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Abstract

Flying qualities data can be used to predict the future performance of aircraft dur-

ing the early design stages of the system when the changes can be made easily and

inexpensively; however, no flying qualities requirements exist for Unmanned Aerial

Vehicles (UAVs). The intent of UAV flying qualities requirements is to guarantee the

safety and operational effectiveness of the aircraft as do the flying qualities of piloted

aircraft. Flying qualities requirements have been extensively researched and specified

for fixed-wing and rotary-wing manned aircraft based on a substantial database of

assessments. The critical issue today in flying qualities is how to extend them to

pilotless aircraft. It is the goal of this thesis to provide data on the flying qualities

assessments of UAVs in order to propel the development of a UAV flying qualities

standard. A simulation study using an open-source flight dynamics model (JSBSim)

was conducted to perform various performance maneuvers and evaluate how well the

aircraft followed the desired maneuver. Criteria from MIL-STD-1797 were used to

evaluate the flying quality characteristics and compared to the simulation results.

It was found that the application of manned criteria to autonomous UAVs did not

provide an accurate depiction of its flying qualities. Instead the requirements should

be focused on the closed-loop task evaluation and the limitations of the flight control

system. By synthesizing proven fixed-wing and rotary-wing standards with updated

unmanned criteria applicable to modern autonomous unmanned aircraft design, the

maximum performance of these systems can be achieved. The need for further re-

search and accumulation of UAV flying qualities assessments will be necessary to

bring about a successful flying qualities standard for unmanned aircraft.
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EVALUATION OF UNMANNED AIRCRAFT FLYING QUALITIES USING

JSBSIM

I Introduction

The importance and need of good flying and handling qualities have been ev-

ident since the origin of flight beginning with the Wright Flyer. Throughout the

development of the airplane, success has been achieved by combining two distinct pa-

rameters: maximum performance and adequate flying qualities. Flying qualities are

defined as the “stability and control characteristics that have an important bearing

on the safety of flight and on the pilots’ impressions of the ease of flying an airplane

in steady flight and in maneuvers” [39]. Flying qualities help ensure not only perfor-

mance but also safety in flight. Flying qualities requirements have been extensively

researched and specified for fixed-wing and rotary-wing manned aircraft based on a

substantial database of assessments. A key issue today in flying qualities is how to

extend them to pilotless aircraft. A focus of this research is to provide data in building

that substantial database of Unmanned Aerial Vehicle (UAV) characteristics.

1.1 Background

There has been an increased emphasis on the use and importance of UAVs for

both military and civilian missions, due to the distinct advantages of having the

pilot out of the loop. Duties that were considered “dirty, dull, or dangerous,” where

exposure of human life was too costly or unsafe, have been increasingly delegated to

UAVs [24]. Unmanned aerial systems have significantly fewer limitations, carrying

with them the ability to operate in hazardous conditions, darkness, extreme heat,
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and other conditions that pose a threat to pilots. Another advantage of UAVs is

weight reduction, which is a significant concern in the aviation industry. Weight

corresponds to amount of fuel needed during the mission, which links to operational

cost. Life support systems and equipment associated with the pilot can be discarded

with UAVs—enabling a smaller airframe.

The capabilities of Unmanned Aircraft Systems (UAS) started with tactical recon-

naissance and expanded to include most missions within the Intelligence, Surveillance,

and Reconnaissance (ISR) fields, eventually branching out to strike missions and force

protection. Some UAVs, such as the Predator, are able to detect, acquire, and strike

targets significantly shortening the kill chain. Unmanned systems designated for

combat missions are known as Unmanned Combat Aerial Vehicles (UCAV). UCAVs

are different from previous unmanned systems, because those systems were initially

designed to carry out ISR duties. Armaments were later attached to that aircraft

frame to carry out air strikes. The UCAV is the evolution of the UAV, representing a

more advanced and deadlier offshoot of the UAV aircraft group. Unmanned systems

provide diverse capabilities to battlefield commanders across a wide range of military

operations. As the capabilities of unmanned systems increase, there is a continued

trend of increasing use and dependence on these systems.

Flight data have shown that flight hours dramatically increased between 1996 and

2011, as the potential of UAVs was being realized. With the military operational

tempo increased with Operation Enduring Freedom and Operation Iraqi Freedom,

the majority of the flight hours represented in Figure 1 are missions flown in support

of those operations [55]. As the capabilities of these systems continue to increase, the

UAV will continue to see increased use in both the military and civilian sectors.

The reliability of an aircraft is crucial to its acceptance into airspace, whether it

is domestic, foreign, or international. With unmanned aerial systems, no human is
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Figure 1. Flight Hours for Unmanned Systems between 1996 and 2011 [55]

onboard the aircraft. As a result, the safety of the pilot is not considered in the same

manner as its manned counterparts. Vulnerability reduction techniques, such as com-

ponent redundancy, active damage suppression, and component shielding, were not

heavily incorporated into the initial designs, resulting in high mishap rates. “Histori-

cally, UAS have suffered mishaps at one to two orders of magnitude greater than the

rate (per 100,000 hours) incurred by manned military aircraft” [8]. Figure 2 shows

that as the cumulative flight hours increased along with improved technology, the

mishap rates decreased and approached the reliability rates of their military manned

counterparts. Unmanned aerial systems were on a “build-fly-fix-fly” philosophy to

expedite the development process into the operational field, resulting in high mishap

rates early in the process [24]. The cost of fixing such deficiencies could be very

high after the aircraft has flown; therefore, it would beneficial to consider operational

maneuvers as early as possible in the design phase.

Furthering the reliability of these systems can be viewed under the scope of the

overall airworthiness of a system which stems from having rigorous standards in place.

Standards and methods of compliance establish a baseline-level of design and perfor-

mance requirements to safely operate an aircraft. These standards are dependent
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Figure 2. U.S. Military Manned and Unmanned Aircraft Mishap Rates [8]

on an extensive database of flying quality assessments. The ultimate objective of

the aircraft/pilot system is to complete a mission or task. The effectiveness of the

aircraft in performing the mission is highly valued, which correlates to aircraft flying

qualities. While the rapid pace of technology has advanced the UAV, one area that

has been lagging is assessing the flying qualities of UAVs.

1.2 Research Problem Motivation and Description

As UAVs become more prevalent, there must be a method to allow the quantifi-

cation, collection, and standardization of UAV flying qualities data. In doing so, it

will allow the designer to incorporate ideal flying qualities during the early stages of a

design, rather than redesigning the aircraft due to repeated design errors. The flying

qualities are properties of the aircraft, which link directly to mission performance.

Superior flying qualities equate to superior mission performance. Before identifying

the problem statement, it is necessary to define and differentiate between “flying
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qualities” and “handling qualities.”

Most military and civilian specifications refer to “flying qualities,” not handling

qualities. As stated before, flying qualities are defined as the “stability and control

characteristics that have an important bearing on the safety of flight and on the

pilots’ impressions of the ease of flying an airplane in steady flight and in maneuvers”

[39]. The intent of UAV flying qualities is to guarantee the safety and operational

effectiveness of the aircraft as in the piloted flying qualities. Handling qualities, which

differ from flying qualities, are more than just stability and control characteristics.

Handling qualities deal with the response characteristics necessary for a human to

control the aircraft. According to Cooper and Harper, handling qualities are, “those

qualities or characteristics of an aircraft that govern the ease and precision with which

a pilot is able to perform the tasks required in support of an aircraft role” [11]. Other

factors that influence handling qualities are the cockpit interface, environment, and

pilot stress level. Assessing handling qualities is difficult because it is subject to one

or more pilot’s opinion using a standard Cooper-Harper Handling Qualities Rating

Scale.

The flying qualities requirements for fixed-wing manned aircraft is based heavily

on the MIL-STD-1797 for guidance on detailed specifications; however, there has been

no guide in the application of flying qualities to unmanned systems [1]. There is no

requirement for UAVs to abide by the MIL-STD-1797. A database of flight test data

and experience is essential in supporting the flying qualities standard, which is lacking

for unmanned systems. Furthermore, it is difficult to correlate the manned aircraft

flying qualities to UAVs due to the method of how aircraft are classified.

Manned aircraft are divided into four classes in the MIL-STD-1797 based on size,

maneuverability, and missions; however, this isn’t applicable to UAVs [1]. Typically,

manned aircraft performing a certain type of mission are usually similar in terms of
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size and maneuverability. For example, larger and less maneuverable manned aircraft

typically perform bombing or logistical roles in military aviation. One fundamental

problem pertaining to UAVs is that all classes of unmanned systems perform many of

the same types of missions—making it difficult to apply the MIL-STD-1797 criteria

to unmanned systems. Certain criteria such as stick force gradients do not apply to

UAVs, due to the inherent design and operation of UAVs. An ISR type of mission

can be completed by either an unmanned aircraft flying over 18000 ft with a weight

of over 1320 lbs, or an unmanned aircraft flying below 1200 ft with a weight below 20

lbs. This type of disparity reveals that the current flying qualities standard does not

serve as an effective basis for UAVs and necessitates new criteria applicable directly

to unmanned systems. Flying qualities are related to mission performance. Without

updated requirements and guidelines for UAVs, the lack of a flying qualities standard

could jeopardize the effectiveness of future UAVs.

The overall question of the airworthiness of an aircraft is based on its flying and

handling qualities, which are objective and subjective in nature respectively. The

flying qualities standard was supported by an extensive database of assessments.

Without a database to support the criteria, any attempt to establish a flying qualities

standard will fail. Therefore, it is the goal of this thesis to provide data on the flying

qualities assessments of UAVs in order to propel the development of a UAV flying

qualities standard. The data on the flying qualities assessments will include the flying

qualities ratings of the aircraft’s longitudinal and lateral-directional dynamic modes

according to the manned requirements. The manned flying qualities ratings will then

be compared to the quantified simulation results to investigate the applicability of

manned requirements to unmanned systems.
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1.3 Research Objectives

In the absence of flying qualities requirements for UAVs, this research sought to

expand this field of research by using an unmanned aircraft model to perform various

desired maneuvers and post-processing the results from the simulations. JSBSim is

the flight dynamics model (FDM) used to model the aircraft and simulate the flight

maneuvers. Unfortunately, there are no UAV JSBSim models available due to the lack

of publicly available data. Autopilots used in conjunction with the selected aircraft

model will model the autonomous nature of UAVs. For the purpose of the current

research, the T-41 Mescalero aircraft, which is a military variant of the Cessna 172

designated for student pilots, will be used. It should be noted that the model in JS-

BSim is based on the Cessna 172 Skyhawk, but it will be assumed that the variation

between the T-41 and Cessna 172 is small enough to be ignored. Due to the fact

that more Cessna 172s have been built than any other mass-produced light aircraft

in history with its first flight flown in 1955, the Cessna 172 will have a large database

to pull information from and validate the simulations [9]. This research builds upon

the 2014 work of Lt. Col Greene Toward a Flying Qualities Standard for Unmanned

Aircraft [24], with the following objectives:

1. Evaluate the flying qualities of unmanned aircraft using JSBSim’s capability to

simulate maneuvers.

2. Determine how best to analyze the flying qualities for the various maneuvers.

Current flying qualities standards (MIL-STD-1797A and ADS-33E) will be a major

source for the methods for this analysis.

3. Validate the data and post-processed results by comparing it to known databases

for the T-41.
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1.4 Thesis Overview

The present chapter provided the background information on the motivation for

more research into the area of UAV flying qualities and defined the research objectives.

The following chapter will discuss the literature review of the overall context of flying

qualities. Following the literature review, the research methodology is described to

include detailed explanation of modifications to the JSBSim models and files for

the setup of the simulation. It will also include methods to post-process the data

and quantify results from the simulation. Once the methodology is explained, the

results from the simulation will be presented and evaluated. Current flying qualities

standards will be the major source for the methods in the analysis. Finally, the

overall conclusions of the research and recommendations for future research will be

presented.
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II Literature Review

This chapter first reviews the early history of flying qualities with an emphasis on

need of a substantial database, in order to form a flying qualities standard. Next, the

flying qualities standards for fixed-wing, rotary-wing, and unmanned aircraft will be

discussed. Following this, the JSBSim program will be presented and its relationship

to the research in flying qualities. Finally, this chapter will provide an overview of the

work leading up to this field of research and makes an argument for more research in

UAV flying qualities.

2.1 Early History of Flying Qualities

In order to gain a better understanding of the current state of UAV flying qual-

ities, the historical dimension of flying qualities must be examined. The very first

US military flying qualities requirement came not long after the birth of aviation. In

1908, the U.S. Army Signal Corps issued Specification 496 for the acquisition of a

heavier-than-air machine [3]. In this one page document, there was only one sentence

pertaining to flying qualities. It stated that the aircraft, “must be steered in all flight

directions without difficulty and at all times under perfect control and equilibrium”

[3]. The subjective nature of this sentence left its interpretation to qualitative terms

with no design guidance. The terms “without difficulty” and “perfect” are left com-

pletely dependent on the pilot’s evaluation. What may be perceived as “difficult”

may not be necessarily difficult for another pilot. There did not exist a scientific

quantitative evaluation of the aircraft’s flying qualities at this time.

In the 1930s, the needed art and science of flying qualities did not see extensive

progression. The Army Air Corps Designers Handbook encompassed flying qualities

requirement into one sentence stating that “the stability and control characteristics
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must be satisfactory” [53]. There were still no objective requirements specified for

flying qualities. Capt. Hatcher captured the situation best in his words:

At present we simply specify that the airplane shall be perfect in all re-
spects and leave it up to the contractor to guess what we really want in
terms of degree of stability, controllability, maneuverability, control forces,
etc. He does the best he can and then starts building new tails, ailerons,
etc. until we say we are satisfied [25].

– Capt Robert S. Hatcher

During this time, there was a limited understanding of aerodynamics, stability,

and control. To further the problem, there were no air data measuring and recording

systems. There was no database of flying quality assessments to support the criteria

needed for a standard. In addition, a method of correlating pilot opinion with engi-

neering theory did not exist. The culmination of these problems made it difficult to

quantify flying qualities requirements.

In the late 1930s, the National Advisory Committee on Aeronautics (NACA)

spearheaded a research effort in flying qualities to provide quantitative design criteria.

