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ABSTRACT

EVALUATING AND AUGMENTING FUEL-SAVING BENEFITS OBTAINED IN

AIRCRAFT FORMATION FLIGHT

WENDY AWELE OKOLO, Ph.D.

The University of Texas at Arlington, 2015

Supervising Professor: Atilla Dogan

When an aircraft flies, it generates wake vortices, which induce a non-uniform

wind distribution in its wake. A trail aircraft, placed in the wake of a lead’s aircraft

vortices experiences this non-uniform wind distribution with varying directions and

magnitudes, depending on the location within the wake. It has been demonstrated

that there is a ”sweet spot” within the wake of a leader in which a trail can experience

upwash which leads to reduced drag. Through this mechanism, aircraft can save

significant amounts of fuel by flying at the sweet spot of the lead aircraft’s wake.

This dissertation provides two metrics of obtaining the sweet spot and eval-

uating the benefits to the trail aircraft at the sweet spot: a static and a dynamic

study. The static study, similar to wind tunnel tests in which aircraft are statically

placed in formation without trimming, investigates the induced aerodynamic forces

and moments on the trail aircraft as it varies its position within the wake of the

lead aircraft, and assigns the relative location of maximum lift-to-drag ratio as the

static sweet spot. The dynamic study, similar to flight tests which account for trim,

analyzes the control surface deflection and thrusts for the trail aircraft as it varies its
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position within the lead’s wake and assigns the location of minimum thrust as the

dynamic sweet spot.

The static and dynamic analyses are applied to aircraft formations with dif-

ferent relative sizes and varying configurations of trail aircraft such as a flying-wing

and a conventional aircraft. Results indicate that sweet spot locations and associated

benefits are dependent on the weight of the leader and the relative sizes of the aircraft

pair in the formation. This dissertation then augments the fuel-savings by investigat-

ing alternate lateral trimming methods to reduce the need for drag-inducing control

effector deflections required at the static sweet spot. Internal fuel transfer and dif-

ferential thrusting are employed to increase the thrust saved at the static sweet spot,

making it comparable to the dynamic sweet spot.

Formation simulations of extended durations are also studied to understand the

impact of significant weight variations in the leader on the formation benefits. In long-

duration flights, the lead and trail aircraft weights decrease due to fuel burn. Since the

upwash generated by the leader decreases with lift and weight as fuel is burned, the

magnitudes of the non-uniform wind induced and thus benefits for the trail decrease.

This decrease is investigated for a 6.5-hour formation simulation. Although there is

a reduction in the benefits with time, the overall benefits of flying in formation is

significant enough to motivate formations of such long durations.

Finally, the feasibility of formation flying is also considered from a perspective

of comfort levels for passengers or aircrew in the trail aircraft. Using international

standards for likely reactions of a person subjected to discomforts characterized by

vibrations, it is shown that there is no additional detrimental degradation of comfort

levels for a person onboard a trail aircraft in formation as compared to a solo flight.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Nature has shown that birds fly in a vee formation during migration. In theory,

this results in an increase in the range capability of each bird in the formation [1, 2, 3].

The formation leads to a reduction in drag experienced by the birds due to the

wingtip vortices generated by the preceding birds. The birds intuitively know the

region of the localized upwash that requires less thrust and enables them to fly longer.

This improvement in aerodynamic performance has led researchers to investigate how

aircraft can fly in formation and obtain similar aerodynamic benefits which lead to

drag reduction and fuel savings.

Like birds, aircraft flight generates wake vortices that induce non-uniform wind

field in their wake. A trailing aircraft, flying in the wake of the lead aircraft, can

experience induced wind components and gradients with various magnitudes and

directions depending on the location within the induced non-uniform wind field. The

non-uniform wind field can be beneficial or detrimental to the trail aircraft and it has

been demonstrated [4, 5, 6, 7] that there is a “sweet spot” within the wake of the

leader aircraft where the follower aircraft experiences upwash, which leads to reduced

drag. The reduced drag translates to a reduction in thrust and thus fuel saving,

proving the rational for formation flight. Through this mechanism, when aircraft fly

in formation, they can save significant amounts of fuel by flying at the “sweet spot”

of the lead aircraft’s wake.
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1.2 Literature Review

This section is focused on summarizing the prior studies pertaining to formation

flight and this research. The relevant research studies related to the quantification of

the benefits of formation flight are presented and compared. In addition, overviews

are presented of unconventional trimming methods to increase the benefits of flying in

formation, such as moving mass actuation and differential thrusting. This is done to

assess the feasibility of employing these methods in this study to improve the existing

formation benefits. A literature review on ride quality from the perspective of flying

in formation is then presented.

1.2.1 Formation Benefit Quantification

The implication of the improved aerodynamic performance of the trail aircraft

has motivated a number of studies on formation flight by the industry, academia,

and the government [8, 9, 10, 11] with different methods of quantifying the formation

benefits. The Air Force Research Laboratory (AFRL), for instance, has a renewed

interest in formation flight as a new initiative pertaining to fuel efficiency. Former

Air Force Chief Scientist, Dr. Werner J.A. Dahm, is reported [12] stating “You can

have aircraft flying separated along the trailing vortex at a greater distance than

some might assume – even in vertical separation – and still get fuel efficiency benefits

while addressing safety and other concerns about this type of flying”. To this effect,

a number of wind tunnel, computer simulation, and flight test measurements have

been done to ascertain the feasibility and quantify the benefits of formation flight.

The earliest quantitative flight test measurements were done in the late 20th

century by Hummel using Dornier-28 aircraft [8]. Knowing apriori that the location

of maximum aileron deflection is close to the position for maximum drag reduction,

they used a peak-seeking controller to find the location of maximum aileron deflection,
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where they obtained significant power reduction. More recently, NASA, within the

Autonomous Formation Flight Program, conducted formation flight tests of two F/A-

18 aircraft at different Mach numbers and altitudes [9, 13]. The tests indicated

significant drag reductions over 20% and fuel savings over 18% [13] for the trail

aircraft when placed with wingtip overlap from 10 - 20% wingspan with respect to

the lead aircraft. A study by the Air Force Institute of Technology (AFIT) looked

at the impact of trimming the aircraft on the location of the sweet spot [11]. This

earlier assessment of T-38 formation flight by AFIT discovered that when the effect

of aileron deflection was considered, the sweet spot moved inboard by 0.04 spans

compared to the untrimmed case. Although the T-38 study ignored pitch and yaw

trim, the actual aircraft will have to be trimmed with the elevator for pitch moments

and the rudder for yaw moments. These studies suggest that the formation flight

benefits can be quantified in different ways including thrust/fuel savings and drag

reduction. These methods of quantification are not necessarily one to one and it is

important to understand the reasons for the disparities between them.

1.2.2 Sweet Spot Determination

In this dissertation, it is assumed that the sweet spot can be obtained online

during flight. Thus, the focus is on maintaining that sweet spot using a trajectory-

tracking controller to position the trail aircraft relative to the leader at the sweet

spot. In practice, the location of the sweet spot first has to be determined in flight

using a control algorithm to steer the trail aircraft in the direction of the sweet spot

which could be quantified using thrust or fuel flow reductions, drag reductions, or

maximum aileron deflections. This falls under the umbrella of extremum-seeking

(peak-seeking) control, which involves on-line optimization to find a maximum or

minimum of a certain function. This control technique has made a resurgence in
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the last few decades in various fields such as fluid flow, combustion, and biomedical

systems [14].

In the area of formation flight, peak-seeking has been used in conjunction with

non-linear estimation techniques such as, Kalman and Particle Filters, to determine

the characteristics of the property to be minimized or maximized in order to find

the sweet spot. One of the earliest extremum-seeking applications to formation flight

was done by Hummel, in which he utilized a discrete-time peak-seeking algorithm to

find the location of maximum aileron deflection in the lateral direction and maximum

induced upwash in the vertical direction of a trail Dornier Do-28 aircraft in formation

with another [8]. More recently, Chicka et al [15] derived a peak-seeking controller to

find the location of maximum induced rolling moment on the trail aircraft, assuming

that the rolling moment can be effectively measured and the location of maximum

induced rolling moment corresponds to the location of maximum induced lift. That

study ignored changes in the lift distribution resulting from control deflections. Sim-

ilarly, researchers Binetti [16] and Ryan [17] utilized the Kalman Filter to estimate

the gradients (and Hessian in the case of Ryan [17]) of their performance functions

optimizing pitch angle and induced drag coefficient respectively. Binetti et al [16] did

not consider trim drag in determining the location of minimum pitch angle for their

trailing Lockheed C-5 aircraft and assume that this static location of minimum pitch

angle is the optimum position for formation flight for the pair of C-5 aircraft. Ryan

et al [17] employed the induced drag coefficient map considering trimming. Although

this technique considers trim effect, static maps are first created and the algorithm

is not an online extremum-seeking technique. The different metrics used to guide the

peak-seeking controllers to the sweet spot reiterate the differences that exist in the

literature for quantifying the benefits of formation.

4



1.2.3 Alternate Trimming Techniques

Studies such as Hummel’s, discovered that the induced aerodynamic moments

on the trail aircraft, at the sweet spot, result in the need for deflections of the aileron

and rudder with ”moderate sized” adverse drag-inducing effects [8]. When the trail

aircraft is placed at the sweet spot of the lead aircraft, the trail experiences lower drag

but at the same time experiences induced aerodynamic moments [18]. Thus, to trim

the aircraft under the effect of the induced moments, its control effectors need to be

trimmed with such deflections that they may induce additional drag, which reduces

the benefits of fuel efficiency. For example, ailerons and rudder are trimmed in non-

zero deflections, which increase the aircraft drag [18]. Thus, if alternate methods

of trimming the aircraft can be found to reduce/eliminate the need for the control

surfaces, then equivalent or possibly higher fuel savings could be obtained at the sweet

spot.

One alternate trimming method is moving-mass actuation to affect the aircraft

dynamics. It has been shown that variations in the mass and inertia distribution of

a system [19, 20, 21, 22, 23] have an effect on its dynamics and could be used as a

method of control for a vehicle [24, 25, 26, 27]. The Concorde supersonic transport

redistributed fuel during flight to trim [28, 29, 30] and that approach is closely related

to unconventional trimming technique utilized in this dissertation. In the Concorde,

the weight distribution and thus the center of mass is changed by pumping fuel from

the forward trim tanks to the rear trim tanks and vice versa to compensate for the

change in the center of lift from the wings.

Another alternate trimming technique is employing differential thrust to gener-

ate moments to trim. The advent of research into utilization of differential thrusting

to trim in case of control surface failure was preceded by a NASA Dryden Research

Center development of a Propulsion-Controlled Aircraft system (PCA)[31]. This sys-
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tem was evaluated in simulations and actual flight to assess the feasibility of differ-

ential thrusting as an emergency replacement to control damaged aircraft [32]. Their

studies indicated that the PCA system works and is able to provide enough control

authority for a ”survivable landing” [32]. Commercial jetliner pilots have utilized

differential thrusting to provide additional flight control authority in the roll and yaw

[33] as evidenced by a United Airlines flight in which there was control surface failure

on the McDonnell Douglas DC-10 aircraft. Asymmetric thrusting of the engines on

the wing was then used to stabilize and control the aircraft [34]. One disadvantage of

this technique is that engine dynamics is usually slower than the actuator dynamics

and is one of the reasons differential thrusting is used as a last resort to trim. In

the case of formation flight, the lag in the engine response is not of concern as it is

not an emergency control situation but a mechanism for reducing the trim drag in a

steady-state cruise flight.

1.2.4 Aircraft Ride Quality

Ride quality is a measure of the comfort levels for an individual located in

a vehicle as it is subjected to vibrations, accelerations, and adverse atmospheric

effects such as turbulence. It is typically desired that a quantitative measure of

comfort levels be obtained as opposed to simply qualifying the comfort levels as

”steady”, ”unsteady”, ”smooth”, or ”turbulent.” A passenger’s health, physiology,

and psychological attitude [35] can influence the quantification of ride quality, making

the determination of ride quality a subjective endeavor. Since human perception of

comfort is subjective and depends on a host of factors, some attempts are made to

incorporate the subjective human biases into the assessment of ride quality [35, 36, 37].

These attempts stress the importance of accounting for passenger-dependent factors
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in addition to environmental conditions such as wind and turbulence, in determining

the highly non-linear subjective assessment of ride quality.

Another approach is to eliminate the human biases to provide an objective

quantitative measure of a qualitative quantity. The International Organization for

Standardization (ISO) outlines a guide (ISO 2631-1) which can be used to provide

an assessment of human comfort levels during exposures to whole-body vibration

based on frequency-weighted accelerations [38]. This standard is an extension of von

Gierke’s studies [39, 40] on human tolerance to vibration frequencies and amplitudes

and expands upon the importance of vibration characteristics of frequency and am-

plitude on human endurance limits.

The principal advantage of the ISO 2631-1 standard is that it provides an ob-

jective characterization of the vibration environment with respect to its effect on a

human. ISO 2631-1, though far-reaching in its applicability, can not be used in all

ride assessment analyses such as when the acceleration frequencies under consider-

ation are significantly higher than the 80 Hz upper ISO 2631-1 limit or when the

accelerations tend to be impulsive and can not be analyzed spectrally as is the case

with marine vehicles [41]. For aircraft applications, ISO 2631-1 standard has been

utilized successfully in various studies for a number of environmental conditions which

fall under the envelope of its usage.

Regarding formation flight, there have only been a few mentions of passenger

comfort in formation. NASA Dryden during a preliminary flight test of C-17 aircraft

formation [42] noted crew comments on the ride quality of the trail aircraft when

attempting to maintain certain positions relative to the lead. The crew noted where

the ride was smooth in some locations and in others, the ride was ”very unsteady.”

Additional input was provided by the flight test engineer who noted the pilot’s re-
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actions during the ride and reported ”rougher ride quality-buffeting” where the crew

also felt the unsteadiness of the ride.

More recently, the AFRL in conjunction with Boeing researchers conducted a

full endurance mission of a C-17 aircraft pair formation from Edwards Air Force Base,

California to Joint Base Pearl Harbor-Hickam, Hawaii and back. During this flight

test, they demonstrated ”in-flight rendezvous, day and night operations, and flew

several hours in each direction” [43]. One important aspect of this mission was to

understand how the formation impacted the aircrew workload and minimal workload

with satisfactory ride quality was qualitatively reported by the aircrew.

Michael et al [44] investigated ride quality as an analysis metric of an au-

tonomous formation flight system. String stability, a measure of how errors propagate

along a stream of interconnected systems, was analyzed. The formation was allowed

to have string instability which implies that position errors increasingly propagate

from one aircraft to the next. ISO 2631-1 was employed to translate the vehicle

accelerations to a measure of pilot comfort. They reported that the ride quality

was a surprisingly significant factor in assessing string stability and constraining the

autonomous formation flight system to certain gain-sets for development and flight

testing.

A quantitative assessment of passenger comfort in formation flight was done by

Bizinos [45] using a two-aircraft formation. A simplified aerodynamic model of the two

aircraft in the formation was employed assuming ideal control and no compensatory

control inputs by the pilot or autopilot. Bizinos employed varying turbulence intensity

levels and obtained the acceleration responses of the trail aircraft which were then

converted to passenger comfort levels using the ISO 2631-1 Standard. These passenger

comfort levels were compared to comfort levels for an aircraft flying solo under these
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same turbulent conditions and it was observed that there was an increase in passenger

discomfort at the optimum drag location for the trail aircraft.

1.3 Problem Statement

This dissertation aims to provide a holistic approach to the formation flight

endeavor. Specifically, the aim is to formulate the problem considering the benefits of

flying different aircraft configurations in formation, accounting for the effect of trim,

trail aircraft size, and lead aircraft weight on the formation benefits, exploring the

feasibility of increasing the savings currently obtained by flying in formation, and

determining the performance of formation from the perspective of ride quality.

1.4 Original Contributions

There are different methods of studying aircraft formation flight. With such

variations in analysis, there is no consistent uniform metric with which to quantify

the benefits of flying in formation. For this reason, this dissertation establishes two

methods to determine the sweet spot for different pairs of aircraft: a static and

dynamic analysis. The static analysis does not account for trimming and assigns the

sweet spot as the relative location for the trail aircraft in which the lift to drag ratio

is the highest. The dynamic analysis, similar to an actual flight in which trimming

is performed assigns the sweet spot where the thrust required for the trail aircraft is

the least.

This dissertation also answers the question of whether the sweet spot deter-

mined from the static study changes once the trimming of the aircraft is considered

in the dynamic simulation. As in the AFIT study of the T-38 formation [11], trim-
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ming needs to be considered. In this research, pitch, roll, and yaw are accounted for

unlike the T-38 study which did not account for pitch and yaw trim.

It is also not clear which sweet spot, static or dynamic, poses the best benefits

for formation. It is shown that at the static sweet spot, the induced aerodynamic

moments require that the control effectors of the trailing aircraft be trimmed with

such deflections that they may induce additional drag, which will reduce the benefits

of fuel efficiency for certain trail aircraft configurations. The ailerons and rudder, for

instance, are trimmed in non-zero deflections, which increase the aircraft drag [7].

This dissertation shows which sweet spot is the most advantageous for which aircraft

pair.

An additional contribution in this dissertation is in the aircraft type utilized

in the formations. Most prior studies of formation flight such as those done by

Hummel and NASA used (i) homogenous configurations in which the lead and trail

aircraft are identical and (ii) relatively conventional aircraft pairs with fuselage and

tail configurations. In this research a conventional pair of KC-135R tanker aircraft

is utilized as well as a heterogenous aircraft pair. For the heterogenous formation,

a conventional KC-135R tanker is used as the lead aircraft while an unconventional

flying-wing EQ-II aircraft model is utilized as the trail aircraft. Two variants of the

EQ-II are studied in this dissertation, a large and small variant.

In addition, it is unknown how changes in the mass of the lead aircraft in the

formation affect the location of the sweet spot and the associated benefits of flying in

formation. There is a dependence of the vortex strength of an aircraft on its weight.

Thus, as the lead aircraft weight changes in flight, the strength of the vortices it

generates will also vary. This may impact the results of the formation analysis and

corresponding benefits. Studies are presented which show the effect of a change in lead

aircraft weight on the aerodynamics and thrust-saving benefits for the trail aircraft.
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Based on the fact that the results of the formation study and associated benefits

are dependent on the weight of the lead aircraft, a formation of long-duration is

studied as an original contribution to this field. Formation flights of long duration,

representative of transatlantic missions, are simulated to provide realistic assessments

of the benefits of flying a mission in formation as the weights of the lead and trail

aircraft decrease due to fuel burn, not just at a point in time in which the weights

are constant.

Also, the effect of variations in the size of the trail aircraft have not been

studied. A prior numerical analysis by Thien et al [46] investigated the effects of the

lead aircraft’s position and shape on the aerodynamic performance of the formation.

Specifically, the shape, wing position, incidence angle, aspect ratio, dihedral, and

taper ratio of the lead aircraft were varied and the effect on the lift, drag, and pitching

moments of the trail aircraft were studied using a simple wing model. In that study,

only the geometrical aspect of the lead aircraft was varied. This dissertation examines

the effect of using different sized trail aircraft for the formations.

Furthermore, this research improves the fuel savings for the trail aircraft in

formation by reducing the drag-inducing control effector deflections at the sweet spot.

This is done by employing unconventional methods of trimming such as differential

thrusting and internal fuel transfer to move the center of gravity of the aircraft and

generate moments to trim. These techniques have been previously utilized to generate

moments to trim an aircraft in fields other than formation flight. Combining these

two methods has the capability of increasing the fuel savings obtained in formation

flight. It is demonstrated in this dissertation that moving the center of mass with

fuel transfer between fuel tanks and utilizing differential thrusting enables trimming

the aircraft with minimal deflection of control effectors.
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Finally, this dissertation assesses the quality of flight as a passenger or air-

crew member is seated within the trail aircraft during a formation. This quantitative

analysis incorporates a principal factor of closing the loop and factoring in control

responses to the environmental conditions. Bizinos [45], who studied passenger com-

fort in the trail aircraft for various turbulence cases, performed an open-loop study

with no control algorithm which prevented the simulation of non-zero perturbed state

variables. In this research, the effect of the controller on the closed-loop system is

accounted for in the ride quality determination using the ISO 2631-1 guidelines.
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CHAPTER 2

AIRCRAFT SIMULATION DEVELOPMENT

This chapter presents the details of the simulation developed for the forma-

tion flight study with regards to the aircraft types and models, control design, and

aerodynamic effect from the lead on the trail. The present work uses previously de-

veloped equations of motion for a lead tanker aircraft and a trail aircraft undergoing

aerial refueling that include time-varying mass and inertia due to fuel transfer and

the non-uniform wind effect from the tanker [47]. The equations were implemented

in an integrated MATLAB/Simulink-based environment with feedback controllers for

the lead tanker aircraft to hold speed, altitude, and commanded yaw rate, and for

the trail (receiver) aircraft to maintain a trajectory relative to the lead.

The simulation environment is developed in a modular structure such that a new

aircraft can easily be introduced into the simulation. Results of the simulation were

verified using flight test data from the 2004 Automated Aerial Refueling program and

the simulations are based on realistic flight data. Thus, the simulation can accurately

reproduce test flight conditions for any pair of aircraft in terms of wind and turbulence

exposure and relative motion, as well as other state variables such as altitude and

airspeed. Overviews of the aircraft equations of motion, aerodynamic models, non-

uniform wind effect modeling, and the control design for the lead and trail aircraft,

are presented in this chapter with additional details provided in the Appendices.
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2.1 EQ-II Aircraft

The Equivalent Model-II (EQ-II) is a fictional vehicle initially created in sup-

port of the USAF Automated Aerial Refueling (AAR) program, which developed the

technologies and components necessary to provide in-flight refueling of air vehicles

[48]. The aircraft was created to represent the performance and maneuvering char-

acteristics of a long range, high subsonic cruise, low observable, tailless bomber. It

was developed using conceptual design methods for planform geometry and sizing,

vortex lattice methods for aerodynamic estimations, and historical data based non-

dimensional radius of gyration calculations for inertia properties [49]. The EQ-II has

two variants, a small and large, with wingspans of 34 m and 51 m, respectively. Al-

though the two variants have identical aerodynamic properties, they have different

mass/inertia properties and different engine characteristics.

Rudder

1
2 3

4

Aileron
Elevator

Tank-1

Tank-2

Tank-4

Tank-3

Engine 
Bay

Engine 
Bay

Figure 2.1. Drawing of EQ-II Model [49].

14



A schematic of the fuel tank and control surfaces of the EQ-II is given in Fig. 2.1.

Both large and small variants of the EQ-II have six control surfaces; namely, the left

clamshell (δrl), right clamshell (δrr), left outboard elevon (δal), right outboard elevon

(δar), left inboard elevon (δel) and right inboard elevon (δel). Independent control

surfaces are designed for pitch, roll, yaw, and deceleration use. Pitch control can be

attained with the inboard elevons while the outboard elevons can be used as ailerons

for roll control. Yaw control may be attained by utilizing the clamshell surfaces on

each of the wings. Using the clamshells on both sides provides the function of a speed

brake. Multiple surfaces may be commanded together for additional effectiveness if

required. Also the EQ-II has multiple engines which can be independently controlled

to generate differential thrust for additional yaw control. The EQ-II model is derived

from an Equivalent Model (EQ-I) aircraft which was developed to enable the creation

of a simulation model for automated aerial refueling of unmanned aerial vehicles.

Additional details of the EQ-I model can be obtained in Reference [50].

An aerodynamic model for the EQ-II aircraft is developed for implementation

in an integrated simulation environment for aerial refueling and formation flight. This

model was employed in simulations as a receiver to simulate its effects on the tanker

aircraft and vice versa during aerial refueling operations. For formation flight, the

aircraft model is employed in simulations as a trail aircraft to study the fuel-saving

benefits it obtains as it flies in formation with a leader.

2.1.1 Aerodynamic Model for EQ-II

This section shows the procedure of estimating the aerodynamic force and mo-

ment coefficients using polynomial functions which can be implemented in a simu-

lation environment and used to investigate the response of the EQ-II aircraft in a

variety of flight conditions.
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Table 2.1. Comparison of HASC02 Predictions and Wind Tunnel Data

Parameter HASC02 N-9M XB-35

CLα (1/rad) 4.53 4.58 4.39
CMα (1/rad) -0.18 -0.26 -0.22

k(dCD/dCL
2) 0.043 0.051

CLδe (1/rad) 0.79 0.74 0.74
CMδe

(1/rad) -0.28 -0.23 -0.26
CMq (1/rad) -1.40 -1.56

The aerodynamic coefficient data of the Equivalent Model II (EQ-II) aircraft

and damping derivative data were estimated using vortex lattice methods with em-

pirical corrections for the EQ-II configuration as described in Section 2.1.1.1. Control

surface effectiveness of the EQ-II which utilizes clamshells and elevons for pitch, roll,

and yaw control, was also estimated using the same methods. Section 2.1.1.2 presents

the aerodynamic force and moment coefficients in the form of polynomial expressions

fitted into these data points.

2.1.1.1 Computational Tools

The majority of the aerodynamic database was obtained from the vortex lattice

code HASC02, which is an updated version of the NASA code HASC95 [51], and

supplemented with CFD data. The CFD runs were done using a thick airfoil and a

flat airfoil. HASC does not consider thickness or airfoil volume thus, it is acceptable

to use the CFD airfoil data to confirm the trends and magnitudes of the aerodynamic

force and moment coefficients estimated from the HASC02 data.

HASC02 predictions are first compared with wind tunnel data for vintage flying

wing configurations [52, 53] as shown in Table 2.1. Both sets of data are with the

propellers removed. The HASC02 results compare very well with the test data.
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The HASC02 grid for the EQ-II was generated manually based on the design

given in the specification for the large EQ-II variant which is also referred to as the

Equivalent Model III (EQ-III) [48]. The wing was modeled as a flat plate. HASC02

does not include viscous effects so corrections to the database were made in several

areas. Zero-lift drag at cruise was estimated at 0.010. This value is somewhat high

compared to typical flying wing wind tunnel data, but was chosen to account for

propulsion installation effects and excrescences present on full scale aircraft but absent

on most wind tunnel models. The elevators and ailerons were modeled by HASC02.

However, their effectiveness was reduced for large deflections using factors obtained

from the USAF Datcom [54]. For example, for a 30 degree deflection of the outboard

elevons, the effectiveness is reduced by 35%. Profile drag for the conventional trailing

edge devices was also taken from the Datcom. The clamshell type drag rudders

were modeled using an empirical database that has been assembled at the Air Force

Research Laboratory (AFRL) [55]. This database shows that at low angles of attack,

a clamshell control generates a force which is effectively perpendicular to the hingeline

of the surface and is a function of the deflection angle only. From the sweep of the

hingeline, this force is divided into body axis axial force and side force components,

which are then resolved into a yawing moment based on the respective moment arms.

One of the design goals for the EQ-II was neutral stability in pitch and yaw.

This was satisfied by placing the nominal center of gravity at the aerodynamic center

predicted by HASC02, and zeroing the yawing moment variation with sideslip. A

complete tabular listing of the aerodynamic database is given in the EQ-III model

specification report [48].
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2.1.1.2 Modeling Aerodynamic Coefficients

The basic aerodynamic coefficient data (CN , CA, CY ) in the body-fixed frame

and damping derivative data were estimated using vortex lattice methods with empir-

ical corrections for the Equivalent Model-II configuration, as described above. From

the HASC02 code, the aerodynamic force components in the body frame are obtained.

In the implementation of the aerodynamic model, the components in the wind frame,

i.e., drag, side force, and lift coefficients, are preferred. To compute the components

in the wind frame from the components in the body frame, the rotation matrix from

the wind frame to body frame, in terms of the angle of attack and side slip, is used,

which leads to

CL = − sin(α)CA + cos(α)CN (2.1)

CD = cos(α) cos(β)CA − sin(β)CY + sin(α) cos(β)CN (2.2)

CS = − cos(α) sin(β)CA − cos(β)CY − sin(α) sin(β)CN (2.3)

where the values of angle of attack, α, were [-6, -4, -2, 0, 2, 4, 6, 8, 10, 12] and the

values of sideslip, β, were [-15, -10, -5, 0, 5, 10, 15].

The aerodynamic coefficients could be organized as look-up tables which could

then be used directly in simulations. Instead, representations of the aerodynamic

data are obtained by assuming polynomial functions. The coefficients of the polyno-

mials are computed by employing the LSE (Least Squares Estimation) method. This

functional approach is preferred to the look-up tables because functional (polynomial)

representation is easier to implement in simulation and more suitable for linearization

as the linearization requires the partial derivatives of the aerodynamic coefficients.

The orders of the polynomials are determined based on the LSE error comparison.

The order of a polynomial is increased only when the LSE error is significantly re-

duced compared to the polynomial of lower order. For certain coefficients, the range
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of the data points are divided into two parts (mostly as negative and positive ranges)

and two separate polynomial fits are carried out. This is done when a very high order

would be required to cover the whole range with a single polynomial. This is the

approach taken in developing the aerodynamic model for all aircraft utilized in this

dissertation.

To derive the functional representations of the aerodynamic force and moment

coefficients, polynomial approximations were obtained through curve fitting to derive

the dependencies of the coefficients on each of the independent variables (angles of

attack and sideslip, pitch, roll and yaw rates, and the control effector deflections)

separately. In some instances, the force or moment coefficients exhibit dependency

on both the angle of attack and sideslip. To capture this additional dependency, the

coefficients of a polynomial function were first estimated for each value of α (or β).

Then, each of the estimated coefficients was used as the dependent variable in new

polynomial functions with α (or β) being the independent variable of the functions.

Finally, the coefficients from all functions were then combined to derive the final

functional representation of the aerodynamic coefficient.

For example to determine the relationship between CD and α, a polynomial

function was approximated for the drag dependence on angle of attack. The coeffi-

cients of this function were estimated multiple times, once for each value of β

CD = η2α
2 + η1α + η0 (2.4)

The estimated coefficients, ηi, were then used as the dependent variables in a new

function,

ηi = λ2β
2 + λ1β + λ0, (2.5)
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where the λ are the coefficients estimated for this polynomial. Thus, the final model

is

CD = η2(β)α2 + η1(β)α + η0(β) (2.6)

This polynomial representation allows the relationship between CD and α to

change relative to the value of β, thus capturing the dependence on both the angle

of attack and the sideslip angle. For easy referencing in this dissertation, the coeffi-

cients of the independent variables are labeled using a combination of the independent

variables and their respective orders. For instance, CFα2 is the ”F” aerodynamic co-

efficient of the α variable to the second order. The superscript in the coefficient, if

there is one, identifies the second variable on which the coefficient has an additional

dependency. Thus, Cβ2
Fα2

is the coefficient of the β2 variable in the CFα2 expression.

