Modeling and Control of a Fixed Wing Tilt-Rotor Tri-Copter

Alexander Summers

A thesis
submitted in partial fulfillment of the
requirements for the degree of

Master of Science in Aeronautics and Astronautics

University of Washington

2017

Reading Committee:
Kristi Morgansen, Chair
Eli Livne

Program Authorized to Offer Degree:
Department of Aeronautics and Astronautics



(©Copyright 2017

Alexander Summers



University of Washington

Abstract

Modeling and Control of a Fixed Wing Tilt-Rotor Tri-Copter

Alexander Summers

Chair of the Supervisory Committee:
PhD Kristi Morgansen
Aeronautics and Astronautics

The following thesis considers modeling and control of a fixed wing tilt-rotor tri-copter. An
emphasis of the conceptual design is made toward payload transport. Aerodynamic panel
code and CAD design provide the base aerodynamic, geometric, mass, and inertia properties.
A set of non-linear dynamics are created considering gravity, aerodynamics in vertical takeoff
and landing (VTOL) and forward flight, and propulsion applied to a three degree of freedom
system. A transition strategy, that removes trajectory planning by means of scheduled
inputs, is theorized. Three discrete controllers, utilizing separate control techniques, are
applied to ensure stability in the aerodynamic regions of VTOL, transition, and forward
flight. The controller techniques include linear quadratic regulation, full state integral action,
gain scheduling, and proportional integral derivative (PID) flight control. Simulation of the
model control system is completed for flight from forward to backward transition with mass

and center of gravity variation.
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Chapter 1
MOTIVATION AND BACKGROUND

1.1 DMotivation

The goal of the following thesis is to determine a flight control strategy for a hybrid vehicle
that simplifies the transition from hover to forward flight and maintains vehicle stability with

variation in center of gravity due to payload addition.
1.2 A Brief History

Hybrid vehicles started to surface during and after World War 2. Military demands
started off the evolution of the hybrid aircraft; a vehicle capable of covering large distance
quickly while still maintaining the ability to hover and land vertically, offered large oppor-
tunities in troop transport and payload movement. All these devices relied on pilots as the
primary control system but, due to the strong non-linearity of the system, piloting hybrid
aircraft was difficult for even experienced pilots. The developments of the concept however
were of sufficient interest to the commercial and military manufacturers of the time that con-
ceptual designs continued to be developed in theory. The conceptual designs ranged largely
in the number of propellers, the manner in which vertical lift is achieved, and many other
configuration aspects. Unfortunately few of the early design were manufactured for testing
and even fewer made it into the intended industry[1].Two vehicles that were introduced into

industry on a large scale are the Boeing V-22 Osprey and the Bell Eagle Eye, seen in Fig-
ure[L.I and Figures[1.3] and [L.5]show examples of other conceptual and test designs.

Public perception of hybrid vehicles was poor even with these successful models. The

benefits of a hybridized vehicle were weighed éargely against the lack of stability of the sys-



Figure 1.1: The manufactured and oper- Figure 1.2: The manufactured and oper-

ated Boeing V-22 Osprey [20]. ated Bell Eagle Eye[20].

Figure 1.5: The concep-

Figure 1.3: The hybrid ve- Figure 1.4: The conceptual tual design of the Douglas
hicle design of the DOAK design of the Boeing VZ- Model D-29 a hybrid air-
Model 16 [1]. 2A[]. craft [1].

tem, the difficulty in piloting, and the subsequent dangers posed to the crew. The models
remained in operation despite the negative perceptions. The following quote from Congress

describes the government perception in the context of the early 2000s [2].

“Critics of the V-22 have questioned its affordability and argued that its perfor-

mance would not justify the cost of pr%curing this new aircraft in the quantity



projected. Also, in light of several accidents, and a reported cover-up, critics
argue that the tilt-rotor technology is too risky, while supporters contend that

risks are being adequately addressed under a revamped program.”
1.3 Modern Times

More recently the commercial market has been expanding rapidly into Unmanned Au-
tonomous Vehicles (UAV). The possible applications continue to expand as hardware becomes
more compact and weigh less, higher computational speed and storage become more avail-
able at lower cost levels, and energy storage and miniaturization evolve. The applications
are varied across multiple industries; for example UAVs have been applied to surveillance,
crop imaging, crop dusting, payload spraying, firefighting , and delivery systems for small
parcels and packages [3, 4]. The potential is large, and the market opportunity is present.

Start-ups to large companies are participating in the UAV trend.

Of the popular air-frame designs used in current applications, there are two main design
types applied for UAV in industry, hovering/helicopter and fixed wing. FEach has its own
advantages and disadvantages. With a fixed wing aircraft, the efficiency of thrust is applied
more effectively to maintain altitude. The fixed wing aircraft has a much larger range of
operable distance as compared to a hover configuration with all other thing equal. However,
fixed wing aircraft have restrictions on takeoff and landing. Some form of runway is required
where flight velocity can be achieved and lost. The ‘runway’ can be introduced by various
schemes including launchers and rapid propulsion devices for takeoff; and catching devices,
such as sets or hooks [5], for landing. The runway requirement means maintenance, large
flat areas, exterior structure (if a catching or launching system is required), and, depending

on the complexity of the system, education.

Alternatively the use of hovering/helicopter configurations can be applied with advan-

tages and disadvantages that contrast symm%trically with a fixed wing device. The advan-



tages of a hovering configuration include the ability to vertically takeoff in dense urban or
agricultural areas, maneuver quickly in 3D, and land in a small footprint without external
assistance. Unfortunately, the use of pure thrust to maintain altitude is highly inefficient and
results in shorter flight time and smaller range, as compared to similar fixed wing devices

under the same power constraints.

Integration of technology into societies is continuing to rapidly evolve. New ideas will
continue to spring up, and old ideas may become viable again. This thesis is motivated by
the benefits a hybrid vehicle would hold in the UAV aviation industry. The application of
hybrid vehicles to meet the desired properties of range, flight time, efficiency, vertical takeoff
and landing, and 3D maneuvering capabilities show great potential with current applications
and technology. Agriculture based UAV could be simplified to require no structure dedicated
to ‘runway’ or time commitment of an owner to set up, launch, and recover a device. Delivery
UAV could require less charging intervals, larger flight range, and quicker delivery times. All

these traits offer improvements in cost and performance.

1.4 Research

Research into hybrid vehicles has been around since the mid-1990s. The focus of much of
the early work was based purely on investigating the modeling of the vehicle. Following the
increase in availability of more powerful on-board computers, a focus toward autonomous
designs began to increase in the early 2000s. Application of control system in both the
linear and non-linear schools of thought were, and continue to be, applied around hybrid

configurations.

1.4.1 Conceptual Designs

Hybrid conceptual designs maintain a large variation historically and currently. There is

variation in how thrust is applied and Vectoreg, variation in the number of thrust points ap-



plied, and differences in the method of transition between hover and forward flight. Designs
that are similar in appearance actuate their control surface in different manners to achieve
the same goals. The differentiation shows a lack of perfected method .By generalizing, the
hybrid conceptual designs can be simplified to four main configurations corresponding to

their number of thrust inputs.

Single Propeller Designs

Single rotor designs achieve vertical lift by making use of one propeller providing thrust.
Examples of this type of vehicle can be seen in [8] and [9], and images of single propeller
hybrid vehicles can be seen in Figures [1.6 and [1.7] To achieve vertical takeoff and landing
from a ground level start, designs may be manufactured to support a vertical sitting orien-
tation. These configurations are commonly known as tail sitters. There are alternatives to
the sitting configuration fro single propeller devices. A single prop may also perch upon a

vertical surface as the start point for flight as an example.

Transition, being the act of converting from hover to forward flight, occurs by means of
thrust and aerodynamics flaps in a single propeller configuration. In a purely thrust based
transition, vertical velocity (forward velocity in the body frame) increased due to thrust and
flaps are applied to create a pitching moment, turning the vertical velocity into horizon-
tal velocity. Alternatively the increase in velocity can be the result of gravitational force.
Transitioning by means of reducing thrust and falling (gaining flight speed due to gravity)

combined with aerodynamics control flaps is applicable to the same end.

As a note a net torque is created by the use of a single propeller. The rotational moment
created by this torque is commonly canceled by the application of aerodynamic flaps oper-

ating within the thrust airflow.



Figure 1.6: A top view of a tail sitter con- Figure 1.7: The Stanford perching UAV
ceptual design[§]. transitioning to vertical flight [9] .

Dual Propeller Designs

Examples of dual propeller designs can be seen in Figures[[.8 and Dual propeller de-
signs apply two wing-fixed propellers for vertical and horizontal thrust. The rotors have the
ability to rotate in the pitch direction allowing for a changing of the thrust direction within
the pitch plane. Transition is achieved using by tilting the propellers to provide acceleration

vertically and horizontally from takeoff.

The primary difficulty with dual propeller vehicles is the need to maintain pitch equilib-
rium during operation. One method to maintain pitch balance is the use of aerodynamics
flaps to create an angle of attack that counters thrust pitch with aerodynamic pitch [10].
This method of transition may require a skewed vertical takeoff. If a skewed take off is not
desired, motion of the center of gravity by an actuator can allow for proper balancing of

pitch moment [11].

Tri-Copter Designs

Examples of tri-rotor configurations can be seen in Figures and Tri-

propeller device perform in a similar manner8t0 dual propeller devices. The addition of a



Figure 1.9: A manufactured dual pro-

Figure 1.8: A dual propeller conceptual peller device undergoing wind tunnel test-

device [10]. ing [11].

third propeller allows pitch stability to be achieved through thrust. Applying three point of
thrust allows for a simpler vertical takeoff and landing maneuver as compared to the single

and dual propeller configurations.

Transition is achieved by tilting forward propellers that accelerate the hybrid craft while
still providing vertical lift through thrust. A combination of tail thrust and elevator deflec-
tion maintain pitch equilibrium during this time. The tail thrust and elevator are redundant
and it is possible to consider the use of both independently as well as blended. Blended
dynamics have been investigated by way of cost functions to determine a trajectories with a

combination of the elevator and tail thrust[14].

The presence of a third thrust inputs also affects system dynamics. The third propeller
creates coupling of longitudinal inputs and lateral dynamics. Lateral dynamics and control
are considered an independent control design problem in some research literature [11, [14].

Lateral control will not be discussed in this thesis.



Figure 1.11: A tri-rotor with propellers Figure 1.12: A modified RC plane for tri-
off applied forward of the wing [13]. rotor configuration [12].

Quad Propeller Design

Examples of the quad propeller style are seen in Figures and [I.14] The quad pro-
peller design applies four points of thrust symmetrically about the center of gravity. This
design is similar in many respect to commercial quadcopters. Vertical takeoff and landing
as well as 3D maneuvering are completed with thrust from the four propellers. With equal
power applied to each propeller, the equilibrium of pitch and all other moment values are
maintained. To achieve transition, the craft symmetrically tilts the propellers forward to in-
crease flight velocity while maintaining altitude through thrust. A second wing is commonly

added to provide aerodynamic lift and a mOliIbting point[16], [17].



Figure 1.13: A quad-rotor design using an Figure 1.14: A quad-rotor design without
acrodynamic tail [16]. stabilizing tail[17].

1.4.2 Modeling

Papers concerning the modeling of hybrid vehicles have been produced since the end of
World War 2 [I8, [19]. These papers demonstrate research into extensive wind tunnel model-
ing to determine the aerodynamic qualities of such a craft. Though it is typical to complete
hand calculations as a basis for conceptual design for fixed wing aircraft, the usage of aero-
dynamic hand calculations fail in large degree when the applications are highly non-linear.
The majority of the work thus proceeded with wind tunnel models to create descriptions of
the aerodynamic characteristics of hybrid craft. Determination of airfoil lift and drag from

zero to 180 degrees was completed in this manner.