Flying qualities requirements were tested using more than 60 airplanes and simulated

cockpits for the flight data [28]. The combination of aircraft design analysis, flying

qualities data, and pilot comments formed the initial foundation to start their efforts.

Now that this flying quality assessment database was formed, the beginnings of a

flying qualities standard could now commence. The culmination of all the work

up to this time produced NACA Report 755, Requirements for Satisfactory Flying

Qualities of Airplanes, published in 1943 [21]. With sections on longitudinal stability

and control, lateral stability and control, and stall characteristics, NACA Report 755

was one of the first efforts to set actual specifications for flying qualities [21]. It may

be argued that the first real flying qualities standard was this document written by

Gilruth, paving the way for objective flying qualities criteria.
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Following a set of quantitative design criteria culminates in an aircraft that pilots

can characterize as having adequate handling qualities. The NACA provided flying

qualities data were instrumental in providing the initial foundation for a flying qual-

ities standard. By studying the correlation of various design parameters and pilot

ratings from a large database of past aircraft, aircraft flying qualities ratings can be

predicted before the aircraft is actually built. With a flying qualities assessment to

support the criteria, the area of flying qualities was able to move forward toward a

flying qualities standard.

During a flying qualities investigation, two types of data are analyzed. The first

and foremost is the subjective pilot opinion of the aircraft’s handling characteristics.

Pilot opinion is gathered through the use of the Cooper-Harper Handling Qualities

Rating Scale to standardize the data. The second is the quantitative data on static

stability, natural modes of motion, and other physical characteristics of the aircraft.

Together, the subjective and quantitative data determine the flying and handling

qualities, determining the overall airworthiness of an aircraft.

2.2 Manned Fixed-Wing Standards

MIL-STD-1797 was a product of its predecessor, MIL-F-8785; thus, it is impor-

tant to understand how MIL-STD-1797 came about. The MIL-F-8785 Series was

the first tri-service flying qualities specification published in August 1969 as MIL-

F-8785B(ASG) [32]. Aircraft dynamics modes were quantified for the short period,

phugoid, dutch roll, and spiral modes in terms of natural frequencies and damping ra-

tios. The defining characteristics for certain types of aircraft were defined from years

of operating the aircraft. The Background Information and User Guide (BIUG) for

MIL-F-8785B(ASG) was published the same year in 1969—explaining the rationale

for the specifications and what it was based on [32]. The MIL-F-8785B was revised
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and republished in 1980 as MIL-F-8785C [32]. The BIUG was updated and repub-

lished as the Background Information and User Guide for MIL-F-8785C in 1982 to

complement the latest version of the 8785 series [32].

In 1987, MIL-STD-1797 was published, significantly advancing the field of fly-

ing qualities [32]. The MIL-STD-1797 series incorporated the BIUG into the flying

qualities specification and included discussion about bandwidth requirements. The

MIL-STD-1797 now included the Cooper-Harper Rating Scale, which was widely used

throughout the world but not officially adopted [1]. The adoption of the Cooper-

Harper Rating Scale was instrumental in standardizing pilot opinion data.

The MIL-STD-1797 was further revised and republished in 1990, bringing about

MIL-STD-1797A [32]. At the same time, there was a shift in flying qualities. There

was consideration of eliminating flying qualities standards and instead following the

Federal Aviation Administration (FAA) requirements [31]. The FAA requirements,

however, are primarily concerned about safety and not about superior flying qualities.

This lack of concern for superior flying qualities equated to suboptimal mission perfor-

mance. As a result, the MIL-STD-1797 was readopted as the flying qualities standard

and further updated. The latest version was published in 2006 as MIL-STD-1797B

[31].

2.2.1 Cooper-Harper Rating Scale

The Cooper-Harper scale was a pilot rating scale standardizing the way to test

the handling characteristics of an aircraft, leading to the correlation of pilot opin-

ion with engineering theory. One of the main reasons for the Cooper-Harper scale’s

universal adoption in the flying qualities region was its use of a decision tree, and

the answers to a series of questions led to a pilot rating. The pilot determines if the

aircraft was: 1) controllable, 2) if adequate performance is attainable with a tolerable
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pilot workload, 3) if the aircraft is satisfactory without improvement. The relative

ease of use and simplicity made the Cooper-Harper scale very attractive. A rating of

1 considers the aircraft to be excellent, while a rating of 10 considers the aircraft to

be uncontrollable. The Cooper-Harper scale provides a consistent standard among

pilots across a broad range of aircraft, which is essential when analyzing the test

results. The Cooper-Harper Rating Scale, as seen in Figure 3, has been adopted into

the current flying qualities standard, MIL-STD-1797 [1].

Figure 3. Cooper Harper Pilot Rating Scale [1]

The Cooper-Harper ratings can be roughly related to handling characteristics

levels. Level 1 is satisfactory, Level 2 is acceptable, and Level 3 is controllable [1].

A Level 1 aircraft has flying qualities clearly adequate for the mission flight phase.

Desired performance is achievable with no more than minimal pilot compensation. A

Level 2 aircraft has flying qualities adequate to accomplish the mission flight phase,
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but some increase in pilot workload or degradation in mission effectiveness, or both,

exists. A Level 3 aircraft has flying qualities, such that the aircraft can be controlled

in the context of the mission flight phase, even though pilot workload is excessive

or mission effectiveness is inadequate, or both. Levels apply to aircraft performing a

mission task, while Cooper-Harper ratings are given by a pilot performing the task

with the aircraft in a given environment. As a result, the Cooper-Harper rating can

vary depending on environmental conditions. Having stated these caveats, given a

well-defined task in a “calm-to-light” environment, the levels closely correspond to 1

to 3, 4 to 6, and 7 to 9 Cooper-Harper ratings.

2.2.2 Aircraft Classification and Flight Phase Category

Aircraft classification in the MIL-STD-1797 is based upon maximum design gross

weight and flight limit load factor [1]. For example, high-performance aircraft, such

as fighters and attack aircraft, are classified under high-limit load factor typically

weighing in-between 5,000 and 100,000 lbs. The flying qualities are expected to be

a function of the aircraft type: fighter, bomber, or transport. MIL-STD-1797 has

four basic aircraft classifications [1]. Class I aircraft are small, light aircraft with low

maneuverability. Class II aircraft are medium-weight aircraft with low-to-medium

maneuverability. Class III aircraft are heavy-weight aircraft with low-to-medium

maneuverability. Class IV aircraft are high-maneuverable aircraft. Table 1 lists the

various characteristics of each aircraft class.

The aircraft classification scheme can also be depicted graphically. Figure 4 is a

graphical depiction of the aircraft classification, based on load factor and maximum

gross weight. Figure 4 shows that aircraft can fall into multiple classes. If that is the

case, flying qualities requirements from those corresponding classes may be combined.

Flying qualities not only depend on the aircraft type, but also on the phase of
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Table 1. Aircraft Classification in MIL-STD-1797 [1]

the mission. MIL-STD-1797 has three basic flight phases [1]. Category A Flight

Phase involves high-precision and high-workload tasks, such as air-to-air combat,

aerial refueling, and terrain following. Category B Flight Phase are the nonterminal

non-precision tasks, such as climb, cruise, and descent. Category C Flight Phase is

the terminal task of takeoff and landing.

2.2.3 Lower Order Equivalent System

Modern aircraft employ automatic flight control systems that modify the dynamic

response according to the control laws, sensors, filters, and actuators. The complexity

associated with these control systems is the result of desired performance and control

characteristics. One method of simplifying a complex high-order system (HOS) such

as an aircraft in evaluating the complex aircraft control system is using a low-order

equivalent system (LOES). The LOES takes a high-order dynamic model and extracts

the reduced-order realization. The LOES methodology yields a set of guidelines for

pilot input to aircraft response in the form of transfer functions that are simplified
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Figure 4. Aircraft Classification in MIL-STD-1797 [1]

models of the total aircraft response. The question now arises if LOES can be applied

to UAVs or if the dynamic responses lost are critical to its flying qualities. MIL-

STD-1797 presents a process to analyze the mismatch between HOS and LOES by

evaluating the error in gain and phase [1]. Figure 5 shows the maximum envelope

allowed with the difference between the HOS and LOES falling between the black

limit lines. By minimizing the following cost functional for discrete frequencies:

J =
20

n

ωn∑
ω1

[(GHOS −GLOES)2 + .02(φHOS − φLOES)2] (1)

where J is the cost, n is the number of discrete frequencies, G is the gain in decibels,

and φ is the phase in degrees, the parameters for the LOES can be extracted. Once

the parameters for the LOES are set, the gain and phase difference between the HOS

and LOES are plotted in-between the envelopes. The envelopes are used only after
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the matching process has been performed. The envelopes represented by the black

lines in Figure 5 represent the LOES boundaries for matching high-order to low-order

transfer functions. The blue line in Figure 5 is the difference between the HOS and

LOES, which falls in between the envelope lines; hence, the mismatch between the

HOS and LOES is not significant. If the mismatch were to lie outside the envelope, it

could be suspected that the equivalent parameters may not accurately predict pilot

opinion. If this application were to extend to UAVs, the error envelope reflects how

well the lower-order model matches the actual model.
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2.2.4 Literal Factors to Predict Flying Qualities

Literal factors have proved effective in determining the handling qualities of the

aircraft. Literal factors are those parameters which correlate strongly between aircraft

stability and control characteristics and pilot opinion. Bihrle introduced the concept
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of the control anticipation parameter (CAP) [27]. CAP is defined as the ratio of

the instantaneous acceleration in pitch, q̇0, to the steady-state change in load factor,

∆nss.

CAP =
q̇0

∆nss
(2)

It is considered one of the earliest and most-used piloted flying qualities crite-

ria—especially in unaugmented aircraft. The importance of this parameter is based

on the ability to make precise adjustments in the flight path. If the CAP is too small,

the pilot will not sense the change in acceleration, q̇0, and the pilot will continue to

apply more control resulting in a large change in the steady-state load factor. As a

result, the desired response is exceeded, and the response is described as sluggish.

On the other hand, if the CAP is too large, the pilot will sense a large acceleration,

q̇0, when the controls are moved. Consequently, the pilot will tend to undershoot

the desired path, and the response is described as too sensitive. The equation for

CAP can be further reduced as shown in Equation 3, where ωsp is the short period

frequency, and n/α is the load factor response to angle of attack [27].

CAP =
ω2
sp

n/α
(3)

Utilizing CAP and the short-period damping factor, ζsp, Figure 6 guides to a Level

I, II, or III aircraft depending on the Flight Phase Category [1]. A noticeable feature

of Figure 6 is the large area corresponding to Level 1 flying qualities for Flight Phase

Category B. Flight Phase Category B includes non-terminal maneuvers such as climb,

cruise, and descent. For such non-precision tasks, aircraft tend to have good flying

qualities. As the maneuvers become more difficult and complex, it becomes more

difficult to achieve Level 1 flying qualities. For Category A and C Flight Phases, the
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Figure 6. Short-period Dynamic Requirements [1]

target for Level 1 flying qualities has shrunk, and there is a limit on even Level 3

flying qualities. Concurrent with this criteria is the requirement on the equivalent

pitch time delay, τθ. Level 1 flying qualities requires τθ to be less than 0.10 seconds;

Level 2 flying qualities requires τθ to be less than 0.20 seconds; and Level 3 flying

qualities requires τθ to be less than 0.25 seconds [1].

Another method of using literal factors to predict flying qualities uses ωspTθ2

instead of CAP [1]. CAP is proportional to ω2
spTθ2; therefore, ωspTθ2 is a similar

literal factor to CAP. As seen in Figure 7, the same trends can be seen as in the

previous criteria as expected.

The transient response literal factors can provide insight into pilot ratings. By

examining the transient response of the aircraft pitch response to a step input of

pitch controller force, various time response characteristics such as transient peak

ratio, effective rise time, and effective time delay can be correlated to pilot opinion

[1]. Figure 8 is a graphical depiction of the transient peak ratio, effective time delay,

and effective rise time.
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Figure 7. Short-period Pitch Response to Pitch Controller [1]

MIL-STD-1797 specifies requirements on the transient response literal factors for

Levels 1, 2, and 3 flying qualities [1]. Table 2 contains the requirements for the equiv-

alent time delay, t1, and transient peak ratio ∆q2
∆q1

. Table 3 contains the specifications

for effective rise time, which is the analog of CAP, where Vt is the true airspeed in

feet per second.

Table 2. Equivalent Time Delay and Transient Peak Ratio Requirements[1]

Level Equivalent Time Delay t1 Transient Peak Ratio ∆q2
∆q1

1 t1 ≤ .12 sec ∆q2
∆q1
≤ .30

2 t1 ≤ .17 sec ∆q2
∆q1
≤ .60

3 t1 ≤ .21 sec ∆q2
∆q1
≤ .85

Table 3. Rise Time Values[1]

Nonterminal Flight Phases Terminal Flight Phases
Level Min ∆t Max ∆t Min ∆t Max ∆t

1 9/Vt 500/Vt 9/Vt 200/Vt
2 3.2/Vt 1600/Vt 3.2/Vt 645/Vt
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Figure 8. Transient Response Parameters [1]

2.2.5 Bandwidth and Time Delay Criteria

The bandwidth and time delay criteria examine the stability margins of the pilot

closed loop system. The gain and phase margins provide a picture of the robustness

of the overall system. A benefit of using this criterion is that a LOES does not need

to be determined. For very complex and highly-augmented aircraft, the bandwidth

criterion proves to be very beneficial. The bandwidth, as defined for this criterion, is

the highest frequency at which the phase margin is at least 45 degrees and the gain

margin is at least 6 dB [1]. Both criteria must be met. With the gain and phase

margin parameters, the system is quite robust allowing the pilot to increase the gain

and time delay without causing aircraft instability. The time delay, τp, is defined as:

τp =
−φ1 − 180◦

57.3ω1

(4)

where ω1 is some frequency greater than the frequency for neutral stability and φ1

is the associated phase. From ω1 and φ1, the flying qualities can be predicted using

Figure 9.
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Figure 9. Bandwidth Requirements [1]

2.2.6 Neal-Smith Criteria

The Neal-Smith criteria are based on a database of piloted data to assist in the

development of flying qualities. The Neal-Smith criteria assume a simplified pilot

model in the evaluation of the closed-loop system. The modified Neal-Smith criterion

states that bandwidth is defined as the frequency at which the closed-loop phase is -90

degrees [1]. The bandwidth requirement varies according to the flight phase, as seen

in Table 4. Unlike the bandwidth criterion, the minimum closed-loop pitch attitude

tracking bandwidth is specified for each flight phase. The closed-loop droop should

be no more than -3 dB for Level 1 and 2 aircraft [1]. The closed-loop resonance

should be no more than 3 dB for Level 1 and 9 dB for Level 2 flying qualities. It
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should be noted that this criterion is geared towards piloted aircraft and may not be

applicable to unmanned systems. The closed-loop and open-loop transfer functions

can be directly related by a Nichols chart, as seen in Figure 10. As with the bandwidth

and time delay criteria, an advantage of the Neal-Smith criteria is that a LOES does

not need to be extracted.