Control surface effectiveness was estimated using the same methods as the aerody-

namic force and moment coefficients, however the value of β was zero for all cases of

α.

Sections 2.1.1.3 and 2.1.1.4 contain the expressions for the force and moment

coefficients, respectively. These equations were derived using the model as explained

in Eqs. (2.4) - (2.6). Each force or moment coefficient equation have a set of graphs

that are a visual representation of the relationships depicted in the equation. For

brevity, a few of these graphs are presented in Sections 2.1.1.3 and 2.1.1.4 while the

others are given in Appendix A. The square markers that are on each graph represent

the data obtained from HASC02 that was used to estimate the model coefficients.

The solid lines and other non-square figures represent the fitted line for the given

variable.
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Table 2.2. Geometric Parameters for EQ-II

Parameter Small EQ-II Large EQ-II

SR (m2) 176.79 397.81
b (m) 33.89 50.84
c (m) 7.08 10.62

2.1.1.3 Force Coefficients

The aerodynamic forces are given by the following standard expressions

D =
1

2
ρV 2SRCD, (2.7)

S =
1

2
ρV 2SRCS, (2.8)

L =
1

2
ρV 2SRCL, (2.9)

where SR is the surface area of the EQ-II and ρ is the ambient air density. The

geometric properties of the large and small variants of the EQ-II aircraft used in the

aerodynamics are given in Table 2.2.

The aerodynamic drag coefficient is

CD = CDα2(β)α2 + CDα1(β)α + CDα0(β) + CDq(α)(
l

2V
)q + CDδr1

(α)(δrl + δrr)

+ fCDδa
(δal) + fCDδa

(δar) + fCDδe
(δel) + fCDδe

(δer) (2.10)

where

CDα2 = Cβ2
Dα2

β2 + Cβ1
Dα2

β + Cβ0
Dα2

(2.11)

CDα1 = Cβ2
Dα1

β2 + Cβ1
Dα1

β + Cβ0
Dα1

(2.12)

CDα0 = Cβ2
Dα0

β2 + Cβ1
Dα0

β + Cβ0
Dα0

(2.13)

CDq = Cα1
Dqα + Cα0

Dq (2.14)

CDδr1
= Cα2

Dδr1
α2 + Cα1

Dδr1
α + Cα0

Dδr1
(2.15)
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fCDδa
(δa) =


CDδa2p

δ2a + CDδa1p
δa δa ≥ 0

0 δa = 0

CDδa3n
δ3a + CDδa2n

δ2a + CDδa1n
δa δa ≤ 0

(2.16)

fCDδe
(δe) =


CDδe2p

δ2e + CDδe1p
δe δe ≥ 0

0 δe = 0

CDδe3n
δ3e + CDδe2n

δ2e + CDδe1n
δe δe ≤ 0

(2.17)

and

CDδa2p
= Cα2

Dδa2p
α2 + Cα1

Dδa2p
α + Cα0

Dδa2p
(2.18)

CDδa1p
= Cα2

Dδa1p
α2 + Cα1

Dδa1p
α + Cα0

Dδa1p
(2.19)

CDδa3n
= Cα2

Dδa3n
α2 + Cα1

Dδa3n
α + Cα0

Dδa3n
(2.20)

CDδa2n
= Cα2

Dδa2n
α2 + Cα1

Dδa2n
α + Cα0

Dδa2n
(2.21)

CDδa1n
= Cα2

Dδa1n
α2 + Cα1

Dδa1n
α + Cα0

Dδa1n
(2.22)

CDδe2p
= Cα2

Dδe2p
α2 + Cα1

Dδe2p
α + Cα0

Dδe2p
(2.23)

CDδe1p
= Cα2

Dδe1p
α2 + Cα1

Dδe1p
α + Cα0

Dδe1p
(2.24)

CDδe3n
= Cα2

Dδe3p
α2 + Cα1

Dδe3p
α + Cα0

Dδe3p
(2.25)

CDδe2n
= Cα2

Dδe2p
α2 + Cα1

Dδe2p
α + Cα0

Dδe2p
(2.26)

CDδe1n
= Cα2

Dδe1p
α2 + Cα1

Dδe1p
α + Cα0

Dδe1p
(2.27)

The numerical values of these coefficients and all others presented in this Section are

given in Appendix A. Most noteably, due to the nature of the data, the relationship

between CD and δal, δar, δel, and δer is modeled using two separate polynomials

where positive deflections are modeled using a second-order polynomial and negative

deflections are modeled using a third-order polynomial. Zero deflection angles result

in no contribution to CD. A graphical depiction of the dependence of CD on the right

aileron and right elevator is given in Figs. 2.2 and 2.3 respectively.
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For the sake of brevity, the dependence of the drag coefficient on the left aileron

and left elevator deflections are omitted as they are similar to the right control surfaces

depicted in Fig. 2.2 and 2.3 respectively. Additional plots are given in Appendix A.

Furthermore, CD is independent of both roll rate, p, and yaw rate, r.
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Figure 2.2. CD vs. δar.
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Figure 2.3. CD vs. δer.
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Similarly, the aerodynamic side force coefficient is

CS = CSα2(β)α2 + CSα1(β)α + CSα0(β) + CSp(α)(
b

2V
)p+ CSr(α)(

b

2V
)r

+ CSδr1 (δrl − δrr) + CSδa3
(α)(δ3al − δ3ar) + CSδa2

(α)(δ2al − δ2ar)

+ CSδa1
(α)(δal − δar) + CSδe3

(α)(δ3el − δ3er)

+ CSδe2
(α)(δ2el − δ2er) + CSδe1

(α)(δel − δer) (2.28)

where the coefficient CSδr1 is a constant and all other coefficients are as follows;

CSα2 = Cβ1
Sα2
β + Cβ0

Sα2
(2.29)

CSα1 = Cβ1
Sα1
β + Cβ0

Sα1
(2.30)

CSα0 = Cβ1
Sα0
β + Cβ0

Sα0
(2.31)

CSp = Cα1
Spα + Cα0

Sp (2.32)

CSr = Cα1
Sr α + Cα0

Sr (2.33)

CSδa3
= Cα1

Sδa3
α + Cα0

Sδa3
(2.34)

CSδa2
= Cα1

Sδa2
α + Cα0

Sδa2
(2.35)

CSδa1
= Cα1

Sδa1
α + Cα0

Sδa1
(2.36)

CSδe3
= Cα1

Sδe3
α + Cα0

Sδe3
(2.37)

CSδe2
= Cα1

Sδe2
α + Cα0

Sδe2
(2.38)

CSδe1
= Cα1

Sδe1
α + Cα0

Sδe1
(2.39)

Graphical representations of some of the relationships depicted in Eq. (2.28) are

shown in Appendix A for conciseness. Moreover, CS is independent of pitch rate, q.

The aerodynamic lift coefficient is
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CL = CLα1(β)α + CLα0(β) + CLq(α)(
l

2V
)q + CLδr1

(α)(δrl + δrr)

+ CLδa3 (δ3al + δ3ar) + CLδa2 (δ2al + δ2ar) + CLδa1 (δal + δar)

+ CLδe3 (δ3el + δ3er) + CLδe2 (δ2el + δ2er) + CLδe1 (δel + δer) (2.40)

where all the coefficients are constants except for CLα1 , CLα0 , CLq , and CLδr1
which

are given below:

CLα1 = Cβ2
Lα1
β2 + Cβ1

Lα1
β + Cβ0

Lα1
(2.41)

CLα0 = Cβ2
Lα0
β2 + Cβ1

Lα0
β + Cβ0

Lα0
(2.42)

CLq = Cα2
Lqα

2 + Cα1
Lqα + Cα0

Lq (2.43)

CLδr1
= Cα1

Lδr1
α + Cα0

Lδr1
(2.44)
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Figure 2.4. CL vs. α.

Figure 2.4 depicts the lift coefficient dependence on angle of attack at various

angles of sideslip. Fig. 2.4 presents a comparison between the HASC (Vortex Lattice

Code) and CFD data. The CFD flat airfoil data for the lift variation with angle of

attack lies on the HASC curve, thus, no modification is required if the flat airfoil
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data is used as a benchmark for validating the lift coefficient dependence on angle of

attack. The flat CL is independent of p and r.

2.1.1.4 Moment Coefficients

The aerodynamic moments are given by the following standard expressions

L =
1

2
ρV 2SRbCL, (2.45)

M =
1

2
ρV 2SRcCM, (2.46)

N =
1

2
ρV 2SRbCN . (2.47)

The aerodynamic rolling moment coefficient is

CL = CLα1(β)α + CLα0(β) + CLp(α)(
b

2V
)p+ CLr(α)(

b

2V
)r

+ CLδa3 (δ3al − δ3ar) + CLδa2 (δ2al − δ2ar)

+ CLδa1 (δal − δar) + CLδe3 (δ3el − δ3er)

+ CLδe2 (δ2el − δ2er) + CLδe1 (δel − δer) (2.48)

where all the coefficients are constants except CLα1 , CLα0 , CLp , and CLr ;

CLα1 = Cβ1
Lα1β + Cβ0

Lα1 (2.49)

CLα0 = Cβ1
Lα0β + Cβ0

Lα0 (2.50)

CLp = Cα1
Lpα + Cα0

Lp (2.51)

CLr = Cα1
Lrα + Cα0

Lr (2.52)

A graphical representation of the relationships depicted in Eq. (2.48) are given

in Appendix A. CL is independent of q.
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The aerodynamic pitching moment coefficient is

CM = CMα1α + CMα0 + CMq(α)(
l

2V
)q

+ CMδa3
(δ3al + δ3ar) + CMδa2

(δ2al + δ2ar)

+ CMδa1
(δal + δar) + CMδe3

(δ3el + δ3er)

+ CMδe2
(δ2el + δ2er) + CMδe1

(δel + δer)

where all the coefficients are constants except

CMq = Cα3
Mq
α3 + Cα2

Mq
α2 + Cα1

Mq
α + Cα0

Mq
(2.53)

Figure 2.5 shows a comparison between the HASC vortex lattice code and CFD

thick and flat airfoil data. Unlike the lift coefficient HASC results which coincided

with the CFD flat data, the pitching moment coefficient variation with angle of attack

was modified to match the CFD flat data. The initial pitching moment model based

on HASC was independent of angle of attack. The modification based on CFD creates

a dependence of the pitching moment on the angle of attack as seen in Eq. (2.53).
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Figure 2.5. CM vs. α.
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The yawing moment coefficient is

CN = CNp(α)(
b

2V
)p+ CNr(α)(

b

2V
)r + CNδr1δr

+ CNδa2 (α)(δ2al − δ2ar) + CNδa1 (α)(δal − δar)

+ CNδe3 (α)(δ3el − δ3er) + CNδe2 (α)(δ2el − δ2er)

+ CNδe1 (α)(δel − δer) (2.54)

where all the coefficients are constants except CNp , CNr , CNδa2 , CNδa1 , CNδe3 , CNδe2 ,

CNδe1

CNp = Cα1
Npα + Cα0

Np (2.55)

CNr = Cα1
Nrα + Cα0

Nr (2.56)

CNδa2 = Cα1
Nδa2

α + Cα0
Nδa2

(2.57)

CNδa1 = Cα1
Nδa1

α + Cα0
Nδa1

(2.58)

CNδe3 = Cα1
Nδe3

α + Cα0
Nδe3

(2.59)

CNδe2 = Cα1
Nδe2

α + Cα0
Nδe2

(2.60)

CNδe1 = Cα1
Nδe1

α + Cα0
Nδe1

(2.61)

Appendix A contains these yawing moment dependence figures. CN is independent

of q.

2.1.2 Engine Configuration for EQ-II

The engines of the EQ-II aircraft are modeled as seen in Fig. 2.6. These engines

generate thrust in the x-y plane along the x-axis of the body frame. This implies that

with differential thrusting, the engines can generate only yawing moments.

MP =

n/2∑
j=1

{
[0 0 1]TρEYj (TLj − TRj)

}
(2.62)
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Eq. (2.62) formulates the moment generated by the engine thrusts of the EQ-II air-

craft. Given the number of engines as n, ρEYj is the distance of the jth pair of engines

to the origin of the body frame along the y-axis. TLj and TRj are the magnitudes

of the thrust from the left and right engines of the jth pair. This expression clearly

shows that differential thrust will generate yawing moment.

2.1.3 Fuel Tank Configuration for EQ-II

For all trail aircraft in this dissertation, a fuel tank subsystem is created in the

simulation that models the fuel flow which may be transferred between fuel tanks,

burned by the engines, or transferred into the aircraft as in the case of aerial refueling.

As a result of the fuel flow, the mass and inertia properties of the trail aircraft vary

with time and this variation is explicitly accounted for in the equations of motion out-

lined in Section 2.4.1. In the case of formation flight, this dissertation utilizes internal

fuel transfer between fuel tanks as an alternate moment generation mechanism, as

discussed in Chapter 1, necessitating modeling the dynamic effect of the fuel transfer

process. In addition, for a formation of significant duration, fuel consumption plays

an important role and the effect of fuel burn from individual fuel tanks requires the

fuel subsystem incorporation to model the dynamic effect.

Figure 2.6. Engine model for aircraft models [56, 57].
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The EQ-II has four fuel tanks, as shown in Fig. 2.1, labeled as Tanks 1, 2, 3 and

4. Figure 2.7 depicts a three dimensional view of the inner and outer fuel tanks on

one side of the EQ-II model. Tanks 1 and 4 are outer fuel tanks with the shape of a

parallelepiped; Tanks 2 and 3 are inner fuel tanks and of the shape of a prismoid with

another prismoid carved out to make space for the landing gear bay. The inner fuel

tanks are asymmetric with respect to the x and y axis. With all fuel tanks completely

full, the fuel contributes 40 percent of the total aircraft weight. The fuel capacity of

each inner tank contributes 15 percent of the weight, while the capacity of the smaller

outer tank is 5 percent of the weight. Therefore, the inner fuel tanks hold three times

more fuel than the outer fuel tanks 1 and 4.

10/6/2010

1

Figure 2.7. Fuel Tank Shape.

With fuel consumption and during internal fuel transfer between fuel tanks,

the amount and the CM of the fuel in each fuel tank changes, which in turn changes

the mass, CM, and thus inertia configuration of the aircraft. A centroid formulation

algorithm is developed for the EQ-II in Reference [58] to calculate the position of the

center of mass of the fuel in the fuel tanks as a function of fuel amount during the

fuel transfer and/or fuel burn process. This algorithm also determines the first and
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second derivatives of the position as a function of fuel amount and the amount of fuel

flow in or out of the fuel tank. The outputs of this algorithm are directly fed into

the equations of motion to model the dynamic effect of the fuel transfer between fuel

tanks as the equations of motion, described in Section 2.4.1, include terms with fuel

mass, the position, and the derivative of the position of the fuel CM in each fuel tank.

0 5 10 15 20 25
0

0.05

0.1

0.15

0.2

0.25

x C
M

F
U

E
L [m

]

0 5 10 15 20 25
0

0.5

1

1.5

2

2.5

y C
M

F
U

E
L [m

]

0 5 10 15 20 25
-0.5

-0.4

-0.3

-0.2

-0.1

0

z C
M

F
U

E
L [m

]

volume [m3]

Figure 2.8. Movement of Center of Mass of Fuel in X, Y, and Z Directions.

The centroid formulation, implemented in the integrated MATLAB/Simulink-

based environment, calculates the position of the center of gravity of the fuel in the

fuel tanks as a function of fuel amount during the fuel transfer process. A sample

case is simulated and the results are demonstrated in Figs. 2.8 and 2.9. Fig. 2.8

shows how the CG changes in the three directions as a function of fuel volume in the

inner fuel tanks. Due to the geometry of the inner fuel tanks, the CM of the fuel in
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Figure 2.9. Views of Movement of Center of Mass of Fuel in Tanks.

tanks 2 and 3 moves in all three directions as the amount of fuel changes as shown in

Figs. 2.8. Fig. 2.9 shows the trajectory of the CG movement as the fuel volume goes

from zero to the full capacity. The CM of the fuel in the outer fuel tanks moves only

up or down as the amount of fuel changes due to the simple geometry of the outer

tanks.

2.1.4 Actuator Dynamics for EQ-II

Only actuator saturation and rate limit effects are considered for the EQ-II

aircraft. The deflection ranges for the outboard elevons (ailerons) are (-30 deg, 30

deg), inboard elevons (elevators) are (-30 deg, 30 deg), and clamshells (rudder) are

(0 deg, 60 deg). All three control surfaces have rate limits of ± 60 deg/s.
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2.2 Trail KC-135R Aircraft

The KC-135R is a conventional Stratotanker aircraft with a fuselage and tail

used primarily to provide aerial refueling support for long range fighters and bombers

like the EQ-II aircraft. The KC-135R was created by modifying the KC-135A tanker

to improve fuel consumption, emissions, and noise levels. The KC-135R is an integral

part of the U.S.A.F KC-X tanker fleet with the newest addition being the KC-46

that is similar in configuration and larger in size than the KC-135R. In addition, the

KC-135R is similar in design to commercial aircraft such as the Boeing 777, making

it a prime candidate for the formation studies presented in this dissertation to show

the formation benefits from a military or commercial perspective. This dissertation

uses two different models for the KC-135R: a simple model for the lead KC-135R and

a more detailed model for the trail KC-135R. The details of the model for the lead

KC-135R are given in Section 2.3.

2.2.1 Aerodynamic Model for Trail KC-135R

2.2.1.1 Computational Tools

The aerodynamic model of the KC-135R tanker aircraft is developed based on

Digital DatCom [59] data and supplemented with CFD results. These supplemental

CFD results are for the lead KC-135R which, for the purposes of this dissertation, is

modeled using a different and simpler aerodynamic model that differs from the trail

KC-135R discussed in this section. The Digital DatCom representation of the vehicle

is shown in Fig. 2.10.

For the present analysis, drag due to the aileron and rudder are required. Digital

DatCom only provides roll and yaw due to aileron deflection. The aileron drag was

calculated by treating the ailerons as symmetrically deflected flaps and using the drag
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Figure 2.10. Digital DatCom representation of KC-135R.

from the DatCom flap method. Digital DatCom does not include any methods for

rudders. This was overcome by rotating the vertical tail by 90 degrees and modeling

it as a wing, with the rudders as wing flaps. Using this procedure, the lift, pitching

moment and drag obtained for a flap correspond to the side force, yawing moment and

drag of the rudder. These must be divided by two since this process models two wing

panels and flaps while there is only one vertical tail and rudder. The rolling moment

is obtained by changing the flaps to ailerons, and deflecting a single aileron. In both

cases, the results need to be corrected to use the actual wing area and wing span

as reference quantities for force and moment non-dimensionalization. To avoid using

a spurious result as the Digital DatCom method for directional stability of a wing-

body-horizontal-vertical tail configuration is sometimes inaccurate, a configuration

buildup was run and the body-vertical tail result was used for directional stability.

Two sources of flight test data for configurations very similar to the KC-135R

were found, one for a Boeing 707-200 [60] and one for a KC-135A [61]. The stability
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Table 2.3. Geometric Parameters for KC-135R

Parameter Value

SR (m2) 226.03
b (m) 39.88
c (m) 6.14

derivatives from these sources compared very favorably to the Digital DatCom results.

The data obtained from Digital DatCom are then fitted with polynomials using a

Least Squares method as in the case of the EQ-II. The final expressions for the

aerodynamic force and moment coefficients and the comparisons with the Digital

DatCom are presented in the following sections. These expressions may be followed

by a set of graphs which are visual representations of the relationships between the

aerodynamic coefficients and their dependent variables. The star markers on each

graph represent the Digital DatCom data that was used to model the coefficients

while the solid lines represent the fitted line for each variable. For brevity, additional

figures and the values for each coefficient are given in Appendix B.

2.2.1.2 Force Coefficients

The aerodynamic forces are given by the following standard expressions

D =
1

2
ρV 2SCD (2.63)

S =
1

2
ρV 2SCS (2.64)

L =
1

2
ρV 2SCL (2.65)

where S is the reference area and ρ is the ambient air density. The geometric prop-

erties of the KC-135R aircraft used in the aerodynamics are given in Table 2.3.
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The drag coefficient is

CD (β, α, δa, δe, δr) = fCDα
(α) + fCDβ

(β) + fCDδa
(δa) + fCDδe

(δe) + fCDδr
(δr)

(2.66)

where

fCDα
(α)=CDα6α

6 + CDα5α
5 + CDα4α

4 + CDα3α
3 + CDα2α

2 + CDα1α+ CDα0

fCDβ
(β)=CDβ2β

2 + CDβ1β + CDβ0

fCDδa
(δa)=


CDδa4n

δ4a + CDδa3n
δ3a + CDδa2n

δ2a + CDδa1n
δa + CDδa0n

, δa < 0

0 , δa = 0

CDδa4p
δ4a + CDδa3p

δ3a + CDδa2p
δ2a + CDδa1p

δa + CDδa0p
, δa > 0

fCDδe
(δe)=


CDδe5n

δ5e + CDδe4n
δ4e + CDδe3n

δ3e + CDδe2n
δ2e + CDδe1n

δe + CDδe0n
, δe < 0

0 , δe = 0

CDδe3p
δ3e + CDδe2p

δ2e + CDδe1p
δe + CDδe0p

, δe > 0

fCDδr
(δr)=


CDδr5n

δ5r + CDδr4n
δ4r + CDδr3n

δ3r + CDδr2n
δ2r + CDδr1n

δr + CDδr0n
, δr < 0

0 , δr = 0

CDδr5p
δ5r + CDδr4p

δ4r + CDδr3p
δ3r + CDδr2p

δ2r + CDδr1p
δr + CDδr0p

, δr > 0

The numerical values of these coefficients and all others presented in this Section

are given in Appendix B. Figures 2.11 and 2.12 depict the dependence of the drag

coefficient on the angle of attack and sideslip angle, respectively. Fig. 2.11 shows

the drag coefficient dependence on angle of attack based on Digital DatCom and

based on CFD. Two data points for CDα , 0.0156 and 0.0189 were obtained from

the CFD results of the lead KC-135R at angles of attack of 0.5 and 1.2 degrees

respectively. A few pseudo data points were then added to these and fitted with a

6th order polynomial fit. This was done to generate a curve close to the DatCom but

containing the two CFD data points. Thus, in the polynomial expression for the drag

36



coefficient the CFD modification was done only to the fCDα
expression, changing it

from a 5th order polynomial given to a 6th order polynomial.

Furthermore, note from Fig. 2.12 that the second order polynomial fit is per-

formed only based on β = {−1, 0, 1} degrees. This is because only the slope data is

given from the Digital DatCom and thus the CDβ values are not actual data points.

Figures depicting additional drag dependencies are provided in Appendix B.
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Figure 2.11. fCDα
(Drag Coefficient) versus α (angle-of-attack).

The lift coefficient is

CL(V, α, α̇, q, δe) = fCLα
(α) + CLq1

[ c̄

2V

]
q + CLα̇ (α)

[ c̄

2V

]
α̇ + fCLδe

(δe) (2.67)

where

fCLα
(α)=CLα2α

2 + CLα1α + CLα0

CLα̇ (α)=Cα6
Lα̇1
α6 + Cα5

Lα̇1
α5 + Cα4

Lα̇1
α4 + Cα3

Lα̇1
α3 + Cα2

Lα̇1
α2 + Cα1

Lα̇1
α + Cα0

L

fCLδe
(δe)=CLδe4δ

4
e + CLδe3δ

3
e + CLδe2δ

2
e + CLδe1δe + CLδe0

37



-5 -4 -3 -2 -1 0 1 2 3 4 5
0

1

2

3

4

5

6
x 10

-3

β [deg]

 

 
CDb
2nd poly Fit

Figure 2.12. fCDβ
(Drag Coefficient) versus β (side slip angle).

The lift coefficient dependency on angle of attack is depicted in Fig. 2.13. As in

the drag coefficient dependency on angle of attack, the lift coefficient dependency on

angle of attack was modified based on two data points generated by CFD results.

At angles of attack of 0.5 and 1.2 degrees, the lift coefficient of the lead KC-135R is

0.3391 and 0.4089 respectively. Additional points were inserted to the data points

and a 2nd order polynomial fit was used to fit these points. Fig. 2.13 shows the

lift coefficient dependency on angle of attack using Digital DatCom and CFD. The

modification in the lift coefficient expression is seen in the fCLα
which changes from

a 3rd order to a 2nd order polynomial.

The side force coefficient is given as

CS(V, β, α, p, δr) = CSβ1 β + CSp1 (α)

[
b

2V

]
p+ fCSδr

(δr) (2.68)

38



-10 -5 0 5 10 15 20 25 30
-1

-0.5

0

0.5

1

1.5

2

α [deg]

 

 

CL DatCom
3rd poly Fit
CL CFD
2nd poly Fit

Figure 2.13. fCLα
(Lift Coefficient) versus α (angle-of-attack).

where

CSp1 (α)=Cα3
Sp1
α3 + Cα2

Sp1
α2 + Cα1

Sp1
α + Cα0

Sp1

fCSδr
(δr)=CSδr3δ

3
r + CSδr2δ

2
r + CSδr1δr + CSδr0

2.2.1.3 Moment Coefficients

The aerodynamic moments are given by the following standard expressions

L =
1

2
ρV 2S b CL, (2.69)

M =
1

2
ρV 2S c̄ CM, (2.70)

N =
1

2
ρV 2S b CN . (2.71)

where b is the wing span and c̄ is the mean chord length.

The rolling moment coefficient is

CL(V, β, α, p, r, δa, δr) = CLβ1 (α) β + CLp1 (α)

[
b

2V

]
p+ CLr1 (α)

[
b

2V

]
r

+fCLδa
(δa) + fCLδr

(δr) (2.72)
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where

CLβ1 (α)=Cα6
Lβ1α

6 + Cα5
Lβ1α

5 + Cα4
Lβ1α

4 + Cα3
Lβ1α

3 + Cα2
Lβ1α

2 + Cα1
Lβ1α + Cα0

Lβ1

CLp1 (α)=Cα6
Lp1α

6 + Cα5
Lp1α

5 + Cα4
Lp1α

4 + Cα3
Lp1α

3 + Cα2
Lp1α

2 + Cα1
Lp1α + Cα0

Lp1

CLr1 (α)=Cα6
Lr1α

6 + Cα5
Lr1α

5 + Cα4
Lr1α

4 + Cα3
Lr1α

3 + Cα2
Lr1α

2 + Cα1
Lr1α + Cα0

Lr1

fCLδa
(δa)=CLδa3δ

3
a + CLδa2δ

2
a + CLδa1δa + CLδa0

fCLδr
(δr)=CLδr3δ

3
r + CLδr2δ

2
r + CLδr1δr + CLδr0

Appendix B contains depictions of the roll moment coefficient dependencies as well

as the values of the coefficients.

The pitching moment coefficient is

CM (V, α, α̇, q, δe) = fCMα
(α)+CMq1

[ c̄

2V

]
q+CMα̇

(α)
[ c̄

2V

]
α̇+fCMδe

(δe) (2.73)

where

fCMα
(α)=CMα3α

3 + CMα2α
2 + CMα1α + CMα0

CMα̇
(α)=Cα6

Mα̇1
α6 + Cα5

Mα̇1
α5 + Cα4

Mα̇1
α4 + Cα3

Mα̇1
α3 + Cα2

Mα̇1
α2 + Cα1

Mα̇1
α + Cα0

M

fCMδe
(δe)=CMδe4

δ4e + CMδe3
δ3e + CMδe2

δ2e + CMδe1
δe + CMδe0

Figure 2.14 shows the dependency of the pitching moment coefficient on angle of

attack based on Digital DatCom and CFD results. Two data points for the pitching

moment coefficient were obtained from the CFD results of the lead KC-135R aircraft.

At angles of attack of 0.5 and 1.2 degrees, the pitching moment coefficients based on

CFD are -0.027 and -0.033 respectively. With additional data points added to these

two, a 3rd order polynomial fit is done and the results are shown on the same plot as

the DatCom results depicted in Fig. 2.14.
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Figure 2.14. fCMα
(Pitching Moment Coefficient) versus α (angle-of-attack).

The yawing moment coefficient is

CN (V, β, α, p, r, δa, δr) = CNβ1β + CNp1 (α)

[
b

2V

]
p+ CNr1 (α)

[
b

2V

]
r

+fCNδa
(δa) + fCNδr

(δr) (2.74)

where

CNp1 (α)=Cα4
Np1α

4 + Cα3
Lp1α

3 + Cα2
Np1α

2 + Cα1
Lp1α + Cα0

Np1

CNr1 (α)=Cα4
Nr1α

4 + Cα3
Nr1α

3 + Cα2
Nr1α

2 + Cα1
Nr1α + Cα0

Nr1

fCNδa
(δa)=CNδa3δ

3
a + CNδa2δ

2
a + CNδa1δa + CNδa0

fCNδr
(δr)=CNδr3δ

3
r + CNδr2δ

2
r + CNδr1δr + CNδr0

2.2.2 Engine Configuration for Trail KC-135R

The KC-135R has four engines that are identically modeled as for the EQ-II

using Fig. 2.6. These engines independently generate propulsive forces with three

components that are functions of thrust magnitude and direction of the thrust vector.
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These components are parameterized by the angles of the thrust vector with the body

xy- and xz- planes of the aircraft. Thus, as seen in Fig. 2.15, which depicts a general

thrust vector with two inclination angles, the components of the thrust are

TX = (T1 + T4) cos δTzo cos δTyo + (T2 + T3) cos δTzi cos δTyi (2.75)

TY = (T1 − T4) sin δTzo + (T2 − T3) sin δTzi (2.76)

TZ = −(T1 + T4) cos δTzo sin δTyo − (T2 + T3) cos δTzi sin δTyi (2.77)

where δTy and δTz are the inclination angles of the engine in the xz- plane and xy-

plane respectively, measured from the positive x axis. The subscript ’o’ and ’i’ denote

the outboard and inboard engines respectively.
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Figure 2.15. Components of the Thrust Vector.