Following the early 2000s, application of fluid dynamic programs to determine the aero-
dynamic forces was applied in addition to wind tunnel testing. The use of programs such
as DATCOM and simple panel codes allow for aerodynamic terms to be iterated quickly

and electronically[6],[7] before physical modeﬁ are built. High level fluid dynamics can be



applied to determine the non-linear flow over the total configuration in a much more quickly
than iterative building. The result is an increase of simulated models as a basis for control

in current research.

The tilt-corridor is a numeric graph describing the vehicle velocity and its current tilt
angle. An example tilt-corridor can be seen in Figurdl.15] In modeling the dynamics of tilt
propeller vehicles descriptions of the tilt-corridor can surface[20]. This corridor can provide
understanding of vehicle trajectory and express limits of performance. Descriptions of vehicle
trajectories in the tilt-corridor can also act as a basis for the equilibrium input magnitude
and mixing (in the case of the elevator and tail thrust) [I4]. Conceptual design that include
aerodynamic control forces during transition or use tilting wings commonly include a tilt-

corridor investigation.

100 T T T T T T T T

Rotor-tilt angle (%)

920 40 100 160

Air speed (km/h)

Figure 1.15: A generic tilt corridor describing flight speed at a given angle of attack [20].
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1.4.8 Control Methodologies

Control techniques are varied largely in the control schemes for the different configura-
tions. Difficulty in control designs stem from the large non-linearity of the system dynamics,
the under-actuated nature of the plant, and the presence of coupled and repetitive inputs.
This combination of issues make development of control techniques non-trivial in many re-
spects and allows for control strategies to exist. Linear or non-linear control methods can be
applied for the similar configurations as a result. The types of strategies employed in current

research can be roughly generalized as follows.

Proportional gains can be applied in combination with gain scheduling to achieve non-
linear control. Gain scheduling over variable parameters allows for interpolation of fixed
gains, determined along this parameter, to achieve stability. Flight velocity is commonly the
varied parameter, and scheduling of the gain variation occurs in reference to its magnitude.
The gain choices can be found by iteration and optimization of a fixed structure controller
[17] as well as through full state methods[I0]. Proportional gains can be limited in that
their tracking error performance. Poor error tracking leads to possible instability with the
addition of model uncertainty. Use of H infinity synthesis controllers can be applied when
robustness is a concern [14]. Depending on the controller structure used, the gains created

via H infinity synthesis can include both proportional and integral gains.

Control applications surrounding various forms of PID control are commonly applied
to hybrid vehicles. "Virtual control inputs’ can be created in tandem with PID controllers
to achieve translation, altitude, and attitude control. These ’'virtual control inputs’ are
high level (altitude, attitude) controller that are converted to low level (forward thrust,
tail thrust) control inputs by means of a transformation matrix[21, 22, 23]. PD and PID
controllers are combined with non-linear control methodology when used in transition. Non-

linear methodologies that have been applied i%ith PD/PID control include neural networks,



nonlinear back-stepping, sliding mode control, and various other adaptive control methods
[12, 23, 24, 25]. As a note weight-compensated PID controllers are frequently applied for

altitude control regardless of whether the remaining control strategy is based on PID.

The remaining work is spread out among miscellaneous methodologies that otherwise lack
any commonality with other work. Adaptive control is applied to the strategy of transition in
[9, 26, 27]. Controllers can be configured with polynomial methods such as Eigen-structure
assignment in [11] or singular value decomposition methods in [2§]. The use of neural net-

works are also applied in various forms such as dynamic inversion [29, [38], 39].

There have been many simulated control hybrid systems but few built and tested. Of
those aircraft built and tested there are still fewer that maintained control without the assis-
tance of a pilot during transition. Advancements must be continued to improve the control

system to allow use in commercial application.

The contribution of this thesis is to create a control strategy that can be applied gener-
ally to tri-copter designs, removes the need for trajectory planning during hover to forward
flight phase of hybrid vehicle, and maintains stability of a vehicle with variation in center of

gravity due to the addition of a payload mass.
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Chapter 2
MODELING

The following sections describe the conceptual CAD model and non-linear dynamics for
a fixed wing tri-rotor configuration. A CAD model is created and iterated with an aerody-
namic panel code to create a generic aircraft model for simulation. The non-linear dynamics
to be applied for the 3 degree of freedom model will include gravitational, aerodynamic (both

in VTOL and forward flight mode), and propulsion forces.

2.1 CAD Model

To create a model with realistic geometry, weight, and inertia, a conceptual model of a

hybrid type vehicle was conceived and modeled using a CAD program.

2.1.1 Key Features

The conceptual model applies a set of design features based on previous configurations
seen in the literature review. The chosen features, their reasoning, and the effect they have

in the derivation of the non-linear dynamics are discussed in the following list.

Fixed Airfoils: The chosen design has fixed (non-tilting) airfoils at a set incidence of
zero degrees. The fixed airfoils are used purely for forward aerodynamic lift and stability.
The airfoils are modeled as NACA 0012, symmetric, airfoils with no dihedral angle or sweep.
The choice of symmetric airfoil is made for simplicity and has the benefit of zero base aero-
dynamic forces. The zero base aerodynamic forces allows for aerodynamic stability of the

aircraft to support a zero angle of attack dl%ring transition should aerodynamic stability



derivatives be stable.

The choice of wing fixation was made under the assumption that the drag induced in the
vertical direction would be negligible in comparison to the drag felt at high wing tilt angles
in forward flight. As well, the complexity in modeling and control are reduced by a fixed

wing configuration.

In terms of the non-linear dynamic derivation, fixed wings will create a drag force and
moment in VTOL. VTOL aerodynamics of the airfoils are considered perpendicular flat plate
drag sources (a drag coefficient of 1.28). Forward flight will not see the flat plate drag and
the airfoil will be assumed in a linear range of aerodynamics angle of attacks (the airfoil

angle of attack will remain between negative ten and positive ten degrees).

Tri-Rotor Configuration: The chosen design utilizes a three propeller configuration.

The propellers are distributed along the aircraft with two forward propellers (having a com-
mon tilt and equidistant from the plane of symmetry) placed on the forward airfoil and the
third propeller fixed at the tail, along vertical body-axis. This configuration was chosen due

to its ability to maintain VTOL equilibrium with pure thrust alone.

A quad rotor design was considered for its ability to maintain thrust based VTOL equi-
librium as well. The quad rotor design model requires four symmetric propellers about the
center of gravity. The fourth motor can be seen as redundant and the commonly applied 2nd
wing structure incites dirty airflow when in forward flight. The decreased efficiency and the
presence of more redundancy removes a quad rotor type configuration from consideration in

this thesis. The modeling of the craft will consider 3 points of thrust as inputs.

Ducted Propellers: The finalized model makes use of ducted rotors. This increases

safety (a valid design criteria should the air(f%aft be used in densely populated areas) and



the ducted rotors allow for more efficient flow. This efficiency is gained by avoiding flow
interference that would occur between the open propeller airflow with its adjacent airfoil. In

terms of dynamics derivation, thrust will be modeled as independent of thrust angle.

Low Aspect Ratio: The aircraft will maintain a thick chord in comparison to its span.

The choice of low aspect ratio is with respect to the expected application of intercity payload
transport. Use within a dense city area will restrict vehicle width, removing the possibility
of more efficient high aspect ratio airfoil. The total span and length of the conceptual design

are similar in nature to the circumference of a commercial octocopter.

Aerodynamic coefficient iterations, and the resulting aerodynamic simulation coefficients,

were completed with the low aspect ratio as a design point.

Large Diameter Fuselage: The designed conceptual model includes a large diameter

fuselage. The large diameter fuselage was chosen to with the intention of efficient payload
storage. Storage of payload in the interior avoids inefficiency created by an exterior payload
drag. The coefficients of drag for packaging shapes such as 3-D boxes in particular are quite

large.

For modeling of the dynamics, interior payload storage means drag aerodynamics are

purely based off the exterior geometry.

2.1.2 CAD Model

Applying the above features, and iterating in conjunction with an aerodynamic modeling
program to achieve aerodynamic stability, results in the following CAD model seen in Figure

2.1] and the finalized geometric quantities can be seen in table 2.1}
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Table 2.1: The geometric quantities for the conceptual vehicle.

Fuselage Center of Gravity
Fuselage Length 0.95 | m X position 0.67 | m
Fuselage Diameter 0.3 | m Y position 0| m
Wing Z position 0] m
Wing Leading Edge X position 0.54 | m FWD Prop 1
Wing Span 1.6 | m X position 0.54 | m
Wing Chord 0.3 | m Y position 0.89 | m
Wing Planform Area 0.48 | m? 7 position 0| m
AR 5.33 FWD Prop 2
Horizontal Tail X position 0.54 | m
Hor. Tail Leading Edge X position 1.7 | m Y position -0.89 | m
Hor. Tail Span 0.7 | m Z position 0| m
Hor. Tail Chord 0.3 | m Tail Prop
Hor. Tail Planform Area 0.21 | m? X position 14 | m
Vertical Tail Y position 0] m
Ver. Tail Leading Edge X position 1.7 | m Z position 0| m
Ver. Tail Half Span 0.3 | m
Ver. Tail Chord 0.2 | m
Ver. Tail Planform Area 0.06 | m?

18



Figure 2.1: The conceptual design model of a VTOL /forward flight tri-rotor fixed wing

configuration.

In addition to geometric quantities, modeling of the masses was completed. All structural
components were approximated as lightweight material, such as carbon fiber-foam sandwich

structure, and carbon fiber tubing. The index of vehicle components masses can be seen in

Table 2.2

The CAD model also provides a means to estimate more direct inertia values. The inertia
about the Y-axis is thus determined to be 10.69 % by means of the CAD model. This inertia
will act as the base inertia for longitudinal rotation dynamics. Should the base design carry
a payload, there will be variations of the center of gravity that result in an altered inertia.
Modeling of the change of inertia with varied CG is completed based off point mass inertia

assumptions and the parallel axis theorem taking the final form

Iyy = ]yyO + InyaT (2-1)

2
mo+m
2 0 Var
Inyar - Xcgvm«(mo + mVar) + (mVar X
19 MvyarAecgVar

). (2.2)



Table 2.2: The mass properties of the hybrid conceptual vehicle.

Fuselage 6.5
Forward Engine( Individual) 1
Wing Half 1
Hor. Tail Half 0.5
Ver. Tail 0.5
Tail Prop 0.75
Tail Pipe 1.5
Payload 4.5
Unloaded Weight 13.5
Loaded Weight 18
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2.2 Longitudinal Dynamics

Modeling and control will occur for the longitudinal dynamics of the hybrid vehicle and
use a 3 DOF basis. The choice of the longitudinal plane, as opposed to both longitudinal
and lateral planes, is due to the main concerns of transition pertaining to gravity, the effect

of which is namely felt in the longitudinal plane.

The following assumptions are made for the longitudinal 3 DOF dynamics.

1. Flat Earth Assumption: The curvature of the earth will be ignored.

2. Sea-Level: The aerodynamics will be assumed to occur in constant air density. The

air density will be assumed sea-level, p = 1.225%.

3. Rigid Body: The airframe is considered rigid. Flexible structure dynamics are ig-

nored.

4. Linear Aerodynamics: The aerodynamics of the aircraft in the forward flight regime
assume linear a range. Angle of attack will remain within the range from negative ten

to positive ten degrees.