Table 4. Neal-Smith Criteria for Bandwidth [1]

Flight Phase Bandwidth
Category A 3.5 rad/s
Category B 1.5 rad/s

Landing 2.5 rad/s
Other Category C 1.5 rad/s

Figure 10. Design Criteria for Pitch Dynamics with the Pilot in the Loop [1]
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2.3 Manned Rotary-Wing Standards

Just like MIL-STD-1797’s predecessor is MIL-F-8785, the predecessor to ADS-33-

PRF is MIL-H-8501 [32]. By first examining MIL-H-8501, a deeper understanding of

the current regulation on rotary-wing aircraft will be obtained. The first rotorcraft

flying qualities specification was MIL-H-8501, published in 1952, and later superseded

by MIL-H-8501A in 1961 [31]. The main components consisted of “simple time-

domain parameters such as control stick force and position gradients with speed;

frequency and damping of oscillatory modes; normal acceleration response to a step

input; and angular displacements in response to control steps that are a function

of the helicopter weight” [32]. There was no background information or user guide

to explain the rationale for the various criteria. In addition, MIL-H-8501 did not

address the cross coupling characteristics exhibited by helicopters. In the fixed-wing

community, pitch can be separated from yaw and roll. The rotorcraft community

realized that the standards of fixed-wing aircraft were not suitable to the application

of rotorcraft for their distinctive roles and missions.

In the late 1960s and early 1970s, the next generation rotorcraft were in design

or entering operation and were significantly more complex than their predecessors.

The MIL-H-8501 became obsolete; a much-needed revision came in the 1980s with

the U.S. Army-led development of Aeronautical Design Standard 33 (ADS-33), based

upon a large assembled database [37]. The required database was essential in the

establishment and validation of a new flying qualities criteria. The absence of a

database of flying qualities assessments was a major factor in the failure of MIL-H-

8501 as a flying qualities standard [24].

ADS-33 was continually revised until its current state as ADS-33E-PRF, released

in 2000 [32]. ADS-33 reflected criteria needed to operate in the extreme conditions for

modern helicopters. It contained frequency-domain requirements and the interactions
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of visual cuing and displays. A departure from the manned fixed-wing flying qualities

standard, ADS-33-PRF included the first specific mission tasks to define adequate

handling qualities. Examples of Mission Task Elements (MTEs) are hover, landing,

and turn to target. The MTEs categorize the tasks according to aggressiveness and

precision.

Mission-oriented flying qualities made the link between the internal attributes of

the aircraft and external factors of the environment [20]. Internal attributes of the

aircraft included the airframe, flight control system, and cockpit ergonomics. The ex-

ternal environment consisted of the mission task element and external influences like

atmospheric disturbances. ADS-33E-PRF directly connects mission task elements

to the required agility. “The required agility and required response types together

define which boundaries of the handling qualities design criteria apply and which per-

formance standards must be met” [32]. This systems engineering type of approach

was accomplished by first defining the mission tasks that are then used to establish

performance requirements for those mission tasks. Flight tests validated the perfor-

mance of those mission tasks.

2.4 Unmanned Aerial Vehicle Standards

AFFDL-TR-76-125, Remotely Piloted Vehicle (RPV) Flying Qualities Design Cri-

teria, is the only type of flying qualities standard for unmanned systems; however, it

was published as a technical report in 1976 to propose certain criteria [24]. As a result,

it is not a true flying qualities standard that has to be abided by. AFFDL-TR-76-125

was Phase II of a program plan to develop an RPV Flying Qualities Specification [24].

The primary purpose of Phase II was to form a framework for RPV flying qualities

criteria that could be later validated through simulation and analysis. While the

issue of stability augmentation was addressed, the command and control augmenta-
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tion and automation levels were not mentioned; however, it did state that the entire

system must be considered. This foresight came with the understanding that inter-

action between all subsystems of the UAV was yet to be fully comprehended. That

entire system is now referred to as an unmanned aerial system (UAS) consisting of

the bare airframe, augmentation systems, automatic and manual control, command

and control, communication links, pilot console, displays, and controls [24].

AFFDL-TR-76-125 does not deal with autonomous aircraft control in enough

detail to be applicable to modern autonomous UAVs. RPVs differ from UAVs by

the fact that they are not autonomous systems, but the pilot is not physically in

the airframe for RPVs. AFFDL-TR-76-125 defines an RPV as an “unmanned air

vehicle which has the capability of being controlled by a remote operator during

some flight phase of an operational mission” [41]. A central theme found in the

manned flying qualities documents is the optimization of the pilot-aircraft interface.

With the direct pilot-aircraft interface being replaced by augmented systems, the

desired mission performance should no longer be directly linked to a pilot’s ability to

perform the task. Instead, UAV flying qualities should focus on the ability to achieve

the mission objectives without the constraint of human intervention [7].

Initial efforts focused on adapting piloted specifications for UAVs, but this has

proven difficult. One of those challenges is the classification of UAVs. Traditionally,

UAVs have been designed and developed for specific missions and tasks. One such

example is the use of UAVs to conduct airborne mining exploration [54]. Fixed-

wing and rotary-wing manned aircraft are prone to high risk if utilized due to the

low operational altitude and speed. This UAV is designed to operate at altitudes

below 400 feet where turbulence, ground obstacle clearance, and radio frequency

communications are major challenges. The airframe design and equipment to operate

in such a harsh environment are tailored to meet those demands unique to a mining
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exploration mission. The flying qualities specified in piloted requirements may be

applicable to UAVs if the focus is shifted from the pilot to the sensor.

AFFDL-TR-76-125 classifies RPVs into four classes principally by maneuvering

capability and aircraft size: Class I are small, light miniature RPVs; Class II are

low-maneuverability RPVs; Class III are medium-maneuverability RPVs; Class IV

are highly maneuverable RPVs [41]. The aircraft classification system for RPVs has

a striking similarity to the manned fixed-wing aircraft classification at that time,

MIL-F-8785B, which also had four classes.

The smaller size of UAVs poses weight advantages but also presents some chal-

lenges not frequently encountered by piloted aircraft. Aerodynamic effects that are

frequently small for large aircraft can become quite significant for small UAVs. “Fun-

damentally these smaller aircraft respond to disturbances differently than their larger

counterparts due to the low Reynolds Number effects that amplify turbulent flow

effects and that would be considered insignificant in high Reynolds Number airflow”

[12]. Williams recognized the challenges in the flying qualities evaluation due to the

absence of control stick force feedback, absence of vibration and buffet response, and

higher sensitivities in the longitudinal, directional, and lateral direction arising from

the small size of the UAV [54]. Together, these areas are another aspect of UAVs that

must be taken into consideration.

One of the principal differences between AFFDL-TR-76-125 and MIL-STD-8785B

is the use of four flight-phase categories, as compared to the three categories in the

manned flying qualities standard [41]. The four flight phases are based on maneuver-

ing, tracking, and flight path control requirements. Category A Flight Phase requires

rapid maneuvering, precision tracking, and/or precise flight path control. Category

B Flight Phase involves gradual maneuvers without precision tracking such as climb,

cruise, or descent. Category C Flight Phase is the launch and recovery portion requir-
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ing high precision. Category D Flight Phase is also a launch and recovery flight phase

but does not require high precision tracking such as a catapult takeoff or parachute

descent.

The National Research Council conducted a study of National Aeronautics and

Space Administration’s (NASA’s) aeronautics technology programs in 2004 highlight-

ing the pursuit of research in flight controls and handling qualities for UAVs [14]. In

identifying key technology areas that should be pursued, the report states:

NASA’s past work in flight controls and handling qualities provided the
reference standard for today’s system designs. However, as we move to-
ward unmanned systems, the existing standards which are for manned
systems, may be too restrictive. Further evolution of the base work done
by NASA to include unmanned systems is essential to creating a competi-
tive advantage for U.S. products as this market becomes more price-driven
[14].

NASA’s research has been a vital asset to military and commercial application.

Due to NASA’s competencies during the 1960s, 1970s, and 1980s, the U.S. aerospace

industry took the dominant position worldwide. The need to further refine the current

flying qualities and adapt them to unmanned systems will benefit both military and

civilian interests.

2.5 JSBSIM Background

JSBSim is an open source, “lightweight, data-driven, non-linear, six-degree-of-

freedom (6DoF), batch simulation application aimed at modeling flight dynamics and

control for aircraft” [5]. A flight dynamics model is the mathematical representation of

the steady-state performance and dynamic response. “The fundamental goal of flight

dynamics modeling is to represent the flight motion numerically, as close to the flight

motion in the real world as the applications need” [36]. This realistic environment

allows the testing of components, such as autopilot controllers, in extreme conditions
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before their implementation. Other applications of flight dynamics modeling is the

prediction of stability and flying qualities of unmanned systems. The response of the

vehicle for specific control commands can be obtained, which is necessary for flight

characteristics data.

JSBSim had its origins back in 1996 beginning as a batch simulation application

to model flight dynamics and control systems for aircraft. It is written in the C++

programming language with the equations of motion and flight dynamics derived in

Stevens and Lewis [50] and Zipfel [57]. JSBSim can perform simulations of various

aircraft relying on a model specification written in extensible markup language (XML)

format. Although JSBSim is written in C++, JSBSim is driven by external XML-

scripts. “XML is a text-based language from the World Wide Web Consortium (W3C)

that supports the use of tags to describe structured data” [19]. Due to JSBSim’s open

source nature, users have access to the internal of the models, making JSBSim an

attractive software tool. Users can modify the model if the available model is not

the exact variation needed. JSBSim has been accepted as a tool in academia in

aircraft design and control courses and intended to be useful to advanced aerospace

engineering students.

JSBSim has also been incorporated into a larger flight simulation architecture be-

ing integrated with the FlightGear project in 1999 [5]. FlightGear is a “sophisticated,

full-featured, desktop flight simulator framework for use in research or academic en-

vironments, for the development and pursuit of interesting flight simulation ideas,

and as an end-user application” [4]. JSBSim remains the current default flight model

for FlightGear. JSBSim and FlightGear together drive a motion base simulator at

the University of Naples to analyze risk levels of near-ground flight operations. Out-

erra and OpenEaagles are other simulation environments that have also integrated

JSBSim as their flight dynamics model [44].
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JSBSim has been used in hardware-in-the-loop (HITL) simulations. Hardware-in-

the-loop simulations use the actual aircraft avionics and most importantly the flight

control system [26]. “The primary uses of HITL simulations are for pilot training,

flight control system software validation, and failure modes effects testing (FMET)”

[26]. JSBSim has been used in the HITL testing of the Aerocross Echo Hawk UAV

with the core simulation code being unaltered JSBSim code [5]. In addition, JSBSim

was also used in the HITL simulation and pilot/operator training at duPont Aerospace

Company to test a vertical takeoff fan jet transport plane concept.

In terms of research purposes, JSBSim provides an accurate depiction of the flight

dynamics and controls. One research effort focused on the integration of unmanned

and manned aircraft in the same airspace [22]. JSBSim in conjunction with Flight-

Gear modeled an unmanned aerial system and evaluated the flight performance for

Base of Aircraft Data (BADA). BADA is the current standard for data used in air

traffic control analysis. By creating models in JSBSim with sufficiently high fidelity,

it allowed researchers to assess the impact of unmanned systems on the airspace

management infrastructure. The estimated flight performance was compared to ex-

perimental wind tunnel testing to check the accuracy. One test case initialized the

aircraft in free fall to determine if stability augmentation systems were needed to

assist with manual flight. Another test scenario validated that the control surfaces

were functioning correctly.

In a study by Risse et al., JSBSim modeled the aircraft’s flight dynamics to

determine its flying qualities for preliminary aircraft design [44]. The flying qualities

analysis requires a thorough knowledge of aircraft stability and control derivatives

in addition to an accurate flight dynamics model. JSBSim simulated the desired

flight maneuvers and the time responses were recorded. The flying qualities were

calculated from the corresponding aircraft reactions. The analysis determined if the
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flying qualities were indeed adequate with respect to certification requirements. The

United States military standard [1] laid out the quantified criteria for flying qualities

evaluation. “The modular buildup scripts of the integrated JSBSim software allow for

easy design and integration of feedback control structures and to analyze the influence

of flying qualities characteristics” [44]. JSBSim was found to be the most convenient

approach for this study. Automatic control systems were easily incorporated into

the model and the influence it had on flying qualities were analyzed; thus, a general

impression was formed by examining if it produced the intended results. The details

about the JSBSim model specific for this research and its implementation will be

explained in Chapter III.

2.6 Previous UAV Flying Qualities Research

Much of the work to date has been on remotely-piloted vehicles (RPVs). The

guidance on unmanned systems, AFFDL-TR-76-125, is focused on RPVs based on

MIL-F-8785B, which was the manned fixed-wing flying qualities standard of the time.

The U.S. Naval Air Warfare Center evaluated the application of flying qualities of

manned aircraft to RPVs [7]. This study concluded that mission relatable tasks need

to be well defined for RPVs along with flight phases. An example of a mission-

relatable task is landing the aircraft where the measured tolerance is the distance

from the runway centerline. The performance of the landing can be easily quantified

and can be compared to the desired and acceptable ratings.