Unlike the EQ-II, the engines of the KC-135R generate thrust in the different

directions of Fig. 2.15. For the inboard engines, the inclination angle in the x-y plane,

δTz , is non-zero implying that thrust is generated in both the x and y directions of the
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body frame. For the outboard engines, both inclination angles, δTy in the x-z plane,

and δTz in the x-y plane, are non-zero and the engines generate thrust in the x-y plane,

the x-z plane, and the y-z plane of the body frame. An additional implication of the

KC-135R engines having inclination angles in these planes with thrust generation or

even differential thrusting, the outboard engines can generate pitching, rolling, and

yawing moments.

2.2.3 Fuel Tank Configuration for Trail KC-135R

In the KC-135R trail aircraft, there are six tanks modeled in the wings (two

wing reserve tanks, two outboard wing tanks, two inboard wing tanks) and three tanks

modeled in the fuselage (a forward body tank, a center wing tank, and an aft wing

tank) as shown in shown in Fig. 2.16. All fuselage tanks are modeled in the shape of

a prismoid while the wing tanks are modeled in the shape of a parallelepiped. This

enables the centroid formulation algorithm developed in Reference [58] to be used for

the trail KC-135R.

In developing the models for the wing tanks for implementation in the sim-

ulation, the parallelepipeds were modeled to have the same volumes as the actual

KC-135R even though the width, depth, and height dimensions may differ. These

geometric variations in the approximations for the model and the truth are shown in

Figs. 2.17 and 2.18 which depict top and front view cross sections, respectively, of

the KC-135R showing the true wing tank locations and the model approximations.

2.2.4 Actuator Dynamics for Trail KC-135R

Only actuator saturation and rate limit effects are considered for the trail KC-

135R aircraft. The deflection ranges for the ailerons are (-20 deg, 20 deg), elevators
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Figure 2.16. Fuel Tank Locations for Trail KC-135R [62].
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Figure 2.17. Actual and Model Locations for Fuel Tanks: Top View Cross Section.

are (15 deg, -23.5 deg), and rudder (25 deg, 25 deg). All three control surfaces have

rate limits of ± 60 deg/s.

44



-60-40-200204060
-4
-2
0
2

KC-135 Front View Cross Section

x, m

y
, m

Figure 2.18. Actual and Model Locations for Fuel Tanks: Front View Cross Section.

2.3 Lead KC-135R Aircraft

The lead KC-135R in this dissertation is used primarily as a vortex/upwash

generator which induces non-uniform wind distribution on the trail aircraft. As a

result, its model is not as intricate or as detailed as that for the trail aircraft described

in Section 2.2. The model of the lead KC-135R is adapted from Reference [63] and

summarized in this dissertation for easy referencing. For additional details on Sections

2.3.1 and 2.3.2, Reference [63] should be consulted.

2.3.1 Aerodynamic Model for Lead KC-135R

2.3.1.1 Force Coefficients

The aerodynamic forces are given by the following standard expressions

DT =
1

2
ρV 2

T STCDT (2.78)

ST =
1

2
ρV 2

T STCST (2.79)

LT =
1

2
ρV 2

T STCLT (2.80)
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where ST is the reference area of the lead KC-135R and ρ is the ambient air density.

The T subscripts are used in this section to indicate that the lead, and not the trail

KC-135R, is being modeled. The aerodynamic force coefficients are

CDT = CD0 + CDα2 α2
T (2.81)

CST = CS0 + CSββT + CSδrδrT (2.82)

CLwing,body = CL0 + CLααT + CLα2 (αT − αref )2 + CLq
cT

2VT
qT (2.83)

CLtail = CLαtail αTtail +
ST
STtail

CLδeδe (2.84)

CLT = CLwing,body + CLtail (2.85)

where (δaT , δeT , δrT ) are the deflections of the control surfaces (aileron, elevator,

rudder, respectively), cT is the chord length, and STtail is the reference area of the

horizontal tail of the lead KC-135R. The lift coefficients for the wing and the hori-

zontal tail are defined separately. This is utilized in modeling the non-uniform wind

induced by the lead on the trail aircraft as explained in Section 2.6.

2.3.1.2 Moment Coefficients

The moments of external forces around the origin of the lead KC-135R body

frame in the x, y, and z directions, respectively are given by

LT =
1

2
ρV 2

T ST bTCLT (2.86)

MT =
1

2
ρV 2

T ST cTCMT
+ ∆zTTT (2.87)

NT =
1

2
ρV 2

T ST bTCNT (2.88)

46



where bT is the wingspan of the lead KC-135R aircraft and ∆zT is the moment arm

of the thrust in the body frame of the lead KC-135R. The aerodynamic moment

coefficients are

CLT = CL0 + CLδaδaT + CLδrδrT + CLββT + CLp
bT

2VT
pT

+ CLr
bT

2VT
rT (2.89)

CMT
= CMααT + CMδeδeT + CMq

cT
2VT

qT (2.90)

CNT = CN0 + CN δaδaT + CN δrδrT + CNββT + CNp
bT

2VT
pT

+ CN r
bT

2VT
rT (2.91)

2.3.2 Engine Configuration for Lead KC-135R

The thrust generated by the engine (TT ) is

TT = ξT TmaxT (2.92)

where ξT denotes the instantaneous throttle setting and TmaxT is the maximum avail-

able thrust of the tanker and assumed to be constant in this dissertation. The engine

dynamics is modeled as that of a first order system with time constant τT . Therefore,

ξ̇T =
ξT − ξtT
τT

, (2.93)

where ξtT is the commanded throttle setting (0≤ ξt ≤ 1).

2.3.3 Fuel Tank Configuration for Lead KC-135R

For the lead aircraft, no fuel tank subsystem is created to model the fuel flow

or fuel transfer. Thus, the inertia, mass, and weight configuration remain constant

for a majority of the simulations presented in this dissertation. Chapter 1 discusses

a contribution of this dissertation which is a study of a reduction of the weight of the
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lead aircraft, due to fuel consumption, on the benefits of a formation of long-duration.

The approach taken to incorporate the effect of fuel consumption on the mass and

inertia of the lead KC-135R is to first determine the fuel burned based on the thrust at

each time step. This fuel burned causes a reduction in the mass of the lead aircraft at

each time step and the time-varying mass can be determined as a function of the fuel

burn. A similar approach is taken to vary the inertia matrix of the lead aircraft. The

ratio of the mass at each time step to the initial mass of the aircraft is used to scale

the inertia matrix as well in an effort to incorporate the effect of fuel consumption on

the inertia matrix. The details of modifying the mass and inertia matrix of the lead

to create dependencies on the time-varying fuel consumption are given in Chapter 8.

2.3.4 Actuator Dynamics for Lead KC-135R

Only actuator saturation limits are considered for the lead KC-135R. The de-

flection ranges for all three control surfaces is (-20 deg, 20 deg).

2.4 Equations of Motion

The equations of motion for the lead and trail aircraft are presented in this

section. The trail aircraft, KC-135R and EQ-II, have their equations of motion derived

relative to the body frame of the lead aircraft, which is a non-inertial frame. These

equations of motion for the trail aircraft are adapted from Reference [64], which

develops the equations of motion for a receiver aircraft during aerial refueling. For

the lead KC-135R, the equations are developed relative to the inertial frame and are

adapted from Reference [63].
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2.4.1 Equations of Motion of the Trail Aircraft

In order to accurately model the dynamics of the following aircraft, it was

important to account for all the factors that significantly influence its dynamics. A

set of non-linear 6-DOF equations of motion were developed for a receiver aircraft

undergoing aerial refueling which models (i) the relative motion of the receiver with

respect to the leading tanker (ii) the time-varying mass and inertia properties during

the fuel transfer into the receiver, and (iii) the exposure to non-uniform wind induced

by the leading tanker’s wake vortex [47].

For the derivation of the equations of motion, a system of receiver aircraft and

the fuel that will join the aircraft is defined. The expressions for the time rates of

change of linear and angular momenta of this system of constant mass are derived by

formulating the momenta before and after the fuel joins the receiver and moves into

the fuel tanks. This allows the application of Newtons Law, which is valid for a system

of constant mass. Since the fuel before joining the receiver aircraft is considered in the

formulation of the linear and angular momentum variation, the speed and direction

of fuel flow into the receiver, as well as the location of the receptacle in the receiver,

are included in the equations of motion.

The fuel transfer into the receiver changes its total mass, location of the center

of mass (CM), and inertia matrix. To handle the effects of these time-varying inertia

properties, the body frame of the receiver is placed at a geometrically fixed position,

rather than at the center of mass of the aircraft. The origin of this body frame is

chosen to be at the CM of the empty receiver aircraft, i.e., without fuel in the fuel

tanks. This enables the mass and inertia matrix of the receiver aircraft without fuel

to be identified in the derivation of the equations, and the aerodynamic variables

such as airspeed, angle of attack, sideslip angle, and stability derivatives to be used

directly without any modification or re-interpretation.
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The dynamic effects due to fuel transfer are modeled by considering the mass

change to be confined only to a finite number of lumped masses. These lumped

masses represent fuel in each fuel tank. As fuel is transferred into the fuel tanks of

the receiver, the mass and CM of the corresponding lumped mass change depending

on the configuration parameters such as the shape, size, location of the individual

fuel tank, and the rate of fuel flowing into it [64]. The final forms of the translational

and rotational dynamics and kinematics equations for the follower are presented in

the following paragraphs.

The equations are derived in terms of the position and orientation of the receiver

relative to the tanker aircraft because an efficient and safe aerial refueling operation

requires the control of the motion of the receiver relative to the tanker. Since the

position of the receiver needs to be modeled with respect to the tanker, the transla-

tional kinematics was derived in terms of the position vector of the receiver relative

to the tanker using rotation matrices to and from the inertial frame, tanker’s body

frame, and receiver’s body frame. The translational kinematics equation is given by

ξ̇ = RT
BRBT

RBRWR
U + RT

BRBT
W −RBTI ṙBT + S(ωBT

)ξ (2.94)

where ξ is the representation of the receiver position relative to the tanker in the

tanker’s body frame, U is the representation of the velocity of the receiver relative to

the surrounding air in the receiver’s wind frame, W is the velocity of the wind relative

to the inertial frame expressed in the receiver’s body frame, RBRBT
is the rotation

matrix from the tanker’s to the receiver’s body frame, and ωBT
is the angular velocity

of the tanker relative to the inertial frame. Also, S(.) is the skew-symmetric matrix

operation on the representation of the vector in parenthesis.
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The translational dynamics equations include the dynamic effect of fuel transfer

and wind exposure. The final form in terms of XR = [V β α]T , airspeed, sideslip

angle, and angle of attack, is given as

ẊR = E−1R [S(ωBRBT
) + S(RBRBT

ωBT
)] (RBRWR

U +W )− E−1R Ẇ

+
1

(M +m)
E−1R

[
RBRBT

RBTI (F + ṁ ṙBT )

−ṁ
(
RBRWR

U +W −RBRBT
Vṁ + RT

BRBT
S(ωBT

)ρC

)]
− 1

(M +m)
E−1R

k∑
j=1

(
ṁj

{
ρ̇mj − [S(ωBRBT

) + S(RBRBT
ωBT

)] ρmj

}
+ mj

{
ρ̈mj + S(ωBRBT

)
[
S(ωBRBT

)ρmj − 2ρ̇mj
]

+ 2S(RBRBT
ωBT

)
[
S(ωBRBT

)ρmj − ρ̇mj
]

+
[
S2(RBRBT

ωBT
)− S(RBRBT

ω̇BT
)
]
ρmj + S(ρmj

)ω̇BRBT

})
(2.95)

where mj is the amount of fuel in the ’jth’ fuel tank, ṁj is the fuel flow rate into the

’jth’ fuel tank, and ρmj is the location of the CM of the fuel in the ’jth’ fuel tank.
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The rotational dynamics equation is

ω̇BRBT = I−1
t
MBR + I−1

t
S(ωBRBT

+ RBRBT
ωBT

)I
M

(ωBRBT + RBRBT
ωBT )

+ I−1
t

k∑
j=1

S(ρmj
)
[
mj

(
ωTBRBT + ωTBTR

T
BRBT

)
ρmj (ωBRBT + RBRBT

ωBT )
]

+ I−1
t

k∑
j=1

S(ρmj
)
(
mj ρ̈mj + ṁj ρ̇mj

)
+ I−1

t

[
k∑
j=1

S(ρmj
) mj

] {
− [S(ωBRBT

) + S(RBRBT
ωBT

)] (RBRWR
U +W )

}
+ I−1

t

[
k∑
j=1

S(ρmj
) mj

] (
ER ẊR + Ẇ

)
+ I−1

t

[
k∑
j=1

S(ρmj
) ṁj

]
(RBRwR

U +W )

− 2 I−1
t

k∑
j=1

mj

[(
ρTmj ρ̇mj

)
I3×3 − ρ̇mjρTmj

]
(ωBRBT + RBRBT

ωBT )

− I−1
t

k∑
j=1

ṁj

[(
ρTmj ρmj

)
I3×3 − ρmjρTmj

]
(ωBRBT + RBRBT

ωBT )

− S(ωBRBT
) RBRBT

ωBT −RBRBT
ω̇BT

− I
t

−1ṁS(ρR) (RBRBT
RBTIṙBT + RBRBT

Vṁ −RBRBT
S(ωBT

)ρC) (2.96)

where I
t

represents the total inertia matrix of the system, MBR is the body frame

representation of the applied moment vector which includes the moment due to the

fuel weight in each fuel tank, ρC is the tanker frame representation of the position

of the refueling port/receptacle of the receiver aircraft measured from the origin of

the tanker’s body frame, ρR is the receiver frame representation of the position of

the refueling port/receptacle of the receiver aircraft measured from the origin of the

receiver body frame, and I
M

is the inertia matrix of the receiver excluding the fuel in

the fuel tanks and in transit. The contributions of the fuel weight in each fuel tank,
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the aerodynamic forces, and the differential thrusting to the applied moment, MBR ,

on the follower aircraft, are expressed as

MBR = MA +
k∑
j=1

[
mj S(ρmj)

]
RBRBT

RBTI G + MP (2.97)

where MA is the representation of the aerodynamic moment vector in the body frame

of the receiver (follower) aircraft. The second term on the right is the moment gen-

erated by the weight of the fuel in each of the k fuel tanks; mj is the fuel mass in

the jth fuel tank, ρmj is the position of the CM of the mj in the body frame and G is

the representation of the gravitational acceleration in the inertial frame. These terms

formulate the mechanism to generate moment by transferring fuel between fuel tanks.

The last term on the right hand side of Eq. (2.97) represents the moment generated

by the engine thrusts. Both trail KC-135R and EQ-II aircraft have the capacity of

generating moments by using differential thrusting. The EQ-II has the capacity to

generate yawing moments as shown in Section 2.1.2 and the trail KC-135R has the

capacity to generate rolling, pitching, and yawing moments as described in Section

2.2.2.

The derived equations for a receiver aircraft in aerial refueling, presented above,

are versatile enough to be used for the analysis of any flight condition involving

mass transfer. These equations have the rates of fuel transfer into each fuel tank

explicitly which allows for the study of fuel transfer effects in aerial refueling [64] and

thus, formation flight. For a formation of extended duration, the fuel flow rate out

of the individual fuel tanks is non-zero and is accounted for using the equations of

motion described above. In the case of internal fuel transfer as an alternative moment

generation mechanism, the dynamic effect of the fuel transfer within the fuel tank is

incorporated into the equations of motion. Also, the equations are expressed with

respect to a point geometrically fixed in the body frame of the receiver/trail aircraft.
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Thus, the effect of changes in the center of mass location during the fuel transfer

process has been accounted for by the equations.

2.4.2 Equations of Motion of the Lead Aircraft

For brevity, the ”lead aircraft” or ”lead KC-135R” will be referred to simply as

the ”aircraft” in this section. In matrix form, the translational kinematics equation

is

ṙBT = RT
BTIRBTwT

VwT +W (2.98)

where rBT is the position of the aircraft relative to the inertial frame expressed in the

inertial frame, RBTI is the rotation matrix from the inertial frame to the body frame

of the aircraft, RBTwT
is the rotation matrix from the aircraft wind frame to body

frame, VwT is the velocity of the aircraft relative to the surrounding air expressed in

the aircraft wind frame, and W is the wind the aircraft is subjected to expressed in

the inertial frame.

The translational dynamics equation of the aircraft in matrix form is
V̇T

β̇T

α̇T

 = E−1T S(ωBT
)RBTwT

VwT +
1

mT

E−1T

(
RBRIMT + RBTwT

AT + PT

)
− E−1T RBRIẆ

(2.99)

where

E−1T =


cosαT cos βT sin βT cos βT sinαT

− 1
VT

cosαT sin βT
1
VT

cos βT − 1
VT

sinαT sin βT

− 1
VT

sec βT sinαT 0 1
VT

cosαT sec βT

 (2.100)
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The external forces acting on the aircraft are the gravitational force MT (expressed

in the inertial frame), the aerodynamic force AT (expressed in the wind frame of the

aircraft) and propulsive force PT (expressed in the body frame of the aircraft).

The rotational kinematics equation in matrix form is the well known standard

equation:

RBTIṘBTI = −S(ωBT
) (2.101)

where ωBT
is the representation of the angular velocity vector of the aircraft relative

to the inertial frame expressed in its own body frame.

The matrix form of the rotational dynamics of the aircraft is modeled with the

standard rotational dynamics equation.

ω̇BT = I−1
T
MBT + I−1

T
S(ωBT

)I
T
ωBT (2.102)

where I
T

is the inertia matrix of the tanker aircraft, MBT is the moment of the

external forces around the origin of aircraft body frame and expressed in the aircraft

body frame.

2.5 Control Design

2.5.1 Trajectory-Tracking Control Design for Trail

This section explains the control design procedure for the trailing aircraft to

follow the commanded trajectory relative to the lead KC-135R. A MIMO (multi-

input multi-output) state-feedback integral controller, developed for aerial refueling

objectives, is designed based on LQR (linear quadratic regulator) optimal control and

gain scheduling methods in References [63, 65, 66, 67, 68]. This controller is adapted

for the trail KC-135R and EQ-II aircraft and reproduced in this section for easy

referencing. The control variables calculated by the controller are control surface
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deflections and thrust magnitudes from the engines on each side. The outputs to

track for the aircraft are the components of the position relative to the tanker and

are determined by the desired trajectory. The LQR control design technique allows

the relative allocation of the control variables through the choice of the weighting

matrices in the cost index. Thus, it is easy to specify which and how much of a

control variable to use.

This controller can be used in formation flight without any modification for the

follower aircraft control. This is because the follower should be flown relative to the

leading aircraft as in the case of the aerial refueling. The follower aircraft is required

to stay at the sweet spot, which is defined relative to the lead aircraft since the non-

uniform wind field is generated by the vortices of the lead aircraft. Further, control

allocation capability through the weighting matrices is also used for investigating

different trimming schemes of the follower aircraft at the sweet spot.

For conciseness, the trail aircraft control design presented is for the trail KC-

135R. The EQ-II control design is similar to that for the trail KC-135R except for the

number of control inputs. While the KC-135R is modeled to have three conventional

control surfaces, aileron, elevator, and rudder, the EQ-II has six control surfaces: left

and right clamshell, left and right outboard elevon, and left and right inboard elevon

as described in Section 2.1.

2.5.1.1 Nonlinear Aircraft Equations in Compact Form

The equations of motion for both aircraft are full 6-DOF nonlinear and account

for the non-uniform wind effect, mass/inertia variation effect, and the effect of relative

motion with respect to a non-inertial frame of reference [6, 7, 47]. The control design,
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developed in Reference [63], however, is based on LQR method with integral control

implemented in a given scheduling scheme. The state vector of the trailing aircraft is

x = [V β α p q r ψ θ φ x y z]T (2.103)

where orientation (ψ, θ, φ). angular velocity (p, q, r), and position (x, y, z) are with

respect to the lead aircraft. The control input vector is

uo = [δa δe δr Tc1 Tc2 Tc3 Tc4 ]
T (2.104)

where (δa, δe, δr) are the aileron, elevator, and rudder deflections, respectively, and

Tci is the commanded thrust from the ith engine. The disturbance vector due to the

motion of the lead aircraft is

w = [VxT VyT VzT ψT θT φT pT qT rT ṗT q̇T ṙT ]T (2.105)

The force and moment vector is

v = [D S L LM N Tx Ty Tz]
T (2.106)

The thrust vector is defined to consist of the thrust level from each engine as

e = [T1 T2 T3 T4]
T (2.107)

The equations of translational and rotational dynamics and kinematics are writ-

ten in compact form in terms of the defined state, control, and disturbance vectors

as

ẋ = f(x, v, w) (2.108)

The constitutive equations for aerodynamic forces, aerodynamic moments, and

thrust can be written in compact form as

v = g(x, ẋ, uo, e, w) (2.109)
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2.5.1.2 Linearization of Aircraft Equations

To linearize the equations of motion of the trailing aircraft, the trimmed values

of its states and control variables should be determined. This is done by solving the

nonlinear translational and rotational dynamics equations along with the ż equation

from the translational kinematics. The ż equation is included to have the trimmed

flight conditions at constant altitude. The steady-state nominal conditions are defined

based on the speed, V , yaw rate, ψ̇ and altitude of the lead aircraft. At the nominal

condition, the side slip, β and the yaw, ψ angles of the trailing aircraft are required

to be zero. Note that the yaw angle ψ of the trailing aircraft is relative to the lead

aircraft

The linearization of the aircraft equations of motion could be carried out by

first substituting v from Eq. (2.109) into Eq. (2.108). However, a simpler method of

linearization, developed in Reference [63], is to linearize Eqs. (2.108) and (2.109) sep-

arately, and then carry out the substitution with the respective linearized equations.

The linearizations of Eqs. (2.108) and (2.109) yield, respectively,

∆ẋ = A ∆x+ B ∆v + H ∆w (2.110)

∆v = E1 ∆x+ E2 ∆ẋ+ F ∆uo + CT ∆e+ G ∆w (2.111)
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where the matrix dimensions are: A ∈ <12x12, B ∈ <12x9, H ∈ <12x12, E1 ∈ <9x12,

E2 ∈ <9x12, F ∈ <9x7, and G ∈ <9x12. Also, CT ∈ <9x4 is

CT =



03x1 03x1 03x1 03x1

ρxo ρxi −ρxi −ρxo
ρyo ρyi ρyi ρyo

ρzo ρzi −ρzi −ρzo
cos δTzo cos δTyo cos δTzi cos δTyi cos δTzi cos δTyi cos δTzo cos δTyo

sin δTzo sin δTzi − sin δTzi − sin δTzo

− cos δTzo sin δTyo − cos δTzi sin δTyi − cos δTzi sin δTyi − cos δTzo sin δTyo


(2.112)

where, ρx, ρy, ρz are the rolling, pitching, and yawing moment arms of the thrust

with subscript ’o’ and ’i’ denote the outboard and inboard engines, respectively. The

expressions for the outboard and inboard moment arms of the thrust are given as

ρxo = −lzo sin δTzo + lyo cos δTzo sin δTyo (2.113)

ρyo = lzo cos δTzo cos δTyo + lxo cos δTzo sin δTyo (2.114)

ρzo = lyo cos δTzo cos δTyo + lxo sin δTzo (2.115)

and

ρxi = −lzi sin δTzi + lyi cos δTzi sin δTyi (2.116)

ρyi = lzi cos δTzi cos δTyi + lxi cos δTzi sin δTyi (2.117)

ρzi = lyi cos δTzi cos δTyi + lxi sin δTzi (2.118)
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The matrix CT indicates the fact with non-zero moment arms and inclination an-

gles, the thrust can generate both rolling, pitching, and yawing moments. After the

linearization is complete, the substitution of Eq. (2.111) into Eq. (2.110) results in

∆ẋ = (I−BE2)−1
{

(A + BE1) ∆x+ (BF) ∆uo + (BCT) ∆e+ (BG + H) ∆w
}

(2.119)

2.5.1.3 Engine Model

Equation (2.119) has e, thrusts generated by each engine while control vector uo

has commanded thrust for each engine. This implies that a linear engine model should

be included in the state-space representation to define the linear relation between

commanded thrust and generated thrust for each of the four engines. To develop this

linear model, the rate limit and saturation nonlinearities in the nonlinear engine model

are ignored. Further, the transport delay is modeled by a Pade approximation with

a 2nd-order polynomial denominator and a 1st-order polynomial numerator. With

these approximations, the transfer function from the commanded thrust to generated

thrust becomes

∆Ti(s)

∆Tci(s)
=

w1(s+ w2)(−2τs+ 6)

(τ 2s2 + 4τs+ 6)[(s+ w1)(s+ w2) +Kengw1s]
(2.120)

where i = {1, 2, 3, 4}. A state space representation with four states of this transfer

function is given as

żei = Aezei + Be ∆Tci (2.121)

∆Ti = Cezei (2.122)

where

zei = [zi1 zi2 zi3 zi4 ]
T (2.123)
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and i = {1, 2, 3, 4} as all four engines are identical. In Eqs. (2.121)-(2.123), the state,

input, and output matrices are

Ae =



0 1 0 0

0 0 1 0

0 0 0 1

−A0

A4
−A1

A4
−A2

A4
−A3

A4


(2.124)

(2.125)

Be =



0

0

0

1
A4


(2.126)

(2.127)

Ce =

[
C0 C1 C2 0

]
(2.128)

where

C2 = −2τw1 (2.129)

C1 = w1(6− 2τw2) (2.130)

C0 = 6w1w2 (2.131)

A4 = τ 2 (2.132)

A3 = τ(4 + τ [(1 +Keng)w1 + w2]) (2.133)

A2 = τ 2w1w2 + 4τ [(1 +Keng)w1 + w2] + 6 (2.134)

A1 = 4τw1w2 + 6[(1 +Keng)w1 + w2] (2.135)

A0 = 6w1w2 (2.136)
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A meta state-space model is constructed to represent the four identical engines

together as

że = AeT ze + BeT ∆T c (2.137)

∆e = CeT ze (2.138)

where

ze = [zTe1 z
T
e2
zTe3 z

T
e4

]T (2.139)

∆T c = [∆Tc1 ∆Tc2 ∆Tc3 ∆Tc4]
T (2.140)

The state, control and output matrices are as follows.

AeT =



Ae 04×4 04×4 04×4

04×4 Ae 04×4 04×4

04× 04×4 Ae 04×4

04×4 04×4 04×4 Ae


∈ <16x16 (2.141)

BeT =



Be 04×3

04×1 Be 04×2

04×2 Be 04×2

04×3 Be


∈ <16x4 (2.142)

CeT =



Ce 01×4 01×4 01×4

01×4 Ce 01×4 01×4

01×4 01×4 Ce 01×4

01×4 01×4 01×4 Ce


∈ <4x16 (2.143)

Note from (2.104) that T c is a subset of uo. Thus, (2.137) can be rewritten as

że = AeT ze + BeA ∆uo (2.144)
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where

BeA = [016×3 BeT] ∈ <16x7 (2.145)

2.5.1.4 Actuator Dynamics

Unlike engine dynamics, actuator dynamics for the control effectors are not

included in the state-space representation while the simulation has the actuator dy-

namics included as defined in Refs. [56, 57].

2.5.1.5 Aircraft and Engine Model Combined

In this section, aircraft and engine models are combined to obtain the state-

space representation of the aircraft together with four engines. First, a new meta

state vector is defined as

xa =

 ∆x

ze

 ∈ <28x1 (2.146)

Substituting Eq. (2.138) in Eq. (2.119) and combining the resultant equation with

Eq. (2.144) result in the meta state-space representation for the system of aircraft

and four engines as

ẋa = Aa xa + Ba ∆uo + Fa ∆w (2.147)

where xa ∈ <28x1, uo ∈ <7x1 and w ∈ <12x1.
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The state, control and disturbance matrices are as follows.

Aa =

 (I−BE2)−1(A + BE1) (I−BE2)−1BCTCeT

016×12 AeT

 ∈ <28x28 (2.148)

Ba =

 (I−BE2)−1BF

BeA

 ∈ <28x7 (2.149)

Fa =

 (I−BE2)−1BG + H

016×12

 ∈ <28x12 (2.150)

2.5.1.6 Augmentation with Integral States for Position Error

The output of interest is the trajectory of the trailing aircraft relative to the

leader; thus, the output vector is chosen to be

y = [∆x ∆y ∆z]T (2.151)

which is written in terms of the state vector as

y = Ca xa (2.152)

where Ca ∈ <3×28 and is chosen such that y is as defined in Eq. (2.151). To ensure

zero tracking error at the steady state condition, three additional states are defined

as the integral of the output error

ėr = y − y
c

(2.153)

where y
c

is the commanded position for the receiver. With the integral states included,

a new augmented state vector is defined as

xA =

 xa

er

 ∈ <31×1 (2.154)
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The augmented state-space equation for xA, then, becomes

ẋA = AA xA + BA ∆uo + FA ∆w −HA y
c

(2.155)

where

AA =

 Aa 028×3

Ca 03×3

 ∈ <31×31 (2.156)

BA =

 Ba

03×7

 ∈ <31×7 (2.157)

FA =

 Fa

03×12

 ∈ <31×12 (2.158)

HA =

 028×3

I3×3

 ∈ <31×3 (2.159)

2.5.1.7 New Control Vector

Instead of four independent thrust commands, total thrust command Tt and

differential thrust Td are defined as

Tt = Tc1 + Tc2 + Tc3 + Tc4 (2.160)

Td = (Tc3 + Tc4)− (Tc1 + Tc2) (2.161)

A new control vector is defined using the new control variables as

u = [δa δe δr Tt Td]
T (2.162)

The mapping from the new control variable to the original one can be defined as

∆uo = Mu ∆u (2.163)
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where

Mu =

 I3×3 03×2

04×3 Mtd

 ∈ <7×5 (2.164)

and

Mtd =
1

4



1 −1

1 −1

1 1

1 1


(2.165)

The augmented state-space equation from Eq. (2.155) is re-written with the new

control vector as

ẋA = AA xA + BAM ∆u+ FA ∆w −HA y
c

(2.166)

where

BAM = BA Mu (2.167)

where BAM ∈ <31×5 and BA ∈ <31×7.