5. Fixed Mass and CG: Mass and CG variation are instantaneous and constant at the

moment of takeoff. The payload addition is assumed to have a static nature.

The standard body-fixed 3 DOF dynamic equations

m (i + qu) Fax + Fgy + Fps
m(w —qu)| = |Faz + Faz + Fpy (2.3)
I, (9) My + Mp

are applied [30] with the above assumptions. 51



The change of non-body axis states Euler angle # and altitude are described by

ol 1 . (2.4)
h usin(f) — w cos(0)

The dynamic equations assume no coupling between the longitudinal and lateral dynam-
ics. Lateral dynamic states v, 3, p, r, 1 and ¢ are all considered to be zero. The aerodynamic

effects of these terms will be considered negligible.

2.3 Gravity

Gravity is the main destabilizing factor during VTOL and early transition. Making use

of the flat earth assumption, gravity is expressed by

F —mgSin(6
Fo— |Fax| 2 | TmeSin@) ) (2.5)
Faz mgCos(0)

There is no moment applied due to gravity.

2.4 Propulsion

As stated previously, there are three thrust inputs present on the hybrid vehicle. The
tail thrust is applied to the body fixed vertical axis pointing away from gravity with no tilt
angle. The tail propeller is expected to utilize a maximum of 65 N in magnitude, and the

tail thrust force is assumed to be capable of both positive and negative thrust.

Each forward propeller can provide 100N of force in the direction of tilt. Limitations are
set for the deflection of the rotor tilt. The rotor tilt shall remain within 0 to 180 degrees.

This tilt angle range encapsulates rotation necessary for vertical and horizontal modes. These



limits allow for a large range of VT OL control efforts and allow for a fixed tilt of zero degrees

in forward flight.

The propulsion forces and moments take the form

Fpx T, cos(dT)
Fp= |Fpy| = ~T,sin(dT) —T; |- (2.6)
Mp Xr,T,sin(dT) + X7, T}

The variable dT' is defined from the forward body axis. The definition of positive dT’
deflection can be seen in Figure

Figure 2.2: The definition of the zero value and positive deflection direction of the rotor tilt.

Variation of the center of gravity will cause the moment arms of the forward and tail
thrust sources to be altered. The center of gravity variation will be applied to this configu-

ration through adjustment of X, and X; in ([2.6).

2.5 Aerodynamics

The aerodynamics for the given conceptual system are within two regimes, VTOL and

forward flight. The aerodynamics equations of each region will be described below.

23



2.5.1 Forward Flight

The forward flight aerodynamic forces and moments in the longitudinal plane can be
described by lift, drag, and pitching moment. The forces and moments are described with

stability derivatives and base aerodynamics coefficients of the form

D (Cpo + WAC—iw))CIdSw
L = (CLO + CLaa + Cqu + CL(Se&e)QdSw : (27)
M (CmO + Cmaa + C(mq(] + Cméede)CdeSw

The aerodynamics forces from ([2.7)) are then put into the non-linear equations

Fay —Dcos(a) + Lsin(a)
Fa= |Fa,| = |—Dsin(a) — Leos(a) (2.8)
My M

and describe the non-linear aerodynamics in the XZ Earth plane. Equation (2.7)) also as-

sumes that the efficiency factor e, is equivalent to 1.

The forward flight coefficients of the conceptual vehicle were determined by means of an
inviscid aerodynamic solver. The input geometry of the conceptual design can be seen in a

panel based model format in Figure [2.5.1

Figure 2.3: A 3-view representation of the aerodynamic model.

As stated previously, the airfoil incidences are zero degrees. The zero degree inclination

allows the assumption that aerodynamic ba@gl coefficients are equivalent to zero (with the



exception of parasitic drag). With base coefficients equal to zero, the stability coefficients

are used to linearly determine the aerodynamic forces and moments. The equation
C = CyAa + C;Aq + CyAde. (2.9)

describes the effect of each coefficient of the total aerodynamic force. The aerodynamic

coefficients determined with the inviscid solver can be seen in Table 2.3

Table 2.3: The aerodynamics stability derivatives determined from the invisid solver.

-1.32495 ‘

The parasitic drag coefficient is not a determined quantity within many inviscid solvers.
The parasitic drag coefficient is thus determined by means of the component build up method

[31] seen for this configuration as

SW S Sy

Table|2.4|describes the component drags considered for each major aerodynamic component

of the conceptual design and the final parasitic drag coefficient.

The addition of mass and resulting movement of CG will alter the aerodynamics coef-
ficients in Table , such as Cy and Cr,. The coefficients and their adjusted values can
be seen over a range of -0.1 m to +0.1 m variation from the center of gravity in Table [2.5
The non-linear model for the conceptual design will include look-up Tables describing the

coefficients as a function of the variation of the CG.
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Table 2.4: Component drags of various components of the conceptual aircraft.

Fuslage 0.01175
Wing 0.01
Hor Tail 0.004
Vert Tail 0.001
Total CD 0.02675

Table 2.5: A description of the alteration in aerodynamic coefficients due to CG variation.

5.353395 | 0.050743 | -2.5157 | -0.13102 | 0.338847 | -1.43794

-0.05 | 5.353395 | 0.045392 | -1.6235 | -0.12095 | 0.338847 | -1.38147
0 | 5.353395 | 0.040042 | -0.73129 | -0.11265 | 0.338847 | -1.32495
0.05 | 5.353395 | 0.034691 | 0.160911 | -0.10614 | 0.338847 | -1.26848
0.1 | 5.353395 | 0.02934 | 1.053229 | -0.10141 | 0.338847 | -1.21202
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2.5.2 VTOL Aerodynamics

The aerodynamic equations for VTOL assume forward velocity is small in magnitude to
vertical velocity and will be neglected. The only aerodynamic effect in VT'OL mode is thus
vertical velocity induced drag and moment. The majority of aerodynamic forces are assumed
to be caused by flat plate drag of the airfoils. Drag caused by the fuselage and tail pipe will
be neglected. The VTOL aerodynamics are described as

FAx 0
S
o O.SCDfppmewwz(S—thSw)
Fol=1] = S s . (2.11)
S
MA 0.5CDfppinfSw1[1)2(ﬁXH+Swa)
vy
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Chapter 3
CONTROL STRATEGY

3.1 Overview

As mentioned in previous section, a hybrid vehicle offers difficulties in many areas of
control design. The difficulties revolve around the large range of flight conditions in which
operation occurs and the nonlinear dynamics associated with these regimes. The plant itself
is an under-actuated system with more states to be controlled than inputs available for con-
trol. The inputs are strongly coupled with multiple inputs controlling the same state. Some

inputs can be being entirely ineffective in a flight space (elevator).

Control system design will focus on creating discrete controllers for the vertical takeoft
and landing regime, transition regime, and the forward flight regime respectively. To achieve
controller synthesis in the required regimes, redundant inputs will be designated off and

certain states will be considered disturbances.

The approach to forward transition from VTOL to forward flight is to use thrust based
lift to provide control in the VTOL and transition stages and then switch to aerodynamic
lift based control in the forward flight stage. The reverse sequence will occur for backward

transition from forward flight to VT OL.

3.2 Controller Goals

The plant model experiences dynamics in two different aerodynamics regimes, hover and

forward flight. The two are connected by tﬁ%nsition dynamics which will apply the same



aerodynamics coefficients as forward flight but will operate in lower velocities. Three con-
trollers will be applied for the total flight envelope in this thesis to guarantee stability during
operation in both VTOL and forward flight as well the connecting regime. The three con-

trollers and their necessary goals for each control regime are described below.

3.2.1 VTOL

The vertical take-off and landing controller is required to ensure stability in all states.
These states include forward velocity, vertical velocity, pitch angle, and pitch rate. The
expectation is that all states will remain zero with the exception of w, vertical velocity. The
altitude state is dependent purely on the aforementioned states and will be neutrally stable
should 8 and w be controlled to their desired values of zero and remain stable. If the vehicle
thrust is pointed away from gravity and all torques and forces are in equilibrium, the altitude

must be constant.

The expected operation involves the vehicle taking off and landing in building dense areas
where forward velocity would likely incite collisions. A requirement for zero forward velocity
will be imposed. Forward velocity also requires rotor tilting that in turn increases the thrust
load requirements to maintain hover or climb velocities. The application of non-zero forward

velocities will be applied only when a transition altitude is achieved.

The requirement is set that the VTOL controller must be effective over a vertical velocity
range of negative five to positive five meters per second. The vertical motion of a fixed wing
aircraft will induce drag due to aerodynamics effects. The aerodynamic effects are largely
ignored in much research for the VTOL regime but will be accounted for as flat plate drag
of the airfoils in this thesis. The variation of vertical velocity to achieve a desired altitude

will require controller effectiveness throughout a range of vertical velocities.
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3.2.2  Transition

The stability requirements for the transition regime are very similar to the VTOL con-
troller stability requirements. The requirements are altered however by considering the

forward velocity, and its effect on other states, as a disturbance.

The stability requirements for the transition regime are stable vertical velocity, pitch an-
gle, and pitch rate. The states will be controlled to zero for overall stability to be achieved.
Altitude will be controlled toward a constant value during the majority of transition as well
by means of stabilizing the states w, q, and theta. The argument is discussed in the VTOL

section.

A requirement of zero vertical velocity is chosen with the desire of constant altitude and
also with the desire of a zero angle of attack in forward flight. The desire of a zero angle
of attack is due to the transition controller treating aerodynamic forces as disturbances. At
zero angle of attack (for a symmetric aircraft with no incidence) aerodynamic forces are
zero. The zero aerodynamic forces thus minimizes the disturbances, and the transition event
requires less control effort. A zero angle of attack also increases the validity of the linear
aerodynamic assumption during transition as well as avoiding a braking effect of the vertical

tail.

The theta and pitch requirements act similarly to the zero angle of attack desire. Theta
and pitch rotation set to zero avoid braking forces due to angled thrust, specifically the tail
thrust which is fixed along the vertical body axis. Additionally the q and theta requirements
guarantee that the vertical body axis is always pointing away from gravity. This pointing
combined with no vertical velocity supports the goal of constant altitude as well as stabiliz-
ing the forward velocity. The forward velocity will be at least marginally stable due to the

avoidance of gravity excitement (the effect 0%61 non-zero theta) and the presence of drag.



The requirement that the transition control maintains a stable vehicle orientation as for-
ward velocity is accelerated from zero to 50 meters per second (a speed within the viable
flight envelope) is made. The acceleration period will employ a predetermined rotor tilt
trajectory. The scheduled tilt removes the need for trajectory planning for all configuration
of mass, CG, and their related inputs. A tilt schedule simplifies the forward acceleration and
allows for a more general application of the controller to new systems. Having a controller

design that creates a more amiable environment to the scheduled tilt is thus desired.

The requirement of removed redundancy by means of tail thrust pitch control only is
set. The lift force will be purely generated by thrust forces. The removal of the elevator
simplifies the redundancy of pitch control due to cross coupling of the elevator and tail fan.
The elevator would also incite an angle of attack disagreeing with the zero angle of attack

desires mentioned previously. As well the elevator is not very effective at low flight velocities.

3.2.8 Forward Controller

The forward controller holds the requirement of maintaining altitude following entrance
into the flight envelope. Stability of the states, u, w, q, and theta are maintained with
constant altitude flight as this is a steady level flight equilibrium.

The requirement of removed redundancy by means of elevator control only is set. A single
control pitch input is needed for constant altitude in steady level flight. The elevator is far
more efficient in forward flight and now has a larger control effect compared to the lower

flight velocities of the transition regime.