In an effort to propose the development of new flying qualities specific to UAV

platforms, one study suggested that the final UAV specification be a combination of

adapted pilot specifications and new performance-based requirements [28]. Adapting

the piloted requirements for UAVs has the advantage of using 100 years of knowledge

in piloted-flying qualities. Some specifications such as stick force gradients do not
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apply to unmanned systems. This vast experience and flight test data should assist

with the development of UAV flying qualities. Holmberg’s study noted that current

UAV specifications do not take into account sensor and payload mission requirements;

these considerations should be factored into the flying qualities’ requirements.

“One of the biggest challenges for defining UAV flying qualities is the lack of a

substantial database of UAV mission data, test data, lessons learned, and experience

as was available for the first flying qualities specifications in the 1940s” [28]. As stated

previously, the manned flying qualities criteria are based on over a century worth of

data. As a result, the study proposed that a MTE approach may be an alternative to

build a new basis for UAV flying qualities in the absence of a substantial database.

An important note to take away from this study is the need of data and research in

order to move toward a flying qualities standard for UAVs.

Another study investigated and proposed a modified version of the Cooper-Harper

Piloted Rating Scale [13] for unmanned systems, depicted in Figure 11. The decision

tree is similar to the piloted rating scale defined by: loss of stability, adequate mis-

sion performance, and satisfactory mission performance. Cotting defined UAV flying

qualities as “those qualities or characteristics of an aircraft and sensor system that

govern the ease and precision with which an operator is able to perform the tasks

required in support of its mission role” [13]. The emphasis is placed on the evaluation

of the UAV and the sensor system, which come together as an integrated system.

The current Cooper-Harper scale is no longer applicable to UAVs as the level of au-

tomation increases. Cotting does acknowledge that operator comments are necessary

to justify the UAV rating for a specific task, but there should less rating variability

because the human is primarily an observer or sensor operator. Cotting stated, “A

historical case has been made that UAVs are at a similar point in their development

to piloted aircraft when flying qualities were introduced” [13]. The rating scale stems
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from the need to evaluate an integrated UAV and sensor system. Cotting approaches

the flying qualities criteria from a set of Mission Task Elements, which can be fur-

ther categorized into task categories based on aggressiveness and precision. Figure 12

illustrates a mission task approach example with a flying qualities criterion.

Figure 11. Modified Cooper-Harper Rating Scale for UAVs [13]

Cotting’s research recommended the bandwidth criterion as the basis for the UAV

flying qualities criterion [12]. There are some key advantages associated with using

the bandwidth criterion:

The bandwidth criterion does incorporate several of the flying qualities
found in MIL-HDBK-1797, and has the added benefit of predicting PIO, or
in the case of an UAV a limit cycle oscillation driven by a control system.
Another advantage of the bandwidth criterion is its independence from
vehicle response type, whether it be conventional, rate command attitude
hold, or attitude command attitude hold [12].

This criterion can be applied to various aircraft dynamic modes outside of just the
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Figure 12. Notional Relation between UAV Roles, Mission Task Elements, and Task
Categories [13]

short period mode. While this criterion can be applied, the pilot model must be

adjusted to a sensor model to be applicable to UAVs similar to the one shown in

Figure 13. The sensor model is modeled as a gain and time delay similar to the

pilot model used in MIL-STD-1797. The integrated system of the UAV airframe

and sensor system become key evaluation factors in the ability of the system to

perform its mission task. In order to meet the bandwidth criterion, the system’s

bandwidth must exceed specified bandwidth for a certain mission task. By meeting

the bandwidth requirements, the UAV could be pointed at the desired target or

location. Cotting’s suggestion of using the bandwidth criterion as a starting point

while making modifications applicable to UAVs is duly noted.

As mentioned previously, this thesis builds upon Greene’s research. Greene recog-

nized the need for a flying qualities standard for unmanned aircraft in her conference
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Figure 13. Bandwidth Longitudinal Diagram for UAVs [13]

article Toward a Flying Qualities Standard for Unmanned Aircraft [24]. The primary

goal of Greene’s research was to push toward a flying qualities standard for unmanned

aircraft by determining the parameters applicable to UAV flying qualities and how to

best analyze the flying qualities for an array of aircraft, maneuvers, and automation

levels. The principal difference between the manned fixed-wing and manned rotary-

wing standard is the method to define the flying quality requirements for the aircraft.

Greene identified that the classification for manned fixed-wing aircraft was not eas-

ily transitioned to unmanned systems. “The correlation between class and mission

tends to break down for unmanned aircraft, because unmanned aircraft of very dif-

ferent sizes often perform the same missions” [24]. In the FY 2013-2038 Unmanned

Systems Integrated Roadmap, one motion to classify unmanned aircraft was to sep-

arate aircraft by operational altitude, weight, and airspeed illustrated in Figure 14

[56]. Cotting proposed another type of classification by Reynolds number and gross

takeoff weight as shown in Figure 15 [12].

It was concluded, however, that physical characteristics of an aircraft do not form

an effective foundation for the classification of unmanned systems. In Greene’s study,

she noted the lack of connectedness between unmanned aircraft size and mission task.

A new basis for the unmanned aircraft standard had to be identified. By looking at
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Figure 14. UAV Grouping by Operational Altitude, Weight, and Airspeed [56]

the manned rotary-wing flying qualities standard, ADS-33E-PRF, a mission-based

standard could be effective.

In a report by Mitchell et al., a mission-oriented flying qualities was proposed

in its incorporation into MIL-STD-1797A [33]. Mitchell et al. stated the following

reasons for the deficiency in the current flight phase categories in MIL-STD-1797A:

“Category A is too broad, ranging from air-to-air combat to reconnais-
sance.”
“Category B is too lenient and should apply only to flight in Visual Me-
teorological Conditions (VMC).”
“Category C is not sufficiently stringent for the precision landing typi-
cally performed in flight research, and Category A is too stringent for
that MTE” [33].

This study suggested dividing the flight phase categories into four sections accord-

ing to the level of precision and aggressiveness, as illustrated in Table 5. In Table 5, a

corresponding list of maneuvers is shown associated with each flight phase category.

For example, reconnaissance, climb, and takeoff are listed under non-precision non-

aggressive tasks, because these maneuvers do not require detailed attention or rapid
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Figure 15. UAV Grouping by Reynolds Number and Aircraft Weight [12]

control activity. As a result of these groupings, a single criterion could be applied

resulting in more distinction for mission tasks. Figure 16 is an illustration of the

modified flight phase categories using the time delay, τp, and bandwidth criterion,

ωBW . It is advised that a mission task approach to flying qualities be implemented.

Table 5. Categorization of Mission-Task-Elements [33]

Non-Precision Tasks Precision Tasks
Non-Aggressive Aggressive Non-Aggressive Aggressive

Category B Category D Category C Category A
Reconnaissance Gross Acquisition Aerial recovery Tracking

Climb Anti-submarine Close Formation Ground attack
Takeoff Max g Turn Approach Terrain Following

Non-precision Landing “Herbst” Turn Precision Landing Precision Aerobatics
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Figure 16. Flight Phase Categorization according to Time Delay and Bandwidth [33]

2.7 Summary

Leveraging the past research and the most recent work by Greene, the focus of

this research is to build a database of UAV characteristics for a pre-defined mission

task. The mission task will be defined by the level of precision and aggressiveness as

advocated by Greene and Mitchell. The history of flying qualities has proven that

a significant database of data, flight experience, and experience are essential to the

success of a flying qualities standard.
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III Research Methodology

The primary goal of this research was to contribute to a database of UAV char-

acteristics in order to facilitate the development of flying qualities requirements for

UAVs. Ultimately, the accumulated data may be used to identify certain trends that

can correspond to various levels of flying qualities. JSBSim is the flight dynamics

model used to model the aircraft and the various maneuvers based on the level of

aggressiveness and precision.

3.1 JSBSim Model of T-41 Aircraft

JSBSim is a six degree-of-freedom simulation application aimed at modeling flight

dynamics and control for aircraft as mentioned in Chapter II. It has the capability

to model a variety of aircraft models, engines, and autopilots. JSBSim can run in

standalone mode without the use of visuals, which is particularly useful for testing;

however, JSBSim can be integrated within a simulator such as FlightGear [4]. The

model used in this research is the baseline configuration of the T-41, which is a mili-

tary variant of the Cessna 172 modeled in JSBSim. Appendix A contains additional

specifications and properties of the T-41 aircraft used to model the aircraft in JSBSim.

3.1.1 Organizational Structure

In order to use JSBSim as a comprehensive analysis tool, it is important to un-

derstand its fundamental organization. JSBSim follows a hierarchical structure with

models being successively broken down into subsystems. For the T-41 model used

in this research, the three main folders utilized are the aircraft, engine, and scripts

folder. A diagram representing the directory structure is shown in Figure 17.

Several files are involved in running JSBSim: aircraft file, engine file, thruster file,
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Figure 17. JSBSim Directory Structure [23]

initialization file, and script file. The aircraft file specifies the properties of the aircraft

such as physical measurements, aerodynamic properties, and mass properties. The

engine specification file specifies the model engine used for that aircraft. The thruster

specification file includes items such as propellers or nozzles. The initialization file

specifies the starting conditions of the aircraft such as takeoff runway conditions or

midair steady level flight. The script file designates the maneuvers for the aircraft.

Within the aircraft folder, there is a collection of pre-made aircraft models based

on publicly available data. The models are validated to “fly right” and possibly com-

ply to published performance data, thus the model must be further validated to a

certain extent to accurately represent the flight characteristics of the desired aircraft.

The aircraft configuration file defines the aircraft properties. The primary sections

of the model are divided into aircraft structure, control system, and aerodynamics

model. The aircraft configuration file which is in XML format contains the necessary

information to model the aircraft such as the mass and balance properties, aerody-

namic characteristics, and flight control system. In the structural section, physical
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characteristics of the aircraft are specified such as the wingspan, chord length, and

tail area. The location of each structure component is also specified such as the place-

ment of the landing gear and fuel tanks. The structural frame of the aircraft can be

validated by referencing the flight handbook of the T-41.

Within the engine folder, various propulsion systems are modeled and the type

of engine defined. The four engine types modeled in JSBSim are: piston, turbine,

rocket and electric [4]. Each engine is paired to a thruster type of either a propeller

or nozzle. The engine name is specified in the aircraft configuration XML file. The

engine name references to an engine XML file containing all aspects of the propulsion

system. The T-41 aircraft uses the piston type EI320 engine for its propulsion.

Within the scripts folder are files that support automatic, scripted flights allowing

the aircraft to fly in a stable manner to a designated target, altitude, or heading. This

is especially useful for performance testing and flight control system development. A

script file “directs the aircraft to turn on its engine, advance the throttle, and fly to

a target heading, altitude, and/or velocity” [5]. Scripting will be discussed in more

detail in Section 3.1.4.

3.1.2 Aerodynamic Properties

The aerodynamic properties are looked up in a series of tables contained in the

XML file. “JSBSim uses a coefficient build-up method for modeling the aerodynamic

characteristics of aircraft” [4]. The aircraft configuration file also references to the

autopilot file which will play a key role in commanding the aircraft to perform a

certain maneuver. The T-41 model was created using publicly available data through

technical reports and textbooks containing no proprietary or restricted data [38]. The

T-41 model has been validated only to the extent that it complies with publicly known

performance data.
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The aerodynamic properties are key characteristics in the modeling of a UAV.

The lift and drag forces do not always act on the aircraft’s center of gravity, thus

imparting moment forces. The control surfaces also act to impart forces and moments

and are incorporated in the aircraft’s stability derivatives. The forces in the six-

degrees-of-freedom use aerodynamic coefficients to describe the forces and moments

[50]. The coefficients in the six-degrees-of-freedom (6dof) are lift, drag, side, pitching

moment, rolling moment, and yawing moment coefficient as shown in Equation 5 to

Equation 10. The contribution from each aerodynamic coefficient is different; hence,

main coefficients should be identified.

Lift Force : L =
1

2
ρV 2SCL (5)

Drag Force : D =
1

2
ρV 2SCD (6)

Side Force : Y =
1

2
ρV 2SCY (7)

RollMoment : l =
1

2
ρV 2SbCl (8)

PitchMoment : m =
1

2
ρV 2SbCm (9)

Y awMoment : n =
1

2
ρV 2SbCn (10)

The coefficients denoted C are the total aerodynamic coefficients for their respective

moment or force with each coefficient built up by various aerodynamic and stability

control derivatives. The pitch, roll, and yaw moment coefficients are shown below from
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Equation 11 to Equation 13. Coefficients in the pitch moment include the change in

pitch moment due to pitch rate Cmq , change in pitch moment due to change in angle

of attack Cmα , change in pitch moment due to and the change in pitch moment due to

to elevator deflection Cmδe as shown in Equation 11. Cmα is the pitching moment due

to change in angle of attack, which must be negative for a statically stable aircraft.

This stability derivative determines the static stability of the aircraft and must be

negative in order to be stable. A negative value of Cmα means that as the angle of

attack increases, the pitching moment becomes more negative, bringing the aircraft

back to its equilibrium position indicating that the aircraft is statically stable. This

derivative is of primary importance to the longitudinal stability of vehicles especially

in atmospheric disturbances. Since this moment acts in a direction opposite to the

pitch rate, Cmq is called the pitch damping derivative. As such, it contributes to the

damping in pitch. Typically, the more negative this value is, the more damping that

occurs. The stability derivative Cmδe is often called the elevator control power. The

larger the value of Cmδe , the more effective the elevator is in creating the pitching

moment resulting in greater control effectiveness. This parameter can be related to

the aerodynamic and geometric configuration of the horizontal tail. The elevator

effectiveness is tied to the size of the flap used as the elevator.

