my friends,
'Tis not too late to seek a newer world.
Push off, and sitting well in order smite
The sounding furrows; for my purpose holds
To sail beyond the sunset, and the baths
Of all the western stars, until I die.
It may be that the gulfs will wash us down:
It may be we shall touch the Happy Isles,
And see the great Achilles, whom we knew.
Tho' much is taken, much abides; and tho'
We are not now that strength which in old days
Moved earth and heaven, that which we are, we are,-One equal temper of heroic hearts,
Made weak by time and fate, but strong in will
To strive, to seek, to find, and not to yield.

—Alfred Tennyson (“Ulysses” 24-32, 56-70)
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Chapter 1
Introduction

1.1 Background
Conventional rotorcraft task a pilot with the challenge of managing four primary controls
(main rotor collective, longitudinal cyclic, lateral cyclic, and tail rotor collective) while monitoring
a variety of flight envelope limitations, such as power, structural limits, and vibrations.
Conventional rotorcraft achieve roll and pitch control through the cyclic stick. Rotorcraft are
natural angular rate command systems. The cyclic stick can be used to generate pitching moments
through longitudinal tilt of the rotor and roll moments through lateral tilt of the rotor. Pedals are
tied to tail rotor thrust and used as yaw moment effectors as the tail rotor creates a yaw moment
about the aircraft CG. The collective stick changes the magnitude of the rotor thrust vector and as
such is primarily for vertical control.
Conventional rotorcraft achieve a change in airspeed in straight level flight through a
series of coordinated commands, primarily using longitudinal cyclic stick and collective.
Application of some forward longitudinal cyclic stick tilts the rotor and creates a pitching moment
about the aircraft CG along with a horizontal component of rotor thrust. This causes the aircraft to
accelerate to some nose down pitch attitude. The pilot then needs to back off the cyclic and
coordinate cyclic and collective to hold a desired airspeed and altitude. Pedals are applied as
necessary to hold heading. Conventional rotorcraft perform steady climbs in forward flight through
increasing collective pitch and the use of pedals to hold heading while applying some longitudinal
cyclic to maintain airspeed through the pitch attitude of the aircraft. Also, steady level turns are
performed using lateral cyclic stick deflections in the desired direction of the turn, applying some
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longitudinal cyclic to maintain airspeed, and increasing collective to hold altitude while applying
pedals only as needed.
With compound rotorcraft, additional control effectors (e.g. wing flaperons for auxiliary
lift and propeller pitch for auxiliary thrust) are introduced, which can be manually controlled by
the pilot or automatically allocated during flight. To alleviate pilot workload, automatic flight
control is necessary for these additional (redundant) controls. Compound rotorcraft change the trim
and control problem to an optimization problem.

Since the control positions for trim or

maneuvering flight are not unique for a compound rotorcraft, the control allocation(s) can be
optimized to meet some objective. The redundant controls can be allocated to maximize
performance in terms of a combination of various parameters (e.g. power required and/or handling
qualities).
Compound rotorcraft have high speed and maneuvering capabilities with the potential to
significantly surpass those of conventional rotorcraft. Compound rotorcraft can overcome several
conventional rotorcraft limitations at high speeds with (in part) the tradeoff of increased
complexity, weight, and degraded low speed and hover performance. Developing an understanding
of how to intelligently allocate the redundant controls that come along with compounding is
important. Rotorcraft compounded with pusher propellers require an examination of main rotor
collective and propeller pitch allocation based on the total instantaneous thrust required in a
maneuver. The addition of a wing requires an understanding of the lift sharing between the main
rotor and wing. Using wing flaperons (either deflected symmetrically or differentially about the
vehicle’s longitudinal axis), both the longitudinal and lateral vehicle dynamics can be tailored
primarily through vertical force, pitching moment, and rolling moment modifications. Flaperons
affect the workload with regard to the force and moment generations required from all four of the
primary controls of a conventional rotorcraft. Flaperons deflected in a symmetric role primarily
influence the lift sharing between the main rotor and wing and reallocate longitudinal cyclic due to
coupled changes in rotor flapping and the wing pitching moment. Additionally, flaperons deflected
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in a differential role can influence lateral cyclic through rolling moment contributions by
overcoming some of the wing’s natural roll damping. Introduction of a stabilator as an auxiliary
pitching moment effector also causes changes in rotor flapping.
With a comprehensive understanding of the influence of auxiliary forces and moments
introduced by redundant controls, simulations of trim and basic maneuvering flight are necessary
to assess controller performance (and vehicle performance and handling qualities) with redundant
controls relative to any number of baseline cases (e.g. simulations of the conventional rotorcraft
baseline). Next, investigations of controller performance in complex maneuvering flight (e.g.
aerobatics associated with combat maneuvers) are important in determining the appropriateness
and robustness of the control architecture. A generalized method of producing command profiles
characteristic of any maneuver is desirable for conducting (non-piloted) dynamic simulations in an
efficient manner. With generalized maneuver simulations, an assessment of the maneuvering
potential of a compound rotorcraft can be made. This is essential for the development of new
qualitative/quantitative criteria and mission task elements (MTEs) for next generation rotorcraft in
future ADS-33 releases.
With compound rotorcraft and redundant controls there arises a desire for a unified method
of intuitive pilot control and the ability to seamlessly transition controls between manual and
automatic allocation throughout the entire flight envelope. It is desirable to unify all these controls
in one control architecture with intuitive pilot control strategies and seamless flight regime
transitions while ensuring the axis of control for each inceptor is invariant with flight regime; a
unified control architecture with some degree of automation is necessary to accomplish this and is
especially useful in piloting more complex types of maneuvers such as aerobatics without enduring
a high pilot workload.
Understanding the effectiveness of auxiliary lift and propulsion and redundant controls on
compound rotorcraft and developing a practical flight control system accommodating these
controls is critical for next generation rotorcraft such as those featured in the JMR-FVL Program
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(Joint Multi-Role and Future Vertical Lift); this program has several competing participants with
rotorcraft configurations (Fig. 1-1) with varying degrees of compounding and control redundancy
within which two configurations have been downselected (Defiant, V-280).

Figure 1-1. Defiant (upper left), Optimum Speed Tiltrotor (upper right),
AVX’s Entrant (lower left), Valor (lower right)
For example, Sikorsky-Boeing’s Defiant has a pusher propeller while Karem’s Optimum
Speed Tiltrotor has variable RPM capabilities. AVX’s entrant features not only a coaxial main
rotor system but two ducted pusher propellers mounted on a stub wing along with a canard, which
collectively introduces aspects of both lift and thrust compounding (i.e. control redundancy). Bell’s
V-280 Valor is a tiltrotor concept aimed at achieving a cruise speed of 280 knots and also features
a V-tail structure with ruddervators.
DARPA’s X-VTOL program, requires future rotorcraft to have hovering efficiencies
greater than 75% and high speed capabilities of 300 - 400 knots, and features rotorcraft
configurations with redundant controls (Fig. 1-2). For example, Boeing’s Phantom Swift features
wing tip mounted ducted pusher propellers and lift fans integrated into the fuselage, which
introduce control redundancy primarily in the longitudinal and vertical axes. Aurora’s
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LightningStrike X-Plane, which was awarded the DARPA contract, features distributed ducted fan
propulsion with a tilt-wing and canard. Other participants included Karem’s tiltrotor concept and
Sikorsky’s Rotor Blown Wing concept.

Figure 1-2. Phantom Swift (left), LightningStrike (right)
Piasecki’s 16H-1A Pathfinder II (1962) was a very early example of a fully compounded
aircraft that was flight tested. As seen in Fig. 1-3, this aircraft featured an articulated main rotor,
ring tail, and a low mounted wing. The ring tail was comprised of a propeller, shroud, elevator, and
rudder control surfaces. Flying qualities and performance of the 16H-1A were investigated from
hover to 167 knots level flight and in dives up to 195 knots. Tests were conducted to also examine
the thrust share between the main rotor and pusher propeller, and the lift share between the main
rotor and wing [1].
Main rotor collective pitch was allocated at low values for high speeds to unload the main
rotor; the lower limit on the main rotor’s lift share in level flight was 46 percent of the gross
weight. The 16H-1A had adequate controllability but minor flying quality issues. Flaperons on the
wing were used to enhance the lateral response of the vehicle by tying the cyclic stick with the
flaperons. The ring tail allowed for enhanced taxiing, hovering, sideward, and transition flight. The
primary pilot inceptors in the 16H-1A were collective and cyclic stick, along with pedals. There
were secondary inceptors, in the form of switches, for flaperons and the elevator in the ring tail [1].
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Figure 1-3. 16H-1A Pathfinder II
Power allocation for minimum power was dominated (up to 75%) by the propeller in the
intermediate to high speed range. The optimal vehicle angle of attack varied from 0 deg. at 80
knots, to -5 deg. at 130 knots and then to -1.5 deg. by 190 knots. Main rotor power allocation
varied from 65% at 80 knots and decreased to 25% at 190 knots. The main rotor versus wing lift
share in trimmed level flight was about 90% main rotor at 80 knots, 70% main rotor at 130 knots,
and decreased to 54% at 150 knots [1]. Additional information about the 16H-1A is featured in
Appendix A.
Lockheed’s XH-51A Compound (1965) was developed primarily to test a rigid main rotor
system. The XH-51A, which is seen in Fig. 1-4, had auxiliary thrust via J60 turbojet engines
mounted on a wing. The wing was designed to completely offload the main rotor by 230 knots.
The XH-51A achieved a maximum level flight speed of 236 knots and a maximum vertical load
factor of 1.94g. The collective pitch setting was set as a constant value above 150 knots to lower
blade stresses and vibrations. By 200 knots, the auxiliary propulsion completely offloaded the main
rotor of its propulsive role [2].

Figure 1-4. XH-51A
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Another early attempt at developing a compound rotorcraft was Lockheed’s AH-56A
Cheyenne (1967). The AH-56A (Fig. 1-5) featured a stub wing, rear-mounted propeller, and
hingeless main rotor system with variable RPM capabilities. The AH-56A used the pusher
propeller in various roles: pitch attitude adjustments in hover for aiming, reverse thrust for
decelerations and flares, extended high speed flight and maneuver capabilities, and airspeed control
in dives [3, 4]. The AH-56A was trimmed in forward flight by holding the main rotor collective
pitch constant from 80 knots to the maximum continuous power level flight airspeed, using
propeller thrust and pitch attitude were used to maintain airspeed and altitude. At low speeds, the
main rotor collective pitch was used for altitude regulation while propeller pitch was held at a
constant value.

Figure 1-5. AH-56A Cheyenne
Maneuvering flight performance and stability of the AH-56A were evaluated using a
variety of maneuvers: wind-up turns, symmetric pull-ups, and pushovers [4]. During windup turns,
the aircraft was stabilized for different vertical accelerations while holding airspeed. Symmetric
pull-ups and pushovers were performed by either increasing or decreasing vertical acceleration as
the aircraft passed through a trimmed flight condition. The steady pitch rate limit, which can be
correlated with load factor, was about 6 deg/sec. at 150 knots and decreased by about 70% by 200
knots. Unfortunately, the pilot experienced a high workload just to keep the aircraft within the
Operation Flight Envelope; a Fly-by-Wire controller with some level of automation can aid in
addressing this issue and some of the aforementioned shortcomings of the AH-56A. The AH-56A
was able to achieve a maximum rate of climb of 2400 fpm. (with minimum power airspeed of
approximately 135 knots), along with acceleration and deceleration capabilities that enabled the
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aircraft to accelerate from hover to maximum speed in 107 sec. and decelerate from maximum
speed back to hover in 33 sec. [4].
Flight dynamic tests of the AH-56A were also conducted with stability augmentation
systems to examine the dynamic modes of the aircraft. Pulse inputs were used to create system
disturbances. While the short-period and long-period responses were well damped and stable in the
lateral and longitudinal axes, the longitudinal controllability at airspeeds above 170 knots was not
adequate. The response times were deemed to be too sluggish. Maneuvering stability was
investigated in steady turns up to airspeeds of 190 knots. Ultimately, the stick-fixed maneuvering
stability of the AH-56A was not satisfactory within the OFE at high speeds [4].
There were several perceived deficiencies and shortcomings including in the AH-56A
program: excessive pilot workload due to unacceptable lateral-directional stability, loss of control
during some maneuvering flight conditions due to blade moment stall, excessive 4/rev. and 8/rev.
vibration levels, inadequate directional control margins during sideward flight, and difficult power
management with high pilot workload at high speeds [4]. After cancellation, the Cheyenne was
further tested by the Army in 1973, during which the aircraft exhibited quick response times, low
cross-coupling, and excellent handling qualities. Regardless, the AH-56A was able to demonstrate
impressive feats, as well as the ability of a compound rotorcraft to enhance performance achieving,
for example, 215 knots in level flight, 2.6g pull-ups, and a 2g, 720 deg. turn [3]. Additional
information about the AH-56A is featured in Appendix A.
More recent examples of compound rotorcraft are the X-49A, X2, and X3 demonstrator
aircraft. The necessity and challenges associated with optimizing control allocation were
demonstrated in the X-49A Speed Hawk (Fig. 1-6) program [5]. Control allocation optimization
studies for four redundant control effectors showed the potential to enhance performance. The X49A achieved 177 knots in level flight and a 2g 360 deg. turn at 150 knots in flight tests.
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Figure 1-6. X-49A Speed Hawk

1.2 Literature Review
Previous work has been performed involving control redundancy and its effect on
rotorcraft power, vibrations, and flight controls. Stabilators were studied for potential reductions in
hub vibration levels in high speed forward flight [6, 7]. Conventional rotorcraft typically have
constant rotor speed, but rotor speed reduction capabilities can allow for increased maximum speed
capabilities; variable rotor speed has been investigated to address rotor stability of variable RPM
rotors using rotor state feedback [8, 9]. A rotor speed optimization study was also conducted in
which power reductions were demonstrated due to reduced rotor speeds [10]. Similar studies
involving a real-time simulation code with a flight controller to command an optimal rotor speed
schedule were also performed [11, 12].
Several studies encompassing trim optimization for a compound rotorcraft have been
performed; only a few works pertaining to maneuver optimizations of a compound rotorcraft have
been conducted. A maneuver optimization study for a compound rotorcraft was performed using a
UH-60A with a wing and vectored thrust ducted propeller (VTDP). An optimal control allocation
schedule was incorporated into a Fly-by-Wire controller, and accelerations and pull-ups were
simulated [13, 14]. This involved the use of a pseudoinverse to handle redundant controls in
various control axes The controller, which commanded vertical load factor by regulating pitch
attitude and vertical speed, however, did not perform satisfactorily; decoupling the vertical and
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longitudinal control laws was suggested as the source of the issue. The pseudoinverse technique
has also been studied in detail as a control allocation technique by examining time and frequency
criteria, along with robust criteria [15, 16]. Control allocation techniques that involve the use of the

quadratic ℓU norm, such as the pseudoinverse technique, were determined to be the most robust to
uncertainties.