The controller is desired to maintain stability throughout scheduled tilt and thrust ma-

nipulations. The forward flight controller is a%qlied in the flight envelope at the flight velocity



of 50 meters per second. Transition in the forward flight regime will include multiple position
of rotor tilts and thrust to meet the parasitic and induced drags. The controller needs to be

able to manage the thrust and tilts for a successful transition.

3.3 Control Concepts

3.3.1 Full State Control

To create a linear controller for a general system the Jacobian method is applied to the
non-linear equation of the system states and inputs about a chosen equilibrium point. The
inputs used in linearization must be fed forward to the controller to maintain the expected
equilibrium. The Jacobian method takes the first derivative of all states and inputs as a
first order approximation of non-linear dynamics. The Jacobian method results in matrices
A, B, C and D. The matrices are used to create a continuous linear time invariant system
describing the non-linear mechanics of a hybrid vehicle for which a control scheme can be

designed. The general state space form can be seen in equation (3.1))

t=Ar+ Bu; y=Cx+ Du (3.1)

The first step of designing a linear controller is to determine the linear system properties.
System properties of interest include whether control is achievable/necessary, the current

stability type, and whether the system is observable.

The question of stability can be addressed by simply performing an eigenvalue test of
the determined A matrix. Should any eigenvalue have a positive real portion the system is
unstable. Eigenvalues are thus desired to have negative real portions. Control applications
allow for a change in sign of eigenvalues and are desired in cases where stability requirement

t met.
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The ability to stabilize the system revolves around the ability to control the states of the
plant. The controllability of a given system can be determined by taking the controllability

matrix

C=|B AB .. A" 'B (3.2)

and determining its rank[35]. When the controllability matrix is full rank the system is

controllable.

A similar method can be used to determine the observability of the CLTI system. The

observability matrix is of the form
!/
O=l|c ca .. ca] (3.3)

and describes the ability to discern all the states from a set of observations [35]. If the
observabilty matrix is full rank then all states are observable with the given output matrix
C. In the following thesis work, the assumption is made that all states are observed and the

plant is always fully observable.

Given knowledge of the system concerning stability, controllability, and observability
progress can now be made to form a theoretic control system for the given CLTI system.
To create a feedback controller for a given linear system, a stability matrix must be created
based on the A and B matrices and used in conjunction with the Lyapanov stability function

to create a feedback "K” matrix for which (A — BK) will have negative real eigenvalues.

First, the A matrix must be manipulated to find a stability matrix by subtracting a
constant multiplier of the identity matrix. This matrix and the B matrix for the given CLTI
system are then used to solve for matrix W, via the Lyapanov Equation[35]. A K matrix

can then be created using the B matrix and g%e newly found W matrix by applying



A=pl —A— AW + WA = -BB’

1
%P:Mﬁh+K:§RP (3.4)

Alternatively, with the given knowledge of the system concerning stability, controllability,

and observability, a theoretic optimal control system can be created for a CLTI system.

One method to create an optimal controller is to solve the Linear Quadratic Regulator

problem. The cost function for this regulator will take the form of

1 1
J = éfoPtfxtf + §/x’Qas + u'Ru (3.5)
[36] and, specifically for this thesis, the form
J= /x’Q:E +u'Ru (3.6)

will be applied.

In the cost equation J represents an associated cost of control. 'x’ and "u 'represent state

and input. QQ and R represent the cost weighting matrices for state and input control.

The Hamiltonian, otherwise defined as H takes the form

1
H= 5($'Qx +u'Ru) + M A, (3.7)

The Hamiltonian can be solved for an optimal input using minimization principles. By
use of linear algebra, and some clever inference, it can be found the form of the optimal u
(input) is

u:—Q%:%ZRf&H. (3.8)



The unknown matrix P in this formula can be found with knowledge of its end point Py
(considered zero in this thesis) and the use of the differential Ricatti equation [36] of the
form

P, = —AP,— PA,— Q, + P,B.R"'B,P,. (3.9)

The time varying P, matrix reaches a steady state value and can be approximated as a con-

stant, resulting in a time invariant optimal controller.

3.8.2  Integral Action

Full state gains provide stability about a linearization point but do not necessarily imply
zero tracking error. The ability to determine a steady state input while controlling state to
zero error is very useful when alteration of the system CG and mass occur without modeling
knowledge. A lack of CG and mass knowledge would be common in the case of UAV capable
of transporting payload. The application of integral gain is thus a necessary requirement for

a payload transportation and will be included in the full state control method.

The states space equations from (3.1)) can be modified with integrators to adjust for
system uncertainty and provide tracking of desired states. The process for augmentation is

to introduce a new state 'z’, where the relationship
i=r—y=r—Cx (3.10)

is held for the reference v’ and the output 'y’ [32].

The new state 'z’ thus represents the integral of the error between the reference and

output. Augmenting the previous A and B matrices to include the new variable results in

Anam Onzq anm
A* = B = (3.11)
_qun O%,Ig Oqarm



describing states and integrator dynamics (’q’ represents the integrated state dimension, 'n’

the states of the plant, and 'm’ the input dimension).

With the augmentation of the linearization matrices, linear control theory can be applied
to determine proportional and derivative gains. Using LQR or pole placement result in a

gain matrix

K* = | Kppon Kigun] (3.12)

with both proportional and integral gains.

It should be noted that the creation of the new states must also be represented in the
Q and R matrices for LQR. As well there are limitation of the integrator augmentation in
that the amount of states that can be tracked cannot be greater than the amount of inputs

available.

3.3.3  Gain Scheduling

An industry approved method for control of a range non-linear dynamics is the use of
gain scheduling. Gain scheduling itself is a generic term for the mapping together of linear

control systems along a family equilibrium points in a non-linear regime.

The steps for gain scheduling are commonly simplified to its main points [33].
1. Create a linear parameter varying system describing the non-linear plant.
2. Determine a family of operating points

3. Create linear controllers for the family fé equilibrium points.



4. Interpolate the controllers together and apply the total controller to the non-linear

system.

The linear parameter varying (LPV) system is commonly created via linearization of the
non-linear plant dynamics with the Jacobian method and leaving equilibrium values as gen-
eral variables. Points of equilibrium are then determined at varied parameters of interest
(found algebraically or numerically). Linear controllers designed for the LPV system can
be of any form, but a consistent controller form will simplify interpolation. In the following

controller synthesis interpolation via look up Tables with full state controller gains is applied.

3.4 VTOL Controller Synthesis

Linearizing the VTOL non-linear dynamics by way of the Jabcobian method results in
the required matrices for designing a controller for the VTOL stage. The linear parameter

varying systems in equation

0 —q —w —gcos(h) u
CDfpp'LnfS(Sh“"Sw)U) .
— u  —gsin(6
A= 4 " gsin(f) T = (3.13)
0 CDfppinfSw(ShXH-f—Swa) O O
I
vy
0 0 1 0
cos(dT) 0 __ Tpsin(dT) Tp
.m m T,
B = __sin(dT) 1 _ Tpcos(dT) U= (3 14)
Zrpcos(dl)+Xrpsin(dl) Xy  TpXtpcos(dT)—TpZryp sin(dT) 0 ar
Iyy Iyy Tyy de

describe the linearized state and input dynamics for VTOL.

Taking the eigenvalues of A and B at a hover condition results in all zero eigenvalues.

The zero eigenvalues represent a marginally sga/ble system. Intuitively, if the linearized hover



condition were to hold true at all times the plant would be marginally stable. This truth
holds for all case where linearization occurs about a zero theta. Linearizations about a non-

zero theta can be seen to have eigenvalues similar to

0.0000 + 0.00002 —0.1682 + 0.24071
A= , (3.15)
—0.1682 — 0.2407: 0.2563 + 0.00002

with positive and zero eigenvalues, the system is unstable.

In either case the desired stability results and convergence of states to a value is not
achieved and a controller is thus desired. The controllability matrix is tested for rank and is

found to be full rank and controllable.

For the VTOL case, integration of the two states w and theta are all that is required to
meet our controller goals of stability. The forward velocity, u, will be stabilized about zero

by proportional gains alone. The augmented A matrix will thus use

0100
Cint - (316)
0001

to describe the integration state variables.

The Q matrix for the given states and integrators takes the form

1 0 0 0 0 0
0 1000 0 0 0
00 1 0 0 0
Q= , (3.17)
0 0 010 0 0
0 0 0 0 100 0
00 0 0 0 100

with the states w and theta, and their integration, having a large weighting. When mass

is added or vertical velocity induces drag fog%es and moments these states will need to be



integrated to avoid tracking error. The forward velocity and pitch rate are stabilized by

quick integration of w and theta, and are thus weighted with less importance.

The R matrix

10 0 O
01 0 0
R= (3.18)
0 0 10 O
00 0 1

describes the weightings for the inputs. The R matrix for the VTOL controller puts a heavier
weight on the tilt angle control. Large deviations of the tilt can lead to instability when the
linear assumption breaks down. In addition the use of rotor tilt increases the thrust load of

the vehicle to compensate for redirected thrust vectors which is inefficient.

Applying the augmented A, B, Q, and R matrices to the LQR problem and solving for
gains results in a stabilizing controller. An example of eigenvalues created using this method

with the hover condition are

—8.3507 + 0.0000i —0.8032 + 0.8995i —0.8032 — 0.8995i
MNA* — B'K*) = . (3.19)
—0.7317 4+ 0.0000i —0.3213 + 0.0000i —0.5512 -+ 0.0000i

All eigenvalues are in the left half plane of the real-imaginary axis and thus all states, and
their integrated errors, are stable and their error will converge to zero. As well the eigen-
values’ magnitudes are not excessively large and control efforts are expected to not exceed

input limitations.

A simulation of the perturbed linear system with the controller can be seen below in

Figure 3.1]

The same method is completed for a range of vertical velocities from negative five to pos-

itive five meters per second. Points are choseg 9Within this range and their equilibrium states



TN
'\=. —w(m/s)
@ \ —q (rad/s)
g 05] \ Theta(rad)| |
.E \'\II
g oL \/ T —
= \ o/ )
B I|;"._ ‘.-'
A
an-051
\//
\/
-1 : :
0 5 10 15

Time(s)

Figure 3.1: The perturbed response of the linear system with feedback control provided by
LQR gains.

and inputs are solved for and added to LPV A and B matrices. The linear controllers are
then created and interpolated at each point. The interpolation of the controller is completed

by way of weighting function

C=aC;+ (1 —a)Cy where 0<a<l. (3.20)

In simulation, the interpolation is applied by use of look up tables following this weighting.
The remainder of the full state control system design is to include equilibrium inputs of
linearization as a feed forward controller inputs. These inputs are created from the unloaded
model of the system for the VTOL controller but will be passed on to following transition
controllers as discussed in the later switching section. Using the non-linear dynamics, the

geometric factors, and aerodynamic coefficients from the modeling section, the feed forward

inputs takes the f
inputs takes the form m



T, 112.416 — 0.318887 x W.2 x Sign(W)
T; 20.0192 — 0.222073 x W.2 x Sign(W
- (3.21)
ar /2
de 0

for the unloaded case. The unloaded case will act as the starting point for all control inputs.

Note that when 'w’ is equal to zero the hover equilibrium is found. The hover equilibrium
is found to be 112 N applied between the forward propellers, and 20 N applied by the tail
propeller. Both of the thrust forces are within the expected limitations mentioned in the

propulsion section of modeling.

With the application of optimal full state feedback and gain scheduling, the goals for
the VTOL controller are met. The states of the system are all stable, as can be seen by
the negative real portions of eigenvalues. The addition of integrators guarantees stability
and state tracking in the presence of model uncertainty. The gains scheduling gives stability
throughout the range of desired vertical velocities. The stability of the non-integrated state

of forward velocity will be kept stable about zero by proportional gains.