2.5.1.8 LQR Design with Gain Scheduling

For gain scheduling, six different nominal conditions are defined and matrices

of the linearized state-space equations in Eqs. (2.166) and (??) are computed for

each nominal condition. This differs from Reference [63] which utilized four nominal

conditions for the linearization and gain scheduling: two straight steady-level flight

and two steady turn conditions. In this dissertation, the six nominal conditions, as

summarized in Table 2.4, represent straight-level flight with two different airspeed

and level turns (left and right) with the same two airspeeds. Based on Eq. (2.166),

a state-space model is written as

ẋA = AAi
xA + BAMi

∆u+ FAi
∆w −HAi

y
c

(2.168)
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where i ∈ {1, · · · , 6}, corresponding to each nominal condition.

Using LQR design technique, the state feedback gain matrix Ki is obtained, for

the state-space model in (2.168), to minimize the cost function:

J(∆u) =

∞∫
0

{
xTA Qi xA + ∆uT Ri ∆u

}
dt (2.169)

where Qi ∈ <31×31 are symmetric positive semidefinite and Ri ∈ <6×6 are symmetric

positive definite. Note that matrices Qi and Ri can be selected separately for each

nominal condition.

Thus, the state feedback control laws with the integral control are

∆ui = −Ki xA (2.170)

Note that the control laws assume the availability of full state measurement or es-

timation for feedback, including the four states of each engine. For the simulation

implementation of this controller, an observer is designed and implemented to esti-

mate the engine states based on the commanded and delivered thrust for each en-

gine. Further, in the implementation of linear controllers, a Lagrange interpolation

”scheduling” scheme is employed to determine effective values of the gains at a given

flight condition. With this scheme, the non-linear gain scheduling controller based on

the six linear designs is

Table 2.4. Nominal Conditions by Turn rate and Airspeed
Nominal Condition Tanker Yaw Rate Tanker Airspeed

1 ψ̇T1 VT1
2 ψ̇T1 VT2
3 ψ̇T2 VT1
4 ψ̇T2 VT2
5 ψ̇T3 VT1
6 ψ̇T3 VT2
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∆u =

(
ψ̇c − ψ̇T2

)(
ψ̇c − ψ̇T3

)
(Vc − VT2)(

ψ̇T1 − ψ̇T2

)(
ψ̇T1 − ψ̇T3

)
(VT1 − VT2)

u1 +

(
ψ̇c − ψ̇T2

)(
ψ̇c − ψ̇T3

)
(Vc − VT1)(

ψ̇T1 − ψ̇T2

)(
ψ̇T1 − ψ̇T3

)
(VT2 − VT1)

u2

(
ψ̇c − ψ̇T1

)(
ψ̇c − ψ̇T3

)
(Vc − VT2)(

ψ̇T2 − ψ̇T1

)(
ψ̇T2 − ψ̇T3

)
(VT1 − VT2)

u3 +

(
ψ̇c − ψ̇T1

)(
ψ̇c − ψ̇T3

)
(Vc − VT1)(

ψ̇T2 − ψ̇T1

)(
ψ̇T2 − ψ̇T3

)
(VT2 − VT1)

u4

(
ψ̇c − ψ̇T1

)(
ψ̇c − ψ̇T2

)
(Vc − VT2)(

ψ̇T3 − ψ̇T1

)(
ψ̇T3 − ψ̇T1

)
(VT1 − VT2)

u5 +

(
ψ̇c − ψ̇T1

)(
ψ̇c − ψ̇T2

)
(Vc − VT1)(

ψ̇T3 − ψ̇T1

)(
ψ̇T3 − ψ̇T2

)
(VT2 − VT1)

u6

(2.171)

2.5.2 VHRCAH Control Design for Lead

The controller for the lead aircraft is a ”velocity/heading rate command-altitude

hold” (VHRCAH) developed in Reference [63] which implements a control design to

hold the speed and altitude and track the yaw rate for the tanker aircraft in aerial

refueling. This control design is utilized and reproduced in this dissertation. Similar

to the control design for the trail aircraft, the lead KC-135R uses a MIMO state-

feedback LQR and integral control technique. The control variables available are

the three conventional control surfaces and the throttle setting while the outputs

to be controlled are the airspeed, altitude and yaw rate. A gain scheduling scheme

is implemented based on the commanded speed and yaw rate and the procedure is

described in this section.

The tanker’s equations of motion given in Section 2.4.2 are linearized at six

different steady-state trimmed nominal conditions described in Section 2.5.1.8. Six

different sets of linearized equation of motion, in state-space form, for the lead aircraft

are

∆ẋT = AT,i ∆xT + BT,i ∆uT (2.172)

where AT,i ∈ <9×9, BT,i ∈ <9×4, i ∈ {1− 6}, for the six nominal conditions.
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The state vector for the lead aircraft is

∆xT = [∆VT ∆βT ∆αT ∆pT ∆qT ∆rT ∆θT ∆φT ∆zT ]T (2.173)

The control input vector is

∆uT = [∆δaT ∆δeT ∆δrT ∆ξtT ]T (2.174)

where (δaT , δeT , δrT ) are the control surface deflections of the lead aircraft and ξtT is its

throttle setting. In all equations above, ∆ indicates that the corresponding variable

is the deviation from its nominal value. Since the requirements of the controller are

to track commanded speed, altitude and yaw rate, the following output vector of the

lead aircraft is chosen

y
T

=
[
∆VT ∆zT ∆ψ̇T

]T
(2.175)

To ensure zero tracking error at the steady state condition, the state space

equations are augmented by three integrators for speed error, altitude error and yaw

rate error:

ėT = y
T
− y

T,c
(2.176)

where y
T,c

= [∆VT,c ∆zT,c ∆ψ̇T,c]
T is the commanded output vector of the lead air-

craft. By including the augmentation states in the state space equations, the aug-

mented state equation becomes ∆ẋT

ėT

 =

 AT,i 09×3

CT 03×3


 ∆xT

eT

+

 BT,i

03×4

∆uT −

 09×3

I3×3

 y
T,c

(2.177)

Using LQR design technique, the state feedback gain matrix [KT,x KT,e] is

obtained to minimize the cost function:

J(uT ) =

∞∫
0

{
[ ∆xTT eTT ]QT,i

 ∆xT

eT

+ ∆uTTRT,i ∆u

}
dt (2.178)
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where QT,i ∈ <12×12 are symmetric positive semidefinite, RT,i ∈ <4×4 are symmetric

positive definite and NT,i ∈ <12×4 are symmetric positive definite. Note that matrices

QT,i, RT,i and NT,i can be selected separately for each nominal condition. Thus, the

state feedback control laws with the integral control are

∆uT,i = −KxT,i
∆xT −KeT,i eT (2.179)

where i ∈ {1 − 6}, corresponding to the six nominal conditions. A gain scheduling

control law is employed to interpolate between the linear controllers at the six nominal

conditions using Eq. 2.171 as was done for the trail aircraft.

2.6 Non-uniform Wind Effect Modeling

This section presents an overview of the implementation and validation of the

NUWEMT (Non-Uniform Wind Effect Modeling Technique) used to model the effect

of the non-uniform wind induced by the wake vortex of the lead on the follower

aircraft. The NUWEMT has been successfully implemented in simulations for aerial

refueling [49, 47, 69, 70] and formation flight [7, 71]. The biggest advantage of the

NUWEMT is that it can be implemented directly in real time simulations and thus

eliminates the need for generating and managing lookup tables in simulation. For

additional details, the previous publications [5, 6, 7, 65, 72] should be referred to for

further details of the NUWEMT modeling of the non-uniform wind from the leader

and the averaging technique used to estimate the vortex-effect on the receiver [69].

2.6.1 Description

During aerial refueling and formation flight, the leader and follower aircraft ex-

perience a prevailing wind and turbulence from the general atmospheric conditions.

In addition to these two sources of wind, the follower is also subject to the wind field
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in the wake of the lead aircraft. This wind field is modeled using the lifting line the-

ory. There are three vortex filaments contributing to the the wind: one wing-bound

vortex, and 2 trailing wing-tip vortices. The magnitude of the wind at a point is

dependent on the strength of each vortex filament and is computed using Biot-Savart

law and the Modified Helmholtz vortex model [65]. The vortices induce a non-uniform

wind distribution over the follower aircraft with varying magnitude and direction de-

pending on its location relative to the leader. The dynamic effect of this non-uniform

wind is modeled using NUWEMT, which approximates a non-uniform wind along

each direction with an approximate uniform wind component and a uniform wind

gradient [5, 6, 7]. This approximation leads to three components of effective trans-

lational wind velocity, Wx, Wy, and Wz and three components of effective rotational

wind velocity, peff , qeff , and reff [65]. The translational kinematics and dynamics

equations, Eqs. (2.94) and (2.95) respectively, have explicit terms with the transla-

tional wind components and their time derivatives. Furthermore, the translational

dynamics equation in Eq. (2.95) is written in terms of XR = [V β α]T , where V , β,

and α are the parameters of the velocity vector of the aircraft relative to the air, and

thus account for the presence of wind. This mechanism models how the translational

wind components affect the velocity vector of the aircraft. The effect of the transla-

tional wind on the aerodynamics is also modeled through the aerodynamic force and

moment expressions which have explicit terms of angle of attack and sideslip.

The effect of the rotational wind components is incorporated through the aero-

dynamic force and moment expressions, as in the case of the second mechanism of

the translational wind components. The rotational velocity of an aircraft relative
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to “rotating” air is the difference between the velocity of the aircraft relative to the

inertial frame and the velocity of the air relative to the inertial frame as

{p, q, r}rel = {p, q, r} − {p, q, r}eff (2.180)

where {p, q, r}rel is the angular velocity of the aircraft relative to the air, {p, q, r} is the

velocity of the aircraft relative to the inertial frame, and {p, q, r}eff is the rotational

wind relative to the inertial frame, which is calculated by the NUWEMT. Since

the aerodynamics of an aircraft is about its motion relative to air, the aerodynamic

expressions have {p, q, r}rel, not {p, q, r}. Thus, the effect of the rotational wind on the

aircraft dynamics is modeled through the terms with {p, q, r}rel in the aerodynamic

force and moment coefficients.

2.6.2 Validation

NUWEMT has previously been validated against CFD [73], wind tunnel [5,

6] and flight data [65, 74]. The formation simulations in this dissertation use the

NUWEMT which is again validated for a pair of KC-135R aircraft in formation.

This section shows a comparison of the variations in aerodynamic force and moment

coefficients calculated by NUWEMT against those calculated by CFD as the position

of the trailing aircraft changes relative to the lead aircraft. Fig. 2.19 shows the

two KC-135R models in one of the CFD runs. The comparison helps validate the

technique used before extensive simulations and analyses are carried out. CFD results

are generated by NASA’s Cart3D package, which consists of both the Cartesian grid

generation tool Cubes as well as the finite-volume, upwind-differencing, Euler flow

solver flowCart [75].

In the CFD runs, the trailing KC-135R model is placed at various positions

relative to the lead KC-135R model and the aerodynamic forces and moments acting
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Figure 2.19. KC-135R Configuration for CFD Runs, x=3.82b.

on the trailing aircraft are recorded. All CFD runs are set up such that the freestream

Mach number is 0.66 and altitude is 25 000 ft. In all CFD runs, the trailing KC-135R

model is placed longitudinally 3.82 wingspans behind the lead model. Based on the

lateral and vertical separation, there are two sets of CFD runs: (1) Lateral sweep and

(2) Vertical sweep. In the lateral sweep, the lateral separation (relative position) is

varied from 0 (right behind the lead aircraft) to a wingspan (the right wingtip of the

lead aircraft is aligned with the left wingtip of the trailing aircraft) by increments of 5

feet while the vertical separation is kept at zero. The pitch angles are set to 1.2 degrees

and 1.8 degrees for the lead and trailing aircraft models, respectively. In the vertical

sweep, the vertical separation is varied from 12 feet below to 12 feet above the lead

aircraft by increments of 2 feet as the lateral separation is kept at 0.96 wingspan on

the right. In these runs, the pitch angles of both models are set to be 0.5 degrees. To

validate the NUWEMT using the CFD results, the MATLAB/Simulink integrated

simulation is run, similar to CFD and wind tunnel tests by disregarding trim, to

73



0 0.2 0.4 0.6 0.8 1

0.35

0.4

0.45

0.5

0.55

C
L
 normal to freestream in Lateral Sweep, x=3.82 b, z=0

y/b

C
L

 

 

CFD
Sim

0 0.2 0.4 0.6 0.8 1
0.0205

0.021

0.0215

0.022

0.0225

0.023

0.0235

C
D

 along freestream in Lateral Sweep, x=3.82 b, z=0

y/b

C
D

 

 
CFD
Sim

Figure 2.20. Aerodynamic Force Coefficients in Lateral Sweep, x=3.82b, z=0.
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Figure 2.21. Aerodynamic Moment Coefficients in Lateral Sweep, x=3.82b, z=0.

generate the aerodynamic force and moment coefficients based on NUWEMT along

the same relative position ranges in the lateral and vertical sweeps. In the following,

the comparisons of the aerodynamic coefficients are presented in Figs. 2.20 and 2.21

for lateral sweep and in Figs. 2.22 and 2.23 for vertical sweep.

The lift and drag coefficients generated by the simulation and seen in Fig. 2.20

provide a close match with the CFD results especially around 0.7 to 1 wingspan

which is the region of interest for the sweet spot. The rolling and pitching moment
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Figure 2.22. Aerodynamic Force Coefficients in Vertical Sweep, x=3.82b, y=0.96b.

coefficient curves in Fig. 2.21 also compare very well with the CFD data. Overall,

the trends of the aerodynamic force and moment coefficients during the lateral sweep

are well predicted by the simulation.

For the vertical sweep, the simulation trends and the CFD results are not as

close as in the lateral sweep. Although the simulations seemingly under-predict/over-

predict the trends, the disparity in magnitudes is very small. For instance, the sim-

ulation lift coefficient curve of the trail aircraft seen in Fig. 2.22, in the sweet spot

region of interest, z=0 wingspans relative to the lead, is about 0.01 less than the CFD

results, equivalent to a percentage difference of only 2.6. This difference in magni-

tudes is similar for the other coefficients. This will suffice for the purposes of this

study as subsequent simulations will be done using the aircraft configuration of the

lateral sweep.
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Figure 2.23. Aerodynamic Moment Coefficients in Vertical Sweep, x=3.82b, y=0.96b.
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CHAPTER 3

SWEET SPOT EVALUATION

This chapter discusses the procedure used to determine the optimum location for

formation flight and associated benefits using the mathematical model and integrated

simulation environment, referred to in Section 2. Section 3.1 discusses the relative

position configuration of both KC-135R and EQ-II trail aircraft models with respect

to the leading KC-135R tanker. Section 3.2 then gives the details of the analysis

employed to determine the sweet spot for the trailing aircraft relative to the lead.

3.1 Configuration

The formation benefit for the trail aircraft varies depending on its position

within the wake of the lead. Prior research [4, 76, 77] suggests that there is a specific

position relative to the lead aircraft where the formation flight benefit for the trail

aircraft is maximum. This specific relative position for the trail aircraft is a safe

distance behind the lead aircraft, around the same altitude and wing-tip to wing-tip

in the lateral direction. For a pair of similar size aircraft, this means the centerline

of the follower aircraft should be about a wing span laterally on the right or the left

side of the centerline of the lead aircraft.

To accurately determine the relative position for optimum formation flight, the

benefit to the trail aircraft should be calculated at a given relative position and this

procedure should be repeated by changing the relative position to cover a sufficient

expanse of area behind the lead. This would help to determine not just the relative

position with the largest benefit, but would show how the benefit is degraded as the
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trail aircraft moves away from the optimal position. To this effect, a grid is defined so

that the effect of the induced wind from the lead on the trail aircraft can be mapped

out at different relative locations. Since the trailing vortices are modeled to be aligned

with the translational velocity vector of the lead aircraft, not by the orientation of

the aircraft, the grid is defined in the vertical plane parallel to the Y-Z plane of

the lead aircraft’s wind frame. This grid is positioned at a distance of 3.8 KC-135R

wingspans behind the C.G. (center of gravity) of the lead KC-135R to match the

longitudinal separation between the lead and trail KC-135R for the CFD validation

runs described in Chapter 2.6.2. The effect of longitudinal separation between the

two aircraft is not investigated as it has been shown by Blake and Multhopp [4],

using Munk’s theorem [78] that, the vortex of the lead aircraft continues unchanged

downstream except for very large separation distances. Formation effects are more

sensitive to lateral and vertical displacements than longitudinal variations, thus, to

obtain the relative position with optimum benefit, the trail aircraft position is set to

vary only its lateral and vertical direction in this grid behind the leader. The grid

with 1521 placement points for the trailing aircraft expands from 0.2 wingspans above

to 0.2 wingspans below the leader in the z direction and from 0.25 to 1.2 wingspans

laterally in the y direction. These placement points and grid expanse were chosen as

a compromise between simulation run time and grid resolution in order to provide a

clear depiction of the lead KC-135R non-uniform wind effects on the trail. The grid

behind the KC-135R is shown in Fig. 3.1.

3.2 Analysis

This dissertation uses two methods to determine the sweet spot for different

pairs of aircraft: a static and dynamic analysis. The static analysis involves running

a simulation analogous to wind tunnel tests in the sense that two aircraft are placed
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Figure 3.1. Depiction of Grid used in Static and Dynamic Simulations.

statically in formation and the aerodynamic forces and moments acting on the follower

aircraft are calculated/measured. The position of the trail aircraft is varied along each

vertical line in the grid shown in Fig. 3.1 for each lateral position while recording

the lift, drag, and side force coefficients, as well as the roll, pitch, and yaw moment

coefficients. These are the relevant variables for the static study. In addition, the

aerodynamic force and moment coefficients for the trail aircraft in solo flight with the

same flight conditions are stored for comparison. These coefficients in the solo case

are obtained by running the simulations with the effective translational and rotational

wind components induced by the lead aircraft turned off. The lift-to-drag ratio in

solo flight is subtracted from the lift-to-drag ratio in formation flight at all points in

the grid to isolate the benefits of formation flight. The sweet spot is defined for the

static study as the relative position of the trail at which the increase in lift to drag

ratio from solo flight is the largest for the trail aircraft.

The dynamic analysis uses a simulation analogous to actual flight tests of for-

mation flight. In the dynamic case, the trail aircraft is commanded to fly at each

point of the grid in Fig. 3.1. At each specified position of the trail aircraft relative

to the lead, the trail aircraft is trimmed with certain control surface deflections and
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thrust values. The controller moves the control variables (control surfaces and thrust)

to the required trim values after the transient. It is expected that there would be

locations in the grid where the controller would be unable to trim the aircraft because

of the large magnitudes of the induced moments on the follower that would require

control surface deflections and/or thrust levels larger than saturation limits. A sim-

ulation stop parameter is introduced to track these locations. This parameter also

tracks locations where the Euler angles and velocity of the trail aircraft exceed spec-

ified thresholds. The simulation is set to return one if any of these conditions were

reached and zero if the controller successfully trimmed the aircraft at the commanded

position. The thrust levels and control surface deflections are recorded at the end of

the simulation after the aircraft settles at the steady-state for each specified position

in the grid. Similar to the static case, the thrust and control effector deflections for

the trail aircraft in solo flight with the same flight conditions are utilized for compar-

ison with the formation flight. For the dynamic study, the sweet spot is the relative

position corresponding to the lowest thrust level for the trail aircraft.

For both static and dynamic analyses, contour plots are generated to visualize

the variation of the formation benefits within the grid as well as other recorded param-

eters. At the minimum, all cases present contour plots of the percentage increase in

lift-to-drag ratio for the static formations and contour plots of the percentage increase

in thrust levels for the dynamic formations as compared to solo flight. In the contour

plots presented in this dissertation, the lateral and vertical spacing denotes the dis-

tance from the C.G. of the leader KC-135R, in lengths of KC-135R wingspans, to the

C.G. of the trail aircraft. Also, the positive z direction is downwards in alignment

with the wind frame of the lead aircraft.
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CHAPTER 4

KC-135R - EQ-II FORMATION

This chapter presents the static and dynamic analyses for a heterogenous air-

craft pair: a KC-135R as the lead with an Equivalent Model II (EQ-II) as the trail. As

described in Chapter 3.2, this involves analyzing the magnitudes of the aerodynamic

force and moment coefficients in the static case and the thrust and control effector

deflections in the dynamic case.

The static and dynamic studies using the EQ-II as the trail aircraft were carried

out for three aircraft pairs in formation as given in Table 4.1. First the large EQ-II

trailing a lighter KC-135R was investigated. Then the weight of the leading KC-135R

was increased by 26 percent while the large trail EQ-II was left the same. This was

done because the vortex strength of the lead aircraft is dependent on the lift, which is

in turn dependent on the weight of the leading KC-135R and it was sought to make

a comparison of the two different lead KC-135R weights. The small variant of the

EQ-II was then used to examine the effect of the follower size on the sweet spot. All

static and dynamic formation cases for the EQ-II are presented in the order listed in

Table 4.1.

Table 4.1. Aircraft Formation Pairs

Lead KC-135R Weight Trail EQ-II Size

Nominal Large
Heavy Large
Nominal Small
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4.1 Static Study

Although all the state and aerodynamic variables are recorded in the static

simulation, the primary purpose is to find the sweet spot and thus only the most

relevant variables are presented in the analysis. These are the lift to drag ratio, side

force coefficient, and along with the pitching, rolling, and yawing moment coefficients

of the trail aircraft. For the both variants of the EQ-II aircraft, the nominal lift-to-

drag ratio in solo flight is 12.66 as determined from running the static simulation with

no translational and rotational wind components induced from the lead.

4.1.1 Large EQ-II Variant behind KC-135R of Nominal Weight

This section presents the results of the large variant of the EQ-II aircraft flying

behind the KC-135R of nominal weight. The contour plot for the percentage increase

in lift-to-drag ratio from solo flight is presented in Fig. 4.1. Fig. 4.1 shows that as

the EQ-II moves laterally, starting from 0.5 wingspans away from the lead aircraft,

the increment in lift-to-drag ratio increases from 0 till a maximum of 12.59 percent

from the baseline case. The exact location of the static sweet spot with largest

lift-to-drag ratio is 1.0282 wingspans laterally and 0.05 wingspans below the leading

KC-135R. This region is promising as there is a large expanse in which the follower

can deviate and still experience increased lift-to-drag. The lift-to-drag increment in

the surrounding regions are positive, thus no negative lift will occur with changes in

location around 1.0282 KC-135R wingspans.

In addition, the elliptical shape of the contours in Fig. 4.1 signify that the

slope in the vertical direction is higher than the lateral. This means that a vertical

deviation from the sweet spot will cause a higher drop in lift-to-drag ratio. Based

on these static analysis results, the sweet spot for the large EQ-II aircraft placed 3.8
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wingspans behind the leader KC-135R is 1.0282 KC-135R wingspans laterally and

0.05 wingspans below the leading KC-135R.
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Figure 4.1. Percentage increase in Lift to Drag Ratio from Nominal Flight: Large
EQ-II.

Figures 4.2 and 4.3 show the contour plots for the rolling and yawing moment

coefficients, respectively, of the large EQ-II. At the static sweet spot, non-zero mo-

ments are visible in the roll and yaw. This is similar to the results of Hanson and

Cobleigh who observed moment peaks at the same area of maximum drag reduction

for the trail aircraft in a two-ship F/A-18 formation [9]. This implies that there will

be non-zero control surface deflections required to trim the EQ-II at the static sweet

spot. The pitching moment coefficient and side force coefficients are also depicted in

Figs. 4.4 and 4.5. Blake et al [79] compared wind tunnel and analytical predictions

of a delta-wing UAV behind a KC-135R in formation. Their study noted that a lack

of vertical tail on the UAV possibly resulted in significantly small side force and yaw

moments. In this chapter, the EQ-II yaw and side force are an order of magnitude
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smaller than the pitch and roll and this possibly stems from the fact that there is no

vertical tail on the EQ-II aircraft.

In addition, Fig. 4.1 also shows when the large EQ-II is around 0.25 wingspans

laterally and at the same altitude as the leader, the lift-to-drag ratio difference is

a large negative value of -32 percent. This decrease in lift-to-drag ratio from the

baseline condition persists till about 0.5 lateral wingspans. This region is in the

downwash area behind the lead aircraft in which the induced aerodynamic moments

are the largest as evidenced in Figs. 4.2, 4.4, and 4.3. The side force coefficient is

also large in this region as seen in 4.5. If the trailing aircraft is placed at this location

in formation flight, trimming these moments will require the largest control surface

deflections than at anywhere else in the grid as the trailing EQ-II experiences the

largest moments in this area between 0.2 and 0.5 wingspans. There is also no lift-

to-drag ratio benefit in this region as the lift-to-drag ratio is lower than the baseline

case.
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Figure 4.2. Aerodynamic Rolling Moment of Large EQ-II .
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Figure 4.3. Aerodynamic Yawing Moment of Large EQ-II .
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Figure 4.4. Aerodynamic Pitching Moment of Large EQ-II .
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Figure 4.5. Side Force Coefficient of Large EQ-II .
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4.1.2 Large EQ-II Variant behind Heavy KC-135R

The results of the large variant of the EQ-II behind a 26 percent heavier KC-

135R are shown in Figs. 4.6 and 4.7. Fig. 4.6 shows that the largest increase in

lift-to-drag ratio from the baseline is 14.79 percent at 1.028 wingspans laterally and

0.04 wingspans below the lead KC-135R. This location coincides with the static sweet

spot for the large EQ-II trailing a lighter KC-135R, which means that the static sweet

spot remains the same when the lead aircraft weight is changed. The moment and

side force coefficients also have similar patterns with those in Figs. 4.2 through 4.5

at all locations except that their magnitudes are slightly greater. For this reason,

only one moment coefficient contour, Fig. 4.7, is presented for comparison with Fig.

4.2. Figure 4.7 looks similar to Fig. 4.2 except that there is a subtle shift in the

contour lines laterally further away from the lead KC-135R. For instance, the zero

rolling moment coefficient line is shifted slightly further from the lead. This zero

line signifies the location of zero induced aerodynamic rolling moment coefficient

on the trail aircraft and its importance will be made apparent subsequently where

the relationship between trimming and the location of the dynamic sweet spot is

established.

4.1.3 Small EQ-II Variant behind KC-135R of Nominal Weight

The variation in lift-to-drag ratio increment for the small EQ-II trailing the

nominal KC-135R is shown in Fig. 4.8. The largest increase in lift-to-drag ratio of

17.29 percent is obtained when the small EQ-II is placed 0.777 KC-135R wingspans

laterally and 0.02 KC-135R wingspans below the lead KC-135R. Based on the static

analysis, the lateral separation between the KC-135R and the small EQ-II at the

sweet spot, is smaller than that between the KC-135R and the large EQ-II at its

sweet spot.
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Figure 4.6. Percentage increase in Lift to Drag Ratio from Nominal Flight: Large
EQ-II with Heavier KC-135R.
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Figure 4.7. Aerodynamic Rolling Moment of Large EQ-II using Heavier KC-135R.

The rolling moment coefficient results are presented in Fig. 4.9, which looks

similar to Fig. 4.2 except that the contour levels move laterally closer to the lead
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Figure 4.8. Percentage increase in Lift to Drag Ratio from Nominal Flight: Small
EQ-II.
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Figure 4.9. Aerodynamic Rolling Moment of Small EQ-II.

aircraft. For instance, the zero rolling moment coefficient line is shifted laterally closer

to the lead KC-135R.
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The small variant of the EQ-II aircraft behind the leader KC-135R has similar

contour patterns of the aerodynamic force and moment coefficients as the large variant

but with different locations in the grid. The magnitudes of the aerodynamic force

and moment coefficients of the small EQ-II variant also differ from the large EQ-II

at the same locations in the grid. Thus, only Figs. 4.8 and 4.9 are presented.

4.2 Dynamic Study

The thrust levels and the control surface deflections at the steady-state: the

ailerons, elevators, and rudder deflections are presented in this section. As in the

static case, the two aircraft cases, listed in Table 4.1, are investigated. The results of

the dynamic simulations are then compared with the static results in Section 4.1 to

determine if the sweet spot location remains the same.

4.2.1 Large EQ-II Variant behind KC-135R of Nominal Weight

The results of the large variant of the EQ-II aircraft behind the KC-135R of

nominal weight are presented in this section. Fig. 4.10 is a contour plot of the simu-

lation stop parameter. It shows that less than 0.4 wingspans laterally, the simulation

stop parameter is one because the controller could not trim the EQ-II mostly due to

the saturation of the thrust. As a result of this, all contour plots generated from the

results of the dynamic simulation exclude this area.

A contour plot of the percentage thrust increment is presented in Fig. 4.11.

The thrust plot depicted is representative of all engines of the large EQ-II as this

plot is identical to those for the other engines. The largest thrust reduction of over

6 percent, equivalently the least thrust required to fly in formation, is obtained in a

vertical strip located 0.903 lateral wingspans relative to the lead KC-135R. This is

the dynamic sweet spot for the large variant of the EQ-II to fly 3.8 wingspans behind
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Figure 4.10. Simulation Stop Parameter of Large EQ-II.
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Figure 4.11. Percentage increase in Thrust from Nominal Flight: Large EQ-II.

the lead KC-135R. Furthermore, the elliptical shape of the thrust contours around

the dynamic sweet spot shows that there is a lower slope along the vertical direction

compared to the lateral direction. This means deviation from the sweet spot in the

lateral direction results in higher reduction in formation benefit, in terms of thrust.
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Further, the shape of the thrust contours in the saturation region, and the large

increase in thrust in the downwash region, indicates that the thrust required exceeds

the saturation limits of the EQ-II engines, causing the simulation stop parameter

to become one in that region. Specifically, the thrust reaches about 100 % of the

baseline case in the downwash region. With a baseline thrust required of almost half

the maximum available thrust from the engines, a 100 % increase will lead to thrust

requirement in excess of what is available for the aircraft.
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Figure 4.12. Aileron Deflection of Large EQ-II.

The contours of the left and right aileron deflections are identical in trends but

have different directions. For this reason, only the right aileron deflection is presented

in Fig. 4.12. The magnitude of the deflection of the aileron is seen to decrease as

the dynamic sweet spot is approached from either the right or the left of 0.903 lateral

wingspans. At the dynamic sweet spot, the aileron deflection is about 0.25 degrees.