Previous work with regard to optimizing redundant controls has also been performed; a
flight control system was designed to conduct in-flight optimization of redundant control effectors
using Adaptive Performance Optimization (APO) [17]. APO employs low frequency forced
responses to measure performance parameters, and was first developed for fixed-wing transport
aircraft [18 - 21]. This work was improved and then extended to multi-variable trim optimization
on a compound rotorcraft by performing a two-dimensional search through redundant controls
using a Fly-to-Optimal Concept [22, 23].
Optimizing control in quasi-steady maneuvering flight was investigated in order to
minimize power in high speed accelerations, pull-ups, and generalized maneuvers using redundant
controls on a compound rotorcraft and a linear dynamic inversion based controller [24]. This
controller featured an outer loop to command vertical and longitudinal load factor (g-command)
with inner loop control of pitch attitude, roll attitude, and yaw rate. This work was expanded to the
use of redundant controls in enhancing transient response and handling qualities of a compound
rotorcraft [25] and was inspired by work done by Pavel and Padfield to extend existing ADS-33
metrics and enhance the effectiveness of multi-disciplinary design [26]. It is important to note that
this work with minimizing power in sustained maneuvers and enhancing quickness in transient
maneuvers was performed for a compound rotorcraft in high speed flight (120 knots - maximum
speed) only. In this flight regime, collective pitch was used in a redundant control role only, and
propeller pitch was under pilot control, with remaining redundant controls under automatic
allocation.
Although a fully compounded aircraft can solve the edgewise flight issues of conventional
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rotorcraft, there can be issues associated with collective control effectiveness depending on
configuration; the sensitivity of vertical acceleration to changes in main rotor collective pitch
significantly diminishes at high advance ratios, which served as the motivation to use collective
pitch in a redundant control role [22 - 25]. The effect of high advance ratios on rotor aerodynamic
characteristics was investigated by Ormiston [27]. In particular, the ratio of the change in main
rotor lift coefficient to the change in collective pitch in trimmed flight (collective response
derivative) at a constant shaft angle of attack was examined in a wind tunnel. Cyclic control was
used to trim the tip path plane normal to the shaft while collective pitch was varied, and the shaft
angle of attack was held constant. It was shown that the collective response derivative decreased
with increasing advance ratio. At very high advance ratios, the collective response derivative even
reversed signs. Inboard retreating blade stall was responsible for the collective response derivative
changing signs. Ormiston reasoned that with increased advance ratios, the advancing outboard
section of blade lift has to drop to even lower levels due to the diminishing lift on the retreating
outboard blade section. The net effect of this on lift produced per change in collective is then
primarily due to the negative inboard lift on the retreating side due to reverse flow and how much
positive lift is produced on the outboard blade sections. The trend was such that the collective
response derivative diminished with increasing advance ratio [27].
Ultimately, minimizing power in quasi-steady maneuvering flight was most effectively
accomplished using collective and symmetric wing flaps as redundant controls; use of collective
and symmetric wing flaps and/or differential wing flaps as redundant controls enhanced transient
response through elevated levels of quickness during transient flight while minimizing power in
sustained portions of maneuvers [28].
In particular, work in Refs. 24 and 28 examined propulsive and lift sharing in simple
sustained maneuvers in high speed flight and at various RPMs. At relatively moderate to high
advance ratios, the propeller was to play a role in minimizing power in accelerations. Near and
beyond an advance ratio of about 0.45, the main rotor’s propulsive efficiency decreased
significantly, which drove the propeller propulsive share to about 90%; in this flight regime the
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main rotor and fuselage drag increase dramatically with seemingly small changes in airspeed. For
pull-up maneuvers at high advance ratios near 0.45, the minimum power wing lift share was
relatively invariant, setting at about 60%. The majority of the thrust share in level accelerations at
100% RPM for airspeeds exceeding 140 knots was provided by the propeller in order to minimize
power. The distribution of the thrust share was 65% propeller and 35% main rotor at 160 knots.
The percentage of the main rotor thrust share also increased (relative to trim) with increasing
acceleration at a set airspeed. At high advance ratios, the propeller was especially a large
contributor to the thrust share in accelerations, ranging from 60% at 160 knots and 90% RPM to
90% propeller at 200 knots and 90% RPM. Allocation of the wing lift share in pull-ups was
primary a function of airspeed at high speeds, and symmetric wing flaps at low speeds, which aid
in increasing the wing’s lift share to delay the onset of stall. Minimizing power for high-g pull-ups
at high airspeeds required the majority of the lift share to be on the wing while achieving a small
vehicle angle of attack. The percentage of the wing lift share increased with increasing vertical
load factor for every airspeed in the flight envelope. At high advance ratios, the lift share
approached and settled at 60% wing and 40% main rotor.
The linear dynamic inversion g-command controller in Refs. 24 and 28 was able to
demonstrate significant power savings in simulations when allocating redundant controls to
minimize power in basic accelerations, along with more generalized maneuvers featuring
simultaneous longitudinal and vertical load factor commands.
In Refs. 25 and 28, it was shown that the use of collective and symmetric wing flaps as
redundant controls results in higher agility quickness than fixed redundant controls due to
achieving a certain peak vertical load factor over a lower change in flight path angle. Use of
collective and symmetric wing flaps also improved vertical load factor tracking in pull-ups relative
to fixed redundant controls. Use of differential wing flaps as redundant controls increased the roll
attitude quickness (ratio of peak roll rate to change in roll attitude) relative to fixed redundant
controls. Roll attitude quickness simulations indicated that the use of redundant controls on this
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compound rotorcraft resulted in predicted Level 1 handling qualities, and agility quickness (ratio of
peak vertical load factor to change in flight path angle) was improved. Differential wing flaps
showed the most potential for elevating roll attitude quickness values in transient lateral maneuvers
while symmetric wing flaps allowed the aircraft to achieve high levels of quickness in both
longitudinal and lateral maneuvers.
This aforementioned work with control allocation used a linear dynamic inversion based
controller. Although satisfactory tracking performance was demonstrated with this controller in the
pull-up and turning maneuvers simulated, there was still room for improvement in command
tracking in these fundamental maneuvers; a more advanced controller was also necessary to ensure
robustness in complex and aerobatic maneuvers. As such, nonlinear dynamic inversion control
(NLDI) was turned to in this research in order to accomplish this. Past work containing
applications of a nonlinear dynamic inversion controller in simulation testing of advanced response
types for ship-based rotorcraft and investigations of bandwidth and disturbance rejection properties
was performed [29 - 32]. Nonlinear dynamic inversion control architecture was used in this work.
After investigations of fundamental maneuvers and the initial development of an improved
and more robust controller (using the NLDI control architecture), attention was shifted to
simulating more complex maneuvers. Aerobatic maneuvers can be particularly cumbersome and
difficult to simulate. As discussed earlier, a generalized method of producing command profiles
characteristic of any maneuver is desirable for conducting non-piloted simulations in an efficient
manner. Work involving flight path generation has been approached with various methodologies
depending on application. A trajectory parameterization method for calculating emergency flight
paths was developed via modified Dubins parameterization [33, 34]. In this particular application,
developing a fast algorithm to find flight paths in real time was desired. Dubins curve was
modified to allow for (piecewise constant) acceleration along the path and a finite rate of change in
turn rate. A number of closed-form solutions were developed for path-defining variables, and the
path was calculated to minimize a performance objective (e.g. desired touchdown location) subject
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to specified constraints (e.g. aircraft state). Additional flight path generation work has focused on
more representative functions for path-defining variables and less on real time path planning [35,
36]. These methodologies (which were used in this research) use different order polynomials to
represent a selected set of variables such as airspeed, altitude, turn rate, and/or load factor. Again
performance objectives such as a desired terminal position coordinate can be targeted in generating
the flight path. This type of inverse simulation uses numerical techniques to calculate control
allocations to produce a particular trajectory. Ref. 36 in particular represented vertical load factor
as a fifth-order polynomial and airspeed as a fourth-order polynomial but only examined flight
path generation for longitudinal maneuvers. The unknown polynomial coefficients can be
determined by applying a set of boundary conditions and solving the resulting system of equations.
These flight paths were generated to model ADS-33 maneuvers in order to investigate the
maneuverability of two helicopter configurations: a compound and conventional rotorcraft
counterpart in pull-up/pushover and acceleration/deceleration maneuvers.
With a flight path generation method to simulate any desired maneuver, it was necessary to
further develop and advance the controller within the framework of the aforementioned NLDI
control architecture in order to pilot the maneuvers of interest. This particular research calls for an
advanced controller capable of accommodating primary and redundant controls throughout the
entire flight envelope of a compound rotorcraft. Attention was turned to matured control
methodologies used on fighter jet aircraft with redundant controls (and with potential for high pilot
workload) in order to accomplish this. An H-infinity based control system was developed for a
STOVL in transition flight [37]. The aircraft featured ejectors, vectored ventral and cruise nozzles,
jet reaction control, and various other control effectors. An integrated flight/propulsion system
control system was developed for a STOVL fighter aircraft featuring various command modes and
the ability to transition between hover and conventional flight [38]. This control system also had to
accommodate redundant controls. Some of the aircraft controls included flaperons, empennage
deflection, a lift nozzle, ventral nozzle, reaction nozzles, and cruise nozzle which could also be
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deflected laterally or vertically. The control system, based on implicit model following control,
used state-rate feedback and had command modes for attitude, flight path angle, and flight path
acceleration during transition with translational velocity command for hover and vertical landing.
The Harrier is a fixed-wing fighter aircraft with redundant controls and V/STOL
capabilities [39]. This aircraft features five primary control effectors: elevator, ailerons, rudder,
thrust magnitude, and thrust direction (via a nozzle system). There are two separate left hand
inceptors (for thrust magnitude and thrust direction). The center stick is used to control the elevator
and ailerons while the pedals are tied to a rudder. Reaction control nozzles are used in pitch, roll,
and yaw when the aerodynamic surfaces are ineffective (i.e. dynamic pressure is low).
Additionally, there are cockpit switches for secondary control effectors of flaps and airbrakes. The
need for some degree of automation in this type of aircraft with redundant controls became
apparent as the aircraft’s handling qualities were assessed. As such began a movement towards a
flight control concept known as unified control.
Unified control was developed and matured for the F-35B STOVL Joint Strike Fighter,
which has many redundant controls. This unified control concept was designed to allow for smooth
and automated transitions between flight modes by ensuring that the axis of control for a particular
inceptor was invariant with flight regime. Unified control has not been explored with compound
rotorcraft but has been developed for fixed-wing aircraft. Early studies of unified control
configurations were performed on a NASA V/STOL Research Aircraft remaining from the YAV8B Prototype Demonstration Program [40]. This aircraft, which featured numerous redundant
controls, was flight tested in various transition (from wingborne to jetborne mode) and landing
tasks to assess four different control system configurations. One configuration had attitude
command/attitude hold in pitch for transition and hover along with rate command/attitude hold in
roll that switched to attitude command/attitude hold. There was attitude command/attitude hold in
yaw for hover with turn coordination in transition. Another configuration had the same method of
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control in the pitch, roll, and yaw axes but with the addition of a flight path angle and longitudinal
acceleration command.
Control allocation for the X-35B was explored extensively where the number of available
control effectors was a function of flight condition, conversion status, and failure logic [41].
Conversion between a Short Take Off/Vertical Landing (STOVL) mode and Conventional Take
Off and Landing (CTOL) mode was performed between 150 and 250 knots, and dynamic inversion
was the basis of the control architecture. A weighting matrix was used to place a cost on the
relative use of the control effectors.
More recent work for the F-35B STVOL aircraft built on the previous research efforts of
the aforementioned experimental aircraft and formally introduced the unified control concept to
ease the conversion from wingborne to jetborne mode [42]. The result was the unified control
command inceptor mapping strategy shown in Figs. 1-7 and 1-8. Fig. 1-8 shows a fore/aft throttle
as the left hand inceptor on the F-35B; on conventional helicopters the left hand inceptor is the
collective stick, which is used for vertical control. The compound rotorcraft in this research was
piloted in a flight simulator using a fore/aft throttle as the left hand inceptor for longitudinal
control.

Figure 1-7. F-35B Unified Control Command Strategy [43].
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Figure 1-8. F-35B Unified Control Inceptor Configuration [43].
One of the many distinguishing factors between fixed-wing aircraft such as the F-35B and
rotorcraft revolves around performance limitations. Rotorcraft have a much more restricted flight
envelope (particularly high speed envelopes), and performance limits, such as power limits, can
very quickly be encountered in maneuvers (recall the AH-56A had difficulty with power
management in high speed flight). Fixed-wing aircraft have higher load factor, speed, and altitude
capabilities than rotorcraft for a given amount of installed power. As such it is favorable to have
methods of envelope protection to serve as cues, ease pilot workload, and promote a more carefree
maneuvering environment. Work has been performed in the field of energy management control
systems. Early work done at Boeing involved developing a vertical flight path and speed controller
using total energy principles. The total energy control system (TECS) was tested on a modified
B737. The throttle was used to control the total kinetic and potential energies of the aircraft, while
the elevator was used to regulate the energy distribution [44, 45].
More recent work with energy management has also been performed with rotorcraft as part
of Boeing’s Helicopter Active Control Technology Program (HACT) [46 - 50]. Various types of
tactile cues were investigated for longitudinal cyclic control margin, tail rotor gearbox torque
limiting, hub moment limiting, bank angle limiting, and load factor cueing using piloted
maneuvers on a RAH-66 Comanche and AH-64D Apache [46]. Work was then continued with
advanced flight control systems featuring regime recognition to lessen pilot workload by making
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control law selections in maneuvers, along with a carefree maneuvering system containing
overspeed protection [47, 48]. Energy management calculations were used to determine the
maximum longitudinal and lateral inputs possible while enabling the rotorcraft to maintain its
commanded flight path angle. The energy management calculations were relayed to the pilot
through tactile cues enabling the pilot to achieve some degree of “eyes out of the cockpit”
maneuvering [49]. A comprehensive carefree maneuvering system with tactile cueing was further
developed and tested on an H-6, AH-64E, and MH-47G to demonstrate robustness. With the
carefree cues enabled, pilots were able to complete mission task elements (MTEs) about 9% faster
in flight tests with improved handling quality ratings and a 30% reduction in pilot workload [50].

1.3 Research Objectives
A significant amount of attention is being placed on compound rotorcraft due to major
programs for next generation rotorcraft such JMR-FVL and DARPA’s X-VTOL. A lot of current
research in the rotorcraft community is focused on compound rotorcraft but is lacking with regard
to detailed control allocation and maneuvering flight studies along with practical flight control
systems necessary in order to fly the aircraft without exorbitant pilot workloads. A systematic
approach to analyzing compound rotorcraft with redundant controls to ultimately build a robust
flight control system for a notional compound rotorcraft is presented in this dissertation. The focus
is on a unified flight control design methodology using the notional compound rotorcraft as a
testbed for this control system.
The aircraft has an H-60 airframe and conventional articulated main rotor and is
compounded with a wing and pusher propeller. The controls explored in addition to the four
traditional controls are: propeller pitch, symmetric wing flap deflection, and differential wing flap
deflection. Starting from a notional compound rotorcraft model, the first step is understanding
flight dynamics in trim by performing control allocation studies. Moving into control allocation
studies for quasi-steady (sustained) types of maneuvers is the next step after developing a
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methodology for simulating these types of maneuvers. Next, a look into logical control allocations
in the transient segments of the aforementioned basic maneuvers is desirable and can be
accomplished by examining various quickness metrics. Redundant control scheduling was
generated from these control allocation studies as a function of rotor speed, airspeed, longitudinal
load factor, and vertical load factor.
Analyzing fundamental maneuvers with an appropriate and practical framework of flight
control is important for assessing controller performance and tuning compensator and filter gains.
For more complex maneuvers of interest, such as aerobatic maneuvers, it becomes necessary to
analyze flight dynamics first in non-piloted maneuvers with the aid of an efficient methodology
with which to generate the command profiles.
There are three concepts explored in this research that set it apart and make it unique. First
is the application of unified control to a rotorcraft, which has not been explored previously. This
flight control system was developed for a compound rotorcraft throughout the entire flight
envelope. Second is application of energy management to a compound rotorcraft in a fly-by-wire
controller, which has been explored previously for only conventional rotorcraft. This subsystem
features a variety of limiting techniques applied and tested on controllers with different command
and response types. Finally is an in-depth flight dynamics and performance study of a compound
rotorcraft in aerobatic maneuvering flight. This involved the development of a unique flight path
generation tool to perform non-piloted analyses. Six different aerobatic maneuvers were developed
from inspiration from fixed-wing aerobatics and simulation in both non-piloted and piloted
simulation in a flight simulator.
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Ultimately, this research seeks to accomplish the following objectives:

1. Present a methodology for performing control allocation studies in order to develop lookup
tables for redundant controls to integrate into a flight control system.

2. Present a generalized and efficient method of producing aerobatic maneuver commands for
different performance objective functions including flight paths satisfying desired terminal position
coordinates and flight paths representing minimum total overall maneuver times subject to load
factor and roll rate constraints [51, 52].

3. Introduce aerobatic maneuvers relevant to future ADS-33 releases for next generation rotorcraft,
and potentially useful for capturing handling qualities on multiple control axes to preliminary
assess compound rotorcraft maneuvering potential [51, 52].

4. Develop a unified flight control system with NLDI control architecture in order to allow for
seamless transitions of controls between primary and redundant roles using invariant control axes
with a practical control inceptor setup in order to pilot the aircraft [53].

5. Assess the aptitude of the NLDI control architecture in tracking commands while allocating
redundant controls in maneuvers ranging from fundamental to aerobatic in nature throughout the
entire flight envelope [51 - 53].

6. Explore a compound rotorcraft maneuvering throughout its entire flight regime (hover maximum speed) with intuitive pilot control strategies and a unified control architecture that
accommodates redundant controls and features energy management to enforce power required
limits [53].
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Chapter 2
Simulation Environment

2.1 GENHEL-PSU
The core of the simulation model is a blade element mathematical model of the UH-60A
Black Hawk with nonlinear aerodynamics, which was developed from the U.S. Army General
Helicopter (GENHEL) Flight Dynamics Simulation. GENHEL is well-established and has been
validated with flight test data [54]. The version of GENHEL used was developed at Pennsylvania
State University (GENHEL-PSU) for research purposes in the areas of flight dynamics and control
[55]. GENHEL models the six rigid body degrees of freedom, along with four rotor flapping and
four rotor lagging degrees of freedom. Dynamic states due to main rotor inflow are modeled with a
33 state Peters-He inflow model, which was not part of the original GENHEL model. The PetersHe inflow model is a generalized dynamic wake model, which treats induced inflow as dynamic
degrees of freedom [56]. Lookup tables generated based from Sikorsky’s Wake Analysis Program
are used for the influence of rotor wash on vehicle components such as the wing (uses fuselage
interference tables) and pusher propeller (uses horizontal tail interference tables) [54]. These
lookup tables scale the rotor wash terms based on the wake skew angle, longitudinal flapping
angle, and component location. These three components of downwash velocity are normalized by
the downwash in the plane of the main rotor. Vortex theory, with a harmonic variation in vorticity
is employed at the main rotor and extended downstream with an assumed skewed cylindrical wake.
For this research, a robust pusher propeller model was developed and integrated into
GENHEL-PSU to develop a notional compound rotorcraft. The wing model used was developed in
previous research [28]. The tail rotor position of the compound model matches that of the UH-60A,
but the stabilator is moved forward. The wing features flaperon controls and is mounted in a high
position. It is assumed that the airframe drag is reduced relative to the baseline UH-60A through
retractable landing gear, hub fairings, and other drag clean-ups. A 5.93 ft2 total reduction in flat
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plate drag area is estimated, and a 60% reduction in the main rotor’s linear twist rate (with respect
to the UH-60A main rotor) is also applied in order to reduce main rotor drag for airspeeds
exceeding the top speed of the conventional counterpart. This 60% reduction in main rotor linear
twist rate (applied from 20% radial station to 80% radial station while preserving the original twist
at the 75% radial station) amounts to additional power required for hover and at low speeds. The
effect of the weight of the wing and propeller also contributes to the increase in gross weight from
the baseline UH-60A, which is 16,825 lbs. Fig. 2-1 shows the compound rotorcraft configuration
used in this research, and Table 2-1 presents a list of specifications. Effective wing span and area
refers to the span and area adjusted for the fuselage cutout. The observed installed power for the
compound is 4500 HP while the baseline aircraft (UH-60A) has a power rating of 3244 HP [57].
Supplemental vehicle component specifications are given in Appendix B. Note that reductions in
rotational speed of the main rotor in high advance ratio flight also reduce the tail rotor rotational
speed. Although variations in rotational speed are examined, engine dynamics aren’t modeled;
rather a constant RPM model is used. The propeller speed is taken as independent of these RPM
reductions, which is possible with a transmission.
Table 2-1. Compound Rotorcraft Specs
Vehicle General
20,000 lbs.
6 in. fwd. of hub
Main Rotor
Radius
26.83 ft.
Chord (0.75R)
1.73 ft.
Linear Twist (0.2R - 0.8R) -5 deg.
Rotational Speed
258 RPM
Number of Blades
4
Propeller
Diameter
8 ft.
Twist (0.75R)
42.4 deg.
Rotational Speed
2160 RPM
Number of Blades
7
Wing
Effective Span
45 ft.
Effective Area
226 ft2.
mac
5.0 ft.
Taper Ratio
1.22
Incidence
4.0 deg.
Gross Weight
Longitudinal CG

Fig. 2-1 Compound Configuration.
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2.1.1 Lift Compounding: Wing Model
The wing was designed (but not optimized) to compromise between minimum induced
drag and maximum maneuverability capabilities. A 10% wing area to rotor disk area ratio was
used as a design point; based on design studies, this promotes low vibrations and high
maneuverability [58]. The flaperons span about 90% of each half of the wing. The flaperon chord
is about 20% of that of the wing mean aerodynamic chord. The flaps are modeled with lookup
tables generated using wind tunnel data for a NACA 23012 plain trailing-edge flap of 20 percent
wing chord [59]. The wing is mounted in a high position to in theory promote a more favorable lift
distribution on the main rotor [60]. The wing location on the aircraft is approximately 5 ft. below
the main rotor, with its center of pressure near the CG of the rotorcraft (see Appendix B). A NACA
63-412 airfoil was selected for the wing, which yields a favorable and appropriate lift to drag ratio.
The span and aspect ratio were determined using the 10% wing area to rotor disk area ratio design
constraint. The wing planform is tapered linearly and spans 51 ft. from tip to tip. The incidence of
the wing is also set at 4.0 deg. Lookup tables were developed for the wing 2D lift, drag, and
pitching moment coefficients for the NACA 63-412 airfoil using XFOIL. The wing lookups are
based on a design Reynolds number, while induced drag is determined in part based on an Oswald
efficiency factor of 0.85; this efficiency factor, which is used to account for finite wing effects, was
derived from zero-lift drag characteristics and the taper ratio of the wing [61]. Quasi-steady lift,
drag, and pitching moment coefficient models are used for high angles of attack on the wing, such
as in hover, when the angle of attack is 90 deg. The quasi-steady stall models developed for the
NACA 63-412 airfoil are given by eqns. 2-1, 2-2, and 2-3, which are applied outside of the range
of angles of attack between the negative and positive stall angles of attack.
 = 1.6sin24

(2-1)

 = 0.08sini 1.14 + e − 0.03

(2-3)

 = −1.3cos b−24 +

e
g + 1.31
10

(2-2)
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2.1.2 Thrust Compounding: Propeller Model
Blade element momentum theory was combined with momentum theory and Goldstein’s
classical vortex theory in order to create a flight dynamic model of the pusher propeller [61]. The
model (BEMVT) was validated using wind tunnel (WT) results for an isolated propeller from
NACA Technical Report 594 [62]. Figures 2-2 and 2-3 represent the validation of the propeller
model; the specific propeller geometry and airfoil characteristics used in the wind tunnel tests were
input into the model in order to make the comparisons seen in Figures 2-2 and 2-3.