Demonstration of the VTOL controller applied to the non-linear system will be discussed

in the simulation section of this thesis.

3.5 Transition Controller

A similar method to VITOL control is applied to the transition controller method. A
linear parameter varying system is determined similar in nature to the hover LPV is created
but the state of forward velocity is ignored. Previous work with neural networks PID con-

trol [I12] has demonstrated the plausibility o£ 2 weight compensated hover controller to be



adjusted to achieve transition. The method using PID fails with poor knowledge of the CG,

and is adjusted to full state control in this thesis.

The systems A and B matrix are seen in equation and

0 u —gsin(0) w
A=100 0 |ir=g (3.22)
0 1 0 0
Tp
__sin(dT) 1 00 7
b= ZTPCOS(dT)Jrn;(TpSin(dT) X: U= (3.23)
Iy e 00 dT
de

Note that the input matrix B has two columns of zero. The rotor tilt angle is independently
scheduled and is not considered a usable input to the system. The elevator deflection is also

considered off due to its redundancy. The inputs are thus left blank in the input matrix.

The eigenvalues of this system are the same as in the hover condition. The eigenvalues
demonstrate the same marginal stability about the equilibrium point, and the same insta-
bility at non-zero theta. A check for controllability of the system gives a full rank of the

controllability matrix, three, and thus the system is controllable.

To achieve the controller goals mentioned above, w and 6 will be the integrated values

once more. The resulting integral C matrix takes the form

0100
Cint = . (3.24)
1
0,0 0



The states weight of the QQ matrix takes the form

(00 0 0 0]
0 10 0 0 0
Q=10 0 10 0 0 (3.25)
0 0 0 100 O
(0 0 0 0 100

with higher weights applied to the integrated states of w and theta. Quickly achieving and

maintaining the desired w and 6 equivalent of zero is a necessity for stability.

The R matrix takes the form

(3.26)

o O O
o O = O
S = O O

O_
0
().
1

with all inputs equally weighted. The thrust inputs are equally responsible for maintenance
of lift and moment control. The weighting for the elevator and tilt angle is irrelevant as these

inputs will be considered independent of feedback.

The chosen Q and R matrices are then applied to the LQR problem and gains are deter-

mined. The eigenvalues for the tilt angle of 90 degrees are

—0.7173 4 0.7246i —0.7173 — 0.7246i —0.4515 + 0.6878;
MA* — B*K*) = . (3.27)
—0.4515 — 0.6878i —0.8468 -+ 0.0000i

The eigenvalues all have negative real portion and are thus stable. The magnitudes are
small and the control effort is expected to stay within limitations. The resulting perturbed
response of the system can be seen in Figure[3.2] Non-linear control response will be covered

in the results section.
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Figure 3.2: Perturbation response of the linear transition controller with determined LQR

gains.

The gain scheduling approach is then applied with the varying parameter set to be the
tilt angle of the rotors. The tilt angle during the transition stage operates between 70 and
90 degrees (vertical). LQR gain matrices are determined for a family of points within the

tilt region and interpolated by the same weighting function as the VTOL controller (3.20)).

The inputs for feed forward are based upon the equilibrium condition from hover. The
equilibrium values learned from the prior hover stage are passed to the transition controller

such that the form

T, Tpegesc(dT)
T, Te
"= et (3.28)
dT Scheduled
de 0

is achieved. Tp., and T}, are the forward and tail thrust values when hover equilibrium with
the VTOL controller. These values are dependent on the payload and CG variation. A new
term ’csc(dT)’ can be seen included in the feed forward command as well. In implementation

of the final controller, the thrust constants Wig be altered based on the current rotor tilt in



order to maintain a thrust equivalent to weight.

The goals for the transition controller have thus been met. Through the LQR method,
proportional and integral gains have been determined which stabilize our three states of w,
theta, and q. The integration ensures that the equilibrium inputs for w and theta stability
are found and held. The tilt angle is left independent of feedback control, and is a scheduled

quantity as desired and the elevator maintains a zero input with no feedback control.

3.6 Forward Flight Control

The general form of linearized forward flight system. This form is a common definition

of the linear aerodynamics [30] is seen in (3.29) and ((3.30)).

Xy Xo—q X,—w —gcos(0) 0 u
q+ 7, Zy, u+ Z, —gsin(6) 0 w
A=| M, M, M, 0 0l ;2= |q (3.29)
0 0 1 0 0 0
sin(f) — cos(6) 0 ucos(f) +wsin(f) 0 h
I cos(dT) 0 _ Tpsin(dT) X, i o
__sin(dT) 1 _ Tpcos(dT) Zd Tp
B = Zrpcos(dD)+Xrpsin(dl)  Xpy  TpXrp cos(dT)—Tp Zrp sin(dT) My | su= T (330)
Iyy Iyy Iyy
dT
0 0 0 0
de
0 0 0 0 -

The variables seen in the A and B matrices are dimensional aerodynamic derivatives. The
aerodynamic coefficients and the flight condition discussed in the modeling section are the
basis for these dimensional derivatives. The dimensional derivatives at the flight condition

of 50 meters per second is given in Table [3.1]
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Table 3.1: Dimensional derivatives at a steady level flight condition of 50 meters per second

and a of two degrees.

Xu -0.07
Xalpha 1.621
Xq 0
Xde 0
Zu -0.4133
Zalpha -293.028
Zq -0.0065
Zde -15.57
Mu 0
Malpha -15.05
Mq -0.007
Mde -24.75
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The eigenvalues

[ 0.0000 + 0.0000i
—2.9456 + 2.5478i

A= | —2.9456 — 2.5478i (3.31)
—0.0231 + 0.2818i

| —0.0231 — 0.2818i |

can be seen plotted in Figure[3.3] A plot of the A matrix eigenvalues with variation of flight

(@) °
@© 0+t Phugoid Mode — °
§ Short Period Mode

Altitude Mode

-3 -2 -1 0
Real

Figure 3.3: The eigenvalue plot for a 50 meter per second flight speed at approximately 2

degrees angle of attack.

velocity ranging from zero to 50 meters per second can be seen in Figure (3.4

The phugoid mode has positive eigenvalues at low speed demonstrating a loss of aerody-
namic stability in the lower velocity range of transition. This instability supports the choice

of pure thrust based lift during the transitioi]?stage of control. At the flight velocity of 50
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Figure 3.4: Eigenvalues resulting form a sweep of zero to 50 meters per second flight velocity.

meters per second, the system is stable without control. The stability is purely the rejection

of disturbances and requires a controller for a desired state to be achieved.

To achieve a desired altitude and state equilibrium the use of a classical autopilot feed-
back design will be applied. The application for an altitude hold command via the classical
method is to create a nested feedback loop [30]. The inner loop describes a 6 controller and

the outer loop describes the altitude controller. A high level block diagram can be seen in

Figure [3.5

A stable feedback controller is created for both # and altitude loops. At the forward flight
stage of transition, the only input that is considered available for control is the elevator.
Having only one input reduces the system to a SIMO system. The controller can thus be

designed purely by looking at feedback contrgllgfor each loop as though the system was SISO
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Figure 3.5: A nested loop block diagram depicting a high level altitude controller.

while including any previously made controller witnin the loop. Usage of PID controllers
as means for theta and altitude control has been discussed as a plausible control design[34].

Applying PID controllers and tuning them results in PID gains

P 0.06
Altitude PID Gains= |T| = | 0.02 (3.32)
D 0.023
and
P —0.39
0 PID Gains= |T|=|-02]. (3.33)
D ~0.18

The determined PID gains are not excessively large and the controller effort is expected
within limitations on the non-linear system. An example step command shows altitude
tracking controller performance in Figures and The forward flight controller meets
the controller goals. Altitude is held constant and stable. The steady altitude flight results
in theta, alpha (and thus w, u, and q) all being constant and thus stabilized. The scheduled
inputs are theoretically stabilized by the presence of the integrator of the PID. Non-linear

simulation results are seen in the results section.

3.7 Transition Between Controllers

The controllers synthesized by the above methods all are expected to achieve the require-

ments of their respective regime. In this thefés the controllers will be left distinct and use
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Figure 3.6: Altitude response due to alti- Figure 3.7: Theta response due to alti-
tude step command. tude step command.

of logic switches will be applied to merge them. The transition methods and their switching

stages can be seen described below.

3.7.1 Forward Transition
Forward Transition: Hover To Transition Controllers

Forward transition begins with the VTOL controller commanded to maintain a hover
equilibrium. The logic switch for hover to transition controllers checks u, w, and w and
determines if the states are all be below chosen a threshold e. This logic decision means
that the switch will only occur when the translation is approximately zero and the change in
velocity has settled to an approximate steady state value. Theta is unchecked as a non-zero

theta will intuitively cause a non-zero 'u’, and is thus a repetitive check.

Once the conditions are met switching of the controller then occurs. A memory hold
function is applied at the moment of switching. The prior hover inputs are then given as

initial feed forward inputs of the transition Co%roller. The constant input, via memory hold,



lends a continuity between inputs as the switch occurs. In addition, any “learned” equi-
librium inputs from the original hover controller are passed on to the transition controller.
Saving learned equilibrium in memory removes unnecessary perturbation of initializing a new
controller between switches. At the end of the switch, hover is maintained by the transi-
tion controller for a short period of time before the transition controller begins its scheduled

events.

Forward Transition: Transition to Forward Flight Controller

Starting from a rotor tilt of 90 degrees the tilt is linearly decreased until the tilt is 70
degrees. Weight based thrust allows for a small tilt to largely increase the forward velocity
of the system. Throughout the linear decrease, the feed forward input change as a function
of tilt angle. The feed forward inputs maintain a constant altitude with zero vertical velocity

when combined with the transition feedback control.

The 20 degree deflection from vertical tilt held until the flight velocity in forward flight
becomes greater than 50 meters per second. At this speed the hybrid craft is within an
aerodynamic stable region and transition between the transition and forward controllers will

occur in a passively stable region.

Forward Transition: Forward Transition to Steady Level

Once 50 meters per second is reached, a switch is triggered the tail propeller then turns
off and all feedback dependent control is shifted to the elevator. The elevator then momen-

tarily stabilizes the vehicle until the forward flight scheduled events begin.

Following the switch of the vehicle to the forward flight controller, the elevator maintains

altitude by creating an angle of attack throgﬁh which aerodynamic lift can be applied to



the system. The thrust of the forward propellers is then linearly decreased from the weight
based feed forward of transition down to a thrust level that can maintain the forward flight
speed against drag. The given conceptual vehicle requires approximately 60 N of forward

thrust at the 70 degrees rotor tilt angle to overcome drag.

The rotor then begins to decrease linearly again until a zero degree tilt is reached. During
the tilt decrease, forward thrust, equivalent to drag at 50 m/s, is fed forward as a function of
tilt. A forward thrust of approximately 24 N is the required thrust to overcome drag at zero
rotor angle and velocity. During all scheduled events the elevator maintains the required

altitude hold control goal and is the only feedback control input.

Once zero degrees is achieved the vehicle is in steady level flight and forward transition
has been successfully completed. A switch can be applied to various other flight controller

at this point as well.

3.7.2 Backward Transition
Backward Transition: Steady Level Flight to Transition Controller

Backward transition begins from the zero degree tilt and 24 N forward thrust condition.
The signal for the backward transition switch comes from a pilot or a trajectory planning
program. The steps for forward transition to steady level flight are then applied in reverse.
The rotor tilt angle increases to 70 degree with the forward thrust feed forward control
adjusting as a function of tilt. At 70 degree rotor tilt, the thrust then increases back to
the previous, weight based, forward thrust. The elevator controls the system to maintain a

constant altitude during these schedules.