This is a slight increase in the deflection compared to that required for solo flight,
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which is zero degree. As stated in Section 1, a trailing aircraft experiences induced

aerodynamic moments due to the non-uniform wind field generated from the leader

[4]. As such, non-zero control effector deflections are required to trim the trailing

aircraft when it flies behind the leader.
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Figure 4.13. Elevator Deflection of Large EQ-II.

The right elevator deflection of the large EQ-II behind the KC-135R is depicted

in Fig. 4.13. At the dynamic sweet spot, there is a required elevator deflection of

-2.1 degrees. This is less than the value in solo flight which requires some elevator

deflection to keep the aircraft trimmed. The rudder deflection is presented in Fig.

4.14. At the dynamic sweet spot, the rudder deflection is a very small value of -0.11

degree. In comparison to the dynamic sweet spot, other areas require larger control

surface deflections to trim. Further, the trend of the contours of the control surface

deflections in the saturation region, confirm that the thrust is indeed what saturates

first, as opposed to the ailerons, elevators, and rudders.

93



-9

-9
-8

.5
-8.5

-8

-8

-8

-7
.5

-7
.5

-7
.5

-7

-7

-7

-6
.5

-6
.5

-6.5

-6

-6

-6

-5
.5

-5
.5

-5.5

-5

-5

-5

-4
.5

-4
.5

-4.5

-4

-4

-4

-3
.5

-3
.5

-3
.5

-3

-3

-3

-2
.5

-2
.5

-2
.5

-2
-2

-2

-1
.5

-1
.5

-1
.5

-1

-1
-1

-0
.5

-0
.5

-0
.5

0

0

0

0
.5

0
.5

0.
5

1

1

1

1.3

1
.3

1
.5

1
.5

Wind Frame: Rudder Deflection, Solo Rudder= 0 deg

Lateral spacing, spans

V
e
rt

ic
a
l s

p
a
ci

n
g
, 
sp

a
n
s

 

 

0.4 0.6 0.8 1 1.2
 0.2

 0.1

   0

-0.1

-0.2

-8

-6

-4

-2

0

Figure 4.14. Rudder Deflection of Large EQ-II.

4.2.2 Large EQ-II Variant behind Heavy KC-135R

The dynamic results of the large EQ-II behind a 26 percent heavier KC-135R

are shown in Figs. 4.15 and 4.16. Fig. 4.15 shows that the dynamic sweet spot with

8.92 percent thrust reduction is in a vertical band located 0.928 lateral wingspans

relative to the heavy lead KC-135R. Also, Fig. 4.15 shows contours with magnitudes

slightly larger than Fig. 4.11 and almost the same location for the dynamic sweet

spot. Since the magnitudes are larger, the expanse of the region in which the trail

aircraft can not be trimmed due to thrust saturation is larger than those seen in

Section 4.2.1.

The aileron, elevator, and rudder deflections also have similar patterns with

those in Figs. 4.12 through 4.14 at all locations except that their magnitudes are

slightly greater. For this reason, only the right aileron deflection contour, Fig. 4.16,

is presented. Fig. 4.16 has similar patterns with Fig. 4.12. The trends are almost

94



identical except for the slightly larger magnitudes of the aileron deflection at each

point.
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Figure 4.15. Percentage increase in Thrust from Nominal Flight: Large EQ-II with
Heavier KC-135R.
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Figure 4.16. Aileron Deflection of Large EQ-II using Heavier KC-135R.
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4.2.3 Small EQ-II Variant behind KC-135R of Nominal Weight

The variation in thrust is shown in Fig. 4.17. The largest reduction in thrust of

10.34 percent is obtained when the small EQ-II is placed 0.752 KC-135R wingspans

laterally and 0.02 wingspans below the lead KC-135R. The dynamic sweet spot of the

small EQ-II is laterally closer to the lead aircraft than that of the large variant. The

small variant of the EQ-II aircraft behind the leader KC-135R has similar contour

patterns of the thrust and control surface deflections as the large variant but with

different locations in the grid. The magnitudes of the thrust and control surface

deflections of the small EQ-II variant also differ from the large EQ-II at the same

locations in the grid. For instance, in the case of the small variant, the thrust levels

do not exceed their saturation limits at any point in the grid. The thrust required,

in the downwash region, increases to a maximum which is less than 100 percent. The

baseline value is 33 % of the maximum available thrust, thus, the thrust never exceeds

66 % of the available thrust at any point in the grid. This explains the absence of

a blanked out region in the downwash region in the contour plots. Since the control

effector deflection contours for the small variant are similar to the large variant, only

the right aileron deflections are presented in this Section as seen in Fig. 4.18. The

location of least aileron deflection has also shifted laterally closer to the dynamic

sweet spot.
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Figure 4.17. Percentage increase in Thrust from Nominal Flight: Small EQ-II.
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Figure 4.18. Aileron Deflection of Small EQ-II.
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4.3 Comparison of Results of EQ-II Static and Dynamic Study

Table 4.2 summarizes the results of the static and dynamic simulations for the

KC-135R aircraft pair with regards to the location of the sweet spot and aerodynamic

force and moment coefficients. It presents the aerodynamic rolling, pitching, and

yawing moment coefficients as CL, CM, CN respectively at the static sweet spot,

and the aileron, elevator, and rudder deflections as δa, δe, and δr respectively at

the dynamic sweet spot. The incremental lift-to-drag ratio at the static sweet spot

is tabulated under ∆ L/D (%) while the reduction in thrust at the dynamic sweet

spot is given by ∆ Thrust (%). The sweet spot locations are given in terms of the

separation of the C.G. of the lead KC-135R and trail EQ-II aircraft. They are also

presented in terms of wing tip overlap as a percentage of the geometric mean of the

wingspans of the two aircraft in formation. The expression for this overlap is given

as

δWTGM =

√
bLbT
bLbT

(
bL + bT

2
− lss

)
(4.1)

where δWTGM is the wing tip overlap as a fraction of the geometric mean of the

two aircraft wingspans, bL and bT are the wingspans of the lead aircraft and trail

aircraft respectively, and lss is the C.G. to C.G separation distance of the two aircraft

as depicted in Fig. 4.19. The wing tip overlap was obtained from:

δWT =
bL
2
−
(
lss −

bT
2

)
=
bL + bT

2
− lss (4.2)

with δWTGM obtained by dividing δWT given in Eq. (4.2) by the geometric mean of

the two aircraft wingspans,
√
bLbT . This division was done to normalize the overlap

and introduce a metric for comparison that could be applied to different aircraft of

varying sizes and configurations.

Table 4.2 shows that although the static sweet spot remains constant with a

change in the weight of the lead aircraft, the dynamic sweet spot does not. In the
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Figure 4.19. Depiction of Wingtip Overlap Parameters.

dynamic case, the wingtip overlap decreases from 23.35% to 20.95% when the lead

aircraft weight is increased by 26%. Another difference in the overlap for the static and

dynamic sweet spots is that for the large trail aircraft, a significantly larger wingtip

overlap (about 14% increase) is required to maintain the dynamic sweet sweet spot

than the static. Although for the smaller trail aircraft, a larger overlap is also required

going from static to dynamic, this overlap is only about 2% larger. Essentially, all

cases require a closer lateral trail aircraft position to the lead for the dynamic case

as opposed to the static.

Figure 4.20 presents the static sweet spot, dynamic sweet spot band, and the

zero roll moment curves for the small and large variants of the EQ-II trailing the

nominal KC-135R. For the large EQ-II, the dynamic sweet spot is located significantly

laterally closer to the lead than the static sweet spot is. The dynamic simulations

account for the trimming of the aircraft with deflections of the control surfaces. Figs.
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4.12, 4.13, and 4.14 show that aileron, elevator, and rudder deflections are needed for

trimming the aircraft at the static sweet spot. Figs. 4.12 and 4.14 show that small

aileron and rudder deflections are needed to trim the aircraft in the dynamic sweet

spot band which is located over the zero aileron (rudder) isolines as seen in Fig. 4.20.

This explains the mechanisms that move the dynamic sweet spot away from the static

sweet spot. In the case of the small EQ-II, the zero aileron (rudder) isolines are close

to the static sweet spot. Thus, little difference is seen between the locations of the

static and dynamic sweet spots. There are two possible reasons for this disparity:

(1) the trail EQ-II is not a conventional aircraft like the lead KC-135R, and (2) the

trail EQ-II is of a significantly different size than the lead aircraft. Chapters 6 and 7

respectively address the first and second possible reasons for the observed disparity.

Another difference between the static and dynamic sweet spot regions is the

slopes of the lift-to-drag ratio and required thrust. The lift-to-drag ratio contours

have circular shapes in the sweet spot region, implying that deviation from the sweet
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spot in the vertical or lateral direction will lead to similar drops in formation benefit,

in terms of lift-to-drag ratio. On the other hand, the thrust reduction has lower slope

along the vertical direction compared to the lateral direction. This means deviation

from the sweet spot in the lateral direction results in higher reduction in formation

benefit, in terms of thrust. An implication of this observation on the control design

for station keeping is that the deviation from the desired position along the lateral

direction should have more stringent requirements. One similarity in the results of

the static and dynamic analysis is seen when the simulation stop parameter contour

of the large EQ-II aircraft in Fig. 4.10, is compared with the lift-to-drag and moment

coefficient contours in Figs. 4.1 through 4.3. In the downwash region, the drag and

aerodynamic moments are the largest as expected. This region also coincides with

the locations where the thrust saturates as depicted in Fig. 4.10.

Finally, Table 4.2 shows that the static study overestimates the formation ben-

efit in all aircraft pairs studies. For instance, the large EQ-II variant trailing the

nominal KC-135R is seen to have a lift-to-drag percentage increase of 12.6 % from

the baseline case. When the dynamic study is done, the formation benefit is seen to

be a 7 % drop in thrust from the baseline. The quantification of lift-to-drag benefit

seen in the static case, does not translate directly to that of the thrust seen in the

dynamic case. These results are similar to those obtained in prior NASA formation

flight runs of F/A-18 aircraft, which found fuel flow reductions which were about 3

% less than the drag reductions [80].
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Table 4.2. Summary of Static and Dynamic Results for EQ-II

Static Simulation

Sweet Spot (Wingspans)

Aircraft C.G. to
C.G.

Overlap
(%)

∆ L/D
(%)

CL CM CN

Large EQ-
II

x=3.8
y=1.028
z=0.05

9.69 12.6 0.005 -0.0028 3.3E-4

Large EQ-
II with
Heavy
KC-135R

x=3.8
y=1.028
z= 0.04

9.69 14.79 0.005 -0.0026 3.4E-4

Small EQ-
II

x=3.8
y=0.777
z= 0.02

16.1 15.0 0 -0.002 0

Dynamic Simulation

Sweet Spot (Wingspans)

Aircraft C.G. to
C.G.

Overlap
(%)

∆ Thrust
(%)

δa(
◦) δe(

◦) δr(
◦)

Large EQ-
II

x=3.8
y=0.903
z=0.03

23.45 7.02 -0.253 -2.115 -0.11

Large EQ-
II with
Heavy
KC-135R

x=3.8
y=0.928
z=-0.03

20.95 8.92 0.023 -1.87 1.95E-3

Small EQ-
II

x=3.8
y=0.752
z=0.02

18.8 10.34 0.42 -1.36 -0.176
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CHAPTER 5

ALTERNATE LATERAL TRIMMING METHODS FOR LARGE EQ-II AT

STATIC SWEET SPOT

In a realistic long duration formation flight, the aircraft weights will vary due

to fuel burn and the strength of the vortices generated by the lead aircraft will vary

accordingly. It was shown in Chapter 4 that for the large EQ-II, the location of the

dynamic sweet spot changes when the weight of the lead KC-135R is increased by 26%

but the static sweet spot does not. This implies that in an actual extended-duration

formation in which fuel burn may yield a significant weight reduction of up to 26% for

the lead aircraft, the dynamic sweet spot will move. In that case, for the trail aircraft

to fly at the dynamic sweet spot, it will require online control algorithms [16, 15] to

drive it to the continuously-varying minimum thrust location. The constant static

sweet spot on the other hand, will be relatively easier to track.

At the static sweet spot, the induced aerodynamic moments require that the

control effectors of the trailing aircraft be trimmed with such deflections that they

induce additional drag which reduces the benefits of fuel efficiency. Thus, if alternate

methods of trimming can be found to reduce the need for the control surfaces, then

equivalent or possibly higher fuel savings could be obtained at the static sweet spot.

Two alternate trimming method employed in this dissertation are moving-mass actu-

ation and differential thrusting to generate moments to trim. Internal fuel transfer is

used to generate a rolling moment to reduce the need for the aileron and differential

thrusting is employed to generate a yawing moment and reduce the rudder deflection

required to trim. This chapter presents the details of the two alternate trimming
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techniques used to augment the thrust/fuel savings for the large EQ-II at the static

sweet spot.

5.1 Configuration

The simulation is done at an altitude of 7,600 meters and a speed of 205 m/s.

The EQ-II is placed 3.8 KC-135R wingspans behind the lead KC-135R at the static

sweet spot, 1.03 wingspans laterally and 0.05 wingspans below the lead. At the

beginning of the simulation, the inner fuel tanks of the EQ-II are 24 % full while the

outer fuel tanks are half full to their capacities. As stated in Section 4.3, varying

the lead KC-135R weight from light to heavy had no impact on the location of the

static sweet spot. Thus, for brevity, all subsequent simulation discussions apply to

the EQ-II aircraft trailing a KC-135R of nominal weight. The results of the alternate

trimming techniques of the EQ-II behind a heavy KC-135R will be summarized in a

table.

5.2 Effect of Rotational Wind in Trim

This section presents the impact of the induced aerodynamic moments on the

thrust levels and control effectors of the trail EQ-II as it flies at the static sweet

spot without employing any alternative trimming methods. When the simulation

starts, it simulates the case in which the aircraft flies solo or flies too far away from

the leader to experience any induced wind and aerodynamic interference. This is

the baseline case and the effects of the non-uniform wind exposure and fuel transfer

will be compared against this case. After 150 seconds, the wind model is started

and the translational and rotational wind components gradually reach their normal

values at about 200 seconds. The activation of the wind model is to simulate non-
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uniform wind experienced by the EQ-II. Fig. 5.1 depicts the duration and time of the

induced translational and rotational wind components. Around 450 seconds while

both the translational and rotational wind components are on, the de-activation of

the rotational wind begins. It becomes completely off around 700 seconds leaving

only the translational wind. The rotational wind components are turned off while the

translational wind components are left on to isolate the effect of the rotational wind

in the trim condition of the EQ-II flying at the sweet spot. While the wind condition

experienced by the EQ-II is artificially altered, the controller keeps the aircraft at the

commanded position, the sweet spot, by adjusting the control variables. Once the

transient in the wind condition ends and the wind components go to steady-state, the

aircraft goes to a new trim state, with different control surface deflections and thrust

settings.

Figure 5.2 shows the responses of the control variables of the EQ-II to the vari-

ation in the induced wind components. In the absence of wind, the aileron deflection

is zero, signifying a cruise condition at trim in solo flight. After 200 seconds, with the

translational and rotational wind completely on, representing the induced wind from

the KC-135R, there is an aileron deflection of about -3 degrees. Once the rotational

wind is turned off after 700 seconds, the aileron deflection goes to zero. The same

phenomenon is observed for the deflection of the rudder in Fig. 5.2. It is initially

zero degrees but once the wind is turned on, it increases to 1.4 degrees. With the

elimination of the rotational wind, it goes back down to zero. The elimination of

the rotational wind leads to the increase in elevator deflection back to its original

value when there is no induced translational or rotational wind as in solo flight. In

essence, trimming the aircraft no longer requires control surface deflections when the

rotational wind is turned off. This observation is the manifestation of the induced mo-
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Figure 5.1. Induced Translational and Rotational Wind.

ments by the non-uniform wind field and the response of the controller by adjusting

the control surfaces to keep the aircraft trimmed.

Figure 5.2 also shows the variation of the EQ-II thrust required to keep the

aircraft trimmed at the sweet spot behind the lighter KC-135R. Table 5.1 summarizes

the steady-state values of thrust at the three phases of the simulation: (i) no wind,

(ii) translational and rotational wind, and (iii) only translational wind. Tl and Tr

in Fig. 5.2 show the required thrust levels on the left and right side of engines,

respectively. Since no differential thrust is used in this case, thrust levels on both

sides are exactly the same. The thrust required is seen to experience a 3 percent

increase from its initial value once the wind is turned on. This is contrary to the

common expectation that formation flight yields reduction in required thrust and
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Figure 5.2. Response of Control Variables to Induced Wind.

thus fuel saving when the follower aircraft is placed at the sweet spot relative to

the lead aircraft. The next phase of the simulation helps explain this unexpected

observation. When the rotational wind is turned off while the translational wind

stays on, the thrust experiences a reduction of about 5 percent of its original value.

As seen in the first three plots of Fig. 5.2, in the third phase of the simulation when

the rotational wind is off, the deflections of the aileron and rudder go to zero, the trim

values when there is no induced wind. The deflection of the control surfaces generates

drag, which is included in the aerodynamic model of the EQ-II as presented in Eq.
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Table 5.1. Thrust Comparison (T /Tmax)

No
Wind

Translational
and Rotational
Wind

Percent
Reduc-
tion

Only Trans-
lational
Wind

Percent
Reduc-
tion

Cost of Con-
trol Effector
Deflections

0.4986 0.5121 -2.71% 0.4755 4.63% 7.34%

(2.10). Thus, the reduction in the required thrust can be partially attributed to the

elimination of the aileron and rudder deflections. As summarized in Table 5.1, the

required thrust increases by 2.7% in phase 2 and decreases by 4.6% in phase 3. Since

the main difference in the trim condition of the aircraft between these two phases is

the deflection of the aileron and rudder, the cost of the control surface deflection in

terms of thrust is considered to be 7.3%. When the thrust level in phase 3 is compared

to that in phase 1 (no wind), the potential benefit of formation flight appears to be

more than 4%, if the aircraft can be trimmed without the deflection of the control

surfaces. This is a motivation for investigating alternative trimming mechanisms.

5.3 Fuel Transfer and Differential Thrust Analysis

One of the alternative moment generation mechanisms investigated in this dis-

sertation is internal fuel transfer between fuel tanks to produce a lateral shift in the

center of gravity. This will generate a rolling moment for the configuration of the fuel

tanks in the EQ-II and is expected to decrease the aileron deflections required to trim.

The other is differential thrusting to produce a yawing moment and reduce the need

for the rudder. These non-conventional methods are presented in this section. In the

two cases presented, the same fuel transfer scheme is followed. The first case uses

only the rudder while the second case employs differential thrusting and reduced use

of the rudder. This is accomplished by re-designing the LQR controller by adjusting
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the weighting matrices of the cost function. Initially, the outer fuel tanks are half full,

the inner fuel tanks are a quarter full, and the wind is off, as in the previous simula-

tion. At 150 seconds, the wind components, both translational and rotational, start

to increase and they reach their normal levels after 200 seconds. When the aircraft

is trimmed at the sweet spot while under the influence of the induced wind, at 400

seconds, the fuel transfer starts between the fuel tanks. The fuel is moved from the

right side of the aircraft to the left by transferring fuel (i) from tank 4 to 1, and (ii)

from tank 3 to 2. Fig. 5.3 shows how the amount of fuel in each fuel tank changes as

well as how the CM of the fuel mass in each fuel tank moves in the three directions as

the fuel is transferred. The fuel is moved to the left to shift the CM of the aircraft to

the left, which generates negative rolling moment, because the aerodynamic moment

induced by the wind at the sweet spot is positive. When the induced aerodynamic

moment will be compensated by the CM shift, a smaller aileron deflection should be

needed. Since the inner fuel tanks, 2 and 3, hold more fuel than the larger outer fuel

tanks 1 and 4 the fuel transfer from 4 to 1 completes before that from 3 to 2 as seen

in the first subplot of Fig. 5.3. For fuel tanks 2 and 3, the center of gravity variations

of the fuel in the x and y directions is as a result of the complicated geometry of the

tanks. In the z direction, there is a change in the center of gravity for all fuel tanks

(1 through 4) during the transfer.

Figure 5.4 shows the variations of thrust and control effector deflections with

fuel transfer. When the wind is turned on, the aileron deflection increases. As the

fuel transfer process begins, the aileron deflection starts to decrease back to zero

as a result of the shift in the center of gravity which generates a rolling moment.

The aileron deflection continues to decrease to zero till the fuel transfer process is

completed and tank 1 is full, tank 2 is half full, and tanks 3 are 4 empty. The fuel

transfer has no impact on the steady-state deflections of the rudder and elevator
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Figure 5.3. Mass and Center of Mass of Fuel Tanks.

as they both deviate during the fuel transfer but eventually return to their original

values in formation flight once the fuel transfer is completed. The deflection levels

of aileron and rudder during the fuel transfer depend on the fuel transfer rate. The

higher the transfer rate, the larger the deflections. In the simulation, the fuel transfer

rate is intentionally kept much higher than the actual pump capability to shorten

the simulation time. Since this study focuses on the steady-state trim values, the

transient behavior during the fuel transfer process should be ignored.
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Figure 5.4. Control Variables with Fuel Transfer.

There are barely any differences between case 1 and case 2 in terms of aileron

and elevator deflections. The effect of the difference in controllers of case 1 and 2

manifests itself in the rudder and thrust responses. The controller of case 2 is tuned

to utilize differential thrusting and to reduce the use of the rudder. As a result, the

controller commands different right and left thrust levels to generate yawing moment.

This leads to smaller rudder deflections in case 2.

Table 5.2 summarizes the steady-state results of the two cases in terms of the

thrust levels. This comparison helps clearly quantify the benefits of the alternative
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trimming mechanisms in terms of the thrust reduction. The first comparison is done

between the columns to quantify the benefit of fuel transfer. In case 1, the thrust level

increases 2.71% when the EQ-II is flown in formation. This observation is already

made in the previous section and attributed to the deflection of the control surfaces

to keep the aircraft trimmed under the effect of the induced aerodynamic moments.

When the fuel transfer is done, the formation flight brings about 4.61% thrust re-

duction. The difference between the thrust levels before and after the fuel transfer is

7.32% and quantifies the benefit of fuel transfer. In case 2, a similar observation is

made; the benefit of fuel transfer is about 7% reduction in the required thrust. The

second comparison is done between the rows of Table 5.2, between the two cases,

to quantify the benefit of differential thrusting. When the aircraft flies in formation

without fuel transfer, case 1 has 2.71% thrust increase and case 2 has about 0.12%

thrust increase. This indicates about 3% thrust reduction when differential thrusting

is used. A similar thrust reduction benefit of differential thrusting is observed based

on the thrust levels after the fuel transfer in both cases. In summary, thrust reduc-

tion of about 6.56%, is obtained when (i) the aircraft is placed at the sweet spot in

formation flight, (ii) fuel transfer between the fuel tanks is performed to reduce, or

eliminate if possible, the aileron deflection, and (iii) differential thrusting is used to

reduce, or eliminate if possible, the rudder deflection.

Table 5.3 presents the steady-state results for the EQ-II behind a heavier KC-

135R, similar to Table 5.2. The conclusions are similar regarding the benefits of fuel

transfer and differential thrusting but in this case, when a heavier KC-135R is used,

the benefit of using both alternate trimming methods is higher. Thus, the largest

thrust reduction of about 8% is seen when both internal fuel transfer and differential

thrusting are used to reduce the aileron and rudder deflections, respectively, of the

EQ-II aircraft at the sweet spot behind a heavier KC-135R.
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Table 5.2. Thrust Comparison (T /Tmax) Employing Rudder and Differential Thrust-
ing

Case No Wind With
Wind

Percent
Reduction

After
Fuel
Transfer

Percent
Reduction

Benefit
of Fuel
Transfer

1 - Rudder 0.4986 0.5121 -2.71% 0.4756 4.61% 7.32%
2 - Differential
Thrust

2×0.4986 0.5832
+
0.4152

-0.12% 0.5273
+
0.4045

6.56% 6.68%

Benefit of
Differential
Thrust

2.99% 2.07%

Table 5.3. Thrust Comparison (T /Tmax) Employing Rudder and Differential Thrust-
ing for Large EQ-II Trailing Heavier KC-135R

Case No Wind With
Wind

Percent
Reduction

After
Fuel
Transfer

Percent
Reduction

Benefit
of Fuel
Transfer

1 - Rudder 0.4986 0.5045 -1.18% 0.4685 6.04% 7.22%
2 - Differential
Thrust

2×0.4986 0.5748
+
0.4085

1.39% 0.5209
+
0.3964

8.01% 6.62%

Benefit of
Differential
Thrust

2.58% 1.98%
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CHAPTER 6

KC-135R - KC-135R FORMATION

The results of the EQ-II variants trailing the KC-135R motivated the results of

this chapter and the next. For the small variant of the EQ-II aircraft trailing the KC-

135R, the static and dynamic sweet spot were observed to be at the same location.

The large variant of the EQ-II, on the other hand, had a lateral separation of about

0.1 KC-135R wingspans (approximately 4 meters) between the static and dynamic

sweet spot.

The formation flight study of the KC-135R - large EQ-II pair showed that the

static and dynamic sweet spots differ and unconventional control surfaces on the

EQ-II were too costly for formation flight at the static sweet spot. There are two

possible reasons for this disparity in static and dynamic sweet spot locations: (1)

the trail EQ-II is not a conventional aircraft like the lead KC-135R, and (2) the trail

EQ-II is of a significantly different size than the lead aircraft. The approach taken

in this chapter is to hypothesize that the disparity between the static and dynamic

sweet spot locations is due to the former and to test this hypothesis by replacing

the unconventional EQ-II aircraft with a trail KC-135R so as to have two similar

conventional aircraft in the formation. This chapter presents the static and dynamic

results of the two KC-135R tanker aircraft in formation.

The static and dynamic studies were carried out for two KC-135R aircraft pairs

in formation as given in Table 6.1. First the KC-135R trailing a nominal KC-135R

was investigated. Then, the weight of the leading KC-135R was increased by 26
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Table 6.1. KC-135R - KC-135R Aircraft Formation Studies

Lead KC-135R Weight Trail KC-135R Weight

Nominal Nominal
Heavy Nominal

percent while the trail KC-135R was left the same as in the case of the KC-135R -

Large EQ-II study in Chapter 4.

6.1 Static Study

6.1.1 KC-135R Trailing KC-135R of Nominal Weight

This section presents the results of the KC-135R flying behind the KC-135R of

nominal weight. The lift-to-drag ratio in solo flight, a value of 21.59, was subtracted

from the lift-to-drag ratio in formation flight at all points in the grid. The contour

plot for the percentage difference in lift-to-drag ratio is presented in Fig. 6.1 while

the contour plots for the moment and side force coefficients of the KC-135R trailing

the KC-135R of nominal weight are presented in Figs. 6.2 through 6.5.

Figure 6.1 shows that as the trail KC-135R moves from 0.5 wingspans laterally

further away from the lead KC-135R, the increment in lift-to-drag ratio increases from

0 till a maximum of 17.7 percent from the baseline case. The exact location of the

static sweet spot is 0.877 wingspans laterally and 0.01 wingspans above the leader.

All contour plots show adversely large magnitudes of the force and moment co-

efficients for lateral separations less than 0.5 wingspans. This is due to the downwash

area behind the lead KC-135R in which no formation benefits for the trail KC-135R

are obtained.

115



-3
2

-3
0

-3
0

-2
8

-2
8

-2
8

-2
6

-2
6

-2
6

-2
4

-2
4

-2
4

-2
2

-2
2

-2
2

-2
0

-2
0

-2
0

-1
8

-1
8

-1
8

-1
6

-1
6

-1
6

-1
4

-1
4

-1
4

-1
2

-1
2

-1
2

-1
0

-1
0

-1
0

-8

-8
-8

-6

-6
-6

-4

-4

-4

-2

-2

-2

0

0

0

2

2

2

4

4

4

6

6

6

8

8

8

10

1
0

10

12

1
2

12

12

12
12

14

14

14

14

1
4

14

16

16

16

16
17

17

17

17.6

Wind Frame: Percentage increase in Lift to Drag Ratio, Baseline L/D= 21.5989

Lateral spacing, spans

V
e
rt

ic
a

l s
p
a
ci

n
g
, 

sp
a
n

s

 

 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15
-30

-20

-10

0

10

Figure 6.1. Percentage increase in Lift to Drag Ratio from Nominal Flight: KC-135R.

-0.03

-0
.0

3

-0.03
-0

.0
25

-0
.0

2
5

-0
.0

2
5

-0
.0

2

-0
.0

2

-0
.0

2

-0
.0

1
5

-0
.0

1
5

-0
.0

1
-0

.0
1

-0
.0

1

-0
.0

0
5

-0
.0

0
5

0

0

0

0
.0

0
2

0
.0

0
2

0.
00

2

0.004

0
.0

0
4

0.
00

4

0.
00

4

-0
.0

3
5

-0.035
-0

.0
3
5

0.006

0.006

0.
00

6

-0.038

Wind Frame: Rolling Moment Coefficient

Lateral spacing, spans

V
e

rt
ic

a
l s

p
a

ci
n
g
, 

sp
a
n
s

 

 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

-0.03

-0.02

-0.01

0

Figure 6.2. Aerodynamic Rolling Moment of KC-135R .

6.1.2 KC-135R Trailing Heavy KC-135R

The results of the KC-135R trail aircraft behind a 26 percent heavier KC-135R

are shown in Figs. 6.6 and 6.7. Fig. 6.6 shows the same location for the highest

lift-to-drag ratio increase with magnitudes slightly larger than Fig. 6.1. The largest
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Figure 6.4. Aerodynamic Yawing Moment of KC-135R .

increase in lift-to-drag ratio from the baseline is 21.1 percent at 0.8777 wingspans

laterally and 0.01 wingspans above the leader. This is the location of the sweet spot

based on the static analysis for the KC-135R aircraft behind a heavier lead KC-135R.

The side force and moment coefficients also have similar patterns at all locations
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Figure 6.5. Side Force on KC-135R.
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except that their magnitudes are slightly greater. For this reason, only one moment

coefficient contour, Fig. 6.7, is presented for comparison with Fig. 6.2. Figure 6.7
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Figure 6.7. Aerodynamic Rolling Moment of KC-135R using a Heavier Lead KC-
135R.

looks similar to Fig. 6.2 except in the almost imperceptible different magnitudes of

the contour levels as in the case of the large EQ-II in Chapter 4.