Figure 2-2. Propeller Model Thrust Coefficient Validation

Figure 2-3. Propeller Model Power Coefficient Validation
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The propeller model is for a constant speed and variable pitch propeller. Along with all the
basic inputs for a propeller model (number of blade elements, diameter, number of blades, RPM,
spinner diameter, radial chord and geometric twist variations, thickness/chord ratio, etc.) there are
options to set the angle of attack (αd) and sideslip angle (βd) of the propeller disk.
Airfoil data for a Clark-Y is built into the code using local Reynolds number computations
to derive lift slope, zero lift drag coefficient, and stall angle of attack variations. Aspects of basic
vortex theory are combined with blade element momentum theory. The vortex theory is just in the
form of corrections to the sectional angle of attack for flow curvature and blade thickness [61].
Quasi-steady lift and drag coefficients are used for high local angles of attack. The quasi-steady
stall models developed for the Clark-Y airfoil are given by eqns. 2-4 and 2-5, which are applied
outside of the range of angles of attack between the negative and positive stall angles of attack.
 = 1.8sin24

 = −1.2cos24 + 1.21

(2-4)
(2-5)

The code will cycle through advance ratio, propeller pitch, blade azimuth, and blade
element loops within which optimization methods are applied to drive two components of inflow
(perpendicular, λa, and tangential, λt, which opposes the direction of rotation with respect to the
propeller plane) at each blade element and azimuth angle to convergence. These iterated
components of inflow model the helical trailing-edge vortices shed downstream of the propeller
plane of rotation.
The optimization methods are adaptive and were developed to improve convergence
characteristics of the theory for reverse thrust cases. Modified Newton-Raphson for a nonlinear
system of equations is used with an approximate line search featuring a variable step size adhering
to Wolfe’s Conditions. Additional logic was developed to align certain restart criteria with
modified initial inflow guesses and search directions depending on a typical set of unfavorable
conditions that the optimizer can end up in. For this particular propeller design and advance
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ratio/propeller pitch envelope surveyed, the model converges for upwards for 99.9% of the total
cases run. With that said the model is still only as accurate as the theory allows.
Reference Fig. 2-4 for the following discussion. First note that the “black box”
surrounding the algorithm represents the airspeed, propeller pitch, azimuth angle, and blade
element loops. Two functions (fa, ft) are at the center of the optimization and are derived by
combining blade element and momentum theory. The Jacobian is constructed from the partial
derivatives of these two functions with respect to the two components of inflow. Effectively the
algorithm solves a multi-objective optimization problem with the objective functions shown in
eqns. 2-6 and 2-7. Note the following symbols: solidity (σ), advance ratio (J), local lift coefficient
(cl), local drag coefficient (cd), propeller radius (Rp), tip/root loss function (F).
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Figure 2-4. Propeller Model Algorithm Overview
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Wolfe’s Conditions are used to find the step size (ka , kt) applied to each component of
inflow that is sufficient for convergence. The conditions are outlined below for an ascent direction
d, step size k, objective function f(x), and tunable constants κ1 and κ2 such that |U ∈ |6 , 1.
1. Armijo’s Rule:  + ~ −  ≥ |6 ~∇F 

2. Curvature Condition: |U ∇F  ≥ ∇ + ~F 
The propeller functions in both forward and reverse thrust roles and has a control range of
travel set from -7.6 degrees to 67.4 degrees with respect to 75% radius. The propeller’s thrust
levels, power required, and efficiency as a function of airspeed and propeller pitch are featured in
Figs. 2-5, 2-6, and 2-7 for the propeller design used in this research.

Figure 2-5. Propeller Thrust Map
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Figure 2-6. Propeller Power Map

Figure 2-7. Propeller Efficiency Map
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2.2 Flight Simulator
An experimental aspect was included in this research involving the use of the flight
simulator facility at Penn State. This simulator was used to obtain more realistic flight data by
allowing for the capability to pilot maneuvers using the flight control system designed in this
research. Feedback as to the performance of the unified control architecture in various piloted
maneuvers was used to modify and tune the controller to improve overall handling qualities of the
aircraft. The rotorcraft flight simulator at the Penn State Vertical Lift Research Center of
Excellence (VLRCOE) is fixed-based and uses the cockpit of a Bell XV-15 tiltrotor prototype with
custom instrumentation and cab displays. Force-feel characteristics are provided through the
control inceptors via a 300 lb. capable control loading system, and X-Plane software is used to
generate the flight simulation scenery. Three ceiling mounted projectors are used to provide a 170
deg. field of view onto a cylindrical screen with a 15 ft. diameter. A custom plugin was developed
to allow communication between X-Plane and GENHEL-PSU [29, 30]. This plugin uses a shared
memory block to receive aircraft position and attitudes. Control laws are compiled into a
dynamically linked library, which interfaces with GENHEL-PSU, which in turn communicates
with the X-Plane scenery. Fig. 2-8 shows the cockpit of the flight simulator with a gaming throttle
on a center console; this throttle is based on the A-10 throttle inceptor. This fore/aft throttle serves
as the pilot’s left hand inceptor, replacing the collective stick inceptor.

Figure 2-8. Flight Simulator Environment
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There are several different components of the flight simulator including the cab, control
inceptors, control loading system, simulation host computer, display computer, the cab interface
computer, three image generator computers, three ceiling mounted projectors, and a 170 deg. field
of view cylindrical screen. The XV-15 cab features inceptors with various switches along with
pilot and copilot seats accompanied by identical sets of control inceptors. A cab interface reads the
stick positions from the control loading system (CLS) using Labview. The control loading system
is responsible for implementing the force-feel characteristics on the control inceptors. A separate
simulation host computer runs the modeling program GENHEL-PSU. An additional computer
(display computer) is used to run the in-cockpit displays (Fig. 2-9). Three different image
generator machines with X-Plane are run and projected onto the cylindrical screen. Netflc (a
program used for network communication that was developed by Advanced Rotorcraft
Technology) is run on each of these machines along with a warping program that adjusts the
projected images in order to be displayed onto a curved surface. Netflc allows all the flight
simulator components to communicate with GENHEL-PSU. As such, Netflc is also run on the cab
interface and display computers along with the simulation host computers.

Figure 2-9. Cockpit Display
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Chapter 3
Trim and Quasi-Steady Maneuvering Flight

3.1 Trim
Trimmed flight for a conventional rotorcraft is defined as the flight condition that is
achieved in which a combination of four pilot controls and two aircraft attitudes are used to zero
out the three angular accelerations and three translational accelerations associated with a six degree
of freedom aircraft. There are six equations of motion which incorporate all the forces and
moments acting on the aircraft in three-dimensional space. The GENHEL-PSU trim algorithm
drives all aircraft angular and translational accelerations to zero in order to solve for the
combination of controls and aircraft attitudes unique to an equilibrium state at a set flight
condition.
The compound rotorcraft trim problem can involve accommodating more controls than are
necessary to solve the six equilibrium equations (i.e. the number of controls available per control
axis exceeds unity); this notion introduces the idea of control redundancy. The addition of auxiliary
thrust and lift devices such as a pusher propeller and wing introduce additional forces and moments
that have to be incorporated into the trim algorithm executed in GENHEL-PSU. For compound
rotorcraft the trim procedure does not yield a unique solution per any one flight condition due to
control redundancy.
Conventional rotorcraft have four controls:

main rotor collective, longitudinal cyclic,

lateral cyclic, and tail rotor collective. Additional controls can include propeller pitch and wing
flaperons.
Redundancy introduces a large number of control allocation permutations and transforms
a simple problem, such as trim, into an optimization problem. However, understanding the
implication of redundant controls in trim before looking into maneuvering flight is important. A
more in-depth look at Compound Rotorcraft Trim Theory is presented in the next section.
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3.1.1 Compound Rotorcraft Trim Theory
Figs. 3-1, 3-2, and 3-3 highlight selected forces that play a key role in the equilibrium
analyses. Comprehensive longitudinal, lateral, and vertical equilibriums for forces and moments
are given by eqns. 3-1 through 3-6. Only selected forces and moments are shown on Figs. 3-1, 32, and 3-3 to avoid readability issues. All longitudinal-directional moment arms from a particular
component to the CG of the aircraft are given by ‘d’. All vertical-directional moment arms from a
particular component to the CG of the aircraft are given by ‘h’. All lateral-directional moment
arms from a particular component to the CG of the aircraft are given by ‘s’. In eqns. 3-1 through
3-6, all moment arms are taken as positive quantities, and the sign of each force and moment
component is shown based on the notional compound rotorcraft component placement. Any
compound device and/or source of control redundancy is designated in ‘red’ in Figs. 3-1 through
3-3. The sign convention for vehicle pitch attitude is positive nose-up.
In trimmed flight, the total forces and moments on the aircraft are zero. Body-fixed axes
are denoted by the set {x,y,z}. Eqns. 3-1 through 3-6 present the equilibrium equations in the body
frame; eqns. 3-7 through 3-12 present the equilibrium equations in terms of aerodynamic forces
in the body frame and also as a function of vertical flight path angle for the aircraft trimmed in
climbs and descents [28].
The left and right halves (half spans) of the stabilator and wing are denoted by the
subscripts ‘i’ (port side) and ‘j’ (starboard side) respectively when the vehicle is viewed from the
rear. The sign conventions for main rotor flapping are as follows: longitudinal flapping is defined
as positive for backward tilt (viewed from 270 deg. azimuth) and lateral flapping as positive for
rightward tilt (viewed from 0 deg. azimuth).
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Figure 3-1. Compound Rotorcraft FBD (Side Perspective) [28]

Figure 3-2. Compound Rotorcraft FBD (Top Perspective) [28]

Figure 3-3. Compound Rotorcraft FBD (Front Perspective) [28]
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3.1.2 Trim and Control Strategies
The control effectors used in maneuvering flight vary with flight regime in this research.
Control effectors is a term used to collectively refer to aircraft control surfaces (e.g. tail rotor
collective pitch) and indirect controls (e.g. sideslip). Pilot control inceptors (e.g. cyclic stick) are
used to move these control surfaces and in turn affect these indirect controls. The flight envelope
is discretized into three regimes: low, cruise, and high speeds. For high speed flight the trim
algorithm is altered because the sensitivity of vertical acceleration to changes in collective pitch
degrades at high advance ratios as discussed earlier [22 - 25, 27, 28]. The trim procedure in
GENHEL-PSU was modified to trim with a fixed collective and wing flaperons in high speed
flight, where vehicle angle of attack and propeller thrust are used to satisfy the vertical and
longitudinal force constraint equations, respectively, at a specified collective position. This
results in airspeed regulation via propeller thrust and vertical speed regulation via vehicle angle
of attack in maneuvering flight in this flight regime. As such, propeller pitch, cyclic pitch, and
tail rotor collective pitch are the primary pilot controls in this flight regime. In the low and cruise
speed flight regimes the conventional control effector strategies used are shown in Table 3-1,
leaving propeller pitch and wing flaperons as redundant controls, while collective pitch, cyclic
pitch, and tail rotor collective pitch are the primary pilot controls.
Table 3-1. Compound Control Strategies
Trim Constraint

Conventional Control Effector

Alternative Control Effector

X=0

Pitch Attitude

Propeller Pitch

Y=0

Sideslip

Sideslip

Z=0

MR Collective

Angle of Attack

L=0

Lateral Cyclic

Lateral Cyclic

M=0

Longitudinal Cyclic

Longitudinal Cyclic

N=0

TR Collective

TR Collective
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Note that angle of attack and pitch attitude equivalent for level forward flight but not in
hover. Pitch attitude, angle of attack, and sideslip are indirect controls, which affect the
magnitude and orientation of the aerodynamic and gravitational forces on the aircraft.
A comparison of the level flight trim power curves for the conventional H-60 and
compound H-60 is shown in Fig. 3-4. The compound H-60 power curve was generated for
minimum power trim cases. Both power curves are for 100% RPM and 1000 ft. altitude.

Figure 3-4. Trimmed Level Flight Power Curves
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3.2 Quasi-Steady Maneuvering Flight
Quasi-steady flight is an approximation of steady state flight in which maneuvering
flight is modeled via a set of discrete trim solutions yielding an implicit time dependence only
from kinematics. Alternatively, quasi-steady flight can be defined as an approximation of
equilibrium such that the body axis acceleration vector of the aircraft is not zero but is slow
varying enough to be approximately constant with time (e.g. steady accelerations, turns, and
pull-ups). A full vehicle trim of this compound rotorcraft is performed in GENHEL-PSU. In
order to generate redundant control schedules that simulate quasi-steady maneuvering flight,
vehicle properties are altered [28]. Flat plate drag is incremented or decremented to simulate
longitudinal load factor (i.e. variations in propulsive forces in accelerations, decelerations,
climbs, and descents) while the gross weight is incremented to simulate vertical load factor (i.e.
variations in lift forces experienced in pull-ups, push-overs, and turns). This procedure is
performed at different main rotor RPMs and airspeeds in order to generate the redundant control
schedules integrated into the flight control system as 4D lookup tables.
Performance results were generated for quasi-steady maneuvering flight at 1000 ft.
altitude and 100% and 90% main rotor RPM for airspeeds across the entire flight envelope. In
the low to cruise speed flight regimes, the redundant controls of propeller pitch and wing
flaperons were allocated to minimize power in accelerations and minimize tip path plane
orientation in decelerations. It is not desirable to minimize power in decelerations, and it was
found that minimizing vehicle angle of attack in decelerations resulted in high power required
(due to high reverse thrust demands from the propeller, which can be inefficient when heavily
loaded outside of the high speed flight regime). Minimizing the tip path plane (which is a
function of vehicle pitch attitude and longitudinal flapping) of the main rotor resulted in modest
nose up pitch attitudes in maximum decelerations (on the order of a few degrees in CSF) with a
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sufficient compromise in power required values between minimum power and power levels
resulting from minimum angle of attack decelerations. At high speeds collective and symmetric
wing flap deflection are treated as redundant controls and were varied to find minimum power
conditions as functions of longitudinal load factor, vertical load factor, airspeed, and rotor RPM.
Sample results from control allocation studies throughout the flight envelope are shown
in Figs. 3-5 through 3-11. Figs. 3-5 through 3-7 show some results for low and cruise speed
flight control allocations where propeller pitch and wing flaperons are varied as redundant
controls. Results for minimum power high speed control allocations where collective pitch and
wing flaperons are varied as redundant controls are shown in Figs. 3-8 through 3-11 at a
macroscopic level. It is worth noting that there are rather expansive regions of very little changes
in power surrounding the minimum power solution for cases near trim (e.g. trim and low load
factor cases). Consequently these areas can feature a rather wide range of propulsive and lift
share options. Additional control allocation results are shown in Appendix C.

Figure 3-5. Wing Lift Share and Power Required at 50 knots, 100% RPM
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Figure 3-6. Propeller Propulsive Share and Power Required at 80 knots, 100% RPM

Figure 3-7. Propeller Propulsive Share and Tip Path Plane Orientation at 80 knots, 100% RPM
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Figure 3-8. Propeller Propulsive Share at 150 knots, 100% RPM

Figure 3-9. Wing Lift Share at 150 knots, 100% RPM
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Figure 3-10. Propeller Propulsive Share at 180 knots, 100% RPM

Figure 3-11. Wing Lift Share at 180 knots, 100% RPM
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Chapter 4
Flight Path Generation

4.1 Algorithm Overview
A flight path generation (FPG) algorithm was developed and implemented into a software
tool in conjunction with MATLAB. The flight path tool in this research is generalized and has a
distance-based objective function mode and an alternative mode featuring a time-based objective
function subject to load factor constraints. The flight path generation is purely kinematics-based,
model independent (e.g. does not use the GENHEL-PSU rotorcraft simulation model) and uses
the flight path structure shown in Fig. 4-1 in an earth-fixed frame of reference. The methodology
employed is related to those presented in Refs. 35 and 36 although the specific algorithm
developed and subsequent application (rotorcraft aerobatics) is unique. The flight path is
discretized into eight different segments.

Figure 4-1. Generalized Flight Path Discretization
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The flight path from points 0 to 1 and 7 to 8 are straight segments. The flight path from
points 2 through 4 and 4 through 7 are the turning segments that can feature turns through 360
deg. and/or heading reversals while changing altitude (h) and airspeed (V). The North-East plane
exit coordinates of the turn trajectory are computed using the horizontal flight path angles
covered in each turn segment along with each turn’s effective turn radius as shown in eqn. 4-1
where sgn is the signum function. The exit altitude comes implicitly out of the set of expressions
in eqn. 4-8, which is discussed later.
A,A

/A,A = /A,A?

=



A,A? 

+ A sinP" ? 

+ sgnP" ? A 1 − cosP" ? 

(4-1)

A scalar factor is applied to the turn segments from points 1 to 2, 3 to 4, 4 to 5, and 6 to
7. This factor controls the amount of time spent by the aircraft in rolling to the initial bank angle
and rolling out of the final bank angle in the turn segments. Hence, this input can be adjusted to
reflect a roll rate typical of the aircraft in question and can be used to alter the transient regime of
the turning segment. Alternatively a desired maximum roll rate can be directly input, which is an
important constraint when generating minimum time flight paths; this input is integrated into the
system of equations (only valid in steady turns) shown in eqn. 4-2 for the time at maximum roll
rate and the horizontal flight path angle traversed in the roll in or roll out segment (derivation in
Appendix D.1).