Cm = Cm0 + Cm(α,M, h, δF , Tc) + ∆Cmδe (α,M, h, δe) +
c̄

2VT
[CmqQ+ Cmα̇α̇] (11)

Coefficients in the roll moment include the change in roll moment due to change

in roll moment from the aileron deflection Clδa , change in roll moment due to rudder

deflection Clδr , change in roll moment due to roll rate Clp , and change in roll moment

due to yaw rate Clr as shown in Equation 12. The roll damping derivative, Clp, plays

a major part in the rolling motion of the aircraft. “It thus provides a moment that
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damps rolling motion, plays the major role in the response of the aircraft to aileron

inputs, and determines the associated handling qualities” [50]. Clβ is the dihedral

derivative determining the roll static stability and Clδa and Clδr are the roll control

derivatives similar to the longitudinal control derivative Cmδe .

Cl = Cl(α,M) + ∆Clδa(α, β,M, δa) + ∆Clδr(α, β,M, δr)

+
b

2VT
[Clp(α,M)P + Clr(α,M)R]

(12)

Coefficients in the yaw moment include the change in yaw moment due to rudder

deflection Cnδr , change in yaw moment due to aileron deflection Cnδa , change in yaw

moment due to roll rate Cnp , and change in yaw moment due to yaw rate Cnr all

shown in Equation 13. Cnr is the yaw damping derivative similar to the damping

derivatives in the pitch and roll damping derivatives. Cnβ is the yaw stiffness deriva-

tive determining the directional stability, and Cnδa and Cnδr are the yaw control

derivatives.

Cn = Cn(α, β,M, Tc) + ∆Cnδr(α, β,M, δr) + ∆Cnδa(α, β,M, δa)

+
b

2VT
[Cnp(α,M)P + Cnr(α,M)R]

(13)

The stability and control derivatives provide valuable information about the nat-

ural stability of the aircraft, the effectiveness of the control surfaces, and aircraft

maneuverability. The derivatives determine the force and moments effects as the air-

craft’s position and motion changes providing the link to the airframe. As a result,

the derivatives associate the physical shape and dimensions of the aircraft with the

dynamic response, thus affecting the rating that a pilot assigns to that aircraft.
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3.1.3 Flight Controls

The flight control system uses various components to model the control laws of

the aircraft. Examples of flight control components are filters, integrators, summers,

switches, gains, actuators, and PID (proportional-integral-derivative) controllers. The

flight control system can interface to the autopilot definition file in JSBSim if it is

separated. Figures 18, 19, and 20 are illustrations of the control systems on the T-41

used to control the roll, pitch and yaw.

The T-41 has ailerons on both wings, rudder on the trailing edge of the vertical

stabilizer, elevators on the trailing edge of the horizontal stabilizer, and a motor for

thrust. The flight control system ultimately deflects the control surfaces to maneuver

the aircraft. Some aircraft have no separate elevator but use the entire horizontal

tail to provide variable tail incidence, providing outstanding elevator effectiveness for

increased control authority. The T-41 does not use an all-moving tail. The deflection

limits for the control surfaces of the T-41 aircraft are shown in Table 6. These

limitations should be taken into consideration in the simulation of the performance

maneuver described in Section 3.4.

Figure 18. T-41 Aileron Control System [48]
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Figure 19. T-41 Elevator Control System [48]

Figure 20. T-41 Rudder Control System [48]
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Table 6. T-41 Control Surface Deflection Limits [2]

Elevator Deflection min -28◦

max 23◦

Aileron Deflection min -20◦

max 15◦

Rudder Deflection min -16◦

max 16◦

3.1.4 JSBSim Interface

JSBSim can be built using a variety of environments but the one considered for this

research is within Linux. This approach allows the model to be built directly within a

XML file and run the simulation from the command terminal. JSBSim allows for two

methods to interface with the user. The preferred approach is performing simulations

through the software’s Graphical User Interface (GUI), which guides the user to input

the necessary data to run the simulation. The multiplatform GUI interfaces to the

trimming and linearization code. As a result, the GUI makes finding a trim condition

and creating a linear model simple, and helps the user with more intuitive feedback.

For example, the trim conditions for a specified velocity and altitude can be used to

find a nearby trim condition.

While the GUI may be appropriate for novice users, it has limited application

for more advanced simulations. The GUI is only able to trim the aircraft and out-

put a linear model. The GUI is unable to perform scripted flights and maneuvers.

Consequently, the alternative approach is to build a script file.

Scripting allows the user to perform repeated testing for a certain set of conditions.

The scripts are written within a JSBSim file in XML format [4]. A series of conditional

statements are performed and when the conditional statement is evaluated to be

true, events take place. When an event is evaluated to true for a given condition,

parameters may take on a new numerical value. The change to the new numerical

value may take on a step, ramp, or exponential approach specified by the user. The
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events cause the aircraft to change a state such as the aircraft’s heading, velocity, or

altitude.

The script also includes references to a specific aircraft configuration file, initial-

ization conditions, start and stop time, and an integration step size. For this research,

the aircraft configuration file will be the T-41 model. The initialization conditions

may be set on a runway or the aircraft may already start in steady-level flight in

midair. This flexibility through scripting allows multiple maneuvers to be performed

with relative ease.

The autopilot definition file supports automatic scripted flights using the same

components used in defining the flight control system. The autopilot’s function is to

maintain a state such as wings level, altitude hold, or heading hold; therefore, allowing

the aircraft to fly autonomously. In order to accomplish this task, the autopilot

incorporates feedback control to detect the current state such as the aircraft’s velocity

and altitude and adjusts the control surfaces to maneuver the aircraft to the desired

state.

3.2 Flight Envelope

The flight envelope represents the region on an altitude-airspeed plot in which the

aircraft is capable of operating. Within this region, the aircraft is bounded by stall

at low speeds and available thrust at high speeds. The flight envelope is a graphical

depiction of the aircraft’s operating limitations and is also known as the “operating

envelope.” Figure 21 is a generic altitude-airspeed flight envelope containing some of

the defining factors along portions of the envelope.

The high speed boundary is determined from power-available, power-required

curves that show the excess power available. Excess power provides the ability for

the aircraft to accelerate or climb. As the aircraft approaches its thrust limit, the
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Figure 21. Aircraft Altitude-Velocity Flight Envelope [49]

aircraft can no longer climb in altitude.

The absolute ceiling is determined by the highest altitude at which specific excess

power equals zero [43]. There is still some small rate-of-climb capability at the service

ceiling however. The Federal Aviation Regulations (FARs) require a rate of climb of

100 fpm for propeller aircraft and 500 fpm for jets at the service ceiling. Military

specifications require 100 fpm at the service ceiling. The altitude limit imposed on

the flight envelope is a combination of the airframe and engine characteristics in which

the aircraft can no longer pass a certain threshold for its rate of climb, known as the

service ceiling.

For some aircraft, the limitation on usable ceiling is the pilot such as the need

cockpit pressurization or oxygen masks above a specified altitude. Other factors

to consider are structural limits of the aircraft, maximum allowable aerodynamic

heating, and flow-separation buffet [49]. An additional consideration is the operation

viability of the aircraft. Flight regulations may govern the altitudes deemed safe for

the pilot and crew, thus limiting the service ceiling of the aircraft. For example,
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Federal Air Regulations require the flight crew to be equipped with oxygen masks

above certain altitudes. The additional equipment and procedures associated with

the regulations may hinder some aircraft from flying above those altitudes. Safety

concern for the pilot and the crew must be taken into consideration. By knowing

the flight envelope, the flying and handling qualities can be analyzed as the aircraft

pushes its envelope towards more difficult conditions.

Because the boundaries vary with aircraft weight, some assumption about aircraft

weight must be made. Typically, the flight envelope is calculated at takeoff weight,

cruise weight, or combat weight. The flight envelope will be determined at a fixed

weight with the aircraft in steady level flight. The aircraft will be trimmed at various

velocities and altitudes to determine if those conditions are feasible, giving an overall

picture of the aircraft’s capabilities and limitations.

3.3 Dynamics Trimming

Determining the aircraft’s trim states are of primary importance because the trim

conditions establish initial conditions in simulations by determining the combination

of flight control settings and other states to make steady-level flight achievable. The

simulations will be set up to calculate the trim conditions for level un-accelerated

flight at the beginning of each simulation. The trimmed state refers to the aircraft’s

steady-state level flight condition where the control inputs remain constant. The

trim conditions also provide a method to compare aircraft models. The aircraft trim

problem falls underneath the context of simulation-based-optimization. In order to

do so, one has to choose a cost function minimization technique.

JSBSim utilizes thirteen states to describe its state vector, x, and four states

to describe its input or control vector, u. The state vector and control vector are

shown in Equation 14 respectively. The first four states (vt, α, θ, q) correspond to
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parameters associated with the aircraft’s longitudinal mode of motion. The next

four states (β, φ, p, r) correspond to parameters associated with the aircraft’s lateral

mode of motion. The following four states (lat, long, ψ, h) correspond to navigational

states. The last state (RPM) is the revolutions per minute motor rate associated

with propeller-driven aircraft. The input or control vector is constrained to four

dimensions corresponding to the throttle, ailerons, elevator, and rudder.

x =



vt

α

θ

q

β

φ

p

r

lat

long

ψ

h

RPM



u =



δt

δa

δe

δr


(14)

The numerical trimming algorithm used in the JSBSIM flight dynamics library is

the Nelder-Mead Simplex method proposed by J.A. Nelder and R. Mead in 1965 [34].

The Nelder-Mead Simplex method does not require the computation of derivatives

making it more easily applicable to complex systems; however, it is important to note

that the algorithm can become stuck at a local minimum. As a result, the Nelder-
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Mead simplex method is capable of only determining local minima, not a global

minimum. A randomization factor is incorporated into the algorithm to help escape

a local minimum in order to complete a more thorough search in the design space. A

good initial guess is instrumental in assuring that the algorithm does not get stuck at

a local minimum. De Marco et al. examine the general solution to the aircraft trim

problem and illustrate how the Nelder-Mead Simplex algorithm is used in an open

source flight dynamics model like JSBSim [15].

In Figure 22, a T-41 is trimmed for steady-level flight with specified trim con-

ditions in the JSBSim GUI. Once the cost function has passed a certain threshold,

the algorithm has converged on a solution to the trimming problem. For most of the

simulations in this research, the T-41 was trimmed at a feasible flight condition in

the flight envelope of 100 knots (168.78 ft/s) at 4,000 ft altitude. The aircraft will be

kept trimmed for a specified time interval in order to ensure that the aircraft is kept

at level un-accelerated flight.

Figure 22. Specified T-41 Trim Conditions in JSBSim GUI
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The output of the JSBSim GUI trimming program is shown below. The T-41 did

in fact trim at the specified velocity of 152 ft/s and an altitude of 4000 ft.

T41trim.txt

aircraft state

vt, ft/s : 152

alpha, deg : 0.98212

theta, deg : 0.98212

q, rad/s : 0

thrust, lbf : 198.114

beta, deg : -0.21373

phi, deg : -4.41455e-32

p, rad/s : 0

r, rad/s : 0

mass, lbm : 1893.99

actuator state

throttle, % : 70.1761

elevator, % : 14.6556

aileron, % : 0.0687038

rudder, % : -4.58293

nav state

altitude, ft : 4000

psi, deg : 360

lat, deg : 0

lon, deg : 0

aircraft d/dt state

d/dt alpha, deg/s : 6.068627e-02

d/dt theta, deg/s : 0.000000e+00
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d/dt q, rad/s^2 : 2.091645e-02

d/dt beta, deg/s : 1.455256e-03

d/dt phi, deg/s : 0.000000e+00

d/dt p, rad/s^2 : 5.556549e-03

d/dt r, rad/s^2 : 1.718376e-02

d/dt nav state

d/dt altitude, ft/s : 1.465494e-14

d/dt psi, deg/s : 0.000000e+00

The linearized state-space model is output from the JSBSim GUI in matrices A,

B, C, D developing the first-order state differential equation ẋ = Ax + Bu and the

output equation y = Cx+Du. The matrix A is the 13x13 plant matrix; the matrix B

is the 13x4 input matrix; matrix C is the 4x13 output matrix; and matrix D is the 4x4

feed forward matrix. With the linearized matrices, an analysis on the longitudinal

and lateral flying qualities can be performed using well documented methods from

MIL-STD-1797. The linearized matrices are for a known flight trimmed condition in

order to gain insight about the aircraft’s modes of motion.

3.4 Simulation

3.4.1 Mission Tasks

For the purposes of this research, the focus will be on a non-precision, non-

aggressive maneuver, specifically a climbing spiral maneuver. As discussed earlier

in Chapter II, the maneuvers are associated with the level of precision and aggres-

siveness. In the report WL-TR-97-3100 by Wright Laboratory, it lists a variety of

maneuvers based on precision and aggressiveness as shown in Table 7 [30]. The ma-

neuvers that were chosen are supposed to mirror the task of unmanned systems such
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as ISR duties focused on the ground. “The task definition should reflect the mission

for which the aircraft and sensor integrated system is to be evaluated. The adequate

desired criteria should also be clearly defined and be related to mission success re-

quirements” [13]. For the non-precision, non-aggressive demonstration maneuver, the

altitude and heading change will be incorporated. This is a relatively simple maneuver

performed by all aircraft that should be successfully executed without any significant

hindrances. It is expected that the flight control system will have a sufficient amount

of control authority since this maneuver does not require rapid movements or large

amplitudes associated with more difficult tasks.

Table 7. Mission Task Elements [30]
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3.4.2 Flight Control System

Before the specifics of the autopilot system are defined, the aircraft’s flight control

system must be explored in order to understand how the autopilot interacts with the

aircraft’s control surfaces. The T-41 has three basic flight control channels: pitch,

roll, and yaw. Figure 23 is the schematic illustration of the pitch channel flight control

system.

Figure 23. T-41 Pitch Channel Flight Control System

Three commands are fed into the pitch channel and summed: elevator command,

normalized elevator command, and the normalized pitch trim command. The ‘clipto’

element permits limiting of the output of a component between -1 and +1 called

‘pitch-trim-sum.’ The next major component in the flight control system is the ele-

vator control composed of two elements. The first element is the ‘aerosurface’ scale

whose purpose is to take control inputs from a known domain and map them to a

specified domain. The control input is in the range from -1 to +1. The ‘aerosurface’

scale converts the control input from -1 to +1 and maps it to -28 to 23, corresponding

to the elevator deflection limit in units of degrees. The gain block of .01745 (π/180)

converts the elevator control from degrees to radians. The elevator control is fed into

the elevator actuator block composed of four elements: lag, bias, hysteresis, and lim-

ited output (clipto). The actuator simulates the mechanical characteristics between

the elevator control command and the actual elevator position. The final output is

the elevator position in units of radians. The elevator position is then used to de-

56



termine the aerodynamic coefficients such as the lift, drag, and pitch moment due to

elevator deflection.