6.2 Dynamic Study

The primary control surfaces of the KC-135R are the aileron, elevator, rudder,

and the spoilers. In this study, the spoilers are not used to provide additional roll

control authority since they are primarily drag devices which would reduce the for-

mation flight benefit. It was thus expected, even more than for the EQ-II aircraft

as seen in Chapter 4.2, that there would be a large expanse in the grid in which the

controller would be unable to trim the aircraft because of the large magnitudes of

the induced moments on the follower that would require control surface deflections

and/or thrust levels larger than saturation limits. Sections 6.2.1 and 6.2.2 present

the dynamic simulation results for the trail KC-135R behind the lead KC-135R of

nominal and heavy weights respectively.

119



6.2.1 KC-135R Trailing KC-135R of Nominal Weight

Figure 6.8 is a contour plot of the simulation stop parameter. It shows that up

until around 0.7 lateral wingspans, the simulation stop parameter is one because the

controller could not trim the trailing KC-135R mostly due to the saturation of the

control variables. As a result of this, all contour plots generated from the results of

the dynamic simulation exclude this area.
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Figure 6.8. Simulation Stop Parameter of KC-135R.

A contour plot of the percentage thrust increment is presented in Fig. 6.9. The

largest thrust reduction of 10.7 percent, equivalently the least thrust required to fly

in formation, is obtained at 0.8276 wingspans laterally and 0.01 wingspans below the

lead KC-135R. This is the sweet spot based on the dynamic study for the KC-135R

trail to fly 3.8 wingspans behind the lead KC-135R.

The aileron, elevator, and rudder deflections are presented in Figs. 6.10 through

6.12, respectively. The deflections of the aileron is seen to decrease as the dynamic
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Figure 6.9. Percentage increase in Thrust from Nominal Flight of KC-135R.
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Figure 6.10. Aileron Deflections of KC-135R.

sweet spot is approached from either the right or the left of 0.8276 lateral wingspans.

At the dynamic sweet spot, the aileron deflection is 0.2 degrees, a slight increase from

0 degree which is required for solo flight. This is a slight increase in the deflection

compared to that required for solo flight which is 0 degree. The elevator and rudder
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Figure 6.11. Elevator Deflections of KC-135R.
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Figure 6.12. Rudder Deflections of KC-135R.

also experience an increase in deflection from solo flight to formation flight as seen

in the contour plot of Figs. 6.11 and 6.12 respectively. This is in agreement with

the expectations of induced aerodynamic moments from the lead aircraft requiring
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non-zero control effector deflections as a trail aircraft flies in the non-uniform wind

field induced by the lead.

Figs. 6.10 through 6.12 also show that the control effectors saturate and fail to

stabilize the trail aircraft when it is in the downwash region behind the leader from

0.25 wingspans to about 0.7 wingspans laterally. Analyzing the trends of the control

surface deflections as the trail aircraft moves away from the sweet spot towards the

lead aircraft in the lateral direction shows clearly that the aileron saturates first as

compared to the elevator and rudder. This is consistent with the observation in the

static case that the induced rolling moment is the highest. The spoilers could have

provided additional roll authority and reduced the expanse in Fig. 6.8 in which the

aircraft cannot be stabilized due to large induced rolling moments. As stated earlier,

the spoilers were not employed due to their detrimental effect on the lift-to-drag ratio.

6.2.2 KC-135R Trailing Heavy KC-135R

The dynamic results of the KC-135R trail aircraft behind a 26 percent heavier

KC-135R lead are shown in Figs. 6.13 and 6.14. As in the static case, the impact of

the heavier KC-135R lead aircraft is seen primarily in the magnitudes of the thrust

and control surface deflections. The trends and location of the sweet spot based on the

dynamic study are almost identical with an increase in leader weight, for this reason,

only Figs. 6.13 and 6.14 are presented. Figure 6.13 shows that the benefit of flying

in formation is increased when a heavier lead aircraft is used. The aileron deflections

in Fig. 6.14 are also larger than those in Fig. 6.10 because there is an increase in the

magnitude of the induced aerodynamic moments when the leader aircraft weight is

increased as discussed in Section 6.1.
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Figure 6.13. Percentage increase in Thrust from Nominal Flight of KC-135R using a
Heavier Lead KC-135R.
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Figure 6.14. Aileron Deflections of KC-135R using a Heavier Lead KC-135R.
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Table 6.2. Summary of Static and Dynamic Results for Trail KC-135R

Static Simulation

Sweet Spot (Wingspans)

Leader
Weight

C.G. to
C.G.

Overlap
(%)

∆ L/D
(%)

CL CM CN

Nominal x=3.8
y=0.8777
z=-0.01

12.2 17.76 0.0033 -0.0850 0

Heavier x=3.8
y=0.8777
z=-0.01

12.2 21.13 0.0024 -0.0912 0

Dynamic Simulation

Sweet Spot (Wingspans)

Leader
Weight

C.G. to
C.G.

Overlap
(%)

∆ Thrust
(%)

δa(
◦) δe(

◦) δr(
◦)

Nominal x=3.8
y=0.8276
z=0.01

17.2 10.69 0.202 -4.564 -0.040

Heavier x=3.8
y=0.8526
z=0.01

14.7 12.16 1.2 -5.03 -0.032

6.3 Comparison of Static and Dynamic Results for KC-135R Pair

Table 6.2 summarizes the results of the static and dynamic simulations with

regards to the location of the sweet spot and the aerodynamic force and moment

coefficients of the trail KC-135R.

Table 6.2 shows that although the static sweet spot remains constant with a

change in the weight of the lead aircraft, the dynamic sweet spot changes slightly.

In the dynamic case, the wingtip overlap decreases from 17.2% to 14.7% when the

lead aircraft weight is increased by 26%. This is in agreement with the results of

the large EQ-II aircraft which showed that the location of the static sweet spot was
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independent of a 26% weight increase of the lead KC-135R while the location of the

dynamic sweet spot was not.

In addition, Table 6.2 shows that the static and dynamic sweet spot are in the

same region for both nominal and heavier weights of the lead KC-135R. The location

of the static sweet spot is close to that where the induced aerodynamic moments on

the trail KC-135R were the least. As a result, the control surface deflections required

to trim the trail KC-135R aircraft were very small in that region, leading to the least

trim drag and thus required thrust at the sweet spot [10]. For this reason, the dynamic

sweet spot was in the same region. In fact, for the heavier weight of the lead aircraft,

the static sweet spot almost coincides with the dynamic. For a pair of conventional

identical aircraft like the KC-135R pair, the static and dynamic sweet spots are very

close but do not coincide. It is thus worthwhile to investigate the second reason of

the relative sizes of the aircraft in the formation for the significant difference in static

and dynamic locations for the large EQ-II aircraft.
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CHAPTER 7

SCALED KC-135R TRAILING KC-135R

Chapter 4 showed that for the large Q-II aircraft trailing the KC-135R, the

static and dynamic sweet spots do not coincide. The converse was observed when

a KC-135R was used as the trail aircraft. In that case, the locations of the static

and dynamic sweet spots coincide. This chapter seeks to determine if the size of the

trail aircraft is the dominant reason for the difference in static and dynamic sweet

spot locations for the large EQ-II. This is achieved by replacing the unconventional

EQ-II aircraft with a conventional aircraft like the lead KC-135R while keeping the

same relative sizes between the lead and trail aircraft in terms of the wingspans. This

chapter presents the static and dynamic results of the formation of a KC-135R tanker

leading (1) a KC-135R scaled down to match the small EQ-II aircraft in wingspan,

and (2) a KC-135R scaled up to match the large EQ-II in wingspan.

7.1 Trail Aircraft Re-Sizing

To include conventional trail aircraft with the wingspans of the small and large

EQ-II aircraft in the formation flight simulation, the existing KC-135R model is

utilized by scaling its 3-D geometry to have the new wingspan match those of the

EQ-II aircraft, which also requires scaling the mass and inertia properties, and thrust

capabilities of the engines. This dynamic scaling in addition to the dimensional scaling

is particularly important in order to capture and understand the dynamic response

of the trail aircraft in the dynamic sweet spot determination. To achieve this, the

approach taken is to first obtain two scaling factors which are ratios of the wingspans
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Table 7.1. Aircraft Wingspan

Aircraft Wingspan (ft)

Unscaled KC-135R 130.83
Large EQ-II 166.8
Small EQ-II 111.2

of the KC-135R and the small and large variants of the EQ-II. Table 7.1 gives the

wingspans of the KC-135R, EQ-II large and small, which are used for computing the

scaling factors for the large and small KC-135R models.

To create the large model of the trailing KC-135R to match the large EQ-II

variant, a single scaling factor of 1.2749 is used on the unscaled KC-135R tanker

model. For the small KC-135R, the unscaled KC-135R is scaled by a factor of 0.85

to create a smaller KC-135R with a wingspan that matches the small variant of the

EQ-II. These scaling factors are then used to scale the the spatial dimensions linearly,

weight and thrust to the second power, and inertias to the fourth power as outlined in

the following sections. With this approach, the aerodynamic model of the KC-135R

aircraft is used without any modification for various ”scaled KC-135R” aircraft. In

addition, this scaling approach assumes rigid body dynamics and does not incorporate

any aeroelastic effects in the re-sizing.

7.1.1 Dimensional Scaling

The geometry scaling of the KC-135R requires re-sizing the geometric param-

eters such as the chord length, wing span, and surface area for instance. For the
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lengths, a linear scaling is done in the three co-ordinate directions, x, y, and z. The

length scaling is

xnew = cscale x (7.1)

ynew = cscale y (7.2)

znew = cscale z (7.3)

where cscale is the previously determined scaling factor and the x, y, and z correspond

to the unscaled length parameter for the KC-135R. As an example, the wingspan of

the large KC-135R is

blarge = 1.2749 b (7.4)

where b is the true wingspan of the KC-135R. Since the lengths are all scaled linearly,

all other parameters which powers of length are scaled to the corresponding power.

The areas are scaled to the second power and the volumes are scaled to the third

power. As an illustration, the derivation of scaling the reference surface area, S is

provided:

Snew = xnew ynew (7.5)

= cscalex cscaley (7.6)

= c2scale xy (7.7)

= c2scale S (7.8)
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7.1.2 Dynamic Scaling

This section contains the details of the mass/weight, engine thrust, and inertia

scaling using the same scaling factor as in Section 7.1.1. For the mass and weight

scaling, assuming lift, L, equals weight, W , in cruise,

Wnew = Lnew (7.9)

=
1

2
ρV 2SnewCL (7.10)

=
1

2
ρV 2 c2scaleS CL (7.11)

=
1

2
ρV 2SCL c

2
scale (7.12)

= W c2scale (7.13)

= c2scaleW (7.14)

Thus, the mass, m, is scaled as

mnew = c2scalem (7.15)

This derivation assumes the density, ρ, velocity, V , and lift coefficient CL remain

the same and are independent of aircraft size. The thrust, T , is scaled in a similar

manner. Assuming thrust equals drag in cruise and using the drag dependence on

dynamic pressure, reference area, and drag coefficient, the engine thrust for the scaled

aircraft is obtained as

Tnew = c2scaleT (7.16)

In scaling the mass moments of inertia about the x, y, and z axes, as well as the

products of inertia about the xy, xz, and yz planes, the definition of the inertia is

used. For instance, the mass moment of inertia about the x axis, a measure of the

distribution of the aircraft mass about the x axis, is given in Eq. 7.17 as

Ixx =

∫
(y2 + z2)dm (7.17)
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Thus,

Ixx ∝ m(y2 + z2) (7.18)

Ixxnew ∝ mnew(y2new + z2new) (7.19)

Ixxnew ∝ c2scalem
[
(cscaley)2 + (cscalez)2

]
(7.20)

Ixxnew ∝ c2scalem
(
c2scaley

2 + c2scalez
2
)

(7.21)

Ixxnew ∝ c2scalem c2scale
(
y2 + z2

)
(7.22)

Ixxnew ∝ c4scale m
(
y2 + z2

)
(7.23)

Ixxnew ∝ c4scaleIxx (7.24)

Similarly, the other mass moments of inertia can be scaled as

Iyynew ∝ c4scaleIzz (7.25)

Izznew ∝ c4scaleIzz (7.26)

And the products of inertia can all be derived as

Ixynew ∝ c4scaleIxy (7.27)

Ixznew ∝ c4scaleIxz (7.28)

Iyznew ∝ c4scaleIyz (7.29)

As an illustration, Fig. 7.1 depicts the unscaled KC-135R with the smaller and

larger KC-135R models. The static and dynamic studies are then carried out for two

aircraft pairs in formation as presented in Sections 7.2 and 7.3: (1) the large KC-135R

trailing the lead KC-135R and (2) the small KC-135R trailing the lead KC-135R. In

both cases, the lead KC-135R is the nominal KC-135R without any scaling done.
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Unscaled	  KC-‐135R	  Large	  KC-‐135R	   Small	  KC-‐135R	  

Figure 7.1. Unscaled KC-135R versus Larger and Smaller Scaled KC-135R Models.

7.2 Static Simulation Results

First presented are the static simulation results of the large KC-135R behind

the lead, after which the small KC-135R results are shown.

7.2.1 Large KC-135R Trail

This section presents the results of the large KC-135R aircraft flying behind

the lead KC-135R. The contour plot for the percentage difference in lift-to-drag ratio

as compared to solo flight is presented in Fig. 7.2. It shows that as the trailing KC-

135R moves laterally, starting from 0.6 wingspans away from the lead aircraft, the

increment in lift-to-drag ratio increases from 0 till a maximum of 16.4 percent from the

baseline case. The exact location of the static sweet spot with largest lift-to-drag ratio

is 1.0282 wingspans laterally and 0.01 wingspans above the leading KC-135R. This

region is promising as there is a large expanse in which the follower can deviate and

still experience increased lift-to-drag. The lift-to-drag increment in the surrounding

regions are positive, thus no negative lift will occur with changes in location around

1.0282 KC-135R wingspans.
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Figure 7.2. Percentage increase in Lift to Drag Ratio from Nominal Flight: Large
KC-135R.

Figures 7.3 and 7.4 show the contour plots for the rolling and yawing moment

coefficients, respectively, of the large KC-135R. At the static sweet spot, non-zero

moments are visible in the roll and yaw. This implies that there will be non-zero

control surface deflections required to trim the trail KC-135R at the static sweet

spot. The pitching moment coefficient is also depicted in Figs. 7.5. All contour plots

show adversely larger magnitudes of the force and moment coefficients for lateral

separations less than 0.6 wingspans as compared to the sweet spot region. This is

due to the downwash area behind the lead KC-135R in which no formation benefits

for the KC-135R are obtained.
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Figure 7.3. Aerodynamic Rolling Moment of Large KC-135R .
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Figure 7.4. Aerodynamic Yawing Moment of Large KC-135R .
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7.2.2 Small KC-135R Trail

The variation in lift-to-drag ratio increment for the small KC-135R trailing the

nominal KC-135R is shown in Fig. 7.6. The largest increase in lift-to-drag ratio of

24.7 percent is obtained when the small KC-135R is placed 0.802 KC-135R wingspans

laterally and 0.01 KC-135R wingspans above the lead KC-135R. Based on the static

analysis, the lateral separation between the lead and the small KC-135R at the sweet

spot, is smaller than that between the lead and the large KC-135R at its sweet spot.
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The rolling moment coefficient results are presented in Fig. 7.7, which looks

similar to Fig. 7.3 except that the contour levels move laterally closer to the lead

aircraft. For instance, the zero rolling moment coefficient line is shifted laterally closer

to the lead KC-135R. This zero line signifies the location of zero induced aerodynamic

rolling moment on the KC-135R and has been shown to be an indicator of the dynamic

sweet spot location which is dependent on trimming.
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Figure 7.7. Aerodynamic Rolling Moment of Small KC-135R.

The small variant of the KC-135R aircraft behind the lead KC-135R has similar

contour patterns of the aerodynamic force and moment coefficients as the large variant

but with different locations in the grid. The magnitudes of the aerodynamic force and

moment coefficients of the small KC-135R variant also differ from the large KC-135R

at the same locations in the grid. Thus, only Figs. 7.6 and 7.7 are presented.

7.3 Dynamic Simulation Results

The dynamic results of the large KC-135R behind the lead are first presented,

followed by the results of the small KC-135R trail.

7.3.1 Large KC-135R Trail

The dynamic simulation results of the large KC-135R trailing the lead KC-

135R are presented in this section. Fig. 7.8 is a contour plot of the simulation

stop parameter. It shows that less than 0.8 wingspans laterally, the simulation stop

parameter is one because the controller could not trim the trail aircraft mostly due to
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the saturation of the control variables. As a result of this, all contour plots generated

from the results of the dynamic simulation exclude this area.
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Figure 7.9. Percentage increase in Thrust from Nominal Flight: Large KC-135R.
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A contour plot of the percentage thrust increment is presented in Fig. 4.11.

The largest thrust reduction of over 9 percent, equivalently the least thrust required

to fly in formation, is obtained in a vertical strip located 0.928 lateral wingspans

relative to the lead KC-135R. This is the dynamic sweet spot for the large KC-135R

to fly 3.8 wingspans behind the lead KC-135R. Furthermore, the elliptical shape of

the thrust contours around the dynamic sweet spot shows that there is a lower slope

along the vertical direction compared to the lateral direction. This means deviation

from the sweet spot in the lateral direction results in higher reduction in formation

benefit, in terms of thrust.
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Figure 7.10. Aileron Deflection of Large KC-135R.

The aileron deflection is presented in Fig. 7.10. The magnitudes of the deflec-

tions of the aileron is seen to decrease as the dynamic sweet spot is approached from

either the right or the left of 0.903 lateral wingspans. At the dynamic sweet spot, the

aileron deflection is about -1.19 degrees. This is an increase in the deflection com-

pared to that required for solo flight, which is zero degree. This is to be expected as
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non-zero control effector deflections are required to trim the trail aircraft when it flies

in formation. The elevator and rudder also experience an increase in deflection from

solo flight to formation flight as seen in Figs. 7.11 and 7.12. Analyzing the trends of

the control surface deflections as the trail aircraft moves away from the sweet spot

towards the lead aircraft in the lateral direction shows that the aileron saturates first

as compared to the elevator and rudder. This is consistent with the observation in

the static case that the induced rolling moment is the highest. The spoilers could

have provided additional roll authority to reduce the expanse in Fig. 7.8 in which the

aircraft cannot be stabilized but the spoilers are not employed due to their adverse

effect on the lift-to-drag ratio.
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Figure 7.11. Elevator Deflection of Large KC-135R.

7.3.2 Small KC-135R Trail

The variation in thrust is shown in Fig. 7.13. The largest reduction in thrust of

13.95 percent is obtained when the small KC-135R is placed 0.802 KC-135R wingspans
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Figure 7.12. Rudder Deflection of Large KC-135R.

laterally and 0.01 wingspans below the lead KC-135R. The dynamic sweet spot of the

small KC-135R is laterally closer to the lead aircraft than that of the large variant.

The small KC-135R aircraft behind the leader KC-135R has similar contour patterns

of the thrust and control surface deflections as the large variant but with different

locations in the grid. The magnitudes of the thrust and control surface deflections of

the small KC-135R variant also differ from the large KC-135R at the same locations

in the grid. Since the control effector deflection contours for the small KC-135 are

similar to the large, only the aileron deflections is presented in this Section as seen in

Fig. 7.14. The location of least aileron deflection has also shifted laterally closer to

the dynamic sweet spot.

7.4 Discussion and Comparison of Results with Prior EQ-II Variants

Table 7.2 summarizes the results of the static and dynamic simulations with

regards to the location of the sweet spot and the aerodynamic force and moment

coefficients. It presents the aerodynamic rolling, pitching, and yawing moment coeffi-
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Figure 7.13. Percentage increase in Thrust from Nominal Flight: Small KC-135R.
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Figure 7.14. Aileron Deflection of Small KC-135R.

cients as CL, CM, CN respectively at the static sweet spot, and the aileron, elevator,

and rudder deflections as δa, δe, and δr respectively at the dynamic sweet spot. The

incremental lift-to-drag ratio at the static sweet spot is tabulated under ∆ L/D (%)

while the reduction in thrust at the dynamic sweet spot is given by ∆ Thrust (%).

The sweet spot locations are given in terms of the separation of the C.G. of the trail
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Table 7.2. Summary of Static and Dynamic Results for Scaled KC-135R

Static Simulation

Sweet Spot (Wingspans)

Aircraft C.G. to
C.G.

Overlap
(%)

∆ L/D (%) CL CM CN

Large
KC-
135R

x=3.8
y=1.028
z=-0.01

9.69 16.41 0.005 -0.084 -1.3E-5

Small
KC-
135R

x=3.8
y=0.802
z= -0.01

13.34 24.73 4.1E-4 -0.097 -1.1E-4

Dynamic Simulation

Sweet Spot (Wingspans)

Aircraft C.G. to
C.G.

Overlap
(%)

∆ Thrust
(%)

δa(
◦) δe(

◦) δr(
◦)

Large
KC-
135R

x=3.8
y=0.928
z=0

20.95 9.37 -1.185 -4.301 -0.057

Small
KC-
135R

x=3.8
y=0.802
z=0

13.34 13.94 0.738 -5.516 -0.039

and lead KC-135R aircraft. The locations of the sweet spots are also presented in

terms of wing tip overlap as a percentage of the geometric mean of the wingspans of

the two aircraft in formation.

Figure 7.15 presents the static sweet spot, dynamic sweet spot band, and the

zero roll moment curves for the small and large trailing KC-135R. For the large KC-

135R trail, the dynamic sweet spot is located significantly laterally closer to the lead

than the static sweet spot is. The dynamic simulations account for the trimming

of the aircraft with deflections of the control surfaces. Figs. 7.10 - 7.12 show that

aileron, elevator, and rudder deflections are needed for trimming the aircraft at the

static sweet spot. Figs. 7.10 and 7.12 show that little aileron and rudder deflections
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are needed to trim the aircraft in the dynamic sweet spot band which is located over

the zero aileron (rudder) isolines as seen in Fig. 7.15. This explains the mechanisms

that move the dynamic sweet spot away from the static sweet spot. In the case of the

small KC-135R trail, the zero aileron (rudder) isolines are close to the static sweet

spot. Thus, little difference is seen between the locations of the static and dynamic

sweet spots. These results are similar to the large and small variant of the EQ-II
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aircraft trailing the KC-135R. In those cases the static and dynamic sweet spots were

seen to almost coincide for the small variant of the EQ-II as previously discussed. For

the large variant, the static and dynamic sweet spot had a lateral relative separation

of about 0.1 KC-135R wingspans.

The results presented in this chapter have shown that this variation in static and

dynamic sweet spot is an artifact of the relative sizes of the aircraft in the formation
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and not the type/configuration of the aircraft. Whether an unconventional delta-wing

aircraft or a conventional airplane with a fuselage and tail is utilized in the formation,

if the trail aircraft size is at least as large as the lead, there is a significant difference

in the location of the static and dynamic sweet spots.
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CHAPTER 8

FORMATION FLIGHT OF EXTENDED DURATION

During long flights, the mass of airplanes flying in formation will decrease as

they burn fuel. As a result of the reduced weight of the lead aircraft, the strength of

the wake vortices the lead generates, and thus the magnitude of the non-uniform wind

field the trail aircraft experiences, will decrease since vortex strength is proportional

to the lift generated. This means the trail aircraft will experience smaller upwash

at the sweet spot, which reduces the overall benefit of formation flight. Thus, it is

important to determine the actual benefit of formation flight by evaluating the vortex

effect in a long endurance flight. A pair of KC-135R aircraft is considered flying this

mission in formation. The KC-135R aircraft is similar to the C-17 aircraft which the

Air Force Research Laboratory utilized in recent formation flight tests as part of the

Surfing Aircraft Vortices for Energy ($AV E) program [43, 81, 82].

The $AVE program first demonstrated the formation flight savings by conduct-

ing flight tests in which the trail aircraft flew at a variety of lateral and vertical

positions relative to the sweet spot. The dwell time at each position, where fuel flow

and other data was gathered, was either five or thirty minutes in duration. Typical

C-17 missions are about seven hours long. Twenty percent of missions are longer than

nine hours. The $AVE tests were conducted in a condition of no or low atmospheric

turbulence. Preliminary analyses of the tests showed a reduction of fuel consumption

of up to ten percent on the trail C-17 while flying about 4000 feet behind the lead

C-17. Subsequent flight testing was done with an actual operational mission from

Edwards Air Force Base, California to Joint Base Pearl Harbor-Hickam, Hawaii and
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back [43]. The significant fuel savings obtained in the flight test demonstrate the

benefit of flying long endurance missions in formation.

Based on recent United States Air Force long endurance missions identified

as potential formation flights, a representative long flight mission is defined. This

representative flight lasts 6.5 hours and is chosen to represent a transatlantic flight

from Europe to the United States.

8.1 Simulation Modification

To extend the current simulation environment for the lead and trail KC-135R to

represent an actual long-duration formation simulation, some modifications are made

to reflect the variations in the weight and inertia of the two aircraft with time. For

both the lead and trail aircraft, the total fuel burn rate is computed from the thrust

generated/required by the engines. In the trail aircraft, this total fuel burn rate, ṁT ,

is passed as an input to the fuel subsystem where it is assigned as the fuel flow rate

out of the fuel tanks. Depending on the fuel tank usage schedule, one or more fuel

tanks may be used at a time. In the case of one fuel tank being used, the total fuel

burn rate is assigned as the fuel flow rate out of that tank while the other tanks have

fuel flow rates set to zero. As an example, if fuel tank 9 alone is used, the fuel flow

rates are

ṁj =

 ṁT , for j = 9

0, for j = 1 : 8
(8.1)
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When multiple tanks are used at a time, the total fuel burn rate is split evenly by

the number of tanks used. For instance, if tanks 2, 3, 5, and 6 are used at the same

time, the fuel flow rates out of the tanks are

ṁj =


1
4
ṁT , for j = 2, 3, 5, 6

0, for j = 1, 4, 7, 8, 9
(8.2)

Since the equations of motion of the trail aircraft model the dynamic effects during fuel

transfer as shown in Chapter 2.4.1, the mass and inertia properties correspondingly

change to reflect the effect of the fuel consumption.

The lead KC-135R does not have the details of the fuel tanks built in. Thus,

the fuel burn rate computed from the thrust cannot be passed to a fuel subsystem.

Instead, the fuel burn rate is integrated over time to obtain the amount of fuel burned

by the lead KC-135R. At each time step, the mass, mc, is then derived by subtracting

the amount of fuel burned, mf , from the mass of the lead aircraft at the beginning

of the simulation, mi.

mc(t) = mi −mf (t) (8.3)

Thus, the lead aircraft has a mass, mc which varies with time. The ratio of the current

mass to the initial mass, mratio is used to vary the inertia matrix as well in an effort

to capture the dynamic effect of the fuel burn on the inertia of the aircraft.

Ic(t) = mratio(t) Ii (8.4)

where Ic is the time-varying inertia matrix for the lead aircraft and Ii is the inertia

matrix of the lead aircraft at the beginning of the simulation.

8.2 Full Mission Set-Up

For the trail KC-135R, the fuel usages from the fuel tanks implemented in the

simulation are representative of recommended fuel usage schedule for the KC-135R.
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The commanded fuel usage for the KC-135R, from take-off to landing, is scheduled

to be used in a manner that prevents a significant shift in the C.G. during flight. The

fuel tanks used in any flight depend on the schedule and length of the mission the

aircraft is flying. For extremely long-duration missions, all fuel tanks may be used.

Fig. 8.1 shows the locations of the fuel tanks as well as the numbering scheme used

in this dissertation.

Figure 8.1. Fuel Tank Numbering for Trail KC-135R[83].

Based on the schedule and length of the chosen 6.5-hour mission, the fuel tanks

used are the center wing and the aft body tanks only. These correspond to tanks 8

and 9 in Fig. 8.1. The formation simulations of extended duration start out with

all fuel tanks full except for the center wing tank which is used during climb. To

illustrate the fuel flow usage based on the schedule, Fig. 8.2 is presented. Fig. 8.2

shows the amounts of fuel and the rate of fuel flow out of each individual tank of the

trail KC-135R as it flies for 6.5 hours in formation with the lead. In this illustrative
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case, the fuel usage is commanded between the center wing and aft body tanks, 8

and 9, with the switch triggered by the amount of fuel remaining in the tank. For

instance, per the commanded fuel tank schedule usage after climb, the aft tank is

used till a certain amount is left. Then the fuel flow rate out of the aft tank is set

to zero while the center tank begins to output the fuel flow required by the engines.

After a certain amount of fuel in the center tank is depleted, the aft tank is then

used. This switch continues per the fuel tank schedule usage. All fuel tanks remain

full for this mission except for the center wing and aft body tanks which are used

alternatively throughout the simulation.
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Figure 8.2. Fuel Flow and Amount in Each Tank for Trail KC-135R.
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The weight of the lead aircraft is set to match that of the trail at the beginning

of the simulation. For both lead and trail, the masses are held constant for the first

few minutes till steady state is reached as the controller works to adjust the control

variables of the aircraft to the flight configuration. This is an artifact of the simulation

and will not occur in an actual flight. After the transient is over, the masses of the

lead and trail aircraft are set to decrease with fuel consumption. As the weight of

the lead aircraft decreases, the lift reduces correspondingly. Fig. 8.3 depicts time

histories of the wing-body and tail lift coefficients of the lead KC-135R as it burns

fuel and loses mass. For the first few minutes, there is no change in the lift as the

mass is held constant, after which there is a steady continuous decrease in lift with

fuel burn.

0 1 2 3 4 5 6 7
0.04

0.05

0.06

0.07

0.08

0.09

Ta
il C

L

Tail and Wing-Body Lift Coefficients for Lead Aircraft [-]

0 1 2 3 4 5 6 7
0.38

0.4

0.42

0.44

0.46

0.48

0.5

W
in

g-
Bo

dy
 C

L

time [hours]

Figure 8.3. Lift Coefficients for Lead KC-135R.
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As a result of the reduction in the weight of the lead aircraft, there is a variation

in the non-uniform wind which the trail aircraft is subjected to. The translational and

rotational wind components induced on the trail KC-135R as it flies in an extended-

duration formation with the lead KC-135R, are presented in Fig. 8.4.
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Figure 8.4. Induced Wind Components on Trail KC-135R.