PU + 1 U P2 U  − 21 U P2 P U = 0
1P
− O2> = 0
1P2 U
+ 

(4-2)

In all modes, a total turn angle (P" ? ) is specified, which is featured in eqn. 4-1. This
turn angle for each turn segment is divided up into three parts, including the aforementioned roll
in and roll out segments (e.g. segments 12, 23, and 34). The scalar factor that controls the roll rate
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in the roll in (e.g. segment 12) and roll out (e.g. segment 34) segments (F ) and an asymmetric
factor () can allow for a different turn angle to be traversed in the roll in and roll out segments.
Eqn. 4-3 shows how the horizontal flight path angles traversed are discretized for a turn segment

given a specified total turn angle (P" ? ), F , and , where the greatest integer function is used to
determine the number of turns ( F ). Note that F E (0,0.5) and  E (-1,1). Each of these horizontal

flight path angles is needed later in solving the systems of equations that govern each of the eight
total flight path segments (i.e. these parameters are used in solving the turn rate segment
variations which are discussed later in eqn. 4-9).
F = 

|P" ? |

2e

P" ?  = P" ? 2e F + 1 − |P" ? |
P6U =  + 1F P" ?  + 2e F + 1
for P"
PUi = 1 − 2F P" ?  + 2e F + 1 
Pi = 1 − F P" ?  + 2e F + 1 
P" ?  = P" ?
P6U =  + 1F P"
PUi = 1 − 2F P"
Pi = 1 − F P"

?





? 
?



for P"

?

?

<0

(4-3)

≥0

The aircraft’s velocity at points 0 through 8 (used in solving the airspeed variation in eqn.
4-7) and the initial and final vertical speeds (used in solving the altitude variation in eqn. 4-8) are
additional inputs. Initial and final altitudes in the straight segments are also inputs (used in
solving the altitude variation in eqn. 4-8). The final set of inputs involves accelerations, which
can be thought of in terms of g’s. Effectively, these (vertical) accelerations can be thought of as
changes at each point in the trajectory with respect to the trim vertical load factor which are
directly proportional to vertical acceleration for small flight path angles. These are also used in
solving the altitude variation in eqn. 4-8.
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The minimum/maximum vertical and longitudinal load factor constraints are additional
required inputs along with maximum roll rate when the application of the FPG tool is to minimize
the total maneuver time. Minimum time flight paths are generated by approaching the problem as
an unconstrained optimization problem with penalty functions constructed using load factor
constraints. These load factor constraints dictate the effective turn radius in turning segments and
the ground distance covered in straight segments. Note that appropriate limits on load factor for a
given airspeed range would need to be set given some knowledge of the aircraft that will
eventually use the command input file generated by the FPG tool to fly a specified flight path. As
such a trial and error process to achieve some maximum sustainable power limit in the maneuver
was performed in order to obtain feasible flight paths in simulation using GENHEL-PSU.

Figure 4-2. Generalized Flight Path Algorithm
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The overall flight path generator algorithm developed is shown in Fig. 4-2. At the core of
the code is an optimization problem involving minimizing the error from target turn exit position
coordinates of the trajectory or minimizing the total maneuver time given load factor constraints.
The times spent in each segment are solved based on inputs and optimization methods.
The time spent in each of the straight segments (covering a specified ground distance, S
or subject to a longitudinal load factor constraint) is determined using a golden section search
(refer to Appendix D.3). The objective in the golden section search is either to match a desired
ground distance or acceleration while the optimization variable that is searched in the feasible
region is time. The times at points 2, 4, 5, and 7 are determined using the closed-form solutions
(derivation in Appendix D.2) given in eqn. 4-4 for turn 1 (segment 14) and turn 2 (segment 47) by
utilizing the zero turn rate boundary conditions at points 1 and 7.
¤U = ¤6 + |P6U |⁄1/276 16 

¤ = ¤i + |Pi |⁄1/276 1i 
¤§ = ¤ + |P§ |⁄1/27U 1 

(4-4)

¤¨ = ¤© + |P©¨ |⁄1/27U 1© 
The algorithm searches for a global minimum by solving for the time at points 3 and 6
via fsolve (refer to Appendix D.4) along with the circular turn radius (i.e. the turn rate variations
in segments 23 and 56, which are not necessarily constant) using interior-point optimization via
MATLAB’s built-in function fmincon (refer to Appendix D.5). These aforementioned times and
turn rate variations are solved either given an effective turn radius or vertical load factor
constraint. Note that the objective function satisfied by fmincon is either the total distance error
between the actual and target north-east plane position coordinates or the actual maneuver time
with penalty terms that include the error between the actual and desired maximum load factor.
Note that only minimum time turning segments were ultimately used in this research. The general
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form of the optimization problems solved by fmincon is shown in eqns. 4-5 and 4-6 for the
distance and time-based FPG modes, respectively. For simplicity these are shown for a straightturn-straight flight path (01 is straight, 24 is turn, 45 is straight) but can readily be extended to a
straight-turn-turn-straight segment. Note that 7 and 7 " are set lower and upper limits on the

feasible region in the optimization problem, and k1 and k2 are selectable constants.
min «¬b

A  > @A

−

A  >7">

min ¯¤ + ~6 b >

> @A

U

g + b/A 
−  >

> @A

>7">

− /A 
°±

>7">

U

g  s. t. 7 ® 7 ® 7 "

g ² s. t. 7 ® 7 ® 7 "

(4-5)
(4-6)

The altitude, airspeed, and turn rate variations in each segment are determined in part
using MATLAB’s built-in function fsolve, which uses trust-region-dogleg optimization to solve
for unknown coefficients in systems of nonlinear equations. These unknown coefficients (av ... dv,
ah ... eh, ak ... dk) are unique for each flight path segment and are paired with the airspeed, altitude,
and turn rate time histories. Each of these time histories are modeled with polynomials of
different orders (depending on the flight path segment) as shown in eqns. 4-7, 4-8, and 4-9. The
unknown coefficients or terms are determined by fsolve using the inputs and information from
preceding flight segments as boundary conditions.

1¤ = 0 ¤ i + ³0 ¤ U + 0 ¤ + 0

(4-7)

ℎ6 ¤, ℎ¨´ ¤ = C ¤  + ³C ¤ i + C ¤ U + C ¤ + µC

(4-8)

P26U ¤, P2 i ¤, P2 § ¤, P2 ©¨ ¤ = ° ¤ i + ³° ¤ U + ° ¤ + °

(4-9)

ℎ6U ¤, ℎUi ¤, ℎi ¤, ℎ§ ¤, ℎ§© ¤, ℎ©¨ ¤ = C ¤ i + ³C ¤ U + C ¤ + C

P2 Ui ¤ = 1Ui ¤/76 , P2 §© ¤ = 1§© ¤/7U
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While the global objective is either to minimize an error from target end coordinates of
the flight path or minimize time spent in the flight path, each of the eight segments have local
objectives that are satisfied using the aforementioned optimization methods. The nonlinear sets of
equations that fsolve handles involve polynomial representations of path-defining variables (e.g.
airspeed, turn rate, altitude). It is up to fsolve, for example, to minimize the error between the
target and actual airspeeds at points 1 - 8 when solving the airspeed equations for each segment
(from eqn. 4-7) at each of those aforementioned points in time. Another problem may be to
minimize the error between the integrated turn rate equation (from eqn. 4-9) for a particular turn
segment and the target horizontal flight path angle traversed which is determined courtesy of eqn.
4-3. Yet another problem for fsolve can be to minimize the error between the desired initial and
final vertical speeds by comparing the differentiated altitude variation (from eqn. 4-8) in the
straight segments at the initial and final times to the target vertical speeds. There are numerous
examples of the local responsibilities of fsolve. The appropriate order of the polynomial
representing airspeed, altitude, or turn rate in a specific segment was determined (and will be a
source of continual investigation in future work) in part based on known variations of altitude,
airspeed, and turn rate from piloted simulations performed in previous work for generalized
maneuvers [28]. An example of how these path-defining variables in the FPG tool correlate with
an actual piloted maneuver is shown in Appendix E. Additional kinematic equations used in the
algorithm are also outlined in eqns. 4-10 through 4-14.
2 A = 1cos9cosP , /A2 = 1cos9sinP , 32A = −ℎ2
9 = − sinw6 n

32A
12 32A − 3A 1
q , 92 = U
1
1 cos9

(4-10)

(4-11)
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1 U
O = sinw6 ¶k m P2 cos9¸·1 + k P2 m ¹


 =

1
192
kcos9 + m
cosO

 = sin9 +

12


(4-12)

(4-13)

(4-14)

Note that to produce the command input file representing the desired flight path, which is
the ultimate goal of the FPG tool, control sensitivity gains, which are specific to the controller
design, are needed to relate the path-defining variables (e.g. bank angle) to the pilot inceptor
positions (e.g. lateral cyclic stick). This command input file drives the pilot inceptors which are
sent through the controller and GENHEL-PSU model of aircraft dynamics to perform the
dynamic simulations of the aerobatic maneuvers in this research. Examples of how the pathdefining variables are mapped to the control inceptors for the compound rotorcraft are shown in
eqns. 4-15 through 4-17. Note that the control inceptors are a left hand throttle (ºC ) and a right
hand longitudinal (º ;?@ ) and lateral (º > ) cyclic stick. As such, the respective control sensitivity
gains are given by »C , » ;?@ , and » > . There is no mapping necessary to the pedal inceptors.
1
12
ºC = k
m
»C cos9

º ;?@ = n

1

» ;?@

q

º > = k

12
cos9cosO

1
mO
» >

(4-15)

(4-16)

(4-17)
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4.2 Aerobatic Maneuvers
The aerobatic maneuvers selected for simulation represent a comprehensive set of
generalized maneuvers and explore simultaneous aggressive commands in multiple axes. The six
aerobatic maneuvers developed and generated by the flight path generation algorithm are shown
in Figs. 4-3 through 4-8. It is interesting to note that basic fighter maneuvers of fixed-wing
aircraft can translate into aerobatic maneuvers for rotorcraft. Different elements of fixed-wing
aerobatic maneuvers were extracted, mirrored, and/or watered down to develop the aerobatic
maneuvers for this research. Namely, feasible maneuver characteristics, given that the maneuvers
need to be performed with a compound rotorcraft, were retained.
The pitch-back turn (PBT) has been outlined in Ref. 63 and is characterized by a pull-up
into a turning dive through 180 deg. in which the nose of the aircraft is dropped after an initial
climbing turn. The combat ascent turn (CAT) is based on the maneuver sometimes referred to as
a combat turn or a climbing U-turn and is characterized by a climb through 180 deg. in which a
target increase in altitude is obtained between the initial and final states [64]. The PBT and CAT
are inspired by fixed-wing pitchback, hammerhead, and chandelle maneuvers. The fixed-wing
version of a pitchback is a 40-50 deg. bank combined with a 5-7g climbing turn. Halfway through
the 180 deg. turn, a 90 deg. bank is required, and by 180 deg. of heading change, a 135 deg. bank
angle is required.
The combat descent turn (CDT) was developed as a CAT analog in which the aircraft
accelerates (in the longitudinal and/or vertical axes) into a spiraling dive; CDT illustrates a
primarily defensive combat maneuver and is inspired by fixed-wing defensive spiral and
sliceback maneuvers. A fixed-wing sliceback maneuver is characterized as a 180 deg. descending
turn in which 135 deg. of bank is achieved. This maneuver is also similar to wind-up turns, which
are descending spiral maneuvers of increasing bank angle and decreasing turn radius [65, 66].
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Figure 4-3. Pitch-Back Turn (PBT)

Figure 4-4. Combat Ascent Turn (CAT)

Figure 4-5. Combat Descent Turn (CDT)
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The weaving pull-up (WPU) is a combination of a slalom and pull-up maneuver in which
the aircraft weaves through target horizontal flight path angle changes while pulling up. The
WPU is inspired by slaloms and fixed-wing flat and rolling scissors and in general fixed-wing roll
reversal maneuvers. Fixed-wing scissor maneuvers are characterized as a series of hard turn
reversals executed to promote overshoot of a pursuing aircraft. The purpose of the WPU is to outmaneuver a pursuing aircraft in a pull-up by employing a turn reversal aimed to stay out of phase
with a weapons lock and/or force the attacker into an overshoot or vulnerable position.
The combat break turn (CBT), outlined in Ref. 63, is a time-sensitive 90 deg. turn and is
used to demonstrate the alternative time-based optimization mode of the flight path tool
developed in this research. The CBT is an important maneuver to examine, especially for future
compound MTEs, since it involves a common requirement which is present in current MTEs —
namely assessing the aircraft’s maneuvering capability via time requirements. The CBT is a
maneuver that should occur over a very short time scale. Depending on the situation, the pilot
may choose to perform the CBT with or without airspeed bleed-off.
The zoom and boom (ZAB) is a defensive then offensive combat maneuver in which the
aircraft performs a spiraling climb through a target change in horizontal flight path angle and then
sharply dives down in a descent achieving a target terminal dive angle. The ZAB is inspired by
fixed-wing zoom maneuvers in which the objective is to out-maneuver a pursuing enemy aircraft
(by changing horizontal flight path angle and altitude) to gain a superior offensive position (from
which to dive and fire).
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Figure 4-6. Weaving Pull-up (WPU)

Figure 4-7. Combat Break Turn (CBT)

Figure 4-8. Zoom and Boom (ZAB)
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Chapter 5
Flight Control Design
5.1 NLDI Control
The framework of the flight control design is a nonlinear dynamic inversion control
(NLDI) architecture [29]. The plant is based on the nonlinear state-space form given by eqn. 5-1

with state vector (t), control input 
(t), and output .(t). The inner loop uses full state feedback
of only the rigid body states to track the ideal response given by the command filters. The vector
function () and matrix function () form the model of the nonlinear aircraft dynamics.
2 =  + 

. = ℎ

(5-1)

The GENHEL-PSU trim and linearization routines are used to the generate stability and
control derivatives that represent the aerodynamic loads on the aircraft as a function of airspeed.
GENHEL-PSU also generates trim states. The NLDI controller uses the approximate aircraft
forces and moments determined from these stability and control derivatives based on
perturbations from trim of the six rigid body states (u, v, w, p, q, r) and perturbations in the
controls. These approximate aircraft forces and moments are used in the exact rigid body
equations of motion; the state derivatives, which are equivalently given by the vector function,
, in general take the form outlined in eqn. 5-2 as a function of the states, forces (X,
 + 

Y, Z) and moments (L, M, N). An example of the vertical force expression as a function of
perturbations in states and controls is given in eqn. 5-2.


2 = 6 ¼ ½ ¾ ¿ À  O JF , j/ r , jrÁ , where Äj/ r , jrÅ = U (, 
)
3 
3 
ℎ ¤ℎ¤ 3 = 3" ∆ + 3$ ∆¾ + ⋯ + 3%)(** ∆:7; + ⋯ µ¤

(5-2)
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The inputs into the aircraft dynamics can be derived starting from eqn. 5-1. NLDI
requires one controlled variable per input, such that the system is square. The time derivative of
the controlled variables is given by eqn. 5-3 and is found by differentiating the output vector, ..
ℎ
.2 =
È ,
Ç() + ()


 () ≝

ℎ
ℎ 

()  Ê () ≝
()



(5-3)

The control inputs (sent into the aircraft dynamics) that track the ideal responses given by

() is feedback compensation (typically
the command filters are governed by eqn. 5-4, where »

PI, PID, or some other simple linear compensator) that is used on the tracking errors, µ. NLDI

allows for the use of decoupled compensator gains per each axis.

 = Ê w6 ()Ë.2 −  ()Ì
= Ê w6 ()Ë.27 − µ2 −  ()Ì
()µ −  ()Î
= Ê w6 () Í.27 + »

(5-4)

()µ
.7 ≝ µ + ., L = −»

5.1 Inner Loop Control Laws
The inner loop of the unified controller controls bank angle, pitch attitude, and yaw rate
while the outer loop either commands velocities and/or accelerations. There is inner loop dynamic
inversion control of roll, pitch, and yaw through lateral cyclic, longitudinal cyclic, and tail rotor
collective controls, respectively. The state vector and primary control vector for the inner loop are
given in eqns. 5-5 and 5-6.

 = 

½

¾


 = : >
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À
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JF

(5-5)
(5-6)
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The forces and moments of the aircraft, 
, can be represented as a linearized expression

in terms of perturbations (from trim) in these states and primary controls along with the redundant


 represents the stability derivative matrix, 
 the primary
controls as given by eqn. 5-7. 

 the redundant control derivative matrix, and 
 the trimmed
control derivative matrix, 

forces and moments vector. As mentioned in the earlier overview of NLDI control, these
approximate forces and moments are integrated into the exact equations of motion for a rigid
body which are given by eqns. 5-8 through 5-15.
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(5-7)
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As such the controller uses a reduced order model (i.e. the control design is performed
with a rigid body model of the aircraft) of the full-state aircraft model (which includes inflow and
flapping dynamics). The controlled variables for the inner loop are given by eqn. 5-16 as a

function of the aircraft states. Referring back to eqn. 5-3, expressions for  () and Ê () can be

derived after partitioning the output equation into state dependent and control input dependent

terms. Expressions for  () and Ê () are given in eqns. 5-17 and 5-18 where 2ÒÓ represents the

nonlinear terms in the state derivative equations (2 ) given by eqns. 5-8 through 5-15.  ()


(feedback linearization vector) and Ê w6 () (control mixing matrix) are in turn used to construct

the control law given by eqn. 5-4 in which PID and PI compensation are used to satisfy the error
dynamics in order to account for disturbances and modeling errors.
. = O2
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(5-16)

(5-17)

(5-18)

PID compensation is used to minimize the tracking error for roll and pitch, while PI
compensation is used for yaw rate. Controller parameters are selected in order to determine the
compensator gains based on a second order characteristic equation for error dynamics. A second
order command filter is used for roll and pitch attitude control, while a first order filter is used for

61

the yaw axis. As such NLDI allows for the use of two design parameters per each axis (natural
frequency and damping ratio) in order to tune the compensators for desired disturbance rejection
properties and the command filters for desired bandwidth properties (see Appendix F).