For a short period before the next SWitChS 2the forward speed increase due to the config-



uration applying more than the required thrust to meet drag. The elevator then switches
to a zero deflection and the tail propeller increases its thrust to weight match the weight
ad counter torque needs of transition. The thrust inputs then maintain a short hold at the
given altitude and tilt orientation. The rotor tilt then linearly increase to 92 degrees from

70 degrees and the vehicle begins to slow due to drag and backward propulsion.

Backward Transition: Transition Controller to Hover

Once near zero velocity has been achieved, the switch from transition to hover controller
occurs. The controller starting from the 92 degree tilt switched immediately to vertical ori-
entation of 90 degrees. The hard switch of the tilt is intended to avoid any unnecessary
braking. The VTOL controller then stabilizes the system and ensures that any forward ve-
locity is controlled to zero. Once equilibrium is reached the hover command is held. At this

point a climb or decent command can be issued.
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Chapter 4

RESULTS

In the following section, simulation of each control stage will be discussed as it pertains
to the overall flight. Simulations will occur and the state and input information will be
made available to the reader. Discussion of the states, the inputs, and the overall controller
effectiveness will be discussed. For simulation in this thesis, the system will be simulated

without a floor, i.e. altitude can decrease below zero.

As a note, mass and cg variation will be discussed for the hover condition only. The
passing of equilibrium inputs from hover to transition results in less differentiation of state
and input responses for the transition and forward flight. Discussion for the unloaded case
and loaded case are very similar in nature, and thus the discussion will follow the unloaded
case to avoid redundancy. A total flight of the unloaded and loaded cases will be shown at
the end of the results and comments concerning their differentiation will be discussed at that

time.

4.1 VTOL Controller: Hover Mode

4.1.1 Unloaded and No CG Variation
States: Unloaded and No CG Variation

The states of the tri-copter using the VT OL controller with a desired hover equilibrium
can be seen in Figure [4.1]

Forward Velocity(u): The forward velocity&an be seen to start from 0 and increase slightly
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Figure 4.1: Stated of hybrid vehicle in hover mode with 0 Kg added payload and 0 m variation
of the CG.

due to deflection of the forward propeller tilt. The velocity quickly returns to zero. The for-
ward velocity is also seen to have a very small magnitude compared to the other states.

Vertical Velocity (w): The vertical velocity accelerates due to gravity before the thrust

reaches weight values. The thrust then increases and reduces the magnitude of vertical ve-

locity to zero.

Angle of Attack(a): Meaningless at low forward velocity. This state will be removed from

discussion until transition to forward flight.

Pitch Rate(q): There is a small fluctuation in pith rate as the aerodynamic moment in-

duced by vertical velocity causes net torque. The effect of pitch rate is seen through theta.
This state will not be discussed during the remainder of the paper.

Euler Angle(0):The increase in vertical velocity due to gravity creates a pitching up moment

due aerodynamic drag. The forward wing has a larger drag resulting in the pitch direction

being positive. The aero induced moment qauses theta to increase to approximately two



degrees before the VT'OL controller brings it to a steady zero degrees.

Altitude (h): Altitude is decreased due to gravity. Once inputs achieve weight based values

the altitude levels out and becomes constant.

Inputs: Unloaded with No CG Variation

The inputs of the tri-copter using the VT OL controller with a desired hover equilibrium

can be seen in Figure 4.2

Forward Thrust (T,): Forward thrust begins at zero then overshoots its equilibrium be-

Figure 4.2:
of the CG.
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Inputs of hybrid vehicle in hover mode with 0 Kg added payload and 0 variation

fore settling down to its final input value for the hover condition. This value is approximately

112 N.

Tail Thrust (T): Tail thrust begins at zero then overshoots its equilibrium before settling

down to its final input value for the hover cogéiition. This value is approximate 20 N.



Rotor Tilt (dT): Starting from 90 degrees (vertical) the tilt only deviates about three

degrees. The variation is due to coupled inputs being used to achieve equilibrium, followed
by control of the non-zero surge velocity to zero.

Elevator Deflection (de): Elevator is not applied in VTOL control and will be removed

from discussion until the forward flight section.

Discussion: Unloaded with no CG Variation

The VTOL controller demonstrates a stabilization of the states u, w, theta, q, and al-
titude, seen in Figure [4.1 by the input process, seen in Figure [4.2with no payload and no
variation of the center of gravity. As the system initiates, all states begin at zero and an
expected drop in altitude occurs as the thrust inputs initiate. In reality the ground would
prevent this drop and a slow start up would guarantee that the vehicle remain on the ground
as it learns the equilibrium input values. The inputs all remain within reasonable ranges.
Thrust is within the specified limits and the tilt angle is small. The system is acting as
expected and achieves the controller goals set forth in the VTOL control strategy for hover

mode.

4.1.2  Loaded with No C'G variation
States: Loaded with No CG variation

The states of the tri-copter using the VT OL controller with a desired hover equilibrium
can be seen in Figure [4.3| with varied kilograms of added mass.

Forward Velocity (u): The magnitude of forward velocity deviation from zero increases

as a higher mass is applied. This deviation is due to the increased vertical velocity creating
a larger aerodynamic pitching moment that in turn allows more gravitational effects to be

felt on the forward body axis. The time to s%t%le to equilibrium is also increased.
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Figure 4.3: State of hybrid vehicle in hover mode starting with 0-4.5 kg added payload and
0 m variation of the CG.

Vertical Velocity (w): The vertical velocity increases in magnitude and settling time with

increased gravitational force compared to the unloaded model.

Euler Angle(6): The higher vertical velocity causes a higher pitch moment that then results

in a higher theta deviation. Theta deviation increases to approximately ten degrees at full
loading.

Altitude (h): The effect of gravity can be seen to cause increased loss of altitude due to

the presence of increase mass.

Inputs of Loaded with No CG variation

The states of the tri-copter using the VT OL controller with a desired hover equilibrium

can be seen in Figure [£.4 with varied kilograms of added mass.

Forward Thrust (Tp): The equilibrium valggs can be seen to increase with increased mass.



2kg 10
50 ko
——4kg 5
‘ 45kg
0 0
0 5 10 15 0 5 10 15
time time
0
92 S
% . 02-
B 5-04
[} 2-04 -
gooo | - ] g
584~ 8-06-
82 -
0.8 -
80 -
-1
0 5 10 15 0 5 10 15
time time

Figure 4.4: Inputs of hybrid vehicle in hover mode starting with 0-4.5 kg added payload and
0 m variation of the CG.

Tail Thrust (Ty): The equilibrium values can be seen to increase with increased mass.

Rotor Tilt (dT): The increased mass causes a larger variation of the tilt angle. The larger

deviation is the result of higher state deviation above and coupled inputs. The rotor tilt

angle begins to approach 75 degrees.

Controller Effectiveness of Loaded Hybrid Vehicle with No CG Variation

The states of the tri-copter using the VT OL controller with a desired hover equilibrium
and added mass can be seen in Figures and [£.4] As added mass increases the responses
and extends the time to settling. The inputs and states share a similar effect scaling in size
and transient time. New equilibrium values are found for both the thrust inputs. Regard-
less of mass, the added the system remains stable and the inputs remain reasonable. The

controller remains effective in the simulation % increased payload.



4.1.83  Unloaded with CG Variation

States: Unloaded with CG Variation
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Figure 4.5: State of hybrid vehicle in hover mode starting with 0 kg added payload and -0.05
to 0.05 m variation of the CG.

The states of the tri-copter using the VTOL controller with a desired hover equilibrium
and -0.05 to 0.05 m variation of the CG can be seen in Figure [4.5

Forward Velocity (u): The forward velocity is an order of magnitude larger than the non-

deviation case. The result of a largely increased theta angle. Movement of the CG forward
creates larger perturbations and settling time of forward velocity. The velocity is bounded
but values maintain small non-zero values. These values slowly disappear as the rotor tilt
settles to vertical.

Vertical Velocity (w): The vertical velocity has higher values as well as alternating be-

tween positive and negative values with CG V%Ibiation. The variation is due to the equilibrium



input feed forward being incorrect for the given moment arms. Movement of the CG forward
acts to increase the overshoot in the negative direction as well an extended settling time.
The backward motion of the CG settles similarly to the unloaded case. Both directions of
CG variation change the moment arm between the thrust points and the CG acting to lower
performance of the base control model.

Euler Angle(d): The theta angle increase to positive 25 degrees with a backward motion

of the CG and decreases to -50 degrees as the CG is adjusted forward. The increase is due
to adjusted moment arms of the thrust inputs due to CG variation. The magnitude is the
result of the control input sensitivity increasing based on cg variation.

Altitude (h): Altitude values show an increase in altitude with forward CG movement. The

backward CG movement induces a larger loss of altitude. These gains and losses correspond

to the combination of theta and w variations discussed above.

Inputs of Unloaded and CG Variation

The states of the tri-copter using the VT OL controller with a desired hover equilibrium
can be seen in Figure 4.6| with -0.05 to 0.05 m variation of the CG.
Forward Thrust (T,): The equilibrium input of the forward thrust differ by about 10 N

from a 0 CG variation position. The variation is due to the new moment arm. Fluctuations
also increase in time length and the integrator gains adjust to the new CG position.

Tail Thrust (Ty): The equilibrium input of the tail thrust differ by about 10 N from a 0 m

CG variation position. The variation is due to the new moment arm.

Rotor Tilt (dT): The variation of the rotor tilt angle now increases to large magnitudes.

The limit of 180 degrees (which would then the put the proportional controller into a spin)
is not reached . Variation is much larger than the base configuration with fluctuations of

50-60 degrees about vertical. The settling time is also much slower to integrate to vertical tilt.
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Figure 4.6: Inputs of hybrid vehicle in hover mode starting with 0 kg added payload and
-0.05 to 0.05 m variation of the CG.

Controller Effectiveness of Unloaded and CG Variation

Figures and represents an unloaded case with deviation in center of gravity. The
stability of the states holds with the increased magnitude of the states due to the CG vari-
ation, approximately 15 percent of the chord. The vertical velocity begins to show a poorer
stabilization performance affecting the altitude in turn. In general movement of the center of
gravity toward the nose of the hybrid craft appears to alter the controller performance in a
more negative fashion than positive cg variation. This poorer stability is due in large part to
the tail propeller having an increased pitch effect with a now overly high initial equilibrium
feed forward. The difference is integrated but the initial error has a more aggressive effect

with forward cg variation than backward variation.

The inputs begin to deviate from their equilibrium values largely to adjust for the center

of gravity adjustment. The rotor tilt angle b(é%ins to deviate from vertical to approximately



50 degrees before settling. The most notable changes occur in the thrust levels of the hybrid
craft. The adjustment of the moment arm of the thrust inputs require the integrator to find
a steady state value as opposed to the feed forward inputs meeting this need. The controller
begins to reach extremes of tilt but it remains within a plausible input and stabilizes the
system still. The forward velocity is now non-zero but bounded and slowly approaching
zero as the tilt reaches vertical. The achievement of equilibrium is the result of the VTOL

controller meeting the majority its requirement goals. The performance is poorer compared

to the base model but still successful.