For the formations of long duration, the trail aircraft is placed at the dynamic

sweet spot which is close to the static sweet spot for the pair of KC-135R in formation.

The dynamic sweet spot for the trail KC-135R was seen in Chapter 6 to move with

a 26% decrease in the weight of the lead aircraft. With a shift in the dynamic

sweet spot during this formation of extended duration, the position of the trail with

respect to the lead aircraft should change based on the location of the dynamic sweet

spot. Beginning with the starting weight of the lead aircraft, the weight of the
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lead every two hours as it burns fuel is obtained for a theoretical eight-hour flight

with fuel burned at a constant rate. This yields five different weight configurations:

the starting weight and the weights at four two-hour increments. The trail and lead

aircraft weights are set to equal these five weights and the dynamic sweet spot analysis

is carried out. It was seen that for the first four weights representing a six-hour

flight, the dynamic sweet spot remains the same. When the fifth weight configuration

was run, the dynamic sweet spot moved. This implies that for the first six hours

in which the percentage reduction in the aircraft weight from the starting weight

is 16.7 %, the dynamic sweet spot remains constant. After eight hours, when the

weight has decreased by 22.2%, the dynamic sweet spot changes. The representative

mission chosen lasts 6.5 hours. Thus, the relative position for the trail aircraft can

be maintained at the dynamic sweet spot which does not move for the simulation

duration.

The extended-duration simulations are first run with no atmospheric turbulence

on the lead or trail aircraft as the trail KC-135R flies at the dynamic sweet spot (i)

solo and (ii) in formation with the lead. These results are given in Section 8.3.

Turbulence is then introduced for both the lead and trail aircraft and the solo and

formation comparisons are done and presented in Section 8.4. This is done to study

the effect on the fuel savings when the trail aircraft deviates from the sweet spot due

atmospheric effects such as turbulence. Section 8.5 analyzes the effect of turbulence

on the benefits of formation by comparing the turbulent formation case with the

turbulence-free formation case.

8.3 Comparisons without Atmospheric Turbulence

The 6.5 hour formation simulation is first run with the non-uniform wind from

the lead aircraft switched off to simulate a solo flight. Then, the simulation is run
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with the non-uniform wind from the lead aircraft on to simulate a formation. The

fuel burn rate for the trail KC-135R is recorded for the two cases and plotted in Fig.

8.5. Fig. 8.5 shows that at all times, the fuel flow rate in formation is less than that

in solo flight. The difference in the fuel flow rate between the two cases, is larger

immediately after the transient than at the end of the simulation. Essentially, the

fuel flow rate in formation gets closer to that in solo flight as time goes by and the

magnitude of the initial benefit observed is not sustained throughout the flight. These

results are in agreement with the statement at the beginning of this chapter that the

upwash effect will decrease in magnitude as lead aircraft weight decreases due to fuel

burn.
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Figure 8.5. Fuel Burn Rate for Trail KC-135R.

Fig. 8.5 also shows instantaneous changes in the fuel flow rate at different times.

This can be explained by looking at the fuel flow rates as scheduled by fuel tanks.
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Using the commanded fuel tank schedule for the trail KC-135R requires switching

between fuel tanks. This switch from one fuel tank to another, is instantaneous as

seen in Fig. 8.2 which shows the amounts and fuel flow rate out of each tank. At any

instant, either tank 8 or 9 provides the total fuel flow needed by each engine while the

other fuel tanks have zero fuel flow rate and thus maintain their initial fuel amounts

as seen in Fig. 8.2.

The actual amount of fuel burned is obtained by subtracting the mass of the

trail aircraft, at each point in time, from the initial mass. For the solo and formation

cases, the fuel amount is depicted in Fig. 8.6. The difference in fuel amounts between

the two cases is also plotted as function of time in Fig. 8.6. Fig. 8.6 shows that there

is a reduction in the slope of fuel saved with time, implying that less fuel is saved as

time goes on. This is a direct consequence of the weight reduction of the lead aircraft

due to fuel burn in comparison to that of the trail. Overall, fuel savings are obtained

for the entirety of the simulation run.

8.4 Comparisons in the Presence of Atmospheric Turbulence

This section investigates the effect of atmospheric turbulence on the long-

duration solo and formation simulations. Light turbulence with intensity of 0.39

m/s and length scale of 533.4 m in the x, y, and z directions was introduced on the

lead and trail aircraft for the formation simulation, and for the trail alone for the solo

simulation run. The atmospheric disturbance lasts from 14 minutes into the simu-

lation till the end of the 6.5 hour simulation run. For the formation case, the trail

aircraft is first subjected to only the non-uniform wind induced by the lead aircraft,

after which it is subjected to a combination of the stochastic turbulence and the de-

terministic non-uniform wind induced from the lead aircraft. The translational and

rotational wind components of this wind combination are depicted in Fig. 8.7.
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Figure 8.6. Fuel Saved for Trail KC-135R.

In the simulated flights, the trail aircraft position oscillates around the desired

position due to the effect of atmospheric turbulence. This oscillation is captured in

Fig. 8.8 which shows the commanded and actual positions for the trail aircraft in

the x, y, and z directions. Fig. 8.8 shows that of the three co-ordinate directions,

the longitudinal position has the largest deviations from the commanded position

of 3.8 wingspans behind the lead. In the y direction, the largest deviation from

the commanded position is about 1 m, corresponding to approximately 0.025 KC-

135R wingspans. In the z direction, the maximum deviation of 0.55 m (0.014 KC-

135R wingspans) is even smaller than in the y direction. Since variations in the

longitudinal direction are assumed to have no effect on the formation benefits for

up to 10 wingspans behind the lead, as discussed in Chapter 1, excursions from the

commanded position in the x direction are acceptable for the purpose of this study.

In the lateral and vertical directions, the magnitudes of the excursions from the
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Figure 8.7. Induced Wind Components with Turbulence on Trail KC-135R.

commanded positions are small enough to keep the trail aircraft at the sweet spot to

obtain the fuel-saving benefits.

The fuel flow rate for the trail aircraft in turbulent solo flight and in turbulent

formation flight are presented in Fig. 8.9. Although the effects of the turbulence on

the fuel flow rates is visible in Fig. 8.9, the fuel consumption is larger for the solo case

than for the formation case. Thus, even with such adverse atmospheric conditions

that cause excursions of the trail aircraft from the sweet spot, there is still a benefit

of flying the trail KC-135R in formation in the region of the sweet spot behind the

lead KC-135R. As in Section 8.3, this benefit is quantified and plotted in Fig. 8.10.
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Figure 8.8. Commanded and Actual Positions of Trail KC-135R in Turbulent Forma-
tion.

8.5 Impact of Turbulence on the Formation Benefits

Sections 8.3 and 8.4 showed the benefits of formation flight on the trail air-

craft as it flies without and with atmospheric turbulence respectively. This section

compares flying in formation with and without turbulence to investigate the impact

of the light turbulence on the formation benefits. Fig. 8.11 presents the amount of

fuel saved over time as the trail aircraft flies in formation with turbulence-free and

turbulent conditions.
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Figure 8.9. Turbulent Fuel Burn Rate for Trail KC-135R.

The amount of fuel burned in turbulent formation is slightly larger than that

burned in turbulence-free conditions. At the end of the simulations, the turbulent

case uses 150 kg more fuel than the turbulence-free case. Compared to the total

amount of fuel burned, this is a relatively small number. The trajectory-tracking

controller is able to maintain the commanded position well enough that the benefits

of flying in formation are comparable in turbulent and turbulence-free atmospheric

conditions. The fact that only 150 kg more fuel is used in turbulent formation also

goes to show that significant benefit of formation is still obtained as long as the trail

aircraft is able to maintain the sweet spot behind the lead.
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CHAPTER 9

RIDE QUALITY ANALYSIS

The details of the ride quality (comfort levels) for passengers/aircrew seated

within the trail aircraft are presented in this chapter. Different assessments of the

ride quality are done for simulations of two different trailing aircraft behind a lead

KC-135R (1) the KC-135R trail and (2) the large EQ-II trail. For the trail KC-135R,

the non-uniform wind field induced from the lead KC-135R is turned on or off to

simulate a formation flight with or without the aerodynamic/fuel-saving benefits of

flying in formation respectively. In addition, for the trail KC-135R, accelerations at

the origin of the body frame are studied using atmospheric turbulence of different

intensities. The origin of the body frame, placed at the center of mass of the empty

trail aircraft, is denoted CME in this chapter. Accelerations offset from the CME

of the KC-135R are also analyzed as the KC-135R flies with the non-uniform wind

field induced from the lead KC-135R turned on. For the large EQ-II aircraft, the ride

quality study is done using the accelerations at the cockpit as the EQ-II flies with

the wake on at the (i) dynamic sweet spot and (ii) static sweet spot. This analysis

differs from that of the trail KC-135R because (i) the intent is to make an additional

qualitative comparison, in terms of ride quality, between the static and dynamic

sweet spots which differ for the large EQ-II, and (ii) the EQ-II aircraft configuration

restricts passenger/aircrew locations of interest to the cockpit alone. The details of

these analyses are presented in subsequent sections.

In this chapter, flying the trail aircraft in formation with the non-uniform wind

field induced by the lead turned on will be referred to as ”wake on” and with the
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non-uniform wind turned off is referred to as ”wake off” for brevity. Furthermore,

flying the trail aircraft with the wake off does not constitute a solo (non-formation)

flight. Although there may be no aerodynamic effect from the lead on the trail, the

controller of the trail aircraft is a trajectory-tracking controller designed to maintain a

position/trajectory relative to the lead. Thus, by the nature of the control design/set-

up, all ride quality analyses are done with cases which simulate formation flight for

the trail aircraft with the lead’s wake on or off.

9.1 Methods

9.1.1 Evaluating Comfort Levels using ISO Standards

The International Organization for Standardization outlines a guide, ISO 2631,

for evaluating vibrations transmitted to the human body from supporting surfaces

such as the feet, buttocks, and back of an individual as he stands, sits, or reclines

in a vibrating vehicle or building. The vibrations may be periodic, random, or non-

periodic but are limited to a frequency range of 0.1 to 80 Hz for the assessment

of comfort levels [38]. The direction of vibrations correspond to an orthogonal axis

system as depicted in Fig. 9.1 for a person sitting, standing, or laying down.

Translational and rotational accelerations are the primary metric used to de-

scribe the magnitude/intensity of the vibrations and are the quantities used in eval-

uating the comfort levels using the ISO standards. These accelerations should be

expressed in meters per second squared and radians per second squared for the trans-

lational and rotational components, respectively. Before employing the outlined guide

limits, a spectral density analysis of the accelerations should be done within the ISO

2631 frequency range of 0.1 to 80 Hz. The frequency range can be divided into unequal

segments known as octaves. Each octave can be further divided into three separate
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Figure 9.1. Axis System for ISO 2631 [38].

segments or one-third octave bands with a lower band limit, a center frequency, and

an upper band limit. The ISO 2631 standards outline the center frequencies for each

one-third octave band in the frequency range of 0.1 to 80 Hz and delineates weighting

factors with which the accelerations should be weighted for each center frequency.

First a power spectral density should be obtained for the accelerations and the root

mean square (RMS) acceleration within each one-third octave band must be deter-

mined and weighted by center frequencies as outlined in ISO 2631:

aw =

[∑
i

(Wiai)

] 1
2

(9.1)

where aw is the frequency-weighted translational or rotational acceleration in one

co-ordinate direction, ai is the RMS acceleration for the ith one-third octave band

containing the ith center frequency, and Wi is the frequency weighting factor for the
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Table 9.1. ISO 2631-1 Vibration Total Values and Comfort Levels [38]

Vibration Total Value Likely Reaction

Less than 0.315 m/s2 Not uncomfortable
0.315 m/s2 to 0.63 m/s2 A little uncomfortable
0.5 m/s2 to 1 m/s2 Fairly uncomfortable
0.8 m/s2 to 1.6 m/s2 Uncomfortable
1.25 m/s2 to 2.5 m/s2 Very uncomfortable
Greater than 2 m/s2 Extremely uncomfortable

ith one-third octave band. The frequency weighting factors, provided in one-third

octave bands, are specified based on the co-ordinate direction of the acceleration

component. These factors are identical in the x and y directions, the transverse plane,

but are different from the weightings in the z direction, the longitudinal direction per

the ISO co-ordinate system.

A vibration total value, av of weighted RMS accelerations should then be de-

termined by combining each scalar frequency-weighted translational acceleration, aw,

as

av =
(
k2xa

2
wx + k2ya

2
wy + k2za

2
wz

) 1
2 (9.2)

where awx, awy, and awz are the weighted RMS accelerations with respect to the x,

y, and z directions as determined using Eq. 9.1 and kx, ky, and kz are multiplying

factors which all equal 1 for comfort assessments of seated persons. The vibration

total values are then compared to values which give approximate indications of likely

reactions to different overall vibration total values. These values and likely reactions

are given in Table 9.1.

The procedure described above is a basic evaluation method that can be applied

under certain criteria. If the ratio of the maximum instantaneous peak value of the

frequency-weighted acceleration to its RMS value is less than or equal to 9, the basic
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evaluation method can be applied. This ratio is called the crest factor. ISO 2631-1

outlines two additional methods of evaluating the comfort levels when the crest factors

are greater than 9, the running RMS and the fourth power vibration dose value [38].

These two techniques attempt to account for the transient vibrations, occasional

shocks, and peaks associated with high crest factors. In this dissertation, all crest

factors are less than 9 and the basic evaluation method suffices for determining the

passenger/aircrew comfort levels.

9.1.2 Analysis Procedure

The process of analyzing the accelerations for a passenger located in the trail

aircraft to obtain a vibration total value is given in this section. First the simulations

are run and the translational and rotational accelerations are recorded at a frequency

of 160 Hz. Since the largest frequency component in the ISO 2631 spectrum of inter-

est is 80 Hz, the sampling frequency of the accelerations, from Shannon’s sampling

theorem, should be at least greater than two times the maximum frequency to pre-

vent frequency aliasing [84]. The accelerations recorded in the body frame of the trail

aircraft are transformed to the ISO co-ordinate system using the rotation matrix:

RISO−B =


1 0 0

0 −1 0

0 0 −1


where RISO−B is the rotation matrix from the body frame of the trail aircraft to the

ISO frame. The mean of each acceleration component in the ISO frame is obtained

using a moving average window of size 100. This moving average mean is removed

from the acceleration and the PSD estimate is obtained using the Welch method, a

modification of the periodogram spectral estimator.
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The periodogram is an asymptotically unbiased estimator in that as the number

of samples of the signal increases without bound, the bias in the estimate of the PSD

decreases to zero [84].

lim
N→∞

E{φ̂p(w)} = φ̂(w) (9.3)

where φ̂(w) is the true PSD, φ̂p(w) is the estimate of the PSD using the periodogram,

and w is the frequency, and N is the number of samples of the signal. On the other

hand, the PSD estimate obtained using the periodogram always fluctuates around

the true PSD with a non-zero variance even for sufficiently long data lengths. The

Welch method attempts to reduce the variance of the periodogram PSD estimate

at the expense of the bias and average resolution [84]. The approach of the Welch

method is to split the available samples into sub-sequences of observations, compute

the windowed periodogram of each sub-sequence, and then average the windowed

periodograms as

φ̂w(w) =
1

S

S∑
j=1

φ̂j(w) (9.4)

where φ̂w(w) is the Welch estimate, φ̂j is the windowed periodogram of the jth sub-

sequence, w is the frequency, and S is the number of sub-sequences of the signal. The

windows used in the Welch method can be set to overlap, causing more periodograms

to be averaged in a hope of reducing the variance of the estimated PSD. This disser-

tation uses an implementation of the Welch method in MATLAB developed by Lewis

et. al [72] based on Reference [85]. In estimating the PSD of the accelerations, the

overlap is set to 50% as recommended by Reference [84]. The window size and type is

used to control the bias/resolution properties of the estimated PSD and is dependent

on the length of the samples. This work uses a Hanning window type with a size of

0.04 times the signal length.
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After the PSD is estimated over the frequency range specified in the ISO 2631,

0.1 to 80 Hz, the next task is to calculate the RMS accelerations for each one-third

octave band with the specified center frequencies. The upper and lower frequencies,

fu and fl respectively, for each center frequency are obtained from:

fl =
1

21/6
fi (9.5)

fu = 21/6fi (9.6)

where fi is the ith center frequency. The area under the PSD in each frequency band

is the mean square acceleration in that band which is estimated using a trapezoidal

integration. The square root is taken to give the RMS acceleration which is then

combined with the ISO frequency weighting for that center frequency (with corre-

sponding frequency band). These frequency weighted accelerations are summed over

each frequency band and squared as in Eq. 9.1 to give the total frequency-weighted

acceleration. The vibration total value is then combined for the frequency-weighted

translational accelerations in the three co-ordinate directions as in Eq. 9.2.

To evaluate the ride quality at points offset from the CME, the off-CME ac-

celerations are obtained using Eq. 9.7 and the analysis is done as discussed in the

preceding paragraphs. In Eq. 9.7, all vector representations are expressed in the body

frame of the trail aircraft.

aL = aCME
+ S(ω̇BR

)rL + S(ωBR
) (S(ωBR

)rL) (9.7)

where aCME
is the acceleration at the CME, ω̇BR

is the angular acceleration of the

aircraft, ωBR
is angular velocity of the aircraft, and rL is the location of the point

relative to the CME.
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Table 9.2. Ride Quality Cases for Trail KC-135R

Case Wake On/Off Turbulence

1 Off No
2 On No
3 Off Yes (σ = 0.39m/s)
4 On Yes (σ = 0.39m/s)
5 On Yes (σ = 0.2m/s)

9.2 KC-135R Trail

For the KC-135R trail, a heavier lead KC-135R is utilized as the lead aircraft.

In these formations, the ride quality is investigated for passengers/aircrew within the

trail aircraft as it flies at the dynamic sweet spot which is close to the static. The

trail KC-135R is considered to fly in formation with the wake off and with the wake

on to obtain fuel savings for about 4 minutes. In addition, atmospheric turbulence

is added to the simulation for both the lead and trail aircraft. The effect of having

turbulence of different intensities is also studied as the trail KC-135R flies with the

wake on. Table 9.2 summarizes all ride quality cases studied for a person located at

the CME of the trail KC-135R as it flies in formation with the lead.

The KC-135R is positioned at the dynamic sweet spot and in this section will

hereinafter be referred to simply as the sweet spot for the KC-135R trail. For Case

1, the wake of the lead aircraft is off along with the turbulence for the entirety of the

simulation run. This is to simulate a turbulence-free flight for the trail KC-135R with

the wake off. In the second case, the simulation initially starts out like Case 1 as the

wake is off for the first 150 seconds. After 150 seconds, the wake is switched on and

the trail aircraft is subjected to the non-uniform wind induced by the leader. Case

3 again begins like Case 1 but starting at 250 seconds, the trail KC-135R is exposed

to a light turbulence of intensity 0.39m/s and length scale 533.7 m in the x, y, and z
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directions. Case 4 is similar to Case 3 but the trail aircraft is subjected to turbulence

with the wake on, simulating a turbulent flight in formation. Case 5 is the same as

Case 4 but with a lighter turbulence intensity of 0.2 m/s. All ride quality analyses

exclude the transient regions before the non-uniform wind or turbulence levels reach

steady state in the simulations. Fig. 9.2 depicts the combination of the stochastic

atmospheric turbulence and deterministic effective translational and rotational wind

components in the x, y, and z directions for a thirty-minute run of the five cases. For

the cases where the wake is off and there is no turbulence, the wind components are

effectively zero as depicted in Fig. 9.2.
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Figure 9.2. Effective Rotational and Translational Winds for Trail KC-135R.

169



For all five cases, the accelerations at the CME are recorded as depicted in Fig.

9.3. The power spectral densities are estimated over a frequency band of 0.1 to 80 Hz

after which ISO 2631 RMS accelerations are calculated and used to determine the level

of passenger comfort during the simulation as explained in Section 9.1. The values

for the overall vibration total values given in the ISO standards are not limits but

are used to provide approximate indications of likely reactions to various magnitudes

of overall vibration total values in public transport. Thus, these values will be used

more in comparison to one another rather than to the ISO standards.

In addition, the standard deviations of power spectral density estimates of the

accelerations are used as a metric of ride quality to evaluate the comparisons between

any two cases. For instance, if Cases 1 and 2 are being compared, a ratio factor k1/2

is obtained by dividing the standard deviation of Case 1 by that of Case 2. If k1/2 is

less than 1, it implies that the standard deviation for Case 1 is less than that of Case

2. If k1/2 is << 1, then Case 1 is said to be significantly better than Case 2 in terms

of ride quality.

9.2.1 Accelerations at the CME

9.2.1.1 Turbulence-Free Flight With Lead’s Wake On versus Off

Fig. 9.4 presents the PSD estimates of the linear and angular accelerations of

a person located at the CME of the KC-135R as it flies turbulence-free at the sweet

spot with the wake off, Case 1, and turbulence-free at the sweet spot with the wake

on, Case 2. The standard deviations for the six accelerations, σ1 and σ2, for Case 1

and 2 respectively, are also given on the plots along with the previously defined ratio

factors. Fig. 9.4 shows that there is a visible increase in the PSD estimates of all the

accelerations components with the wake on as compared with the wake off. The ratio
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Figure 9.3. Linear and Angular Accelerations for Trail KC-135R.

factor is less than one for each component confirming the increase in the PSD of the

accelerations from solo to formation flight.

The vibration value for Case 1 is approximately 0 m/s2 while that for Case

2 is a small value of 0.22E-6 m/s2. By the ISO standards, the comfort levels for

these two cases is ”not uncomfortable” as they fall well below the guide limit of

0.315 m/s2. This implies that wake-induced non-uniform wind does not lead to a
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significant degradation in ride quality. Thus, from a perspective of ride quality, there

is no additional detrimental impact to a person onboard a trail aircraft in formation.
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Figure 9.4. Acceleration PSD Estimates for Cases 1 and 2.

9.2.1.2 Turbulent Flight With Lead’s Wake On versus Off

Fig. 9.5 presents the PSD estimates of the linear and angular accelerations for

turbulent flight with the wake off, Case 3, and turbulent flight with the wake on,
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Case 4 of a person located at the CME of the KC-135R flying at the sweet spot. For

both cases, the turbulence intensity levels are 0.39 m/s with length scales of 533.4 m

in the x, y, and z directions. Fig. 9.5 shows almost identical PSD estimates for the

two cases implying that the turbulence is a more dominant factor in the acceleration

PSD estimates than the non-uniform wind induced from the lead aircraft. Thus, for

an aircraft subjected to similar turbulence levels, the ride quality/passenger comfort

levels are similar whether the aircraft flies in formation with the wake of the lead

aircraft turned on or off. This hypothesis is corroborated by the values of the variances

of the PSD estimates for the two cases which are much closer in magnitude than Case

1 and 2.

The vibration values for Case 3 and 4 are 1.66 m/s2 and 1.65 m/s2 respectively.

By ISO standards, these levels of vibration magnitude are ”very uncomfortable” and

this is to be expected as the turbulence, such as that which was introduced for these

two cases, should not be ”comfortable”. It is important to note that the source of the

discomfort is not the induced wind from the leader as observed in Section 9.2.1.1. In

addition, the ride quality analyses for all turbulent cases assume that the stochastic

nature of the turbulence does not prevent repeatability of the results. To justify this

assumption, Case 4, which represents a turbulent flight with the lead’s wake on, is

simulated numerous times and the conclusion, in terms of comfort levels, remains the

same for each simulation run.

9.2.1.3 Different Turbulent Intensities Within Lead’s Wake On

Fig. 9.6 presents the PSD estimates of the linear and angular accelerations for

two different intensities of turbulence as the trail KC-135R flies within the aerody-

namic influence of the lead aircraft. This section compares Case 4 in the previous

section to a new case with a smaller turbulence intensity. Case 4 has a turbulence
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Figure 9.5. Acceleration PSD Estimates for Cases 3 and 4.

intensity level of 0.39 m/s while Case 5 has a turbulence intensity of 0.2 m/s in the x,

y, and z directions. For both cases, the turbulence length scales are identically 533.4

m in the x, y, and z directions.

Fig. 9.6 shows that the lower intensity turbulence case, Case 5, has smaller

PSD estimates and standard deviations for all linear and angular accelerations. The

vibration value for Case 5 is 0.85 m/s2 corresponding to a comfort reaction of ”fairly

uncomfortable” by ISO standards. Case 4 was previously determined to be ”very
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Figure 9.6. Acceleration PSD Estimates for Cases 4 and 5.

uncomfortable” as it yielded a vibration value of 1.65 m/s2. These two cases serve as

verification cases to ensure that the ride quality analyses done are in agreement with

expectations. The ratio factors, k4/5 for all acceleration PSD components are a little

less than 2, implying that the standard deviations for Case 4 are almost twice as large

as those for Case 5. This is an indication that Case 4 is significantly worse than Case

5. As is seen going from Case 4 to Case 5, a decrease in the turbulence intensity of

the trail aircraft in formation should yield a ”better” ride quality for a person located
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Table 9.3. Passenger Locations (Relative to CME) within KC-135R Trail

Location x (m) y (m) z (m)

Forward and Left of CME (Point FL) 8 -1.83 0
Forward and Right of CME (Point FR) 8 1.83 0
Aft and Left of CME (Point AL) 8 -1.83 0
Cockpit (Point C) 16.59 0 0
CME 0 0 0

within the trail. Even though by the ISO standards, which are not limits but are

a guide to evaluate human comfort levels, a case deemed to be uncomfortable can

still be compared to another case as long as the metric for evaluation is the same.

The results of Case 4 and 5, which are in line with expectations, show that the ISO

standards provide a consistent metric which can be used to quantitatively compare

the passenger comfort levels for different atmospheric conditions.

9.2.2 Accelerations Offset from the CME

Using Case 2 of a turbulent-free formation flight, the 6-DOF accelerations at

four other locations within the trail KC-135R, offset from the CME, are derived and

compared to those at the CME using ISO 2631-1 standards. These locations are

tabulated in Table 9.3.

Fig. 9.7 presents the PSD estimates of the linear and angular accelerations

for the five locations offset from the CME as tabulated in Table 9.3. Since the

trail aircraft is a rigid body, the angular accelerations and thus their associated PSD

estimates remain the same at all points within the aircraft as illustrated in Fig. 9.7.

The linear accelerations will thus be the dominant factor in comparing and quantifying

the ride quality at the different points. The vibration values obtained at each point

are given in Table 9.4. Table 9.4 shows that the vibration values are all very small
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and correspond to a ride quality of ”not uncomfortable” by the ISO 2631-1 standards.

This confirms the hypothesis in the previous sections that the ride quality of a trail

aircraft is not degraded as a result of the non-uniform wind field induced by the lead

on the trail. Table 9.4 confirms that all five locations investigated, which cover a

large area of interest, have comfort levels which are acceptable by the ISO 2631-1

standards.
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Figure 9.7. Acceleration PSD Estimates for Locations Offset from CME, Case 2.
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Table 9.4. Vibration Values at Different Locations within the Trail KC-135R

Vibration Magnitude (m/s2)

Location Case 1 Case 2 Case 5

Forward and Left of CME (Point FL) 0.222E-9 0.209E-5 11.94
Forward and Right of CME (Point FR) 0.218E-9 0.203E-5 11.87
Aft and Left of CME (Point AL) 0.229E-9 0.212E-5 12.20
Cockpit (Point C) 0.449E-9 0.417E-5 24.08
CME 0.017E-9 0.023E-5 0.85

Comparing the points forward of the CME, point FR has a vibration magnitude

smaller than that of point FL. The aft location, point AL has a vibration total value

which is slightly greater than its corresponding forward location, point FL. Another

interesting observation is that the cockpit has the largest vibration magnitude in

comparison to all the other points with the CME having the lowest vibration mag-

nitude. This is contradictory to expectations and it is important to understand the

reason for this disparity. Looking at the same locations for other cases in addition

to Case 2 sheds some light on this interesting discovery. Table 9.4 also gives the

vibration magnitudes for Case 1 in which the trail KC-135R flies in a turbulence-free

environment outside the aerodynamic influence of the lead aircraft, and Case 5 in

which the trail flies at the sweet spot with a turbulence intensity of 0.2 m/s. These

additional cases, 1 and 5, also yield the same conclusions when the ride quality at

each of the five locations are analyzed. This implies that the results are an artifact

not of the formation flight, but of the acceleration magnitudes at these locations.

The control design of the trajectory tracking controller of the trail KC-135R helps

to explain this phenomenon. This control design, described in Section 2.5.1 uses an

LQR gain scheduling scheme to minimize the position errors of the CME of the trail

KC-135R with respect to the CME of the lead aircraft. This mimics a placement of
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position sensors at the CME which is the norm in simulations but is atypical of in

flight on-board sensor placement. As a result of minimizing these position deviations,

the accelerations at the CME are kept at a minimum and deviations of locations

outward of the CME are not penalized like the CME position deviations. Thus, the

accelerations at the five points, which are obtained using the transport theorem as

described in Section 9.1 are larger than those obtained at the CME As a result, the

PSD estimates have higher magnitudes corresponding to larger values of the overall

vibration total value used as a metric in this study and the ISO 2631-1 standards.

Future work should involve a control design scheme that utilizes relative locations of

the cockpit in the position/trajectory tracking of the trail aircraft in formation.

9.3 Large EQ-II Trail

Using the large EQ-II aircraft, the ride quality levels are assessed as the EQ-II

flies at the static and dynamic sweet spots which differ in this case. The EQ-II is

commanded to fly at the static sweet spot while employing alternate trimming mech-

anisms as described in Chapter 5 and the accelerations at the cockpit are obtained

and used to provide a measure of passenger/aircrew comfort. The accelerations are

recorded for a thirty-minutes simulation run as the alternative trimming process and

duration is longer than the conventional trimming procedure. The ride quality is

also investigated at the dynamic sweet spot of the large EQ-II aircraft after which a

comparison of the ride quality is done for the static and the dynamic sweet spot. The

cases for the large variant of the EQ-II are given in Table 9.5.