Figure 5-1. Unified Flight Control Architecture

The compound rotorcraft has more controls than degrees of freedom regulated by the
controller. At high speeds, propeller thrust is used to regulate longitudinal speed, while vehicle
pitch attitude is used to regulate vertical speed; main rotor collective is not used in its traditional
role of vertical speed control at high speeds [22 - 25, 27, 28]. The additional controls (collective
or propeller pitch and wing flaperons) result in redundancy and are scheduled in the controller.
The controller allocates the redundant controls in order to minimize power during sustained
maneuvering flight in general as a function of airspeed and load factor [24, 28]. During transient
flight, wing flaperons are shaped to enhance quickness in high speed flight [25, 28]. As a result,
redundant control deflections are driven by a combination of transient (tr) and quasi-steady (qs)
control allocations as shown in Fig. 5-1.
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5.2 Outer Loop Control Laws
The outer loop of the unified control concept, which departs from traditional rotorcraft
control strategies, has multiple modes of operation as seen in the command options tied to each of
the inceptors in Figs. 5-1 and 5-2. One configuration features Translational Rate Command
(TRC) at low speeds with the lateral axis transitioned from velocity to bank angle command,
while velocity commands remain in the longitudinal and vertical axes for high speeds (velocity
mode). The outer loop is also configured to command only acceleration in the longitudinal axis
and vertical speed for all airspeeds such that there is no command transition in these axes; this is
known as acceleration mode. Another mode features Acceleration Command/Velocity Hold
(ACVH) in the longitudinal axis and a Vertical Speed/Position Hold (VSCPH) which transitions
to ACVH in the vertical axis along with Attitude Command/Attitude Hold (ACAH) in roll, and
Rate Command with Turn Coordination (RCTC) in yaw for high speeds; this is known as
aerobatic mode. Low speeds are considered below 70 knots; the controller uses a blending
window for the command transitions from 50 knots - 70 knots. The outer loop for the longitudinal
and vertical axes is shown in Fig. 5-2. The filter applied to the vertical axis commands allows for
a smooth transition between velocity and acceleration commands (refer to command filters in Fig.
5-2). The feedback loop in the filters is opened and the feedforward gains involving the time
constants are phased to unity for the transition to acceleration commands and vice-versa for going
from acceleration to velocity commands.
Dynamic inversion is used to allocate collective pitch, propeller pitch, and pitch attitude
command as control effectors in the outer loop. All three inceptors are active during the control
effector blending window (120 knots - 155 knots). This airspeed range was selected as the
window within which collective pitch and propeller pitch switch in/out of redundant control roles
because previous studies have indicated that by the end of the control effector blending window,
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the propulsive efficiency of the propeller exceeds that of the main rotor [28]. It is important to
note, that the propeller and wing flaperons are simply allocated to minimize power in
accelerations and minimize tip path plane orientation in decelerations at airspeeds below 120
knots where the aircraft is not likely to be performing high vertical load factor maneuvers. Table
5-1 shows the flight regimes and transitions. Note that the LSF/CSF transition is the command
transition window for vertical speed to acceleration command in aerobatic mode, and the
CSF/HSF transition is the outer loop control effector transition window. The lateral axis
command transitions use a separate blending window of 40 - 60 knots. All command transition
windows are based off of forward speed rather than equivalent airspeed.

Figure 5-2. Generalized Longitudinal/Vertical Axis Outer Loop

Table 5-1. Compound Rotorcraft Flight Regimes
Airspeed Range
hover - 70 knots
70 knots - 155 knots
155 knots - max speed
50 knots - 70 knots
120 knots - 155 knots

Flight Regime
Low Speed Flight (LSF)
Cruise Speed Flight (CSF)
High Speed Flight (HSF)
LSF/CSF transition
CSF/HSF transition

Active Outer Loop Control Effectors
collective, pitch attitude
collective, pitch attitude
propeller, pitch attitude
collective, pitch attitude
pitch attitude, collective, propeller
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Vertical axis commands are controlled by the longitudinal cyclic stick inceptor, while a
fore/aft throttle (and left hand) inceptor is used for longitudinal axis commands. A second-order
linear model is extracted from the higher-order linear model of the aircraft, and this simplified
model of coupled longitudinal and vertical dynamics incorporates the primary and redundant
controls and treats pitch attitude, collective pitch, and propeller pitch as inputs. Three parametric
controls for two axes results in a non-square control matrix in the outer loop inversion. As a
result, a weighted pseudoinverse control matrix is used [14 - 16, 67]. The weighted pseudoinverse
, and weighted control matrix, Ø
 , is given in eqn. 5-19 with weights


of a control matrix, Ø
$
ÙCA> , Ù7; , Ù

;

, to indicate the relative

. The weights are used to form a weighting matrix, Ù

importance of the control effectors and can be used to activate, deactivate, and/or blend control
effectors by tailoring the inversion. For example, the collective pitch weights at speeds exceeding
155 knots are zero (collective pitch becomes a redundant control), and the collective pitch
schedule that minimizes power is phased in/out during the 120 - 155 knots blending window.
More background on the weighted pseudoinverse concept is provided in Appendix G.
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The control law derived from dynamic inversion applied to the model given by eqn. 5-20
is shown in eqn. 5-21. Note that as the control derivatives for collective pitch in the primary
control matrix in the inversion are phased in/out, those same control derivatives are phased
out/into the secondary (redundant) control matrix.
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A similar method of dynamic inversion is applied to a simplified and decoupled model of
lateral dynamics (eqn. 5-22), treating bank angle as a control effector when lateral speed
command is active. This dynamic inversion control law is shown in eqn. 5-23. During the lateral
axis command transition the value of bank angle from this aforementioned inversion is phased
out/in while the bank angle command tied directly to the lateral stick is phased in/out.
12 )ÝÞ = /0 1 +  O7 + /%+*,& := >
O7 =

1
áL 2 − /0 1 − /%+*,& := > ã
 â

(5-22)
(5-23)

Commanded load factors are related to vertical speed, airspeed, rate of climb, and bank
angle commands as shown in eqns. 5-24 and 5-25, and the load factor control architecture
featured in high speed flight for the aerobatic mode is shown in Fig. 5-3.
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Figure 5-3. HSF Aerobatic Mode Outer Loop

(5-24)
(5-25)
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5.3 Energy Management
The unified controller also features a dynamic system to help regulate power by
continually updating command limits. The basis of this system is a fundamental equation (eqn. 526) that can be derived from energy methods. Differentiation of the total energy (E) consisting of
the sum total of the aircraft’s potential energy (from altitude) and kinetic energy (from airspeed)
leads to the relationship with power changes (∆æ) and current aircraft states shown in eqn. 5-26.
@
Õç
= ∆æ =
o112 + 1 p
Õ¤


(5-26)

This equation is used to form limits for longitudinal acceleration and vertical speed for a
set maximum and minimum power level. Since the equation breaks down for longitudinal
acceleration limiting at low speeds as longitudinal speed goes to zero (hover), a strict lower limit
on longitudinal speed in the limiting is enforced (70 knots). Eqns. 5-27 and 5-28 show the
maximum longitudinal acceleration and vertical speed limits in LSF/CSF accelerated climbs
[68]. æA is the current excess power levels of the aircraft.
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(5-28)

Note that the maximum limits from eqns. 5-27 and 5-28 in the low and cruise speed flight
regime are not allowed to be driven below zero. For example, if the current combination of excess
power levels and power allocated to accelerate drive eqn. 5-28 to zero, the maximum vertical
speed limit will saturate and hold at zero. As such an automatic descent to gain airspeed is not
permitted but could be allowed if desired. Vertical axis limits are engaged in the low and cruise
speed flight regimes for which there is no steady state decrease in power when decreasing
airspeed. For this particular compound rotorcraft, the approximate steady state minimum power
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airspeed can vary between 120 - 140 kts. depending on control allocation. As such deceleration is
not permitted to increase the climb rate limit in eqn. 5-28. When near maximum power limits
(such as from a maximum acceleration) for low and cruise speeds, the pilot will have to pull back
on the throttle or dive to allow for sufficient excess power to climb as the vertical limit is driven
near or to zero. The throttle and longitudinal stick can be coordinated to influence how quickly a
climb maneuver can be engaged. Another common maneuver may be a climb in the low or cruise
speed flight regime during some longitudinal acceleration other than the maximum. The aircraft
for a maximum sustained vertical input in this type of maneuver would settle out and hold a
particular airspeed but would not allow energy transfer to decelerate from the quasi-steady state
(i.e. the maximum limit from eqn. 5-27 is penalized for a desired climb rate but saturates at zero).
At high speeds the vertical limits are disengaged and airspeed is automatically adjusted to
observe power limits and give maneuvering priority to the vertical and lateral axis over the
longitudinal axis. In particular, airspeed in this flight regime is bled off at a rate that maintains
maximum power when a maximum vertical or bank angle command (in terms of a power limit) is
given. This energy transfer is dependent on flight regime. Automatic bleed-off is accomplished
(i.e. bleed-off without any physical changes to the speed inceptor setpoint) by allowing the
maximum longitudinal acceleration limit (from eqn. 5-27) to decease below zero. When this
happens, the allowable changes to the maximum longitudinal acceleration limit switches to a
different expression. The first step in tracking maximum power for high speed bleed-off
maneuvers (e.g. transient climbs, pull-ups, and turns) is allowing the maximum longitudinal
acceleration limit to become negative. This effectively sends deceleration commands to the
propeller to follow maximum power (while tracking speed) when a vertical or bank angle
command causes maximum power to be exceeded.
Energy method applications in flight control are not equipped to account for non-
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conservative (nc) forces (namely drag for aircraft) and airspeed and angle of attack disturbances.
In general these methods neglect the work done by drag (energy loss), although some methods
have been used to account for the effect of drag in the energy equation [69, 70]. Assuming drag
is slow varying and thus approximately constant with time is not sufficient. Eqn. 5-26 is more
accurately given by eqns. 5-29 and 5-30 below.
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Making the assumption that drag (D) is the only non-conservative force acting on the aircraft
allows for expression of non-conservative energy contributions from drag (eqn. 5-31).
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In an ideal system (i.e. no tracking errors, linear aerodynamics, instantaneous transfer between
kinetic and potential energy, and conservative forces such that there are no “losses” in the
system), the acceleration necessary to hold a constant energy level is governed by eqn. 5-32.

12 = − 1
1

(5-32)

It was found that using eqn. 5-32 in the energy management system when maximum
power was reached (i.e. excess power went to zero) produced significant drop-offs in power from
the maximum power level (i.e. a very unequal tradeoff between kinetic and potential energy that
prevented the initial/maximum power level from being held causing a large total power error).
Consequently, it seemed prudent to include an excess power feedback term in the bleedoff command to hold maximum power with some type of correction signal as well to govern
tracking errors and incorporate the effect of changes in drag on the energy transfer. The effects
of drag on eqn. 5-32 would tend to increase the acceleration command and thus diminish the
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drop-offs in power originally observed. The change in the bleed-off command as a function of
excess (ex) power levels is given by eqn. 5-33. This command change would be added to the
initial velocity command to initiate the bleed-off, which for the purpose of this application, is the
airspeed command when maximum power is reached. As such for negative excess power levels
(i.e. for aircraft flight conditions above the power limit), deceleration command changes would
result. The excess power levels would have positive contributions to the bleed-off command if
the deceleration changes undershoot the maximum power levels.
∆127 =
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From this point there was a need to incorporate the effect of changes in drag on the
bleed-off command, remembering the large total power and energy transfer errors that originally
occurred. Assuming that all the tracking errors in the energy rate equation for the assumed
conservative energy system (eqn. 5-26) are due primarily to the non-conservative forces as
opposed to the control design imperfections, the contribution of drag to the energy methods can
be formulated (i.e. sharp changes in drag cause airspeed and angle of attack disturbances). As
such, an additional term in the bleed-off command to hold maximum power can be written in
terms of kinetic and potential energy rate errors for conservative systems. Two errors in
particular can be monitored: total energy rate and energy rate distribution [44, 45]. The
maximum error at the particular point in time during the maneuver can be selected between the
total energy rate and the energy rate distribution errors to represent the non-conservative effect of
drag in the bleed-off commands. This effect of drag can be damped with a tuned parameter (» )

as seen in eqn. 5-34 to form the » ∆æë term. As such a predictor-corrector interaction is present

between the two terms in eqn. 5-34 as the actual excess power levels are in the æA term. This is a

prediction and correction cycle as to the contribution of changes in drag to the bleed-off
commands that hold maximum power.
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The bleed-off command needs to account for an unequal tradeoff between kinetic and

potential energy and errors in the total energy levels due to forces that are not conservative (e.g.

drag). æA is the current excess power level, » is a tunable parameter, and the subscript e is used

to denote tracking errors. The maximum error magnitude between two errors (total energy rate

and energy rate distribution [44, 45] is used in the bleed-off command with the proper sign (sgn
function). The ∆æë term in eqn. 5-34 helps to drive excess power to zero using the propeller. As

excess power approaches zero, the ∆æë term becomes primarily responsible for contributing to the
bleed-off commands that hold maximum power. The vertical axis or lateral axis limits should not

be engaged at high speeds because at the maximum level flight airspeed, the pilot would be
unable to bank the aircraft and/or would not have enough excess power to pull out of a dive.
The total energy rate error can be thought of as the error in holding a constant power
level, and the total energy rate distribution error can be thought of as the error that accumulates
due to an unequal tradeoff between kinetic and potential energy in a non-conservative system.
Both these errors can propagate due to the effects of drag. Given that only one control effector
(propeller pitch) is used, the maximum of these two errors has to be selected for any given point
in time. Alternatively, a stabilator with a larger area may have enough control authority to
regulate the energy rate distribution error, while the propeller regulates the total energy error,
which is a similar energy control approach used in Boeing’s Total Energy Control System
(TECS) [44, 45]. Since these sensitivities to changes in drag are likely to change with flight
condition, varying the damping parameter logically based on known aircraft linear aerodynamics
can improve robustness.
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Vertical acceleration and bank angle are not explicitly present in eqn. 5-26. A simplistic

approach using offline data to find power sensitivity to changes in vertical load factor (æ⁄ )

by trimming the aircraft at different gross weights was used to limit vertical acceleration and bank
angle. For convenience define the power sensitivity by eqn. 5-35.

Õæ
Õæ
Õæ
≝
, where
= (1,  )
Õ
Õ( − 1)
Õ

(5-35)

As such changes in power are relative to trimmed 1g flight. Note the relationship between excess
power levels and current aircraft bank angle and vertical acceleration as given by eqn. 5-36 and
eqn. 5-37.
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Remember the right hand terms are changes in power from trimmed 1g flight, such that
the first term represents the difference between the power limit and power to trim. The second
term represents the difference between the current power level and the power to trim. As such
excess power is related to the power limit and the current quasi-steady state of the aircraft. This
allows limits to be formulated for vertical acceleration, bank angle, and lateral acceleration as
shown in eqns. 5-38 and 5-39 respectively.
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It is not sufficient to assume that power is always the limiting factor in maneuvering
flight. In particular at low speeds, the maximum/minimum bank angle or lateral speed can be
limited based on yaw control authority, while the minimum vertical speed can be limited by
collective travel. Not all the limits (aside from power) are fully understood for this particular
compound rotorcraft, especially at low speeds. The focus in this research was only on
performance limits. Barrier functions involving pedal and collective (actuator) travel were
successfully used to scale the lateral and vertical axis power limits (e.g. the barrier function for
pedals in eqn. 5-40 is multiplied by the lateral axis limits in eqn. 5-38) to allow for sufficient
control margins to be preserved. These functions are shown in eqn. 5-40, where the exponent k is
a tunable parameter.
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Another limit that may arise is also addressed with a barrier function; this is the scenario
in which a high speed dive may push the aircraft past its maximum allowable airspeed or do not
exceed airspeed (set at 210 knots for this aircraft). A hyperbolic tangent function, again with a
tunable parameter k, was used to scale the minimum vertical speed power limits as shown in eqn.
5-41 to prevent the airspeed from exceeding 210 knots in a dive by automatically arresting the
descent and holding the maximum airspeed when the power required is below the maximum
limit. Note that if the pilot maintains the maximum forward longitudinal stick position near
maximum speed, the airspeed would appear to asymptotically approach the maximum allowable
speed as some non-zero dive speed remains. Hyperbolic tangent functions are discussed more in
Appendix H.
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Chapter 6
Fundamental Maneuver Simulations
All maneuver simulation results presented in this chapter are piloted using the fore/aft
throttle setup in the simulator as the pilot’s left hand inceptor. Unless otherwise noted, all piloted
maneuvers in this chapter were piloted by the author who is not an expert pilot. All maneuver
simulations are performed at 100% RPM, with the stabilator is fixed at 0 deg. for all airspeeds.
The level acceleration and max pitch/pull maneuvers use a wing flap deflection fixed at 30 deg.
for the LSF and CSF flight regime along with a nominal (trim) propeller pitch schedule. All other
LSF and CSF flight regime maneuvers use the symmetric wing flaps and propeller pitch
allocation for the LSF and CSF flight regime as discussed in Section 3.2. All simulations have
control effector scheduling as outlined in Table 5-1 and use redundant control allocation in HSF
to minimize power and enhance quickness. The maneuvers presented are meant to form a
comprehensive set in order to illustrate the different controller command modes, control effector
transitions, energy management, and aircraft performance throughout the entire flight envelope.
All maneuvers observe a maximum sustained power limit of 4500 HP.
Figs. 6-1 and 6-2 show results for a level acceleration from hover to maximum speed
using the acceleration mode of the unified controller. This maneuver is performed to show the
control effector transitions that occur as all the flight regime modes are flown through in a
longitudinal maneuver. The aircraft is able to achieve its maximum level flight speed of 205 knots
in about 75 seconds. Command tracking is adequate, with some minor deficiencies in holding
vertical speed during the LSF/CSF and CSF/HSF mode transitions.
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6.1 Level Acceleration

Figure 6-1. Responses and Command Tracking in Level Acceleration

Figure 6-2. Select Controls in Level Acceleration
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6.2 Level Deceleration

Figure 6-3. Responses and Command Tracking in Level Deceleration

Figure 6-4. Select Controls in Level Deceleration
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Figure 6-5. Propeller Thrust in Level Deceleration

Figure 6-6. Power Required in Level Deceleration

Figs. 6-3 and 6-6 show results for level deceleration from maximum speed to hover using
the acceleration mode of the unified controller. This maneuver is performed to illustrate controller
performance in a deceleration through the control effector transition window, along with the
ability of energy management to set limits on the maximum level deceleration given an observed
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minimum power level of 700 HP as seen in Fig. 6-6. The aircraft decelerates from maximum
speed to hover in about 72 secs.
Figs. 6-7 and 6-8 show the results for a max pitch/pull maneuver. This maneuver is
performed to illustrate the dive barrier that automatically arrests a high speed dive when the
maximum allowable speed is approached, to show the aircraft maneuvering across its entire
envelope, and to show the control effector variations in a vertical maneuver. The unified
controller in velocity mode was used. The aircraft was put into a maximum dive initiated at 170
knots. At about 40 secs., the dive barrier takes effect and levels off the airspeed even though the
longitudinal stick was held at maximum forward position until about 75 secs. The unlimited dive
speed command tied to the longitudinal stick position is also shown in Fig. 6-7 to highlight the
effect of the dive barrier. The aircraft is then pulled-up gradually and simultaneously decelerated
all the way to hover.
Figs. 6-9 and 6-10 show the results for a vertical climb using the velocity mode
controller. This maneuver is performed to illustrate the energy management in a low speed
maneuver for the vertical axis. The longitudinal stick was deflected and held at the maximum aft
limit, relying on the energy management to limit the climb rate. The aircraft’s maximum vertical
climb rate is about 30 ft/sec. Command tracking and speed holds are sufficient, and the energy
management system successfully limits the vertical speed command to observe maximum power
as seen in Fig. 6-10. The pedals were very close to the lower limit in this maneuver.