Similar to the pitch channel, the roll channel follows a similar structure as shown

in Figure 24. It consists of similar components with the biggest difference accounting

for the opposite signs of the left and right ailerons. This ensures that the left and

right ailerons are deflected in opposite directions to generate a roll moment. The roll

command from the autopilot, normalized aileron command, and the normalized roll

trim command are summed up with the output limited between -1 and +1. This

output is defined as the ‘roll-trim-sum’ which is fed into two separate channels for the

left and right aileron. The ‘aerosurface’ block maps the control input from -1 to +1

and maps them to -20 to +15, corresponding to the aileron deflection limit in units of

degrees. The gain block of .01745 (π/180) converts the aileron control from degrees to

radians. The aileron control is fed into the aileron actuator block composed of three

elements: rate limit, hysteresis, and limited output (clipto). The left and right aileron

channels are essentially copies of each other except that the right aileron includes a

gain of -1 to account for the opposite surface deflection. Like the pitch channel, the

aileron position is used to determine the aerodynamic coefficients such as the side

force, roll moment, and yaw moment due to aileron deflection.

Figure 24. T-41 Roll Channel Flight Control System
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To account for all three axes, the final channel is the yaw flight control system

as shown in Figure 25. Unlike the previous two channels, there are only two inputs.

The normalized rudder command and normalized yaw trim command are fed into this

channel with the output limited between -1 and +1. The output, ‘yaw-trim-sum’, is

fed into the rudder control mapping the control input to -16 and +16, corresponding

to the rudder deflection limit in units of degrees. It is then converted into units of

radians through the gain block resulting in the rudder position. Just like the previous

two channels, the rudder position is used to determine the aerodynamic characteristics

by determining the side force, roll moment, and yaw moment due to rudder deflection.

Figure 25. T-41 Yaw Channel Flight Control System

The effect of nonlinearities such as surface deflection limits and rate limiting was

added into the actuator dynamics to create a more realistic flight simulation. The

incorporated surface deflections corresponded to the T-41 position limits previously

shown in Table 6. For simplicity, hysteresis and bias effects were neglected. For

manned aircraft, nonlinearities such as rate limiting, hysteresis, and abrupt control

system gain changes were likely causes for pilot-induced oscillations (PIO) and should

be taken into consideration. If an aircraft is PIO-prone, it should be be predicted to

obtain poor flying qualities ratings.

There must be a limit to the capabilities of the system to generate acceleration,

rates, and positions despite how hard the system is pushed. Due to the disruption
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between the demands of the control system and the capability of the actuator, rate

limiting will occur. The effect of rate limiting on the elevator actuator can be seen

in Figure 26. The model was validated by running the simulation with various rate

limits in order to confirm that rate limiting was having the anticipated effect. The

beginning of the familiar triangle wave pattern becomes more readily apparent in

the 5 deg/s rate limit. In addition to the decreased rate limit, the amplitude of the

control input and oscillation frequency both decrease. From the simulation result,

the effects of rate limiting are confirmed.
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Figure 26. T-41 Elevator Actuator Rate Limit Variation

3.4.3 Automation Level and Autopilot Design

The use of automatic control coupled with scripting providing commands to the

automatic control system allows the aircraft to perform desired maneuvers repeatedly.

For the purposes of this research, the aircraft will be fully automated to model the

behavior of a fully autonomous UAV. A fully autonomous system “receives goals from

humans and translates them into tasks to be performed without human interaction”
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[55]. By engaging autopilots through manipulating the flight control laws, the UAV

can be directed to the desired outcome. This autonomous role is what gives UAVs

such a distinct advantage over manned aircraft.

This also brings about the question about which loops are closed during UAV

automation. Typically, the stability augmentation system (SAS) is closed to improve

the performance of the bare airframe which could be unstable [50]. The control

is provided to improve the handling qualities of the aircraft over those of the bare

airframe by providing suitable damping and natural frequencies. For aircraft without

any stability augmentation, the level of static margin which is a measure of the

aircraft’s inherent stability can be quite high. Typically, trainer aircraft such as the

T-41 have a high level of static margin where pilot skill level can be assumed to be

low.

The control augmentation system (CAS) is closed to shape the particular response

of an aircraft to a command [50]. The normal-acceleration CAS is an example of this

type of system in which the pilot’s inputs control the acceleration in the vertical plane

of the aircraft. The main concern is focused on the aircraft’s completion of the task

and less so on the aircraft response.

In order to execute the maneuver, several autopilot controllers were implemented

into JSBSim. The JSBSim autopilot file was modified to include a series of setpoints,

auto-switches, PID controller gains, and normalization elements. Four parameter

setpoints were added acting as the desired parameter that the autopilot is trying to

achieve by adjusting the controls. The four autopilot switches essentially turn each

autopilot on or off. Three PID gains were added for each autopilot channel, resulting

in a total of 12 autopilot gains. Figure 27 shows the general structure of the JSBSim

autopilot for one channel. The aircraft is flown autonomously by on-board autopilots

using the built-in generic PID (proportional, integral, and derivative) controller which
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has the ability to hold aircraft velocity, rate of climb, bank angle, and side slip angle.

Figure 27. Outer Autopilot Controller Structure

PID stands for “proportional, integral, derivative” which are the three basic el-

ements of the PID controller. These three elements are “driven by a combination

of the system command and the feedback signal from the object that is being con-

trolled” typically referred to as the plant [52]. The purpose of the PID controller is to

drive the signal error as small as possible. The signal error is the difference between

the desired signal and the actual signal. Mathematically, a PID controller can be

represented as:

Kpe(t) +Ki

∫ t

0

e(τ)dτ +Kd
d

dt
e(t), t > 0 (15)

where Kp, Ki, Kd represent the proportional, integral, and derivative gains respec-

tively. τ is the control signal which is being sent through the PID controller. Each

element performs a certain function and has a different effect on the system response.

The proportional control simply multiplies the error signal by the gain. Increasing

the proportional control increases the system response but ends up overshooting re-

sulting in oscillations. If the gain is further increased, the system eventually reaches

an unstable point where the system never settles out. Integral control is used to

improve the steady-state error to bring the response to the desired set point. The

integral element calculates the integral of the error signal and adjusts the control

signal value accordingly. As the error signal exists longer, the autopilot will adjust
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to reach the desired set point thus eliminating the problem from the proportional

element. One problem associated with the integral device is that the aircraft may

oscillate as it continues to go past the reference point and needing to adjust back the

other way. The derivative device alleviates this problem by calculating the derivative

of the error curve, which is the change rate of the error. When the response closes in

on the desired set point, the derivative element will adjust the control gain to reach

the reference point without oscillations.

Figure 28 shows the step responses of the P, PI, and PID controller for the rate

of climb autopilot. The signal sent to the autopilot commands the aircraft to attain

a rate of climb of 4 ft/s. With the simplest proportional controller, the step response

overshoots and does not settle out at the desired rate of climb. The addition of

the integral control improves the long term precision of attaining the desired rate of

climb but does so at the cost of overshoot and oscillations. In order to improve the

response, derivative control is added in order to reduce the overshoot as it approaches

the desired set point resulting in an acceptable response.

Figure 29 is a block diagram of a PID controller with all three elements. Combining

the three elements results in a smooth response but it takes some tuning in order to

refine the system response. The gains, Kp, Ki, Kd were tuned manually. If the

range is known, it is simple to tune them manually by simulating multiple cases and

deciding which values will give a satisfactory behavior. According to Olson, the best

way to begin constructing the autopilot configuration file is by copying the autopilot

configuration file from an existing, similar aircraft, and modifying the parameters in

order to adapt it [35]. Olson provides a typical trial and tuning approach for a PID

controller for acceptable performance.

1. Eliminate integral and derivative action by setting the derivative time,
Td, to its minimum value (zero) and the integral time, Ti to its maximum
value.
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Figure 28. Rate of Climb vs. Time Response for Various Controllers

2. Set the proportional gain, KP to a low value (0.5) and enable the
controller.

3. Increase the proportional gain by small increments until continuous
cycling occurs after a small set-point or load change. The term “continu-
ous cycling” refers to a sustained oscillation with constant amplitude. At
first it might be useful to increment KP by an order of magnitude (i.e.
multiply or divide by 10) just to get yourself in the right ball park. Then
you might consider doubling or dividing by two to get closer.

4. Reduce the gain by a factor of two.

5. Decrease the integral time until continuous cycling occurs again. Set
integral time, Ti to three times this value. Note that because of the way
the formulas are constructed, a smaller integral time means a larger inte-
gral component.
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Figure 29. Block Diagram of a PID Controller [29]

6. Increase derivative time, Td until continuous cycling occurs. Set deriva-
tive time to one-third of this value. Note that because of the way the for-
mulas are constructed, a larger derivative time means a larger derivative
component (which is opposite from the effect of changing Ti).
[35].

In JSBSim, the PID controller is implemented in the autopilot file defined in a

separate XML format configuration file. Extending the autopilot function requires

knowledge in control theory in order to successfully implement it. JSBSim includes

a generic autopilot to keep wing leveler hold, heading hold, and altitude hold. An

example of a PID controller in an autopilot XML file is shown in Figure 30.

When the signal error converges to zero without higher overshoot and oscillations

within a reasonable amount of time, the controller is considered stable. The outcome

was an accurate model of the maneuver with an effective autopilot. The PID controller

is linear and is applied to a nonlinear system but it works nonetheless. Table 8 shows

the PID gains for the four autopilots used in JSBSim to perform the climbing spiral.

Table 8. PID Gains for Autopilots

Tracking Parameter Control Kp Ki Kd

Rate of Climb (ḣ) Elevator (δe) .030 .030 .009
Airspeed (Vt) Throttle (δt) .040 .0008 .009

Bank Angle (φ) Ailerons (δa) .015 .001 .01
Sideslip Angle (β) Rudder (δr) .013 .02 .05
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Figure 30. Autopilot Example in JSBSim [5]

The closed-loop performance of the autopilot and aircraft is simulated in a climb-

ing spiral maneuver. The climbing spiral is the non-precision non-aggressive maneuver

used to evaluate the aircraft’s longitudinal and lateral abilities. This maneuver will

also examine potential coupling between the longitudinal and lateral motion. The

baseline performance maneuver was initiated at 4,000 feet which is in the middle of

the T-41’s flight envelope. The aircraft is initialized at position [0,0] in latitude, lon-

gitude convention. The aircraft flew for 20 seconds after it was initially trimmed to

ensure that the aircraft was in steady and level flight. The climbing spiral maneuver

was initiated 20 seconds into the simulation. Upon initiation of the maneuver, the

aircraft climbed and banked at the specified rate of climb and bank angle. The dura-
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tion of maneuver was set long enough in order to complete one complete spiral. Upon

termination of the maneuver, the aircraft returned back to steady and level flight.

The autopilot tracking time history for the four states is shown in Figure 31. As

can be seen from Figure 31a, the flight control system follows the desired rate of climb

path with a small overshoot. This small overshoot is considered small enough to not

cause problems. Figure 31b shows the velocity controlled by PID control. One of the

constraints during the maneuver was to maintain airspeed by adjusting the throttle.

From Figures 31c and 31d, it can be seen that the flight control system follows the

desired bank angle and sideslip angle effectively. The climbing spiral maneuver is

executed successively in tracking all four parameters without any significant problems.

Figure 32 shows the complete maneuver with key points such as the maneuver

initiation and termination denoted by various symbols. The climbing spiral maneuver

was initiated after 20 seconds of trimmed flight. Through this simulation, it was

concluded that the PID controllers could adequately control the pitch, velocity, roll,

and heading of the aircraft. It should be noted that no disturbances were incorporated

into the simulation. “However, in turbulence, for instance, the response may be

different than what is expected, perhaps even unstable”[5]. The incorporation of

disturbance into this simulation is a topic reserved for later research.

Once the climbing spiral was successively implemented, the maneuver was bro-

ken down into its longitudinal and lateral-directional components. The longitudinal

component of the climbing spiral maneuver consists of a straight climb and the lateral-

directional component consists of a constant altitude turn. Through this decompo-

sition, it allows the analysis of the longitudinal and lateral motion separately which

are also examined separately in the determination of an aircraft’s flying qualities.
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Figure 31. Climbing Spiral Closed-Loop Tracking Responses
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3.4.4 Variation of Stability and Control Derivatives

The longitudinal and lateral motion will be analyzed separately by varying the

stability and control derivatives. The flying qualities will be characterized for the

longitudinal and lateral-directional response modes and compared to the evaluation of

a dedicated set of flight maneuvers. The maneuvers to be performed are the straight

climb, constant altitude turn, and climbing spiral. Such a sequence of maneuvers

will allow the observation of the longitudinal only, lateral-directional only, and cross

coupling of the longitudinal and lateral-directional modes. Figures 33 and 34 show

the forces acting on the aircraft as the T-41 executes the climb and turn respectively.

The control system during the longitudinal maneuver will be mainly concerned with

the elevator and throttle. Likewise, the control system during the lateral-directional
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maneuver will be mainly concerned with the ailerons and rudder.

Figure 33. Longitudinal Component of Climbing Spiral Maneuver [15]

Figure 34. Lateral-Directional Component of Climbing Spiral Maneuver [15]

A large number of cases will be computed to express the connection between ve-

hicle configuration, represented by stability derivatives, and the response character-
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istics. McRuer stated that such an appreciation is important in “assessing the effects

of configuration changes on aircraft response and on airframe/autopilot/pilot system

characteristics and showing the detailed effects of particular stability derivatives (and

their estimated accuracies) on the poles and zeros, and hence on aircraft and air-

frame/autopilot/pilot characteristics” [17]. The understanding of the above process

will give implications to the direct influence of the dominant stability derivatives on

the major response modes.