4.1.4  Loaded with CG Variation

States: Loaded and CG Variation

u (m/s)
o o
T o o
A
|
il
\‘\
|
i .O.OO'OL‘
88358¢
3 3
—
w (m/s)
o - N
{

0 5 10 15 0 5 10 15
time(s) time(s)
4 ‘ ‘ \ 40
52 ‘ 2 20
@ | =]
s0 3
- = 0 - e T
S22 | o
4 | 20
0 5 10 15 0 5 10 15
time(s) time(s)
0
20
> 0— — —— E-Z \\
T-20 - =
=40~ 4 — N —
-60 - . L L N i L L
0 5 10 15 0 5 10 15
time(s) time(s)

Figure 4.7: State of hybrid vehicle in hover mode with 4.5 kg added payload and -0.05 to
0.05 m variation of the CG.

The states of the tri-copter using the VTé)?)L controller with a desired hover equilibrium



and with 4.5 kilograms added mass and CG variation can be seen in Figure [£.7]

Forward Velocity (u): The majority of forward velocities are clustered with the forward

CG variation of 0.5 meters demonstrating an unsteady trajectory towards equilibrium. The
effect of CG variation is increased due to mass. The forward velocities are small non-zero
values but all velocities remain bounded and approach zero as tilt approaches vertical.

Vertical Velocity (w): The vertical velocity is similar to its unloaded with CG variation

case. There is an increase in magnitude with larger variation in the forward direction. There
is both positive and negative velocities apparent as the CG varies. All values settle to zero.

Euler Angle(6): The theta angle has large deflections at the CG variation extremes. The

effect has been magnified by increased weight. The values remain below a magnitude of 90
degrees but show poorer performance.

Altitude (h): The altitude is decreased due to the added mass creating an increased ver-

tical velocity. Settling time is increases and largest deflection occur. These variations are

worse with forward CG variation.

Inputs: Loaded and CG Variation

The inputs of the tri-copter using the VT OL controller with a desired hover equilibrium
can be seen in Figure 4.8 with 4.5 kilograms of added mass and 0.05 meters of CG variation.

Forward Thrust (Tp): The transience in settling time is increased as the CG is moved

forward. Backward motion of the CG variation performs similarly to no CG variation. The
equilibrium value has increased from the non-loaded case.

Tail Thrust (Ty): Higher fluctuations occur before equilibrium. An unsteady trajectory

to equilibrium results from forward CG variation. The values of thrust approach negative
thrust but achieve equilibrium in all cases.

Rotor Tilt (dT): The tilt angle approaches the limits of proportional control. Tilt angle

remains within 180 but are largely past linear assumptions. The worst effect is seen with

forward CG variation but the backward C% 4variation shows decreased performance with
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Figure 4.8: Inputs of hybrid vehicle in hover mode starting with 4.5 kg added payload and
-0.05 to 0.05 m variation of the CG.

added mass as well. The integration to vertical tilt is slower with adjusted cg variation.

Controller Effectiveness of Loaded and CG Variation

The final Figures for hover simulation are seen in and [£.7] The entirely loaded cases
and CG varied cases are extreme but still stabilized. The amount of time necessary to settle
are much larger than the unloaded model. The theta angles and tilt angels begin to push
input limits but remain within the plausible domain. The inputs are similar to the CG
variation case with larger magnitude and settling time. The effect of added mass and CG

variation leads to the poorest controller performance when variation is forward.

The VTOL controller maintains stability of the hover equilibrium. All states and inputs

are bounded. Forward velocity is small and AQn-zero but remains bounded as the rotor tilt



approaches vertical. Going forward the learned equilibrium will allow the transition con-

troller to avoid large initialization deviations. The goals for VT OL are still successfully met.

4.2 VTOL Controller Climbing/Descending

4.2.1 VTOL Controller: Climbing

States: Climbing
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Figure 4.9: State of hybrid vehicle with 2.5 meter per second climb starting from hover

achieved with hover mode and climbing with 0 kg added payload and 0 m variation of the

CG.

The states of the tri-copter using the VTOL controller starting from hover starting with

0 kg added payload and 0 m variation of the CG can be seen in Figure 4.9

Forward Velocity (u): The forward velocity fluctuates slightly as transition begins at ap-

proximately 3 seconds. The magnitude is smé%l and reaches equilibrium.



Vertical Velocity (w): The demanded velocity of 2.5 meters per second is achieved and

held with slight overshoot.

Euler Angle(6): The theta angle can be seen to fluctuate between positive and negative five

degrees as the climb begins. This fluctuation is due to a change in aerodynamic moment due
to vertical velocity induced drag and drag moment. The inputs stabilize about the desired
velocity.

Altitude (h): The altitude increases linearly as the vertical velocity is held.

Inputs Climbing
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Figure 4.10: Inputs of hybrid vehicle with 2.5 meter per second climb starting from hover.

The inputs of the tri-copter using the VT OL controller starting from hover and climbing
with 0 kg added payload and 0 m variation of the CG can be seen in Figure [4.10]

Forward Thrust (Tp): There is a pulse as increased lift is generated to create due to

proportional error caussed by the 2.5 meter et second command. It achieves equilibrium



shortly after. The final input is increased slightly from its initial position. The increase is
due to the presence of aerodynamic drag and moment. There is also an associated increase
with the rotor defection to maintain equilibrium.

Tail Thrust (T;): Similarly the tail thrust has a pulse as vertical velocity is increased be-

fore settling down to a steady value slightly above its initial value. The increase is due
proportional control effort causing an initial upward pitch.

Rotor Tilt (dT): There is slight fluctuation in the tilt angle to adjust the forward velocity

back to zero following a non-zero theta induced acceleration caused by the pitching moment.

It remains within a seven degrees of vertical.

Controller Effectiveness of Climbing

Figures [4.9] and represent the hybrid vehicle dynamics during climb. The assumption
that vertical climbing occurs following a hover equilibrium is made. Reaching equilibrium is
not necessary for the unloaded model but loading and CG variation will make use of learned
equilibrium states from hover to allow a gentle transition. Hover mode will be the starting
point for either climb or descent. The states remain stable and follow the command. From
the hover equilibrium, climb begins and a constant increase in altitude is achieved. The
theta angle has a small fluctuation between plus and minus five degrees and is acceptable.
The inputs spikes as climb mode is entered but reach steady state without exceeding their
limitations. The change in the tilt of this thrust also remains within a bounds of about seven
degrees deflection from its vertical position and is acceptable. The climb of the vehicle is
achieved and stability is maintained. The VTOL control goals for vertical velocity climb are

met.
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4.2.2  VTOL Controller Descending

States Descent
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Figure 4.11: State of hybrid vehicle with 2.5 meter per second descent starting from hover

The states of the tri-copter using the VT'OL controller starting from hover and descending

can be seen in Figure 4.11

Inputs Descent
Controller Effectiveness of Descending

A reflected change of the states and inputs of the descent command as compared to the
vertical climb can be seen in Figures and [1.12] The velocity command is achieved and
stable as noted by the w velocity. The altitude can be seen to decrease linearly as demanded.
All other states remain in reasonable domains with small magnitudes and transience. The
inputs of thrust can be seen to drop and hold equilibrium at lower than hover values. The

decrease is expected as gravitational force asgbsts in achieving the vertical descent. The tilt
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Figure 4.12: Inputs of hybrid vehicle with 2.5 meter per second descent starting from hover.

angle has small deviation from vertical and achieves it vertical equilibrium over time.
All inputs are stable and reasonable. For the base conceptual model the VTOL controller

goals are met for descent.

4.3 Forward Transition

The dynamic responses of the transition controller will now be simulated and discussed.
All simulations going forward assume that hover is achieved and that transition occurs at

the altitude of hover equilibrium.
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Figure 4.13: States of hybrid vehicle during forward transition.

4.3.1 Howver to Forward Transition
States of Hover to Forward Transition

The transition dynamics can be seen in 4.13|

Forward Velocity (u): The forward velocity increases as the tilt schedule begins at ap-

proximately 15 second. The thrust being applied along the tilt direction overcomes forward
drag resulting in velocity increase. The effect drag can be seen by the concave down nature
of the curve. Forward acceleration magnitude is decreasing with increased velocity as aero-
dynamic drag grows.

Vertical Velocity (w): The vertical velocity maintains a value of zero following VTOL

hover command. The value remains at zero with only slight pertubations due to imperfect
thrust values. The vertical velocity also corresponds to the desired angle of attack of zero.

Angle of Attack(a): The angle of attack following transition achieves a steady value of

zero. Compared to pre-transition data, the fo,Hvard velocity is now at a speed where angle of



attack is applicable. The effect of forward velocity can be seen at approximately 15 seconds.
The curvature approaches zero suggesting that the w to u ratio is decreasing with forward
velocity.

Euler Angle(f): Theta remains zero during transition due to control effort and shows only

small variation due to imperfect thrust values being controlled to equilibrium.

Altitude (h): The altitude remains approximately constant during transition. Only slight

changes due vertical velocity and theta movement.

Inputs of Hover to Forward Transition
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Figure 4.14: Inputs of hybrid vehicle during forward transition.

The transition inputs can be seen in [4.14}

Forward Thrust (Tp): The initial equilibrium is held then increased as a function of tilt

angle. The value doesn’t fluctuate as it is scheduled.

Tail Thrust (T;): The tail thrust remains aﬁ%proximately constant as no additional thrust



is required to maintain pitch orientation. There is small fluctuation as the tilt occurs.

Rotor Tilt (dT): The rotor tilt can be seen to decrease in value linearly. The decrease is

scheduled and stops decreasing at 70 degrees.

Controller Effectiveness of Hover to Transition

The control strategy section described above makes use of a memory hold during the
switch of the transition controller. Starting from the hover condition, equilibrium inputs are
passed forward to to the feed forward portion of the transition controller and can be seen
by the smooth transition. The switch of controllers occurs after settling of equilibrium is

approximately achieved as discussed in the switching controllers section.

The forward transition was activated at about 15 seconds. The tilt begins its scheduled
maneuver once switching occurs. Thrust inputs follow a feed forward that is a function of
tilt angle to maintain pitch orientation during transition. The effects of forward transition
at about 15 seconds when the surge velocity begins to increase. All other states remain at
relatively zero as is desired. No disturbances are assumed and there is little fluctuation once

the equilibrium is passed from hover to the transition controller.

All states remain stable, the inputs remain constant and within their limits following the
70 degree tilt change, and the velocity is increasing as desired. The transition controller

goals are met on the non-linear system.
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Figure 4.15: States of hybrid vehicle during transition to forward flight.

4.3.2  Transition to Forward Flight
States: Transition to Forward

The states of the switch to forward flight mode from transition are seen in |4.15|

Forward Velocity (u): The forward velocity can be seen to increase to 50 meters per sec-

ond. Once 50 meters is achieved, the speed then decreases slightly due to the presence of
lift induced drag (from the now applied elevator) and the scheduled thrust levels. It reaches
an equilibrium speed of approximately 50 meters per second after all scheduled inputs have

terminated.

Vertical Velocity (w): The vertical velocity can be seen to spike and then reach approx-

imately one meter per second. The spike is due to the angle of attack created by elevator
usage at the initial weight based thrust. The thrust then decreases, resulting in the one
meter per second hold, it then grows to reach a constant velocity of about two meters per

second. The constant nature of this speed i%iquivalent to a constant angle of attack. The



velocity is held once the scheduled inputs terminate.

Angle of Attack(a): The angle of attack is now a non-zero value. An initial perturbation

occurs at seven seconds due to a zero elevator command overshooting the needed deflection.
Next it increases as the thrust decreases on its schedule. The increase is a result of more
aerodynamic lift being required to maintain altitude. The trajectory follows the same tra-
jectory as vertical velocity. Angle of attack is function of the ratio of vertical velocity to
forward velocity so this makes sense.