78

6.3 Max Pitch/Pull

Figure 6-7. Responses and Command Tracking in Max Pitch/Pull

Figure 6-8. Select Controls in Max Pitch/Pull

79

6.4 Vertical Climb

Figure 6-9. Responses and Command Tracking in Vertical Climb

Figure 6-10. Power Required in Vertical Climb
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Figs. 6-11 and 6-12 show results for a generalized CSF accelerated climb using the
acceleration mode controller. This maneuver is meant to illustrate the effect of the coupled
longitudinal acceleration and vertical speed limits (eqns. 5-27 and 5-28) in the CSF flight regimes
for a generalized maneuver. The aircraft is simultaneously accelerated and commanded to climb.
Initially, the acceleration restricts the climb envelope as a result of higher power sensitivity to
longitudinal acceleration commands versus vertical speed commands. The power then drops
slightly from the power limit as the throttle position was left fixed at its 70% forward position,
which at the increased speed didn’t command the maximum longitudinal acceleration; but, the
vertical command was continually increased, which caused the acceleration to decrease close to
zero around 25 - 40 secs. The climb rate command was then decreased, which allowed the aircraft
to accelerate more at some acceleration other than maximum. The subsequent increase in excess
power allowed the vertical speed command to build up, and the maximum possible climb rate was
commanded and sustained starting at around 75 secs; this eventually arrested the acceleration and
settled out the airspeed at 140 knots in a sustained maximum power climb. Although not shown,
the minimum power propulsive allocation in steady state at 70 knots was approximately 65%
main rotor and 35% propeller. As an indication of pilot workload, the variations in the control
inceptors used in the maneuvers are shown in Fig. 6-13.
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6.5 CSF Accelerated Climb

Figure 6-11. Responses and Command Tracking in CSF Accelerated Climb

Figure 6-12. Power Required in CSF Accelerated Climb
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Figure 6-13. Pilot Inceptors in CSF Accelerated Climb

Figs. 6-14 and 6-15 show results for a high speed climb performed with the acceleration
mode controller. This maneuver was performed to illustrate energy transfer in a climb in which
airspeed is bled off at a rate that maintains maximum power. The aircraft was initially accelerated
to maximum power and then pulled up (maximum aft longitudinal stick was held), and energy
management transferred energy in the form of automatic bleed-off during which maximum power
was commanded. With the longitudinal stick returned to detent, the bleed-off was arrested, and
the aircraft accelerated back up to the maximum airspeed as the throttle was left at its maximum
forward position throughout the maneuver. The airspeed setpoint that results from the throttle
inceptor position is also shown in Fig. 6-14 to highlight the effect of the automatic bleed-off. All
commands are tracked well with only some minor deficiencies in longitudinal load factor
tracking, and airspeed is successfully bled off at a rate that maintains maximum power for a
maximum vertical input.
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6.6 HSF Climb

Figure 6-14. Responses and Command Tracking in HSF Climb

Figure 6-15. Power Required in HSF Climb
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6.7 CSF Pull-up
Figs. 6-16 and 6-17 show results for a pull-up performed with the aerobatic mode
controller below the minimum steady state power airspeed. Thus, when the aircraft was pulled up,
there was no energy transfer permitted, and the initial airspeed was held. This simulation is meant
to illustrate a maneuver in the CSF regime and demonstrate the limiting methodologies outlined
in eqns. 5-38 and 5-39. In this case, vertical acceleration is the limited parameter. Tracking is
adequate, but there are minor deficiencies in the load factor tracking as it appears a bit sluggish.

Figure 6-16. Responses and Command Tracking in CSF Pull-up
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Figure 6-17. Power Required in CSF Pull-up

6.8 LSF Sidestep
Figs. 6-18, 6-19, and 6-20 show results for a sidestep maneuver performed around hover
with the velocity mode controller (effectively translational rate command). This maneuver is
meant to illustrate the lateral acceleration limiting outlined in eqn. 5-38 that keeps a maximum
power limit from being exceeded. This maneuver also illustrates the effect of the barrier function
methodology outlined in eqn. 5-40 to preserve a control margin in the pedals. These barrier
functions are multiplied by the lateral acceleration limit for maximum power. As such the lateral
acceleration limits are constricted when the pedals approach an upper or lower limit. The
maximum rightward lateral acceleration is in fact limited due to the control margin, but the
maximum leftward lateral acceleration was limited by power required. Fig. 6-20 shows the pedal
actuator position in equivalent inches of inceptor travel (the allowed travel is 0 in. - 5.38 in.).
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Figure 6-18. Responses and Command Tracking in LSF Sidestep

Figure 6-19. Power Required in LSF Sidestep
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Figure 6-20. Pedal Actuator Position in LSF Sidestep

6.9 HSF Figure-8 Transient Turn
Figs. 6-21, 6-22, and 6-23 show results for a high speed figure-8 transient turn, performed
with the aerobatic mode controller. With a similar purpose as the high speed climb, this maneuver
is presented to illustrate energy transfer in a high speed turn. Again the aircraft is accelerated to
maximum power; then a maximum lateral input (bank angle) is commanded, and airspeed is
successfully bled off at a rate that commands maximum power. A roll reversal is then
commanded during which the power drops towards its steady state level, but is then driven back
up by a combination of increasing bank angle and acceleration towards the airspeed setpoint. As
in the climb, the throttle is left at its maximum forward position throughout the maneuver; the
resulting airspeed setpoint is shown in Fig. 6-21.
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Figure 6-21. Responses and Command Tracking in HSF Figure-8 Transient Turn

Figure 6-22. Power Required in HSF Figure-8 Transient Turn
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Figure 6-23. Trajectory of HSF Figure-8 Transient Turn
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Chapter 7
Aerobatic Maneuver Simulations
Six different aerobatic maneuvers were simulated (non-piloted) in this chapter: three of
which were selected to compare the performance of the compound versus its conventional
counterpart in aerobatic maneuvers, and the next set of three was selected to be performed by the
compound at high advance ratios. The final three simulations were piloted. Unless otherwise
noted, all piloted maneuvers in this chapter were piloted by the author who is not an expert pilot.
All aerobatic maneuvers for the compound were performed using the aerobatic mode of the
controller at high speeds, which amounts to the HSF load factor command control architecture
shown in Fig. 5-3. The conventional counterpart, which is representative of a conventional H-60,
used a similar NLDI based controller but with inner loop control of roll attitude, pitch attitude,
yaw rate, and vertical speed along with outer loop control of airspeed. Note, the conventional
counterpart has no redundant controls used in simulation. Collective pitch is used in its traditional
role of vertical speed control throughout the entire flight envelope of the conventional
counterpart. Simulations of Pitch-Back Turn (PBT), Combat Ascent Turn (CAT), and Combat
Descent Turn (CDT) maneuvers were performed for the conventional and compound H-60
rotorcraft as seen in sections 7.1 - 7.3. The Weaving Pull-up (WPU), Combat Break Turn (CBT),
and Zoom and Boom (ZAB) were performed by the compound for high advance ratios as seen in
sections 7.4 - 7.6.
Results in sections 7.1 - 7.3 are presented mainly to assess the controllers’ performance
and form a basic understanding of the maneuvering capabilities of the conventional and
compound H-60. Each maneuver was simulated based on commands created from the flight path
generation algorithm as discussed in Chapter 4. Each controller received a set of different
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command profiles (which were mapped to the respective inceptors) that characterized the
particular maneuver: the conventional H-60 uses airspeed, vertical speed, and bank angle profiles
while the compound H-60 uses vertical acceleration, longitudinal acceleration, and bank angle
profiles. All maneuvers for the compound were performed with redundant control allocations.
All simulations in sections 7.1 - 7.3 were performed below 160 knots and at 100% RPM.
The load factor command profiles for the conventional H-60 were scaled down from that
attainable with the compound until the maneuver could be simulated without saturating the
controls. In general, this resulted in a longer time scale over which the maneuver was performed
compared with that of the compound along with different altitude time histories while the
airspeed profile and total heading change were consistent. The collective pitch control on the
conventional H-60 was the limiting factor due the aggressiveness of the maneuver commands;
upper and lower limits on collective pitch for the conventional H-60 were often encountered in
the maneuvers so a trial and error procedure was necessary for generating the flight paths.
The limits on the maximum load factor for the compound were due to more complicated
flight dynamic issues, which were not explored extensively in this research. The compound
simulation for the CDT was limited based on the maximum total load factor profile achievable
while maintaining the prescribed velocity profiles (e.g. the longitudinal load factor may be too
high to sustain the set airspeed so the aircraft enters a non-commanded dive). The propeller can
approach maximum thrust conditions which can occur if the main rotor is offloaded too much by
the redundant control allocation. Most commonly, the main rotor’s propulsive role diminishes
rapidly towards zero due to redundant control allocation to minimize power, which can occur for
uncommonly high total load factor maneuvers; although rare, this is not an ideal flight mode for
extreme load factor cases. Allowing slight deviations from the minimum power conditions is
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likely more favorable in order to allow the main rotor to retain some small percentage of the
propulsive role and allow the propeller to operate further away from stall.
A maximum power required level of 4500 HP was observed for the compound in sections
7.1 - 7.3. The compound has an additional 1256 HP installed compared to the conventional. All
three compound maneuvers in these sections sustain reasonable maximum power levels with
regards to maximum continuous installed power limits that would be appropriate for a compound
rotorcraft with specifications as given in Table 2-1.
A very basic assessment as to the degree of separation between the maneuvering
capabilities of the two aircraft is presented in sections 7.1 - 7.3 based on the differences in the
load factor profiles achievable in each maneuver (i.e. the difference in load factor profiles for the
same airspeed profiles generated from the flight path algorithm).
All the high advance ratio maneuver simulations in sections 7.4 - 7.6 were performed at
90% RPM. Note that the RPM is fixed at this reduced value and is not dynamically allocated
during the maneuver. The initial altitude was set at 1000 ft. for the WPU and CBT and 3000 ft.
for the ZAB. The commands for simulating the WPU and ZAB were generated from the FPG tool
using the traditional optimization method of minimizing the distance error from target end
coordinates. The CBT was simulated using the FPG tool to produce a flight path which
represented a minimum time maneuver (for the desired airspeed profile) based on constraints for
vertical load factor. A maximum sustained power limit of 4500 HP was observed for all the high
advance ratio maneuver simulations in sections 7.4 - 7.6. Aside from assessing controller
performance in these maneuvers, along with the FPG’s ability to produce the desired trajectories,
it is important to monitor and understand the propulsive and lift sharing between the main rotor
and propeller and between the main rotor and wing, respectively.
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7.1 Pitch-Back Turn (PBT)
The PBT maneuver simulated has a flight path similar that of Fig. 4-3 in which the
aircraft turns through 180 deg. with similar initial and final altitudes. A set of command profiles
was generated (e.g. airspeed, vertical speed, and bank angle or longitudinal acceleration, vertical
acceleration, and bank angle) characterizing the PBT maneuver. This maneuver was simulated
with the airspeed profile, which is shown in Fig. 7-1. The PBT maneuver is useful in illustrating
minimum effective turn radius capabilities.

Figure 7-1. Responses and Command Tracking for Conventional H-60 in Pitch-Back Turn

Figs. 7-1 and 7-2 show the command tracking of each controller in the PBT. The PBT is
characterized by dropping the aircraft’s nose while turning, which can be seen the pitch attitude
time histories. There appears to be adequate tracking of the controlled variables of the
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conventional H-60 controller with the exception of some minor pitch attitude tracking
shortcomings. The controlled variables track well for the compound H-60 controller, although
there is some minor vertical load factor overshoot.

Figure 7-2. Responses and Command Tracking for Compound H-60 in Pitch-Back Turn

Fig. 7-1 also shows the maximum load factor profiles achievable with the H-60. The H60 can sustain a vertical load factor of about 1.14g during which the longitudinal load factor
decreases from 0.025g to -0.045g. Comparison with the load factor responses in Fig. 7-2 shows
the compound can sustain a vertical load factor of about 1.70g across a similar longitudinal load
factor range (0.03g to -0.04g). The compound is able to complete the maneuver with a 56%
reduction in the effective turn radius relative to the H-60. The trajectories of the PBT for each
simulation are shown in Fig. 7-3 along with projections onto the North-East plane.
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Figure 7-3. Flight Paths of Pitch-Back Turn

Power required in the maneuver is shown in Fig. 7-4 in which the compound requires
more power during the maximum vertical load factor segment, which is expected because of the
differences in load factor and gross weight.

Figure 7-4. Power Required in Pitch-Back Turn
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Fig. 7-5 shows power sharing of about 50% propeller and 50% main rotor in steady state.
Note that the propulsive sharing in steady state is 90% propeller, 10% main rotor (refer back to
the discussion of Figs. 3-7 through 3-10 in Section 3.2). The lift sharing in steady state is 65%
main rotor, 35% wing and 55% main rotor, 45% wing during the maximum sustained vertical
load factor. Fig. 7-6 shows the main rotor flapping angles in the maneuver in which there are only
small excursions from the trimmed rotor flapping angles.

Figure 7-5. Power and Lift Sharing for Compound in Pitch-Back Turn

Figure 7-6. Flapping Angles for Compound in Pitch-Back Turn
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7.2 Combat Ascent Turn (CAT)
The CAT maneuver simulated has a flight path similar that of Fig. 4-4 in which the
aircraft turns through 180 deg. with a large difference between the initial and final altitude. A set
of command profiles was generated (e.g. airspeed, vertical speed, and bank angle or longitudinal
acceleration, vertical acceleration, and bank angle) characterizing the CAT maneuver. This
maneuver was simulated with the airspeed profile, which is shown in Fig. 7-7. The CAT
maneuver is useful in illustrating maximum rate of climb and maximum longitudinal load factor
capabilities.

Figure 7-7. Responses and Command Tracking for Conventional H-60 in Combat Ascent Turn

Figs. 7-7 and 7-8 show the command tracking of each controller in the CAT. There is
adequate tracking of the controlled variables of the conventional H-60 controller with only some
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minor localized tracking issues in pitch attitude and vertical speed. The commands are tracked
very well for the compound H-60 controller.
Fig. 7-7 also shows the maximum load factor profiles achievable with the H-60. The H60 can sustain a maximum longitudinal load factor of about 0.075g. Comparison with the load
factor responses in Fig. 7-8 shows the compound can sustain a maximum longitudinal load factor
of about 0.18g in this maneuver. The compound H-60 also achieves a maximum rate of climb (for
this particular flight condition) of 2460 fpm while that of the H-60 tops out at about 1200 fpm. As
discussed earlier, collective pitch saturation limits the performance of the conventional H-60. The
variation of the collective pitch actuator in inches of equivalent stick deflection is shown in Fig.
7-9. The collective pitch is seen approaching the upper limit (10 in.); a very small change in the
maximum load factor seen in Fig. 7-7 causes the collective pitch to hit the upper limit.

Figure 7-8. Responses and Command Tracking for Compound H-60 in Combat Ascent Turn
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Figure 7-9. Collective Actuator Position in Combat Ascent Turn
The flight paths (along with projections onto the North-East plane) for each aircraft in the
CAT are shown in Fig. 7-10 in which the compound turns through a tighter turn radius, climbs
more quickly, and has a different altitude variation due to the differences in total load factor. Fig.
7-11 shows the main rotor flapping angles in the maneuver.

Figure 7-10. Flight Paths of Combat Ascent Turn
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Figure 7-11. Flapping Angles for Compound in Combat Ascent Turn
7.3 Combat Descent Turn (CDT)
The CDT maneuver simulated has a flight path similar that of Fig. 4-5 in which the
aircraft turns through 450 deg. in an accelerated spiraling dive. The altitude in the simulations is
initialized to 3000 ft. A set of command profiles was generated (e.g. airspeed, vertical speed, and
bank angle or longitudinal acceleration, vertical acceleration, and bank angle) characterizing the
CDT maneuver. This maneuver was simulated with the airspeed profile that is shown in Fig. 712. The CDT maneuver is useful in illustrating longitudinal acceleration and maximum
sustainable vertical load factor capabilities.
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Figure 7-12. Responses and Command Tracking for Conventional H-60 in Combat Descent Turn

Figs. 7-12 and 7-13 show the command tracking of each controller in the CDT. The
conventional H-60 controller tracks the controlled variables well with some minor issues in pitch
attitude tracking during the initial descent. The commands are also tracked very well for the
compound H-60 controller, with adequate load factor tracking aside from an initial sluggish
response in longitudinal load factor. Fig. 7-12 also shows the H-60 can sustain a vertical load
factor of about 1.18g while maintaining about a -0.05g longitudinal load factor. Comparison with
Fig. 7-13 shows the compound is able to sustain a vertical load factor of about 2.0g at a
longitudinal load factor of about -0.08g.
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Figure 7-13. Responses and Command Tracking for Compound H-60 in Combat Descent Turn

Figure 7-14. Flight Paths of Combat Descent Turn
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The CDT flight path is shown in Fig. 7-14 along with projections onto the North-East
plane. The compound achieves a 60% reduction in the effective turn radius relative to the
conventional H-60 through a similar overall change in altitude.
The variations of the redundant controls are shown in Fig. 7-15. Differential flaps are
only used to enhance roll attitude quickness, while collective and symmetric flaps are used for
sustained power minimization throughout the maneuver based on the airspeed and total load
factor command.

Figure 7-15. Redundant Controls in Combat Descent Turn

Fig. 7-16 shows selected dimensional propulsive and lift force allocations throughout the
maneuver. The propulsive sharing amounts to about 80% propeller, 20% main rotor in steady
state, separating significantly as propeller reverse thrust increases in the dive and settling around
50% propeller, 50% main rotor during the maximum sustained vertical load factor. The lift share
is also approximately 50% main rotor, 50% wing during the maximum sustained vertical load
factor and approximately 70% main rotor, 30% wing during steady state. Fig. 7-17 shows the
main rotor flapping angles throughout the maneuver.
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Figure 7-16. Propulsive and Lift Forces for Compound in Combat Descent Turn

Figure 7-17. Flapping Angles for Compound in Combat Descent Turn
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7.4 Weaving Pull-up (WPU)
The weaving pull-up was simulated at 190 knots, 90% RPM (advance ratio of 0.49). The
aircraft was commanded to pull-up and weave through target changes in horizontal flight path
angle. Fig. 7-18 shows the command tracking with the flight path in Fig. 7-19. The command
tracking is in general excellent with only minor deficiencies in longitudinal load factor tracking.