The data obtained was for an airspeed of 100 knots (168.78 ft/s) at 4,000 ft

altitude by varying each stability derivative individually and then determining the

flight characteristics such as the damping ratios and natural frequencies. It should be

noted that in general changing one stability derivative usually changes other stability

derivatives. In identifying the key stability derivatives and knowing what quantity

is most affected, the design of the aircraft problem is better understood. The main

purpose is to show the trend because the amount varied will differ for each aircraft.

Since the stability derivatives of an airplane change with aircraft configuration and

flight conditions, some derivatives were in the form of look-up tables. Adjustment

and modification of these stability derivatives allows the modeling of an aircraft in

an altered state.

A number of papers and books have been published on the adjustment and mod-

ification of stability derivatives and their associated effects. Stability derivatives are

often applied to trimmed-flight conditions at a given altitude and Mach number. The

trimmed coefficients are measured by applying the control surfaces to make small per-

turbations from the aircraft’s trimmed state. “Furthermore, the stability derivatives

do not provide an adequate model of aircraft behavior for large amplitude maneuvers

and very nonlinear regimes such as stall” [50]. As a result, the non-precision non-

aggressive mission task will provide the closest link to the stability derivatives since

70



it will avoid large amplitude maneuvers associated with aggressive tasks. Stevens

and Lewis identified the importance of certain longitudinal and lateral-directional

stability derivatives as shown in Table 9 and 10 respectively, starting with the most

important.

Table 9. Importance of Longitudinal Stability Derivatives [50]

CLα Lift-curve Slope Determines Ride Quality
Cmα Pitch Stiffness <0 for Static Stability
Cmq Pitch Damping <0 for Short-period Damping
Cmv Tuck Derivative <0 gives unstable tuck
Cmα̇ Alpha-dot Derivative Less important than Cmq

Table 10. Importance of Lateral Stability Derivatives [50]

Clβ Dihedral Derivative <0 for positive stiffness
Cnβ Yaw Stiffness >0 for positive stiffness
Clp Roll Damping <0 for roll damping
Cnr yaw Damping <0 for yaw damping

Blakelock concluded that certain stability derivatives have the most effect on the

damping ratios and natural frequencies. The data was obtained by varying each

stability derivative individually and then determining the damping ratios and natural

frequencies. It should be noted that “this is an artificial situation; in general, any

one of the stability derivatives cannot be changed without changing at least some

of the other stability derivatives. However, in performing a dynamic simulation of

an aircraft in connection with the design of an autopilot, the engineer must know

which stability derivatives should be known most accurately for his particular design

problem” [6]. Tables 11 and 12 list the stability derivatives with the most effect on

the longitudinal and lateral-directional modes of oscillation. The trends shown in

these tables will be verified with the results from the simulation for each stability

derivative change.

Flying qualities levels are often characterized by their damping ratios and natural

71



Table 11. Stability Derivatives with Largest Effects on Longitudinal Damping Ratios
and Natural frequencies [6]

Stability Derivative Quantity Most Affected How Affected
Cmq ζsp Increase Cmq to increase damping
Cmα ωsp Increase Cmα to increase frequency
Cxu ζp Increase Cxuto increase damping
Czu ωp Increase Czu to increase frequency

Table 12. Stability Derivatives with Largest Effects on Lateral Damping Ratios and
Natural frequencies [6]

Stability Derivative Quantity Most Affected How Affected
Cnr ζd Increase Cnr to increase damping
Cnβ ωd Increase Cnβ to increase frequency
Clp Tr Increase Clp to increase 1

Tr

Clβ Ts Increase Clβ for spiral stability

frequencies; thus, it is imperative to identify these parameters. Of the two longitudinal

characteristic modes, the short-period mode is the more important; therefore, the

pitch stiffness derivative, Cmα , and the pitch damping derivative, Cmq were varied.

The elevator control power also known as the elevator effectiveness, Cmδe was also

varied. From the lateral-directional derivatives, the roll damping derivative, Clp was

chosen to be varied. The roll mode is the main method to control the lateral attitude

of the aircraft, thus the roll damping derivative was selected. The roll damping

derivative “provides a moment that damps rolling motion, plays the major role in

the response of the aircraft to aileron inputs, and determines the associated handling

qualities” [50]. With the roll performance as one of the primary considerations in

setting the lateral control power, the aileron effectiveness is a key consideration.

Since the predetermined maneuvers require more roll control than yaw control, the

roll control derivative, Clδa , was varied. McRuer stated that “the value of Clp does

directly affect the design of the ailerons, however, since Clp in conjunction with Clδa

establishes the airframe’s maximum available rolling velocity; this is an important

criterion of flying qualities” [17]. For this reason, the roll control derivative was also
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chosen as a variable parameter.

The effect of the variation of the stability and control derivatives on flying quali-

ties was determined by using the lower-order equivalent system (LOES). LOES is in

essence a simplified system of the higher-order system which is valid for a specifiable

condition. “Their most important application in flight control is for aircraft transfer

functions, for which the approximate factors are expressions which relate the poles

and zeros with the stability derivatives and inertial properties of the vehicle” [17]. In

the LOES concept, the coefficients are matched for a lower-order transfer function

matching the actual frequency response over a specified frequency range. The Bode

plot gain and phase are matched by minimizing a cost function from MIL-STD-1797A

shown previously in Equation 1. The cost function was minimized using a multivari-

able optimization search routine using MATLAB’s fmincon function. The algorithm

chosen for this function was sequential quadratic programming (SQP). Because of

SQP’s ability to handle nonlinearities, relatively quick convergence, and robustness,

SQP was the ideal algorithm. Once the cost passed below a certain threshold, the

mismatch between the actual transfer function and lower-order transfer function is

not considered significant, thus producing a good fit.

J =
20

n

ωn∑
ω1

[(GHOS −GLOES)2 + .02(φHOS − φLOES)2] (1 revisited)

From the lower-order equivalent system, the natural frequencies and damping ratios

for the short period, phugoid, Dutch roll modes as well as the roll mode and spiral

mode time constants were calculated. The military requirements document specifies

dynamic responses mainly through pole-zero requirements. The military specification

dictates the range for different levels of flying qualities linked to the Cooper-Harper

ratings scale. In doing so, it allows an analytic performance criterion for the dynamic

behavior of the aircraft used for handling qualities studies.
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3.5 Evaluation of UAV Maneuvers

In flying qualities, one of the key factors in an aircraft’s rating is its mission

effectiveness. For both unmanned and manned systems, one of the key criteria in

evaluating an aircraft is how well the task or maneuver was performed. The pilot or

autopilot commands the aircraft to perform a specific maneuver. This deviation from

the “perfect” maneuver is a quantitative measure on the evaluation on the aircraft’s

performance. By analyzing the deviation of the aircraft’s actual state from its desired

state, the flying qualities of UAVs can be better understood.

For manned aircraft, one of the most important pieces of data in evaluating the

aircraft are the pilot comments. Although the mission effectiveness of the aircraft is

important, the workload of the pilot can not be too excessive. The combination of the

system task accomplishment and pilot workload are crucial in evaluating the overall

effectiveness of an aircraft. Due to the absence of the pilot in unmanned systems,

other criteria will be utilized to substitute for the absence of pilot workload evaluation.

For an unmanned system, particular attention will be paid to the workload of the

flight control system. Specifically, the control deflection will provide an estimate on

the flight control system’s workload. The aircraft’s deviation from the “perfect” ma-

neuver may be within a desired margin but if the control system is being overloaded,

the maneuver may not be feasible. Saturation of position limits may point towards

excessive flight control system workload and loss of control effectiveness, which is

undesirable.

Similarly to control deflection, the control deflection rates will provide insight into

the workload of the flight control system. If the flight control system is consistently

rate limiting, the workload on the flight control system may overload the system

and lead to a degradation in flying qualities ratings. Rate limiting is also a primary

concern as a nonlinear cause of pilot-induced oscillation (PIO) tendencies [31]. PIO
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may result from both “nonlinear events such as saturation of control rate or position

limits at too low a command” [32]. Although PIOs are not associated to UAVs,

system induced oscillations (SIOs) must be considered. By analyzing the maneuvers,

parameters and their associated values can be correlated to various levels of flying

qualities.

A major part of flight control design is how to quantify the workload of the flight

control system. The workload can be defined as the relationship between resource

supply and task demand [47]. For smaller UAVs that may be battery powered with

a shorter flight time, the resource supply aspect cannot be neglected in the workload

analysis. For manned aircraft human–system integration evaluations, the workload is

evaluated on task type, duration, difficulty, and resource type and demand. Physio-

logical concerns such as cognitive and emotional stress have to be taken into account

as well; however, with UAVs, the measurement is more quantitative. “Engineers,

oblivious to the philosophical fact that measuring a quality transforms it into a quan-

tity, define metrics for handling qualities” [40]. Workload is something much more

difficult to quantify. For manned aircraft, the measure of the workload is quantified

by asking how easy or difficult the task was for the pilot. The goodness of the air-

craft is generally referenced to the pilot’s comments in flight of the simulator. For

remotely piloted vehicles flown by an operator from a ground station, the workload

can correspond to the operator’s workload. For an unmanned system with a higher

level of automation, the workload can be more difficult to quantify. Although the

term “workload” is a multifaceted concept for UAVs, the primary focus here is on the

most critical performance based index on task workload — loss of performance from

its task level imposed by the distribution of resources to multiple tasks.

In order to provide a comparison baseline among the various maneuvers, Theil’s

Inequality Coefficient (TIC) provides a measure of analyzing the time history of flight
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data between simulations and flight tests. TIC was originally used in the field of

economics as a statistical forecasting evaluator [51]. Modified for use in the aerospace

industry, TIC has been used to measure the similarity between two time histories of

data. Dorobantu, Seiler, and Balas have extended this analysis to “nonlinear systems,

culminating in the validation of an aircraft simulation model using flight test data”

[16]. TIC is defined by the following relationship shown in Equation 16:

TIC =

√
1
n

∑n
i=1(xi − x̃i)2√

1
n

∑n
i=1 x

2
i +

√
1
n

∑n
i=1 x̃

2
i

(16)

where x is the simulation time history, x̃ is the flight test time history, and n is the

number of data samples. For the purpose of this thesis, the simulation time history

will be compared to the desired tracking time history in substitute of the flight test

time history. TIC values less than .25 correspond to sufficiently accurate models. The

closer the value is to 0, the better the time histories match. A TIC value of 1 represents

the worst case deviation indicating that the time histories are no better than a naive

guess. “The normalized scale associated with the TIC is a significant advantage over

the standard error metrics such as the direct L2 norm of the error e = x − x̃. By

scaling the TIC based on the L2 norm of the two time histories being compared, the

analysis is decoupled from signal units and amplitudes” [16]. The approach of using

TIC as a standard will be effective in comparing the autopilot tracking performance

of the various states. TIC will be used as a performance measure with the controllers

set to drive the aircraft model to track desired states with nonlinearities present.

Another crucial aspect of flying qualities is the workload associated with the task.

Since no comparison between two control surface histories are being compared in the

same maneuver, another measure type of norm must be utilized to measure how hard

the flight control system was working.
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The workload of the flight control system during the maneuver was measured

as the deviation of the control away from its trimmed configuration. TIC was not

a viable method to quantify the workload since the desired control deflection was

constant. The reason for desiring a constant control deflection is because it minimizes

the deviation away from the trimmed deflection, resulting in a low workload. The

TIC value approached a value of one, signifying strong dissimilarity when one of the

time histories was constant. Dorobantu, Seiler, and Balas stated, “Values near 1

represent the worst-case deviation, where one of the time histories is constant and

zero” [16]. The fact that the desired time history was constant threw off the TIC

metric even if the two time histories showed a strong similarity; therefore, another

method of quantifying the workload must be applied. The most popular norm used

in almost every field of engineering and science as a whole is the L2 norm. The L2

error norm is shown in Equation 17:

L2 =

√
1

n

∑
i=1

(x1(i)− x2(i))2 (17)

where x1 is the control history and x2 is the constant trimmed configuration. The

L2 error norm represents a measure of average error. The higher the error norm is,

the harder that the flight control system is working, accounting for large control in-

puts and oscillations. While the TIC was normalized, the L2 norm is not. In order to

compare the various control surface workload, the control deflections were normalized

about their minimum and maximum deflection using the aerosurface scaling compo-

nent in JSBSim. The aerosurface scaling component takes control inputs from a

known domain range and maps them to a specified range. By adjusting the deflection

values on different scales to a notionally common scale, a more accurate assessment

of the flight control system workload is accomplished, equivalent to TIC. The method

of utilizing both TIC and L2 error norm as a measure of aircraft performance and
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workload will provide a useful comparison method for the various simulation cases in

this research.

3.6 Summary

By first classifying UAVs by mission task elements, the complex problem of devel-

oping flying qualities requirements can be broken down and made more manageable.

The state and control vectors were defined along with a discussion of the T-41 model

in JSBSim. A discussion of the flight control design was included in order to show

how the model was modified to reflect the actual aircraft. The implementation of the

autopilot design in order to simulate the desired closed-loop maneuver was discussed.

The chapter concluded with a discussion on how the performance and workload would

be assessed in the simulated maneuver. The hope is that a trend will emerge in the

flying qualities with a proposal to push towards flying qualities requirements. The

following chapter will present and discuss the results of the simulations.
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IV Results

The baseline Cessna 172 JSBSim model was modified to reflect the characteristics

of the T-41 Mescalero aircraft, reflected in the updated flight envelope. A trim analy-

sis was completed for the aircraft at various altitudes along with an initial evaluation

of the flying qualities using requirements for fixed-wing aircraft. Following the trim

analysis, the simulation cases were investigated for the various cases of the perfor-

mance maneuver. For each case investigated, the simulation and flying qualities were

compared and analyzed.

4.1 T-41 Flight Envelope

JSBSim comes with a library of aircraft, one of which is the Cessna 172. The T-41

is the military variant of the Cessna 172 manufactured by Cessna Aircraft Company.