Fig. 9.8 presents the PSD estimates of the linear and angular accelerations for

the turbulence-free flight with the wake on as the trail EQ-II flies at the dynamic

sweet spot, Case 6, and the static sweet spot, Case 7. In both cases, the accelerations

are evaluated at the cockpit of the large EQ-II aircraft. Fig. 9.8 shows that the PSD
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Table 9.5. Ride Quality Cases for Large EQ-II Trail

Case Sweet Spot Turbulence Location

6 Dynamic No Cockpit
7 Static No Cockpit

estimates for all linear and angular accelerations in the x, y, and z directions, are

smaller for the dynamic case as compared to the static. The vibration magnitude

for the dynamic case is 0.0045 m/s while that for the static is 0.0081 m/s which

correspond to a comfort level of ”not uncomfortable” for a person located at the

CME Thus, even though Fig. 9.8 and the vibration total values indicate that the

dynamic sweet spot is seemingly ”better” than the static with alternative trimming

mechanisms employed both cases do not result in any passenger discomfort. From a

perspective of ride quality, flying the trail EQ-II aircraft at either sweet spot for the

benefit of fuel savings does not pose any problems.
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Figure 9.8. Acceleration PSD Estimates for Cases 6 and 7.
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CHAPTER 10

CONCLUSIONS AND A GUIDE TO FUTURE WORK

Studying formations as a method of flight for fuel savings began in the late

20th century and has continued till date. The potential advantages of formation

flight implementation have been shown to be significant across both the military

and commercial aviation sectors, causing renewed interest by researchers across all

sectors. This dissertation aims to provide a holistic approach to the formation flight

endeavor. Specifically, the aim is to formulate the problem considering the benefits of

flying different aircraft configurations in formation, accounting for the effect of trim

on the formation benefits, exploring the feasibility of increasing the savings currently

obtained by flying in formation, and determining the performance of formation from

the perspective of ride quality. The contributions to the area of formation flight are

outlined in the following paragraphs.

The various investigations on the formation benefits by researchers have utilized

different methods to quantify the benefits of flying in formation. This yields different

optimal locations for the trail aircraft to be placed relative to the lead aircraft and

leads to different ”sweet spots” based on the method of quantification. The disparities

in the different techniques are recognized and the differences between the methods

are noted in this research. This dissertation establishes two techniques of analyzing

the optimal location for formation benefits under which the previous methods can be

grouped. A static analysis, which does not account for trimming the aircraft and a

dynamic analysis which does. The static analysis assigns the sweet spot as the relative

placement for the trail aircraft, with respect to the lead, where the lift to drag ratio is
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the highest. In the dynamic case, it is the relative location where the thrust required

is the least. This dissertation shows that static sweet spot and dynamic sweet spot

may or may not coincide, depending on the weight of the lead aircraft and the type

of the trail aircraft in the formation.

Another contribution of this work is in the aircraft type utilized in the forma-

tions. Most prior assessments have involved homogenous formations in which the

same aircraft have been utilized as the lead and trail. There are only a few men-

tions of heterogenous formations involving different aircraft types. The majority of

the heterogenous formations involve trail aircraft that are similar in configuration to

the leader, in terms of conventional fuselage-tail body configuration, but dissimilar

in size. Research studies that utilize unconventional trail aircraft, such as flying-wing

configurations, are not found as easily in the literature. This work extensively shows

the possibilities of employing a trail aircraft, dissimilar in configuration to the lead,

in formation.

The literature has also shown that there are non-zero induced aerodynamic

moments on the trail aircraft at the sweet spot. These non-zero moments require

deflecting the control surfaces at the sweet spot, causing trim drag and reducing the

benefit of formation. This work utilizes two unconventional methods of trimming,

(i) internal fuel transfer and (ii) differential thrusting, to reduce the drag-inducing

control surface deflections and recover some of the formation benefit lost to trim drag.

In this dissertation, the alternative trimming mechanism were employed at the static

sweet spot where the aerodynamic moments were significant rather than the dynamic

sweet spot which had negligible moments. Augmenting the benefits of formation as

presented in this dissertation, can be done for a trail aircraft as it flies in formation

with the lead at any sweet spot location with induced aerodynamic moments.
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The amount of upwash from the lead aircraft’s wake and thus, magnitude and

direction of the non-uniform wind the trail aircraft is subjected to, decreases as the

weight of the lead aircraft reduces. This translates to a reduction in the fuel savings

for a trail aircraft over time as it flies at the sweet spot in the wake of the leader. In

a formation with long enough duration, the weight of the lead aircraft will decrease

due to fuel consumption. This is an important aspect of formation flight that should

be accounted for in evaluating the benefits of formation over realistic flight. This

dissertation contributes to this work by studying that decrease in savings over time

as fuel is burned.

The final contribution of this dissertation is the study from a perspective of

ride quality (comfort levels). With respective to formation flight, there are only a few

mentions of evaluating the comfort levels for a person located within the trail aircraft.

Most of them are qualitative in nature and assess the comfort levels in test flights

as, ”steady” or ”unsteady.” One quantitative study in this area assumes ideal control

and does not account for compensatory control inputs by the pilot or autopilot. This

dissertation makes the first quantitative assessment of comfort levels for person(s) in

the trail aircraft considering the non-uniform wind the trail aircraft is subjected to

and the control inputs required to maintain the trail aircraft at the sweet spot relative

to the lead.

The notable results of these contributions and the areas of improvement are

outlined in the following sections.
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10.1 Evaluating Benefits: Static versus Dynamic Sweet Spot

10.1.1 Notable Results

• For the aircraft formations studied, the static sweet spot is relatively constant,

as compared to the dynamic sweet spot, with a significant change in the weight

of the lead aircraft.

• The magnitudes of the induced aerodynamic forces and moments of the trail

aircraft, and thus control variables, decrease with a reduction in the weight of

the lead aircraft.

• The percentage increase in benefits from solo flight, quantified by lift-to-drag

ratio for the static sweet spot, is larger than that for the dynamic case, quantified

by thrust.

• The induced aerodynamic moments at the static sweet spot are larger than at

the dynamic sweet spot.

• Position deviations from the static sweet spot in either the lateral or vertical di-

rection will lead to similar reductions in formation benefits. The dynamic sweet

spot, on the other hand, has a larger drop in formation benefits for deviations

in the lateral direction as compared to the vertical direction.

10.1.2 Future Work

The dynamic sweet spot is determined for an aircraft whose mass and inertia

properties are constant. If these properties of the aircraft change, based on a different

fuel distribution for instance, the trim configuration of the aircraft will be different

at the same locations relative to the lead aircraft. This implies that the dynamic

sweet spot may vary depending on the configuration, in terms of weight and mass

distribution, of the trail aircraft. Thus, the dynamic sweet spot may be determined
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by considering the effect of not just the control variables of aileron, elevator, rudder

and thrust, but weight and inertia distribution.

10.2 Aircraft Sizes

10.2.1 Notable Results

• Relative to the lead aircraft, if a smaller conventional aircraft is utilized as the

trail aircraft, the dynamic and static sweet spots coincide. If the conventional

trail aircraft is at least as large as the leader, the dynamic and static sweet

spots do not coincide. In fact, the dynamic sweet spot is laterally closer to the

lead aircraft than the static sweet spot is.

• Relative to the lead aircraft, if a smaller flying-wing aircraft is utilized as the

trail aircraft, the dynamic and static sweet spots are laterally very close to

one another. If the flying-wing trail aircraft is at least as large as the leader,

the dynamic and static sweet spots do not coincide. As in the case of the

conventional trail, the dynamic sweet spot is laterally closer to the lead aircraft

than the static sweet spot is.

• Thus, if the trail aircraft is at least as large as the lead aircraft, there is a notice-

able difference in the location of the static and dynamic sweet spot, regardless

of the trail aircraft type.

10.2.2 Future Work

Comparisons are not made between the actual locations of the static and dy-

namic sweet spots for the large variants of the trail flying-wing and the conventional

aircraft. Similarly, no comparisons are done for the small trail variants. This is

because different weights of the lead aircraft were utilized in the analysis for the con-

ventional and the flying-wing vehicles. It was shown that the location of the sweet
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spot shifts with significant weight change of the lead aircraft for any aircraft pairs.

Thus, to isolate the effect of the aircraft type on the sweet spot locations using trail

aircraft with similar sizes and dissimilar configurations, the weight of the lead aircraft

should be kept the same.

10.3 Augmentation of Benefits using Alternate Trimming

10.3.1 Notable Results

• There are non-zero induced aerodynamic moments at the static sweet spot which

differs from the dynamic sweet spot for the large variants of the trail aircraft.

Trimming these moments induces additional trim drag which reduces the for-

mation benefits.

• Alternate lateral trimming methods are employed to trim these moments and

reduce the need for the control effectors for the large variant of the unconven-

tional flying-wing trail aircraft. These alternate trimming methods are internal

fuel transfer to generate roll moment and reduce the need for the aileron and

differential thrusting to generate yaw moment and reduce the need for the rud-

der.

• These techniques provided thrust savings at the static sweet spot which are

comparable to those at the dynamic sweet spot for the large variant of the

flying-wing aircraft.

10.3.2 Future Work

Scheduling the fuel transfer to reduce the need for the aileron is not incorpo-

rated in the trajectory-tracking control scheme while the differential thrusting is. An

improvement to the alternate lateral trimming mechanization would be to develop a

control algorithm which uses both fuel transfer and differential thrusting as control
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variables to augment the fuel savings and reduce the need for the control effector de-

flections. The controller could use fuel transfer as an additional variable in tracking

the commanded position by reducing the aileron deflection. In addition, all con-

trol variables (differential thrust, fuel transfer, and control effector deflections) could

be optimized online to find the trim configuration at the sweet spot which provides

highest fuel savings.

10.4 Long-Duration Formations

10.4.1 Notable Results

• As the weight of the lead aircraft decreases, the benefit to the trail aircraft

decreases. For a formation lasting 6.5 hours, this decrease is not significant

enough to nullify the benefit of formation flight, showing that fuel savings are

obtained for formations of long durations.

• Even with atmospheric turbulence of light intensity, there is significant benefit

of flying in formation. This benefit is close in magnitude to that obtained with

no atmospheric turbulence.

10.4.2 Future Work

• The effect of prevailing winds of different magnitudes and directions should

be considered in assessing the benefit of a long-duration formation. Prevailing

winds will shift the sweet spot and the trail aircraft may not obtain the full

benefit of the formation as it flies at a location which is not optimal. A robust

trajectory-tracking control design which can maintain the relative position of the

trail aircraft in the presence of different prevailing winds should be considered.

A reduction in fuel-savings due to the prevailing winds is expected and should

be assessed in comparison to a solo flight.
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• This work assumes the location of the sweet spot can be obtained in flight using

an online control scheme such as an extremum-seeking controller. Determining

the sweet spot will require the trail aircraft to expend some energy/fuel before

it begins to track. For instance, an extremum-seeker could utilize aileron mea-

surements at different discrete locations within the wake, determine the gradient

of these aileron deflections, and use the gradient information to guide the trail

aircraft to the sweet spot in a gradient descent approach. This may require that

the trail aircraft obtain sufficient information about its environment by dither-

ing its position till the sweet spot is found. Thus, in a long-duration formation,

the fuel expended in determining the sweet spot should be taken into account

when assessing the fuel saved in formation flight compared to a solo flight.

• In this dissertation, it was shown that increasing the weight of the lead aircraft

leads to an increase in the fuel-saving benefits obtained by the trail aircraft.

The effect of the weight of the trail aircraft on the formation benefits should

also be assessed. If a a trail aircraft, which is less heavy and possibly different

from the leader, is used in a formation of long duration, the benefits on the trail

could be higher. This implies that the formation benefits could be significantly

larger than that obtained in this dissertation for a tanker-tanker formation of

identical starting weights. This is a motivation for heterogeneous formations in

which the trail aircraft is less heavy than the lead aircraft.
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10.5 Ride Quality Analysis

10.5.1 Notable Results

• From a perspective of ride quality, there is no additional detrimental impact to a

person on board a trail aircraft in formation as it is subjected to the non-uniform

wind field from the lead aircraft.

• Even with atmospheric turbulence, the ride quality levels in the trail aircraft

are the same with the non-uniform wind from the lead aircraft switched on or

off.

• A person in the large variant of the trail flying-wing aircraft has the same levels

of comfort if the trail flies at the dynamic sweet spot or at the static sweet spot

while employing alternative trimming mechanisms. Thus, from a perspective of

ride quality, flying the trail aircraft at either sweet spot does not present any

disadvantages.

10.5.2 Future Work

• Assessments of ride quality within the trail aircraft as it flies at different loca-

tions relative to the lead aircraft can be done. The static and dynamic analyses

involved the creation of contour maps which showed spatial variations of aero-

dynamic force and moment coefficients and control variables for the trail aircraft

at various locations relative to the lead. A ride quality assessment could be also

be done which shows the spatial variation of the vibration total value at the

same relative locations used for the static and dynamic analysis to determine if

there is a sweet spot for the comfort levels of persons located within the trail

aircraft.

• A control design which minimizes position deviations, and thus acceleration

deviations, from the nose or cockpit rather than the C.G., should be imple-
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mented. Penalizing deviations closer to the front of the aircraft would result

in the forward accelerations kept smaller than the aft, reducing the vibration

values at those locations. This would be a better representation of an aircraft

sensor placement to better study the ride quality at different locations with the

trail aircraft.

• Also, the ride quality cases with the wake of the lead aircraft switched off do not

represent a solo flight as the control design is inherently a trajectory-tracking

control design which maintains a commanded position of the trail aircraft rel-

ative to the lead. To truly compare the ride quality in formation with that in

solo flight, a control design which is a non-trajectory tracking controller should

be employed. The control design for the lead aircraft, which is a speed and

altitude hold control, could be utilized on the trail aircraft to simulate a solo

flight. The accelerations/vibrations of the lead aircraft can also be studied to

provide a measure of the ride quality in solo flight.

• If an extremum-seeking control design with relative position dithering is utilized

to find the sweet spot, this will degrade the comfort levels for persons in the

trail aircraft. An assessment of ride quality should be done which accounts for

the effect of the dither signal on the vibration levels.
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APPENDIX A

EQ-II AERODYNAMIC MODEL DATA
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This appendix contains additional plots aerodynamic force and moment coeffi-

cients of the EQ-II aircraft. In addition, the values for all coefficients and stability

derivatives are given in this appendix.

A.1 Drag Coefficient

The relationship between CD and angle of attack at different sideslip angles is

shown in Figs. A.1. CDq versus angle of attack and CD dependence on the rudder

is depicted in Figs. A.2 and A.3 respectively. Table A.1 gives the values of the drag

coefficients in Section 2.1.1.3.
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Figure A.1. CD vs. α.
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Figure A.2. CD (Pitching Moment) vs. α.
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Table A.1. Drag Coefficient Parameters

Cβ2
Dα2

-4.1140 Cα2
Dδa2p

0.0444 Cα2
Dδe2p

-1.5063

Cβ1
Dα2

-0.0000 Cα1
Dδa2p

-0.0513 Cα1
Dδe2p

-0.0580

Cβ0
Dα2

1.5684 Cα0
Dδa2p

0.0101 Cα0
Dδe2p

-0.0021

Cβ2
Dα1

0.0957 Cα2
Dδa1p

-0.0931 Cα2
Dδe1p

2.7517

Cβ1
Dα1

-0.0000 Cα1
Dδa1p

0.0937 Cα1
Dδe1p

0.1060

Cβ0
Dα1

-1.17e-6 Cα0
Dδa1p

0.0054 Cα0
Dδe1p

0.0038

Cβ2
Dα0

0.0291 Cα2
Dδa3n

-3.0483 Cα2
Dδe3n

-3.0489

Cβ1
Dα0

-0.0000 Cα1
Dδa3n

0.1165 Cα1
Dδe3n

0.1173

Cβ0
Dα0

0.0102 Cα0
Dδa3n

-0.0020 Cα0
Dδe3n

-0.0039

Cα1
Dq

1.7617 Cα2
Dδa2n

-5.0424 Cα2
Dδe2n

-5.0376

Cα0
Dq

-0.0278 Cα1
Dδa2n

0.1925 Cα1
Dδe2n

0.1937

Cα2
Dδr1

-0.0110 Cα0
Dδa2n

0.0081 Cα0
Dδe2n

-0.0065

Cα1
Dδr1

-0.0000 Cα2
Dδa1n

-3.6853 Cα2
Dδe1n

-3.6877

Cα0
Dδr1

0.0221 Cα1
Dδa1n

0.1409 Cα1
Dδe1n

0.1418

– – Cα0
Dδa1n

-0.0060 Cα0
Dδe1n

-0.0048
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A.2 Side Force Coefficient

Figs. A.4 - A.9 depict the side force dependencies on angle of attack and control

effectors. Table A.2 gives the values of the side force coefficients in Section 2.1.1.3.
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Figure A.5. CS (Rolling Moment) vs. α.
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Figure A.6. CS (Yawing Moment) vs. α.
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Figure A.7. CS vs. δr.
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Figure A.8. CS vs. δar.
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Figure A.9. CS vs. δer.

Table A.2. Side Force Coefficient Parameters

Cβ1
Sα2

-1.3971 Cα0
Sδa1

-2.93e-5

Cβ0
Sα2

0.0000 Cα1
Sδe3

-0.0187

Cβ1
Sα1

-0.0946 Cα0
Sδe3

8.61e-6

Cβ0
Sα1

-0.0000 Cα1
Sδe2

-0.0000

Cβ1
Sα0

0.0241 Cα0
Sδe2

-0.0000

Cβ0
Sα0

0.0000 Cα1
Sδe1

0.0364

CSδr1 -0.0155 Cα0
Sδe1

-1.67e-5

Cα1
Sδa3

-0.0430 Cα1
Sp

-1.3386

Cα0
Sδa3

1.51e-5 Cα0
Sp

8.54e-5

Cα1
Sδa2

-0.0004 Cα1
Sr

0.0000

Cα0
Sδa2

0.0005 Cα0
Sr

0.0000

Cα1
Sδa1

0.0836 – –
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A.3 Lift Coefficient

A graphical representation of some of the relationships depicted in Eq. (2.40)

is shown in Figs. A.10 - A.13. Table A.3 gives the values of the lift coefficients in

Section 2.1.1.3.
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Figure A.10. CL (Pitching Moment) vs. α.
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Figure A.11. CL vs. δr.
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Figure A.12. CL vs. δar.
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Figure A.13. CL vs. δer.

Table A.3. Lift Coefficient Parameters

Cβ2
Lα1

-4.2975 Cα1
Lδr1

-0.0220

Cβ1
Lα1

-0.0000 Cα0
Lδr1

1.31e-6

Cβ0
Lα1

4.4955 CLδa3 -0.1208

Cβ2
Lα0

0.0004 CLδa2 0.0001

Cβ1
Lα0

0.0000 CLδa1 0.2348

Cβ0
Lα0

-0.0008 CLδe3 -0.0940

Cα2
Lq

-2.0900 CLδe2 -0.0005

Cα1
Lq

1.0147 CLδe1 0.1827

Cα1
Lq

3.6508 – –
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A.4 Rolling Moment Coefficient

A graphical representation of the relationships depicted in Eq. (2.48) is shown

in Figs. A.14 - A.20. CL is independent of δb and q. Table A.4 gives the values of the

rolling moment coefficients in Section 2.1.1.4.
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Figure A.14. CL vs. α.
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Figure A.15. CL (Rolling Moment) vs. α.
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Figure A.16. CL (Yawing Moment) vs. α.
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Figure A.17. CL vs. δal.
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Figure A.18. CL vs. δar.
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Figure A.19. CL vs. δel.
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Figure A.20. CL vs. δer.
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Table A.4. Rolling Moment Coefficient Parameters

Cβ1
Lα1 -0.6100

Cβ0
Lα1 -0.0000

Cβ1
Lα0 0.0001

Cβ0
Lα0 0.0000
Cα1
Lp 0.0000

Cα0
Lp -0.3839

Cα1
Lr 0.5491

Cα0
Lr -0.0001

CLδa3 -0.0247

CLδa2 -0.0003

CLδa1 0.0479

CLδe3 -0.0110

CLδe2 -0.0001

CLδe1 0.0213
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A.5 Pitching Moment Coefficient

A graphical representation of the relationships depicted in Eq. (2.53) is shown

in Figures: A.21 - A.26. Table A.5 gives the values of the pitching moment coefficients

in Section 2.1.1.4.
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Figure A.21. CM (Pitching Moment) vs. α.
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Figure A.22. CM vs. δal.
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Figure A.23. CM vs. δar.
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Figure A.24. CM vs. δel.
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Figure A.25. CM vs. δer.
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Figure A.26. CM vs. δb.

Table A.5. Pitching Moment Coefficient Parameters

CMδa3
0.0247

CMδa2
0.0004

CMδa1
-0.0480

CMδe3
0.0112

CMδe2
0.0003

CMδe1
-0.0218

Cα3
Mq

1.6224

Cα2
Mq

0.6001

Cα1
Mq

-0.0266

Cα0
Mq

-1.2094

CMα1 -0.0969
CMα0 -0.0000
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A.6 Yawing Moment Coefficient

A graphical representation of some of the relationships depicted in Eq. (2.54)

is shown in Figs. A.27 - A.31. Table B.6 gives the values of the yawing moment

coefficients in Section 2.1.1.4.
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Figure A.27. CN (Rolling Moment) vs. α.
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Figure A.28. CN (Yawing Moment) vs. α.

208



-60 -40 -20 0 20 40 60

-8

-6

-4

-2

0

2

4

6

8

x 10
-3 Graph of ∆ C

n
 versus δ

r

δ
r
   

∆ 
C

n

Figure A.29. CN vs. δr.
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Figure A.30. CN vs. δar.

-40 -30 -20 -10 0 10 20 30 40
-1.5

-1

-0.5

0

0.5

1

1.5

2

x 10
-3 Graph of ∆ C

n
 versus δ

er
 by α

δ
er

∆ 
C

n

 

 

α = -6
α = -4
α = -2
α = 0
α = 2
α = 4
α = 6
α = 8
α = 10
α = 12

Figure A.31. CN vs. δer.
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Table A.6. Yawing Moment Coefficient Parameters

Cα1
Np -0.6730

Cα0
Np -0.0000

Cα1
Nr -0.0000

Cα0
Nr -0.0011

CNδr1 -0.0086

Cα1
Nδa2

-0.0008

Cα0
Nδa2

-0.0051

Cα1
Nδa1

0.0288

Cα0
Nδa1

-0.0000

Cα1
Nδe3

-0.0079

Cα0
Nδe3

-0.0000

Cα1
Nδe2

-0.0000

Cα0
Nδe2

-0.0005

Cα1
Nδe1

0.0153

Cα0
Nδe1

0.0000
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KC-135R AERODYNAMIC MODEL DATA
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This appendix contains additional plots aerodynamic force and moment coeffi-

cients of the KC-135R aircraft. In addition, the values for all coefficients and stability

derivatives are given in this appendix.

B.1 Drag Coefficient

Figures B.1 to B.3 depict the dependence of the drag coefficient on the elevator,

aileron, and rudder deflections respectively.
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Figure B.1. fCDδe
(Drag Coefficient Increment) versus δe (elevator deflection).

B.2 Lift Coefficient

The lift coefficient dependency on the rate of change of angle of attack and

elevator deflection is depicted in Figs. B.4 and B.5.
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Figure B.2. fCDδa
(Drag Coefficient Increment) versus δa (aileron deflection).
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Figure B.3. fCDδr
(Drag Coefficient Increment) versus δr (rudder deflection).

B.3 Side Force Coefficient

Figure B.6 shows the side force coefficient dependency on the roll rate versus

angle of attack while Fig. B.7 shows the side force increment relationship with the

rudder deflection.
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Figure B.4. CLα̇ (Lift Coefficient dependency on α̇) versus α (angle-of-attack).
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Figure B.5. fCLδe
(Lift Coefficient Increment) versus δe (elevator deflection).

B.4 Rolling Moment Coefficient

Figs. B.8 through B.12 depict rolling moment dependencies on angle of attack

and sideslip, euler angle rates, and control effector deflections.
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Figure B.6. CSp1 (Side Force Coefficient Dependency on Rolling Rate) versus α
(angle-of-attack).
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Figure B.7. fCSδr
(Side Force Coefficient Increment) versus δr (rudder deflection).

B.5 Pitching Moment Coefficient

Figs. B.13 and B.14 depict pitching moment coefficient dependencies on angle

of attack elevator deflections.
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Figure B.8. CLβ1 (Rolling Moment Coefficient Dependency on Side Slip Angle) versus
α (angle-of-attack).
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Figure B.9. CLp1 (Rolling Moment Coefficient Dependency on Rolling Rate) versus
α (angle-of-attack).
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Table B.1. Drag Coefficient Parameters

CDα6 759.1819 CDδa4n
-0.4189 CDδe5n

-8.5537 CDδr5n
-3.8819

CDα5 -857.8747 CDδa3n
-0.2953 CDδe4n

-9.4403 CDδr4n
-3.9268

CDα4 350.5271 CDδa2n
-0.0473 CDδe3n

-3.5125 CDδr3n
-1.2818

CDα3 -63.1476 CDδa1n
-0.0044 CDδe2n

-0.4635 CDδr2n
-0.1182

CDα2 5.1159 CDδa0n
0 CDδe1n

-0.0385 CDδr1n
-0.0112

CDα1 0.1582 CDδa4p
-0.4189 CDδe0n

0 CDδr0n
0

CDα0 0.0136 CDδa3p
0.2953 CDδe3p

0.2280 CDδr5p
3.8819

CDβ2 0.6621 CDδa2p
-0.0473 CDδe2p

-0.0221 CDδr4p
3.9268

CDβ1 0 CDδa1p
0.0044 CDδe1p

0.0012 CDδr3p
1.2818

CDβ0 0 CDδa0p
0 CDδe0p

0 CDδr2p
-0.1182

– – – – – – CDδ1p
0.0112

– – – – – – CDδr0p
0

Table B.2. Lift Coefficient Parameters

Cα6
Lα̇1

7.6905E3 CLα2 -7.1271
Cα5
Lα̇1

-6.3346E3 CLα1 6.5688
Cα4
Lα̇1

1.4279E3 CLα0 0.2765
Cα3
Lα̇1

0.0021E3 CLδe4 0.9651

Cα2
Lα̇1

-0.0283E3 CLδe3 -0.2488

Cα1
Lα̇1

-0.0018E3 CLδe2 -0.0563

Cα0
Lα̇1

0.0020E3 CLδe1 0.2902

CLq1 8.3910 CLδe0 0

Table B.3. Side Force Coefficient Parameters

Cα3
Sp1

-0.9171 CSδr3 0.4189

Cα2
Sp1

-0.5690 CSδr2 0

Cα1
Sp1

1.2493 CSδr1 -0.1983

Cα0
Sp1

-0.1204 CSδr0 0

CSβ1 0.6620 – –
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Figure B.10. CLr1 (Rolling Moment Coefficient Dependency on Yawing Rate) versus
α (angle-of-attack).
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Figure B.11. fCLδa
(Rolling Moment Coefficient Increment) versus δa (aileron deflec-

tion).
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Figure B.12. fCLδr
(Rolling Moment Coefficient Increment) versus δr (rudder deflec-

tion).

Table B.4. Rolling Moment Coefficient Parameters

Cα6
Lβ1 -160.7288 Cα6

Lp1 −395.0633 Cα6
Lr1 282.2997 CLδa3 0.0403

Cα5
Lβ1 156.2232 Cα5

Lp1 216.2781 Cα5
Lr1 −282.2450 CLδa2 0

Cα4
Lβ1 -51.2088 Cα4

Lp1 −7.2540 Cα4
Lr1 97.9450 CLδa1 -0.0312

Cα3
Lβ1 6.8714 Cα3

Lp1 −10.7373 Cα3
Lr1 −14.1518 CLδa0 0

Cα2
Lβ1 0.4965 Cα2

Lp1 1.9803 Cα2
Lr1 −0.9597 CLδr3 0.0551

Cα1
Lβ1 -0.7527 Cα1

Lp1 0.7162 Cα1
Lr1 1.4240 CLδr2 0

Cα0
Lβ1 -0.2234 Cα0

Lp1 −0.4119 Cα0
Lr1 0.1004 CLδr1 -0.0257

– — – – – – CLδr0 0
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Figure B.13. CMα̇
(Pitching Moment Coefficient dependency on α̇) versus α (angle-

of-attack).
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Figure B.14. fCMδe
(Pitching Moment Coefficient Increment) versus δe (elevator

deflection).
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Table B.5. Pitching Moment Coefficient Parameters

Cα6
Mα̇1

-2.4045E4 CMα3 1.2914
Cα5
Mα̇1

1.9807E4 CMα2 -1.1556
Cα4
Mα̇1

-0.4464E4 CMα1 -0.7804
Cα3
Mα̇1

-0.0008E4 CMα0 -0.0146
Cα2
Mα̇1

0.0089E4 CMδe4
-2.7520

Cα1
Mα̇1

0.0005E4 CMδe3
0.7192

Cα0
Mα̇1

-0.0006E4 CMδe2
0.1595

CMq1 -17.2300 CMδe1
-0.8516

– – CMδe0
0
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B.6 Yawing Moment Coefficient
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Figure B.15. CNp1 (Yawing Moment Coefficient Dependency on Rolling Rate) versus
α (angle-of-attack).
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Figure B.16. CNr1 (Yawing Moment Coefficient Dependency on Yawing Rate) versus
α (angle-of-attack).
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Figure B.17. fCNδa
(Yawing Moment Coefficient Increment) versus δa (aileron de-

flection).
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Figure B.18. fCNδr
(Yawing Moment Coefficient Increment) versus δr (rudder deflec-

tion).
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Table B.6. Yawing Moment Coefficient Parameters

Cα4
Np1 0.8287 Cα4

Nr1 -0.2370 CNδa3 -7.5064E-4 CNδr3 0.1843

Cα3
Np1 -0.2560 Cα3

Nr1 0.3441 CNδa2 0 CNδr2 0

Cα2
Np1 -0.1418 Cα2

Nr1 0.0247 CNδa1 5.7874E-4 CNδr1 -0.0896

Cα1
Np1 -0.0785 Cα1

Nr1 -0.0808 CNδa0 0 CNδr0 0

Cα0
Np1 0.0015 Cα0

Nr1 -0.1493 – – – –

CNβ1 -0.1318 – – – – –
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