Figure 7-18. Responses and Command Tracking in Weaving Pull-up
The propulsive and lift sharing between the primary propulsive and lift effectors on the
aircraft is shown in Fig. 7-20. It is important to note that the propeller propulsive share exceeds
100% because the main rotor is not producing a propulsive force but rather is dragging, which is
consistent with what was seen in past work at very high advance ratios [28]. Effectively, the main
rotor is just functioning as a wing in this flight condition. There is a major imbalance in the
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propulsive sharing is driven by the rapid rise in main rotor drag at high advance ratios [28]. As
expected from the redundant control allotment discussed in previous work, the propeller is
providing the majority of the propulsive force, but there is still a sufficient lift loading on the
main rotor. This amounts to about 70% propeller and 30% main rotor with regard to power
allocation. In general the wing and main rotor lift share during the maneuver is about 60% wing
and 40% main rotor. The main rotor flapping angles are shown in Fig. 7-21.

Figure 7-19. Flight Path of Weaving Pull-up

Figure 7-20. Power and Lift Sharing in Weaving Pull-up
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Figure 7-21. Flapping Angles in Weaving Pull-up

7.5 Combat Break Turn (CBT)
The combat break turn was performed at 200 knots, 90% RPM (advance ratio of 0.52) at
1000 ft. The aircraft was commanded to turn as quickly as possible through 90 deg. for a set
maximum roll rate and airspeed profile using commands generated via the FPG tool. A maximum
vertical load factor constraint of 1.7g was imposed to observe a maximum sustained power limit
of 4500 HP.
Alternatively, the maneuver can be performed using airspeed bleed-off to obtain a higher
maximum bank angle/load factor and thus a lower overall maneuver time. The command tracking
results are shown in Fig. 7-22 along with the flight path in Fig. 7-23.
The controller performance is favorable with a minor issue with tracking in the
longitudinal axis during the initiation of the turn as seen in the longitudinal load factor response.
Airspeed is held very well, and the altitude is maintained within 15 ft. of the initial altitude.
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Without airspeed bleed-off, the aircraft takes about 17 secs. to turn through 90 deg. for this
particular flight condition.

Figure 7-22. Responses and Command Tracking in Combat Break Turn

Figure 7-23. Flight Path of Combat Break Turn
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The power and lift sharing is shown in Fig. 7-24. The propulsive allocation is again
dominated by the propeller, similar to the WPU. The lift sharing is also similar to the WPU in that
the wing undertakes about 60% of the lifting role, accounting for a higher percentage of the lift
share than the main rotor. Fig. 7-25 shows the main rotor flapping angles in the maneuver.

Figure 7-24. Power and Lift Sharing in Combat Break Turn

Figure 7-25. Flapping Angles in Combat Break Turn
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7.6 Zoom and Boom (ZAB)
The ZAB was simulated with a varying airspeed profile in which the aircraft accelerated
from 180 knots to about 200 knots at 90% RPM. The ZAB likely represents one of the most
overall aggressive aerobatic maneuvers out of all those presented in this research. The compound
is pushed to sustain a high total load factor and achieve a sharp terminating dive at high advance
ratios. The command tracking is shown in Fig. 7-26 with the flight path in Fig. 7-27. The altitude
is also exclusively shown in Fig. 7-28, and the redundant controls are featured in Fig. 7-29. Fig.
7-30 shows the main rotor flapping angles in the maneuver. The controller performance is
excellent and is able to keep the aircraft stabilized throughout this aggressive maneuver. The
aircraft achieves a descent angle of about -11 deg. in the terminating dive segment of the
maneuver.

Figure 7-26. Responses and Command Tracking in Zoom and Boom
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Figure 7-27. Flight Path of Zoom and Boom

Figure 7-28. Altitude Variation in Zoom and Boom

112

Figure 7-29. Redundant Controls in Zoom and Boom

Figure 7-30. Flapping Angles in Zoom and Boom
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7.7 Piloted CBTs
Left and right CBTs at 160 knots were piloted by an expert pilot, using the acceleration
mode of the unified controller. Sample tracking results are shown in Figs. 7-31 and 7-32.

Figure 7-31. Responses and Command Tracking in Piloted Left CBT

Figure 7-32. Responses and Command Tracking in Piloted Right CBT
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7.8 Piloted WPU
The WPU was piloted in the CSF flight regime at a constant speed of 100 knots. A very
quick weave (i.e. change in horizontal flight path angle via bank angle commands) was performed
during a pull-up using the aerobatic mode of the unified controller. Overall, attitude and
acceleration tracking is satisfactory as seen in Fig. 7-33. The flight path is illustrated in Fig. 7-34,
and the power required in the maneuver is shown in Fig. 7-35. Fig. 7-36 highlights variations in
some of the controls throughout the maneuver. Fig. 7-37 shows the pilot inceptor variations
throughout the maneuver. Energy management was used to limit the bank angle and vertical
acceleration commands in order to observe the power limit.

Figure 7-33. Responses and Command Tracking in Piloted WPU
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Figure 7-34. Flight Path of Piloted WPU

Figure 7-35. Power Required in Piloted WPU
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Figure 7-36. Select Controls in Piloted WPU

Figure 7-37. Pilot Inceptor Positions in Piloted WPU
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7.9 Piloted CDT
A piloted CDT was performed in the high speed flight regime starting from an altitude of
8,000 ft. The aerobatic mode of the unified controller was used. The aircraft was then very
sharply banked (70 deg/s roll rate) resulting in a 3.3g sustained vertical load factor. This sharp
bank was handled adequately by the controller as shown in the tracking performance in Fig. 7-38.

Figure 7-38. Responses and Command Tracking in Piloted CDT

The descent rate was then very gradually arrested; the flight path of this maneuver is
shown in Fig. 7-39, along with power required in Fig. 7-40, and select controls in Fig. 7-41. Note
that the flight path was also generated by the FPG tool and compared with the flight path
resulting from the piloted maneuver in Fig. 7-39. This serves as an example of the FPG tool’s
ability to replicate generalized piloted maneuvers accurately.
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Figure 7-39. Flight Path of Piloted CDT

Figure 7-40. Power Required in Piloted CDT
Energy management was used to manage the total power required and observe the
maximum power limit of 4500 HP. Based on the results for power required in Fig. 7-40, an even
higher bank angle is possible, the maximum of which, in terms of power, would result in the
maximum power limit being sustained as per the high speed bleed-off allotment to the propeller.

119

This can be seen taking effect briefly from 110 - 115 secs. Fig. 7-42 shows the pilot inceptor
variations throughout the maneuver.

Figure 7-41. Select Controls in Piloted CDT

Figure 7-42. Pilot Inceptor Positions in Piloted CDT
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7.10 Piloted CDTs
A series of CDTs was performed by an expert pilot in the high speed flight regime
starting from an altitude of 5,000 ft. The aircraft was put into a turning dive (target descent speed
of -20 ft/s) for a left and right 2g turn. The pilot used a heads-up display to monitor descent rate
and load factor. Figs. 7-43 and 7-44 show the tracking results for the CDTs.
The pilot suggested the use of a nonlinear control sensitivity gain tied to the vertical
acceleration commands that would be low around detent and higher for larger stick deflections.
This would be a helpful addition for performing precision tasks such as leveling out with a
vertical acceleration command. Alternatively, a switch could be used to engage a vertical speed
command when needing to level out. The pilot was pleasantly surprised as to the maneuvering
ability in such an aggressive maneuver and was hesitant to put in much bank angle in the high
speed dive before being assured that the aircraft could handle it.
RCAH in the lateral stick was preferred over ACAH, which was used in roll for these
simulations, as holding the stick out of detent became taxing. In the pull-out section of the CDTs,
while maintaining the maximum possible bank angle, the pilot noticed that there was no authority
to pull up the aircraft without relieving the bank angle. It was suggested to leave some excess
power in reserve in the energy management system for climbing maneuvers and hence limit the
maximum attainable bank angle in generalized high speed bleedoff maneuvers. The pilot did in
general like the automated airspeed bleedoff to achieve maximum performance.
Increasing the control sensitivity gain for bank angle (70 deg. for Right CDT and 75 deg.
for Left CDT) had minimal effects on the pilot’s comments about the CDTs. However, increasing
the control sensitivity gain for vertical acceleration from its default value of 2.5g (Left CDT) to
3g (Right CDT) was met with unfavorable comments, especially when attempting to level out the
aircraft.
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Figure 7-43. Responses and Command Tracking in Piloted Right CDT

Figure 7-44. Responses and Command Tracking in Piloted Left CDT
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Chapter 8
Concluding Remarks

8.1 Conclusions
1. The piloted simulations of fundamental maneuvers presented show excellent controller
performance and stability in all controller modes and promise for the unified control system. As
such a simple rigid body model of the aircraft was sufficient enough to design a controller that
performs well, as demonstrated when the aircraft was flown in the “true” flight dynamic
environment modeled by GENHEL-PSU. Control effectors were successfully transitioned
between flight regimes using the weighted pseudoinverse technique. This weighted pseudoinverse
technique can be readily applied to any aircraft with redundant controls and as such allows a
unified control framework to be constructed and extended to different applications such as next
generation rotorcraft involved in the JMR-FVL Program.

2. The energy management performed well as longitudinal, lateral, and vertical limits were
successfully employed to observe a maximum power limit in a variety of maneuvers. These
limiting techniques were able to extract different performance capabilities of the compound such
as a maximum sustainable vertical climb of 30 ft/s and a maximum level flight airspeed of 205
kts. The limiting techniques were shown to be effective in simulation for varying levels of
aggression in maneuvering flight. It is especially challenging to integrate energy management
techniques on aircraft with highly nonlinear dynamics while preserving adequate transient
response characteristics for more demanding maneuvers; this would inevitably require
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exploration of transient power limiting methods. The energy management developed in this work
certainly provides a valuable start to a rather expansive subject matter.

3. The left hand inceptor as a fore/aft throttle as opposed to the collective stick felt intuitive for
speed commands. A sidestick or a throttle with a mechanical detent at the midpoint to provide the
pilot with a tactile reference may be more favorable for acceleration commands. Overall, even
with an untrained pilot (the author), seemingly complex maneuvers were performed with ease and
minimal pilot workload using the unified controller.

4. The FPG is an effective and efficient tool in producing the desired aerobatic maneuvers in
simulation in both the time and distance-based optimization modes and highlighting the
maximum performance maneuvering potential of the compound rotorcraft given a 4500 HP
power constraint.

5. A basic assessment of the maneuvering capabilities of the compound H-60 relative to its
conventional counterpart was able to show the performance benefits of compounding in the
context of this work only. This was a specific vehicle comparison and should not necessarily be
generalized. The compound was able to perform aerobatic maneuvers with rates of climb and
maximum sustainable load factors more than twice that achievable with the conventional H-60
when the maneuvers were simulated across the same airspeed range. The methodology of
comparing compound and conventional maneuver performance by scaling load factor profiles
attainable for the same airspeed profile appears to be an appropriate approach.
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6. For high speeds, there is a well-balanced lift share between the main rotor and wing in both
minimum power trim and maneuvering flight. There is a wide range of different thrust shares
between the main rotor and propeller for trim and low load factors throughout the flight envelope
that yield similar power required values as the global minimum power solutions. The power share
between the main rotor and propeller may be a more appropriate metric to monitor. For high load
factor maneuvers, the minimum power propeller thrust share, in general, tends towards 20% for
LSF, 20% - 50% for CSF, and 50% - 90% for HSF.

7. In high advance ratio flight (above 0.4) the propeller dominates the propulsive force share due
to high main rotor drag, while in general the lift share resulting from the redundant allocation in
these aerobatics is well-balanced between the main rotor and wing (generally around 60% wing
and 40% main rotor). There are only small excursions in rotor flapping from steady state for all
maneuvers. Effectively, at very high advance ratios, the main rotor just functions as a wing and is
no longer an effective propulsive device.

8. The acceleration mode serves as an excellent controller basis to move forward with. Energy
management techniques are most effective when used to limit the commanded variables, and the
alternative methods for limiting vertical acceleration, lateral acceleration, and bank angle were
effective. A switch to engage translational rate command mode (i.e. the velocity mode of the
controller) only in LSF is desirable. A command transition from vertical speed to vertical
acceleration in the CSF/HSF transition window, such that vertical speed can be commanded
throughout the entire flight envelope or just for LSF and CSF, adds an important element of
versatility. Vertical acceleration commands can overburden conventional control effectors in the
LSF/CSF flight regime and should be reserved for HSF only.
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8.2 Recommendations for Future Work
1. The wing model in GENHEL-PSU should be upgraded to a flight dynamic model involving a
paneling method based theory such as Vortex Lattice Method (VLM) to increase modeling
fidelity and move towards a more generalized flight dynamic model.

2. The wing should be redesigned. Wing area is especially too high, and the wing planform
should be optimized with twist at a reduced surface area. The propeller RPM should be reduced
slightly. The radial twist variation of the propeller is also too heavily twisted inboard and
outboard and needs to be adjusted. Untwisting the blade will likely help to expand the low speed
reverse thrust envelope of the propeller. There is already plenty of forward thrust capability.

3. An upgraded wake model should be integrated into GENHEL-PSU to properly capture
interactional aerodynamics. A first step might be to integrate a low fidelity but generalized
model by using extensions of finite state inflow models capable of off-rotor disk solutions along
with using wake curvature corrections. Dynamic maneuvering wake modeling may be desired to
determine how much effect this improvement in modeling fidelity has on the simulation results
presented in this research. The best available inflow model (33 state Peters-He Inflow, which is
more than well-suited for flight dynamics work) and interactional aerodynamic routines were
used, but questions remain as to the appropriateness of using this modeling.

4. GENHEL-PSU compound routines need to be more generalized so that alternate compound
configurations can be modeled relatively seamlessly and without significant dependence on
lookup tables. Configurations to consider should be a coaxial main rotor and pusher propeller
configuration or a tiltrotor using GENHEL-PSU or some alternative modeling environment.
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5. Loads and vibrations on the main rotor should be explored for aerobatic maneuvers as part of
multidisciplinary effort of uniting compound performance, handling qualities, and loads and
vibration for a more comprehensive look at optimal redundant control allocations.

6. Further refinement to energy management techniques in the unified controller are necessary to
extend to even more generalized and aggressive maneuvers. A more formal control law to
regulate both the total and energy rate distribution errors (with a unique control effector assigned
to each error) may be necessary to ensure robustness if more detailed work (e.g. transient power
limiting) is desired with energy management in high speed bleed-off maneuvers. With a dynamic
engine model, variable RPM can be also integrated into the energy management system to limit
changes to the rotor speed during flight.

7. A HSF roll rate command should be explored using the CSF/HSF transition window to go
from ACAH to RCAH in the roll axis. Also details regarding pilot feedback on the level of
automation and command and response types used in the unified controller should also be
compiled. The appropriateness of a fore/aft throttle as the pilot’s left hand and longitudinal
command inceptor should also be assessed in more detail by pilots and compared to a sidestick.

8. The robustness of the unified controller should also be explored in detail. Work has been
performed on NLDI robustness [71]. However, this discipline has not been addressed in this
work. Robust control techniques to modeling uncertainties have also been successfully applied in
nonlinear control applications using stochastic analysis and design [72].
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Appendix A
Compound Rotorcraft Excerpts
Appendix A is a continuation of Section 1.1
This appendix serves to provide supplemental information on the 16H-1A and AH-56A.
In particular, performance results for flight tests are shown. Figs. A-4, A-5, and A-14 feature
overlays of the performance of the H-60 compound for a comparison.

Figure A-1. 16H-1A Vehicle Dimensions [1]
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Figure A-2. 16H-1A Hover Performance (in ground effect) [1]

Figure A-3. 16H-1A Forward Flight Performance [1]
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Figure A-4. 16H-1A Propulsive Share in Level Flight Trim [1]

Figure A-5. 16H-1A Lift Share in Level Flight Trim [1]
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Figure A-6. 16H-1A Vertical Climb Performance [1]

Figure A-7. 16H-1A Climb Performance [1]
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Figure A-8. 16H-1A Lift Share in Climb [1]

Figure A-9. 16H-1A Flight Envelope [1]
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Figure A-10. AH-56A Vehicle Dimensions [4]
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Table A-1. AH-56A Effects of Thrust Compounding [4]

134

Figure A-11. AH-56A Collective Pitch and Airspeed Envelope [4]
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Figure A-12. AH-56A Level Flight Performance [4]
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Figure A-13. AH-56A Trim Control Allocations [4]
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Table A-2. AH-56A Longitudinal Acceleration Performance: 19,202 lbs., 1500 ft. [4]

Table A-3. AH-56A Lateral Acceleration Performance: 18,750 lbs. 1200 ft. [4]
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Figure A-14. AH-56A Climb Performance [4]
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Appendix B
Supplemental Compound H-60 Component Specs
Appendix B is a continuation of Section 2.1
Table B-1. Supplemental Vehicle Component Specs
Vehicle General
Gross Weight
20,000 lbs.
Ix
6176 slug*ft2
Iy
34244 slug*ft2
Iz
31596 slug*ft2
Ixz
1839 slug*ft2
Fuselage Length
50.1 ft.
Main Rotor
Longitudinal Location
6 in. aft of CG
Shaft Tilt
3 deg. fwd.
Hinge Offset
6.7%
Radius
26.83 ft.
Chord (0.75R)
1.73 ft.
Linear Twist (0.2R - 0.8R) -5 deg.
Rotational Speed
258 RPM
Number of Blades
4
Tail Rotor
Longitudinal Location
32.1 ft. aft of CG
Vertical Location
6.4 ft. above CG
Radius
5.5 ft.
Chord
0.81 ft.
Rotational Speed
124.6 rad/s
Cant Angle
20 deg.
Number of Blades
4
Horizontal Stabilator
Longitudinal Location
29.4 ft. aft of CG
Vertical Location
4 in. below CG
Span
14.4 ft.
Area
45 ft2
Taper Ratio
1.44
Propeller
Longitudinal Location
36.9 ft. aft of CG
Vertical Location
1 ft. below CG
Airfoil
Clark-Y
Wing
Longitudinal Location
at CG
Vertical Location
6 in. above CG
Airfoil
NACA 63-412
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Appendix C
Supplemental Control Allocation Results
Appendix C is a continuation of Section 3.2.