Euler Angle(f): The theta angle follows the angle of attack trajectory and remains con-

stant after reaching an approximate value of two degrees. The similarity of the curve with
the angle of attack implies steady level flight conditions are being met.

Altitude (h): There is a small fluctuation of altitude during the switch but overall altitude

is maintained. There are three fluctuations of note. The large fluctuation due to the initial
switch occurring at seven seconds and is due to the elevator inducing an angle of attack
spike which induces aerodynamic lift that is more than that required for weight. The small
fluctuation at 30 seconds is the result of the tilt schedule beginning. Finally, the perturba-
tion at 65 seconds occurs when the final configuration (with zero tilt) is achieved and the
schedule terminates. The time length of the largest fluctuation is approximately 10 seconds
with magnitude around 0.8 meters peak to peak. The variation is slow and acceptable per-

formance.

Inputs: Transition to Forward

The inputs of the switch to forward flight mode from transition are seen in [4.16]
Forward Thrust (T}p): The forward thrust enters the previously described schedule. Thrust

decreases to 60 N, then decreases as a function of tilt angle until it reaches 24 N at zero
degrees tilt.
Tail Thrust (T):The tail thrust is turned off once the switch to the forward flight controller

is made at seven seconds.
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Figure 4.16: Inputs of hybrid vehicle during transition to forward flight.

Rotor Tilt (dT): Starting at 25 seconds the tilt begins to decrease from 70 degrees linearly

to zero degree deflection.

Elevator Deflection (de): The elevator is applied immediately at the switch at seven sec-

onds. There is an initial to counter the pitch created by a forward thrust input without
counter tail thrust torque. There is a slight overshoot resulting in a slight fluctuation near
the peak. It then decreases as to a steady value as the thrust decrease to steady level con-
ditions with thrust at 60 N. The hold is maintained until 25 seconds when the tilt schedule

begins. It then decreases its deflection as zero degree tilt is approached. The decrease is due

to decreasing pitching moment created by the forward thrust.

Controller Effectiveness of Hover to Transition

The switch results in various shocks felt through states. The presence of aerodynamic

lift and its induced drag effects are seen in W and w. The forward speed remains around



the flight velocity of forward controller design and reaches equilibrium at about this value

following the termination of the input schedule.

The angle of attack remains positive and demonstrates that aerodynamic lift is being
applied to the vehicle as well as thrust lift. Angle of attack adjusts to meet the lift require-
ments of the scheduled inputs. The theta values mimic the angle of attack values during this
time. The similarity of these state is expected near a steady level flight condition. Angle of
attack and theta are equal at a steady level flight condition. The data thus is adding validity
to a steady level flight control effect, a desired result of the forward flight controller. The
altitude varies by approximately 0.4 meters over a course of approximately 10 seconds. The
fluctuation is small and the time span is large. The transient nature can then be considered

an acceptable variation about the desired altitude.

The inputs, with the exception of the elevator, are all scheduled during this stage. The
trajectories seen in Figures [£.15] and demonstrate the effectiveness of the elevator to
maintain stable dynamics during transition to the forward flight. Of note as well, there is
a large drop in forward thrust compared to the required 120 N in hover mode. This thrust
decrease is desired and results in a more efficient usage of thrust for flight compared to the

weight based thrust.

The goals for the forward flight controller of maintaining altitude and stable states during

the scheduled variation is achieved.
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Figure 4.17: States of hybrid vehicle during backward flight transition.

4.4 Backward Transition

4.4.1  Switch form Forward to Transition Controllers
States: Forward flight to BWD Transition

The states of the switch to transition controller mode from forward flight are seen in
417

Forward Velocity (u): The forward velocity remains constant at the steady level flight

condition speed until the switch occurs. The weight based thrust is reached before the tilt
angle returns to 90 degrees thus there is an accelerating force when the rotor tilt is at 20
degrees. The result is an increase in the forward velocity magnitude for a short period after
48 seconds. Once the tilt moves past the vertical orientation, forward velocity begins to slow
due to drag and a slight amount of backward propulsion.

Vertical Velocity (w): The vertical velocity decreases as the tilt increase. The reverse

of its previous transition. The decrease is g%lée to the adjusted angle of attack needed to



maintain lift decreasing. The value quickly reaches zero once the tail thrust input begins.

Angle of Attack(a): The angle of attack decreases from its constant value as less lift is re-

quired. The trajectory mirrors the forward transition trajectory. The angle of attack reaches
a zero equilibrium once the tail thrust starts. It reaches this value more quickly than theta.

Euler Angle(f): Theta also decreases as less lift is needed and reaches the zero degree

configuration as is desired by the transition controller. Theta decreases to zero less quickly
than angle of attack. The result is that a non-zero theta exist for a short period with zero
angle of attack.

Altitude (h): There is a fluctuation of altitude that occurs immediately following the

switch. The increase occurs while theta is positive and angle of attack is zero. The forward
velocity is applied at an angle of theta with no vertical velocity to cancel out the gain in
altitude. The moment theta switches to a negative value the altitude begins to drop due to

the same effect. Once theta reaches zero the altitude becomes constant.

Inputs: Forward flight to BWD Transition

The inputs of the switch to transition controller mode from forward flight are seen in

I8
Forward Thrust (T,): The forward thrust follows its pre-stated schedule. The thrust in-

creases as function of rotor tilt until 70 degrees is achieved. The thrust then increases to its
weight based value. Forward thrust overshoots for moment then settles to equilibrium.

Tail Thrust (T;): The tail thrust is activated at the moment of switching. It quickly climbs

to the weight based value from transition. A small amount of overshoot is present and equi-
librium is reached shortly thereafter.

Rotor Tilt (dT): The tilt angle is increased from 0 to 92 linearly as is scheduled. The

extra 2 degrees back act as a brake to slow the vehicle more quickly.

Elevator Deflection (de): The elevator increase its deflection to create a counter torque

created from the tilted and increasing thrus%ghe deflection trajectory mirrors the forward
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Figure 4.18: Inputs of hybrid vehicle during backward flight transition.

transition trajectory. The elevator then settles to zero following the switch to tail thrust.

Controller Effectiveness of Hover to Transition

Beginning from forward flight condition, seen as the initial value of the states in Figure
[4.17) backward transition occurs. A majority of the inputs, seen in Figure are scheduled
during this time. The tilt of the rotors increasing signals the beginning of the switch. The
states can be seen to function similarly to the forward transition. There is a lag in the
controller as vertical velocity equivalent to zero is achieved before theta is zero. The lag
results in a fluctuation of altitude. The variance of altitude occurs over 15 seconds and can

be considered a gentle transience.

All states remain stable and all inputs are within the acceptable limits. The switch is

successful with both the forward and transitié)dl controller goals being met.



4.4.2  Transition to Hover

States: Transition to Hover

The transition states can be seen in Figure [£.19

Forward Velocity (u): Forward velocity decrease as a result of drag forces and slight re-
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Figure 4.19: State of hybrid vehicle during backward transition to hover.

verse thrust. At 28 seconds forward velocity reaches zero and the hover controller is turned

on. The forward velocity is then controlled to zero for the remaining time.

Vertical Velocity (w): The vertical velocity remains at zero until the switch is made. The

rapid upward tilt creates momentary jump in vertical velocity due to thrust.

Euler Angle(6): Theta remains at zero until the switch occurs. The theta angle then fluc-

tuates upward due to an increase in forward vertical thrust as the tilt angle jumps to vertical.

The variation is small in magnitude.
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Altitude (h): There is a slight gain in altitude due to the forward movement of the tilt

angle increasing the lift force. The altitude is then held constant.

States: Transition to Hover
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Figure 4.20: Inputs of hybrid vehicle during backward transition to hover.

The transition inputs can be seen in Figure [4.20]
Forward Thrust (Tp): The forward thrust drops to meet the lift requirements. The thrust

actuation changes slower than the tilt actuation and thus there is a moment of higher forward
thrust inducing a pitching moment for a small amount of time.

Tail Thrust (Ty): The tail thrust fluctuates to counter the forward thrust torque resulting

from the tilt reduction. The tail thrust then increases to cancel the created theta angle.

Rotor Tilt (dT): The tilt rapidly adjust from its backward tilt of two degrees to a vertical

orientation causing the forward propulsion to be slightly more than what is necessary for

b,
equilibrium %9



Controller Effectiveness of Hover to Transition

Re-hovering following a decrease in speed to zero. There are slight fluctuations in state
and input but variation is small in magnitude. The tilt angle quickly converting from two
degrees past vertical to vertical causing a slight impulse in altitude and theta. This jump is

very small an magnitude and acceptable.

The switch from transition to hover is now completed and an optional descent or climb
command can be issued. All states remained stable and all inputs remained within their
respective limitations. The transition and hover controllers have met their goals, and the

switch has occurred as desired.

4.5 Total Flight

4.5.1 Total Flight:Unloaded and no CG Variation

The total flight of the hybrid craft can be seen in Figure 4.21

The transition portions are as described above. All states are stable, all inputs are within

their respective limitations and the respective controller goals are met.
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Figure 4.21: States of hybrid vehicle during a full forward and backward transition flight.
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Figure 4.22: Inputs of hybrid vehicle during a full forward and backward transition flight.
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4.5.2  Total Flight:Loaded and CG Variation

An overall of the total flight of the hybrid craft with a 4.5 kg payload and a CG variation
of 0.05 m can be seen in Figure [4.23]
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Figure 4.23: States of hybrid vehicle during a full forward and backward transition flight

with loading and CG variation.

With loading and CG variation, the controller performs similarity to the unloaded case.
The difference generally appears in the form of varied switching times and larger magnitudes

of state perturbation. A slight off set in time is the result of varied switching times due to

CG variation causing settling time differences.

The forward motion of the CG causes the largest initial disturbance. The disturbance can
be seen by the large theta angle that appears near three seconds. The remaining states and
inputs have larger magnitudes but remain stable. The inputs are within plausible domains.

These disturbances are discussed in the hov%r5section of results. The gain of altitude is in
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Figure 4.24: Inputs of hybrid vehicle during a full forward and backward transition flight

with loading and CG variation.

11

general higher with the increased mass and CG variation. The backward motion CG varia-
tion causes the highest altitude gain. The gain occurs at the moment of forward controller to
transition controller switching, approximately 190 seconds. The increased altitude is due to
the decreased stability in aerodynamic pitch stability. Shifting the CG backward decreases
the tail effectiveness and the result is more deviation of theta that in turn creates a higher
altitude gain when switch occurs. The largest fluctuation is now three meters peak to peak
over the course of fifteen seconds. The magnitude of deviation is large but the deviation is
a positive altitude gain, as opposed to a loss of altitude and over a time period of around
15 seconds. It stabilizes out and returns to effectively no gain in altitude once equilibrium
of the transmission controller is achieved. All states remain stable and all inputs remain
within their limitations. The controllers perform successfully with both added mass and CG

variation.
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Chapter 5
CONCLUSION

In the above thesis the modeling and control of a tilt rotor tri-copter with a fixed wing
assembly is theorized, simulated, and discussed. A 3 DOF model was determined and simu-
lated with non-linear equations to model the dynamics of a hybrid craft. A control strategy
was devised with control goals set to meet the transition strategy. The controllers were then
synthesized via a means of full state control, integral action, gain scheduling, and classical
flight control techniques. The controllers were merged together by means of logic switches
and memory input based transitions. The final controller demonstrated viable control of the
conceptual model throughout a forward and backward transition. All states were stabilized
during the flight and the inputs applied were within acceptable ranges set forth at the be-
ginning of the paper. The controller is a simple and acceptable means to provide transition

control for a fixed wing tri-copter.
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