Figure C-1. Propeller Propulsive Share at 160 knots, 100% RPM

Figure C-2. Wing Lift Share at 160 knots, 100% RPM
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Figure C-3. Propeller Propulsive Share at 170 knots, 100% RPM

Figure C-4. Wing Lift Share at 170 knots, 100% RPM
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Figure C-5. Propeller Propulsive Share at 170 knots, 90% RPM

Figure C-6. Wing Lift Share at 170 knots, 90% RPM
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Figure C-7. Propeller Propulsive Share at 180 knots, 90% RPM

Figure C-8. Wing Lift Share at 180 knots, 90% RPM
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Figure C-9. Propeller Propulsive Share at 190 knots, 90% RPM

Figure C-10. Wing Lift Share at 190 knots, 90% RPM
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Figure C-11. Propeller Propulsive Share at 200 knots, 90% RPM

Figure C-12. Wing Lift Share at 200 knots, 90% RPM
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Appendix D
Supplemental Material for FPG
Appendix D is a continuation of Section 4.1.
This appendix discusses outlines some kinematic derivations of equations used in the
FPG tool along with the theories behind the three optimization methods used in the FPG tool
outlined in Section 4.1. The three theories are trust-region-dogleg [73], interior-point [73], and
golden section search [74].
D.1 Derivation of Roll Rate System of Equations in a Steady Turn
This section outlines the derivation of eqn. 4-3 in Section 4.1.

1 = airspeed

 V target load factor

P26 V steady turn rate

P V horizontal flight path angle traversed in roll in/out

Define a mathematical function for turn rate: (a,b,c,d are unknowns)
P2 V ¤ i c ³¤ U c ¤ c 

Start with an alternative form of bank angle for coordinated level turns:
tan O V

1P2
1P2
, O V tanw6 k m



Differentiate function to relate roll rate to turn rate:
O2 V

Differentiate roll rate function:

1P c 12 P2
1P2 U
c 

1P2 U
2
o1 P2 c P 12 c P1 c 12 P p k c  m ^  o1 U P2 P c 112 P2 U po12P2 c P 1 p
O V
1P2 U U
k c  m
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Set time rate of change of roll rate to zero and retain only steady velocity terms:
O V P1 n c

Simplify time rate of change equation:

1P2 U
2
q ^ 1 U P2 PP 1  V 0



PU c 1 U P2 U  V 21 U P2 P U

Note: Solving this equation for time will give the time at which the max roll rate occurs.
Using the roll rate equation derived earlier retain only steady velocity terms:
O2 V

1P
1P2 U
c 

Set up system of nonlinear equations to solve for two variables: ÷ø2ùúû and ü
PU c 1 U P2 U  ^ 21 U P2 P U V 0
1P
^ O2> V 0
1P2 U
c 

Note: This system will allow attainment of a desired max roll rate (O2> ):

Apply boundary conditions to turn rate function to solve for unknown coefficients:
P2 ¤ V ¤6  V

¬ U ^ 1
16

, P2 ¤ V ¤  V P ¤ V ¤  V P ¤ V ¤6  V 0

Reformulate turn rate function:
P2 V ^

P26  i 3P26 i U
¤ c
¤ ,
4P i
4P U

P V ^

3P26  U 3P26 i
¤ c
¤,
4P i
2P U

P V ^

3P26 
3P26 i
¤
c
2P i
2P U

Integrate turn rate variations and time derivatives into system of equations ( ¤ V ¤þ2Ý,ß )
n^

3P26 
3P26 i
P26 
3P26 i U
P26 
3P26 i U
3P26  U 3P26 i
¤c
q jU c 1 U n^ i ¤ i c
¤ q r ^ 21 U n^ i ¤ i c
¤ q n^
¤ c
¤q V 0
i
U
U
U
2P
2P
4P
4P
4P
4P
4P i
2P U
U

1 n^

3P26  U 3P26 i
¤ c
¤q
4P i
2P U

U

U

P2 
3P2 i
Ô1 n^ 6 i ¤ i c 6U ¤ U qÖ
4P
4P
c


^ O2> V 0
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D.2 Derivation of Time Spent in Roll In/Out Segments
This section outlines the derivation of eqn. 4-4 in Section 4.1.

1 V airspeed

7 V circular radius

P V horizontal flight path angle traversed in roll in/out
P V horizontal flight path angle at initial time
P6 V horizontal flight path angle at ¤6

Define a mathematical function for turn rate: (a,b,c,d are unknowns)
P2 V ¤ i c ³¤ U c ¤ c 

Apply boundary conditions to turn rate function to solve for unknown coefficients:
Consider a roll in segment between points 0 and 1.
P2 ¤ V ¤6  V

16
, P2 ¤ V ¤  V P ¤ V ¤  V P ¤ V ¤6  V 0
7

0 V ¤ i c ³¤ U c ¤ c  →  V 0
0 V 3¤ U c 2³¤ c  →  V 0
16
V ¤6 i c ³¤6 U
7

0 V 3¤6 U c 2³¤6

Note: Without loss in generality, the initial time can be simply set to zero, such that the time at
point 1 represents the time spent in the roll in segment.
Integrate reduced general form to relate to horizontal flight path angle traversed:
P6 V

1
1
¤6  c ³¤6 i c P ,
4
3

P V P6 ^ P

Solve for unknowns a,b in terms of the time spent in the segment:
0 V 3¤6 U c 2³¤6 →  V ^

2³
3 ¤6

2³
1
316 1
16
V ¤6 i c ³¤6 U V k^
m ¤6 i c ³¤6 U V ³¤6 U → ³ V
7
3 ¤6
3
7 ¤6 U
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Substitute a,b into eqn. with explicit dependence on horizontal flight path angle traversed:
P6 V

1
1
¤6  c ³¤6 i c P ,
4
3

PV

PV

1
1
¤6  c ³¤6 i
4
3

P V P6 ^ P

2³
1 316 1
1
k^
m ¤6  c k
m¤ i
3 ¤6
3 7 ¤6 U 6
4

31 1
k 6 m
1
2 7 ¤6 U
1 316 1
P V x^
m¤ i
y ¤6  c k
4
3
3 7 ¤6 U 6
¤6
PV

1
16
1 316 1
k^2
m ¤6  c k
m¤ i
i
3 7 ¤6 U 6
4
7 ¤6
PV

1 16
k m¤
2 7 6

¤6 V

2P
1
b6 g
7

The final result readily extends to the roll out segments with the appropriate values for
horizontal flight path angle traversed and the peak turn rate. If this closed-form solution seems
too simple to be true, keep in mind that the turn radius variable is only found numerically after a
lot of heavy lifting by the optimizer. Also, there were two key simplifications made in the
boundary conditions. Namely, the acceleration and time rate of change of turn rate were
constrained to zero at the time at which the peak turn rate is achieved at the end of the roll in and
beginning of the roll out segments. To extend this to more generalized applications, fsolve can be
used to find the time numerically, which would allow the removal of one of the constraints. The
time rate of change at time 1 boundary condition is a fair constraint to dictate, but it would be
desirable to lift the acceleration constraint at time 1 or at least use the closed-form solution and
leave the boundary condition as an input, which could be zero or non-zero.
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D.3 Golden Section Search
Golden section is a one-dimensional bracketing method that features interval reduction.
A parameter known as the golden ratio (τ) is used to adjust search points within the current
interval. With absolute upper (b) and lower (a) bounds defining the feasible region, the initial
search interval [x1,x2] is computed using eqn. D-1.

6 =  + 1 − N³ − 
U =  + N³ − 
√5 − 1
N=
2

(D-1)

The objective function (f) is computed at each interval bound for a particular iteration.
The algorithm reaches a stopping criteria when the interval becomes sufficiently small within
some prescribed tolerance. The interval [x1,x2] is continually adjusted based on the logic given in
eqns. D-2 and D-3 for a minimization problem depending on the value of the objective function
as the iteration progresses.

³ = U
U = 6
Ä
Å for 6 < U
6 =  + 1 − N³ − 
 = 6
6 = U
Ä
Å for 6 ≥ U
U =  + N³ − 

(D-2)

(D-3)

The final interval (I) magnitude can be expressed in terms of the initial interval for
iteration variable (k) as given by eqn. D-4, so that the number of iterations is given by eqn. D-5.
º° = N °w6 º6

~ = int n1.5 +

lnº°  − lnº6 
q
lnN

(D-4)
(D-5)
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D.4 Trust-Region Dogleg
MATLAB’s built-in function fsolve [75] uses the optimization method trust-region
dogleg. All the default options are used with fsolve, which are discussed in Ref. 75, and the
function call, as it appears in the FPG tool, takes the form given by eqn. D-6. The default
optimization method of fsolve is most appropriate and robust for a square system of equations,
which are used in the FPG tool. The alternative optimization method (Levenberg-Marquardt)
would be used for non-square system of equations (i.e. when the number of unknowns and
equations are not equal). Trust-Region Dogleg is the only algorithm in fsolve that is specifically
designed to solve nonlinear equations. The rest operate on the sum of the squares of the function.
fsolve(@nonlinear_system_of_eqns, initial_guess_vector)

(D-6)

Trust-region methods use a quadratic model of the objection function and define regions
around which the model is trusted to be the proper representation of the objective function. The
direction and step length are chosen to either minimize or maximize the function. The context of
the discussion in this section will be for a minimization problem. The size of the trust region is
tied to the effectiveness of the step size. A trust region too small in size at a particular iteration
will slow the algorithm while a trust region that is too large in size may not allow for a feasible
step towards the optimal solution, in which case the region would have to be reduced.
For a step p (direction and magnitude), iteration k, Hessian approximation B, trust region
radius ∆, function f, and model function m, the constrained problem posed for simultaneously
finding the step size and direction can be defined as that given in eqn. D-7.
min{Ñ°  = °  + ∇° F ¿ +

6 F
¿ Ø° ¿}
U

s.t. ¿F ¿ ® ∆° U

(D-7)

A numerical measure of the degree of agreement between the model and the function for

152

each step can be quantified as given by eqn. D-8, which is the ratio of the actual to predicted
reduction in the objective function. If this step is negative, the step is not feasible, and the trust
region radius must be constricted. A preferred value is close to unity, which indicates the
quadratic model of the function is a sufficient representation.

°  =

°  − ° − ¿° 
Ñ0°  − Ñ¿° 

(D-8)

The dogleg version of trust region optimization finds an approximate solution of the
problem posed by eqn. D-7 by minimizing the model along a trajectory which approximates
curved trajectories towards the optimal with linear segments. The path at a particular iteration
consists of two line segments. The first segment spans the origin to the current minimum at the
particular iteration along the steepest descent direction. The second segment starts from the
terminal point of the first and uses the solution for the step, p*(∆), to determine the step size and
direction. As such the trajectory followed can be defined as given in eqn. D-9 for a parameter ζ ∈

[0,2]. This trajectory can be visualized as shown in Fig. D-1, where pU is the steepest descent

step and pB is the step minimizer of the model. The trust-region dogleg method uses the step that
minimizes the model along a dogleg path within the trust-region bound. If the path intersects the
trust-region boundary, the selected value of the step will be at the boundary.

¿N =




∇° F ∇° 
,0 ® I ® 1
∇° F Ø° ∇° 
∇° F ∇° 
−∇° 
+⋯
∇° F Ø° ∇° 

−I∇° 


F

… + I − 1 Ô¿∗ o∆ p + ∇  ∇°  ∇°  Ö , 1 ® I ® 2
°
°
∇° F Ø° ∇° 


(D-9)
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Figure D-1. Trust-Region Dogleg Path [73]

D.5 Interior-Point
MATLAB’s built-in function fmincon [76] uses interior-point optimization. All the
default options are used with fmincon, which are discussed in Ref. 76, and the function call, as it
appears in the FPG tool, takes the form given by eqn. D-10. Rci is the initial guess for the
circular turn radius, Rc1 the lower bound on the circular turn radius, Rcu is the upper bound on
the circular turn radius, and RcSearch is a subroutine that calculates the flight path from points 14 and/or points 4-7 (Refer to Fig. 4-1). The interior-point optimization method of fsolve was
selected to be used in the FPG tool as it is a large-scale algorithm that allows for a completely
numerical optimization without an analytical representation of the objective’s gradient or
Hessian.
options_fmincon = optimset(options_fmincon,'Algorithm',’interior-point’);
(D-10)
fmincon(@RcSearch,Rci,[],[],[],[],Rc1,Rcu,[],options_fmincon);
Interior-point methods take a smaller number of computationally expensive steps and are
efficient for large-scale problems when the initial guess for the solution provides a feasible
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starting point. Interior-point problems for convex quadratic problems with inequality constraints
(system A, independent variables x, and bounds b) can be represented by eqn. D-11.
min{  F Ø°  +  F } s.t.  ≥ ³
6
U

(D-11)

The optimization problem can be reformulated as presented in an alternative form given
by the system in D-12 in terms of Lagrange multipliers, λi, a diagonal matrix of slack

variables, Υ, a diagonal matrix of Lagrange multipliers,

, a vector of ones, , number of

lagrange multipliers, m, and affine (aff) parameters.

j

Ø
0

0
−º
Λ

−Ø − F K + 
− F ∆
−  − . − ³
z
0 r j∆.r = t

∆K
Υ
−ΛΥ − ∆Λ>== ΔΥ >==  + M  

(D-12)

A predictor-corrector process can be used to solve the system at each iteration by first

zeroing a centering parameter, M, from which the affine unknowns can be calculated. It is worth

noting that these unknowns represent a subset of perturbed KKT conditions. After the affine

parameters are calculated, the centering parameter is set to the value given by eqn. D-13, and the
system in D-12 is solved.
o. + 4 >== Δ. >== p oK + 4 >== ΔK>== p
M= ¼
Á
.FK
F

i

4 >== = max4 0,1 ∶ ., K + 4oΔ. >== , ΔK>== p ≥ 0

(D-13)

The step size that scales these solutions and moves to the next point in the iteration is

determined by the minimum of a primal and dual step. These step lengths, 4, are formulated to

ensure that the slack variables and lagrange multipliers remain positive and can be determined
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using any number of techniques. Eqn. D-14 shows a method in which the same step lengths are
used in the primal and dual variables where the minimum value between the primal and dual
results is used in the predictor-corrector process for a parameter η ∈ (0,1).
4

>

= max{4 E 0,1: . + 4Δ. ≥ 1 − .}

4 "> = max{4 E 0,1: K + 4ΔK ≥ 1 − K}

(D-14)

Primal and dual refer to different viewpoints on the same problem and are bound
together through the KKT conditions. The primal viewpoint on linear programming can be
represented as in eqn. D-15, while the duality viewpoint takes the form given in eqn. D-16. The
dual objective represents the lower bound on the primal objective when both the primal (x) and

dual variables K, . are feasible.

min  F  subject to

min −³ F K subject to

F

 V ³,  ≥ 0

K c . V , . ≥ 0

(D-15)

(D-16)
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Appendix E
Transient Turn Maneuver: Piloted and FPG Comparison
Appendix E is a continuation of Section 4.1.

Figure E-1. Piloted Maneuver and FPG Airspeed Comparison

Figure E-2. Piloted Maneuver and FPG Altitude Comparison
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Figure E-3. Piloted Maneuver and FPG Turn Rate Comparison

Figure E-4. Piloted Maneuver and FPG Roll Rate Comparison
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Figure E-5. Piloted Maneuver and FPG Bank Angle Comparison

Figure E-6. Piloted Maneuver and FPG Flight Path Comparison
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Appendix F
Unified Controller Gains
Appendix F is a continuation of Sections 5.2 and 5.3
Table F-1. Parameters for Command Filters

Command Filter
Roll Attitude
Pitch Attitude
Yaw Rate
Vertical Speed
Vertical Acceleration
Longitudinal Speed
Longitudinal Acceleration
Lateral Speed

Natural Frequency,
rad/sec.
2.0
3.5
3.5
-

Damping Ratio
0.9
1.0
1.0
-

Time Constant,
sec.
0.4
2.0
2.5
2.0

Table F-2. Parameters for Error Dynamics

Error Parameter
Roll Attitude
Pitch Attitude
Yaw Rate
Vertical Speed
Vertical Acceleration
Longitudinal Speed
Longitudinal Acceleration
Lateral Speed

Natural Frequency,
rad/sec.
4.0
3.5
2.5
1.0
1.05
0.5
0.8
0.2

Damping Ratio

Real Pole

1.0
1.0
1.0
1.0
0.9
0.9
0.9
1.0

1.0
0.75
0.0
0.0
0.0
0.0
0.0
0.07

The parameters in Tables F-2 are related to the compensator gains via eqns. F-1. Note
that pl represents the real pole. See also Refs. 30 and 32.

» = R? U + 2IR? ∗ ¿
» = R? U ∗ ¿
» = 2IR? + ¿

(F-1)
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Appendix G
Weighted Pseudoinverse
Appendix G is a continuation of Section 5.2.
This appendix expands on the mathematical background involved in the weighted
pseudoinverse concept employed in the outer loop controller in this research [67]. For this

 be an arbitrary m x n matrix of controls. For this application n > m (i.e. there are

discussion let Ø

more controls than axes for the control matrix involved in the outer loop inversion. In order to
ensure a unique inverse (in this case, a right inverse), the Moore-Penrose pseudoinverse
methodology can be utilized. The right inverse form of the pseudoinverse takes the form in eqn.


G-1. The Moore-Penrose inverse gives the minimum norm solution to the system . = Ø
. The

minimum norm solution of a residual vector gives a unique least squares solution ( ∗ ). As such a




least squares solution requires Ø
∗ − . ® Ø
 − ..




Ú = Ø
F Ø
Ø
F w6
Ø

(G-1)
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Proof G-1 can be readily extend to a weighted least squares problem starting from the

 represents the relative control weighting matrix referred to
form given in eqn. G-2. Note that 
in section 5.2. Proof G-2 shows the weighted version of Proof G-1 where preferred controls
would be indicated by higher relative weights.
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 Ø
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Appendix H
Barrier Functions
Appendix H is a continuation of Section 5.3.
The effect of the tunable parameter (k) on the hyperbolic tangent functions used as
barrier functions to preserve control margins and constrict power limits are shown in Figs. H-1
through H-3. Fig. H-1 relates to the form of barrier functions as given in eqn. 5-40 where an
example of the barrier on a lower limit of 0 in. for a stick position is shown. Fig. H-2 also relates
to the form of barrier functions as given in eqn. 5-40 where an example of the barrier on an upper
limit of 10 in. for a stick position is shown. Fig. H-3 relates to the form of barrier functions as
given in eqn. 5-41 taking the maximum airspeed as 210 knots. These barrier functions can be
normalized if desired by initial trim control positions. The maximum speed barrier function is set
up such that it does not constrict the minimum vertical speed limits in the LSF and CSF flight
regimes.

Figure H-1. Barrier Functions for Lower Control Margin Preservation
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Figure H-2. Barrier Functions for Upper Control Margin Preservation

Figure H-3. Barrier Functions for Maximum Airspeed Limiting
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