Modifications were made to the existing Cessna 172 xml file to reflect those changes;

however, the two aircraft are overall quite similar. The Cessna 172 in the JSBSim

aircraft library is powered by the four-cylinder Lycoming Model O-320 engine rated

at 160 hp. The T-41 is powered by a six-cylinder Continental Model I0-360-D engine,

rated at 210 hp at 2,800 RPM [48]. The overall dimensions of the T-41 are very

similar to the Cessna 172 but some slight adjustments such as the wing span and

propeller diameter were made. The flight envelopes for the original Cessna 172 and

adjusted T-41 are graphed on Figure 35. With the T-41’s more powerful engine, the

flight envelope is extended but retains its general trend and shape.

The goal of this research was not to validate JSBSim’s capability to model a T-

41 aircraft to a high degree of fidelity. Instead, an aircraft model with reasonable

characteristics to what is being modeled is desired. Comparing the flight envelope to

the T-41 performance specifications in the flight manual, the flight envelope portrays
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Figure 35. Flight Envelope

the T-41 to a acceptable degree of accuracy. For these performance parameters, it

was assumed that the aircraft’s weight was 2,500 lbs, standard atmospheric conditions

with zero wind, and 45 gallons of fuel. Figure 35 has specific cruise conditions from

the flight manual plotted at 5,000 and 10,000 ft on the flight envelope. Typically, the

cruise conditions are intended to maximize the aircraft’s range without overexerting

the aircraft’s capability. The cruise conditions should not be near the edge of the flight

envelope. All the cruise conditions points are within the flight envelope comfortably.

At the 41% hp and 47% hp conditions, these points lie comfortably in the middle

of the flight envelope. As the power is increased over 50% hp at the same altitude,

the cruise performance points approach the edge of the flight envelope in a nonlinear

fashion.

Other key performance parameters shown in Table 13 that were verified were
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the normal operating airspeed range, maximum structural speed, and stall speed.

From the T-41C Flight Manual, the normal operating range is between 55 and 126

knots. The flight envelope in Figure 35 extends from 41 to 131 knots. The maximum

structural speed is 128 knots which lies close to the right edge of the flight envelope.

The stall speed is 46 knots lying close to the left edge of the flight envelope. Often

times, the manufacturer includes a buffer zone to mitigate the risk of approaching the

edge of the operating envelope which should be taken into consideration as well. The

stated service ceiling of 14,000 ft is due to the fact that the cockpit is not pressurized.

The Federal Aviation Regulations state that “no person may operate a civil aircraft

of U.S. registry at cabin pressure altitudes above 14,000 feet unless the required flight

crew is provided with and uses supplemental oxygen during the entire flight time at

those altitudes” [18]. Otherwise, the aircraft itself has the capability to achieve higher

altitudes.

Table 13. Flight Envelope Limits [48]

Stall Speed (Vstall), KCAS 40
Maximum Structural Speed (Vno), KCAS 126

Normal Operating Range, KCAS 55-126
Service Ceiling, ft 14000

In the flight envelope, the aircraft is bounded by stall limits at low speeds and

available thrust at high speeds. Figures 36 and 37 depict the angle of attack and

throttle setting for the velocity range at the edge of the flight envelope, thus verifying

the stall and thrust limits. The altitude setting on the flight envelope’s edge is

also noted on Figures 36 and 37. At low speeds near the stall velocity, the aircraft

is pitched at a high angle of attack. As the aircraft increases in speed, the angle

of attack decreases and the throttle setting increases and plateaus at 100%, which

becomes a limiting factor.
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4.2 Flying Qualities in Trimmed Configuration

An initial flying qualities assessment was performed with the T-41 model in its

trimmed configuration. Within the flight envelope displayed in Figure 35, flight con-

ditions were analyzed on five different flight levels: 4000 ft, 8000 ft, 12000 ft, 16000

ft, and 20000 ft. The velocity was kept constant at 100 knots or approximately 169

ft/s. These five flight conditions are located towards the center of the flight envelope,

thus it should produce good flying qualities. The aircraft model was linearized in

a particular trimmed flight condition. Table 14 shows the trimmed conditions for

the five flight conditions. Figure 38 is a graphical depiction of the control deflection

trends with increasing altitude in order to keep the aircraft trimmed.

Table 14. Trim Results for Five Flight Conditions

FC Altitude, ft TAS, kt αtrim, ◦ δt, % δe,
◦ δa,

◦ δr,
◦

1 4000 100 .51 75.67 4.32 -.161 -.024
2 8000 100 .79 77.12 3.84 -.163 -.017
3 12000 100 1.13 78.91 3.27 -.167 -.0094
4 16000 100 1.52 81.21 2.59 -.173 .00040
5 20000 100 1.98 83.98 1.78 -.179 .013

It is important to note the flight control system’s workload at the trim condition
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Figure 38. Control Surface Deflection and Throttle Variation with Altitude

because if the control system is “requiring 90% of pitch effectors to keep the aircraft

trimmed and stable, a high rate pitch task may not be possible, and the aircraft

handling qualities would be affected by purely by lack of control authority or possibly

actuator rate limiting, and not just the dynamic controller response” [12]. There

is ample control for trim in level flight at the five flight conditions. The control

surfaces are interlinked with the flying qualities, specifically the area size and angle

of deflection for the control surfaces. From Figure 38, the control surfaces operate in

a small regime of angle deflection, especially the ailerons and rudders. This can be a

cause of concern in the use of the control surfaces “by making the UAV more sensitive

to disturbances in control surface deflection. Moreover, deflection with this precision
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is difficult to achieve even though operated by power servos” [46]. In this analysis, the

basic stable airframe of the T-41 is used; therefore, a stability augmentation system

was not necessary. It is important to note the application of this to other basic

airframes in UAVs which may not be as stable. As the basic airframe becomes more

unstable, the flight control system must work harder to compensate for the unstable

platform. Some key considerations for the automatic control system is the likelihood

of hitting position or rate limits which often degrade the aircraft performance. The

level of instability of the basic airframe must be kept below a certain value in order

to mitigate the effects on the aircraft’s flying qualities.

Suppose the longitudinal and lateral dynamics are decoupled, only considering

one axis at a time. In addition, linear dynamic behavior will be assumed. From

the actual transfer function over a limited frequency range, a lower-order equivalent

system (LOES) transfer function can be matched by minimizing a cost function,

previously shown in Equation 1. If the cost of 10.0 or less is achieved, a good fit

to the LOES is obtained [1]. The longitudinal flying qualities will be analyzed first,

followed by an analysis of the lateral directional motion.

4.2.1 Longitudinal Motion Flying Qualities

The elevator-to-pitch-angle transfer function plays a critical role in the assessment

of the longitudinal-axis flying qualities. The assumed LOES form for the pitch axis

is

θ

δe
=

Kθ(s+ 1/Tθ1)(s+ 1/Tθ2)e
−τes

(s2 + 2ζpωps+ ω2
p)(s

2 + 2ζspωsps+ ω2
sp)

(18)

where the subscripts p and sp represent the phugoid and short-period modes respec-

tively. Transfer functions like this and others for the lateral motion are obtained from

the linearized Laplace-transformed airframe equations as ratios between the output
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and input quantities. According to military regulations, the maximum allowable

value for the equivalent time delay should be 10.0 ms [50]. The LOES for θ
δe

is closely

matched with the HOS as shown in Figure 39 which lie almost on top of each other.

The mismatch between the HOS and LOES is shown in blue in Figure 40 which falls

between the envelope lines; hence, the mismatch between the HOS and LOES is not

significant. The Bode plots comparing the HOS and LOES as well as the envelope

plots for the other four flight conditions are shown in Appendix B. The error enve-

lope reflects that the lower-order model matches the actual model. This analysis was

performed for all five flight conditions with the results tabulated in Table 15.

Table 15. LOES for Longitudinal Motion

Altitude Kθ Tθ1 Tθ2 τe ωp ωsp ζp ζsp
4000 ft 10.6850 14.679 0.2292 0.01 0.2098 7.5620 0.1297 0.7257
8000 ft 9.3092 15.589 0.2558 0.01 0.2160 7.0339 0.1115 0.6857
12000 ft 8.0923 17.377 0.2871 0.01 0.2213 6.5046 0.0938 0.6493
16000 ft 7.0184 17.935 0.3242 0.01 0.2268 6.0543 0.0813 0.6089
20000 ft 6.0711 18.203 0.3686 0.01 0.2319 5.6391 0.07052 0.5684

The phugoid mode is a low-frequency mode where the forward speed and altitude

are interchanged. According to MIL-STD-1797A, the long-term response, character-

istically the phugoid mode, has the flying qualities requirements shown in Table 16.

Level 1 flying qualities requires the phugoid damping ratio to be greater than .04. No

distinction is made between classes of aircraft. The five flight conditions shown in

Table 15 all have ζp greater than .04, thus having Level 1 flying qualities. It should be

noted that as the altitude is increased, the phugoid damping ratio approaches close

to the border of having Level 2 flying qualities. As the aircraft moves further away

from the center of its flight envelope, the trend shown here is that the flying qualities

start to degrade.
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Table 16. Phugoid Flying Qualities Requirements [1]

Level 1 equivalent ζp > .04
Level 2 equivalent ζp > 0.0
Level 3 T2 > 55 seconds

Requirements on the equivalent pitch time delay, τθ apply to the θ
δe

transfer func-

tion for a deflection control system. Table 17 outlines the levels for the time delay

requirements. All five flight conditions contain Level 1 flying qualities with τθ below

the defined requirement of .10 second.

Table 17. Equivalent Pitch Time Delay Requirements [1]

Level 1 τθ < .10 sec
Level 2 τθ < .20 sec
Level 3 τθ < .25 sec

The short period is a rapid mode governing the transient changes in angle of

attack, pitch, flight path and normal load factor that occur following rapid control

or gust inputs [27]. The short-term response known as the short-period mode has

requirements specified in terms of ωsp, Tθ2 , and ζsp of the LOES shown in Figure 41.

The term ωspTθ2 is similar to the literal factor CAP; therefore, is used as a measure

to determine the level of flying qualities. Also shown are the results from the five

flight conditions.

As expected, the T-41 has good flying qualities achieving borderline Level 1 and

2 for Category A Flight Phase. Category A Flight Phase involves high-precision and

high-workload tasks, making it the most difficult of the flight phases to achieve the

best flying qualities. For Category B Flight Phase, the T-41 attains all Level 1 flying

qualities. For Category C Flight Phase, it also attains Level 1 flying qualities. As

the altitude increases, the aircraft approaches the left borderline for Level 2 flying

qualities. Overall, the short-term pitch response is quite satisfactory for all three

flight phases.
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Figure 41. Results for Short-term Pitch Response to Pitch Controller [1]

“A measure of the handling qualities of an aircraft is its stability margin when

operated in a closed-loop compensatory tracking task” [1]. The maximum frequency

at which the closed-loop tracking can occur without approaching instability is called

bandwidth (ωBW ). The assumption is that the pilot or control system can sufficiently

follow input commands with frequencies up to the bandwidth. The Bode plot was

used to estimate the flying qualities bandwidth using the robust definition of 6 dB of

gain margin and 45 degrees of phase margin with the results presented in Table 18.

Table 18. Bandwidth Results

Altitude Bandwidth
4000 ft ωBW = 9.036 rad/s
8000 ft ωBW = 8.471 rad/s
12000 ft ωBW = 7.869 rad/s
16000 ft ωBW = 7.343 rad/s
20000 ft ωBW = 6.884 rad/s

From the bandwidth results, an estimate of the flying qualities can be predicted

for Category A Flight Phase by plotting the time delay τp vs. ωBW as illustrated

in Figure 42. All five flight conditions are contained inside the perimeter of the

Level 1 flying qualities. As the altitude increases from 4,000 to 20,000 feet, the T-41
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approaches the edge of the Level 2 flying qualities as expected. The trend seen here

is that as the altitude increases, there is a degradation in flying qualities confirming

the previous trends seen in other literal factors. As the aircraft deviates from the

center of its flight envelope towards the edge of the envelope, the flying qualities of

the aircraft suffer as well.

Figure 42. Bandwidth and Time Delay Requirements [1]

4.2.2 Lateral Motion Flying Qualities

Similar to the analysis of the longitudinal-axis flying qualities, a LOES was as-

sumed for the lateral-axis transfer function. MIL-STD-1797A recommends using the

aileron-to-roll-angle transfer function in the assessment of the lateral-axis flying qual-

ities [1]. The assumed LOES for the lateral axis is

φ

δa
=

Kφ(s2 + 2ζφωφs+ ω2
φ)e−τeφs

(s+ 1/TS)(s+ 1/TR)(s2 + 2ζdωds+ ω2
d)

(19)

where the subscripts φ and d represent the roll and Dutch roll modes respectively.

Mathematically, when the complex roots cancel(ωφ = ωd and ζφ = ζd), the Dutch

roll is not excited at all from the bank angle response [1]. An equivalent system fit

to the higher-order system over the frequency range from .1 rad/s to 10.0 rad/s was
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utilized. The comparison of the HOS and LOES is shown in Figure 43 with the T-41

configured at 4000 ft. The low cost confirms that the LOES approximates the HOS

dynamics quite well. The mismatch between the HOS and LOES shown in Figure 44

also validates that the mismatch between the HOS and LOES is not significant. The

LOES fit was performed for all five flight conditions with the results tabulated in

Table 19. The mismatch plots and error envelopes for the other four flight conditions

are shown in Appendix B.

Table 19. LOES for Lateral Motion

Altitude Kφ ζφ ωφ τφ TS TR ζd ωd
4000 ft 0.5770 2.0649 1.6555 0.1398 54.682 0.2524 0.1722 2.3501
8000 ft 0.4589 2.3188 1.7523 0.1225 63.675 0.2500 0.16043 2.2173
12000 ft 0.3630 2.5678 1.8124 0.1016 78.675 0.2596 0.1490 2.0894
16000 ft 0.2976 2.7649 1.8048 0.07898 109.43 0.2797 0.1380 1.9669
20000 ft 0.2669 2.8337 1.6920 0.05794 205.03 0.3095 0.1277 1.8501

The requirement on the roll mode is directed at precision of the aircraft’s roll con-

trol. The equivalent roll mode time constant, TR, describes the aircraft roll damping.

When the aircraft rolls about its x-axis, “the roll inertia produces a resisting moment

proportional to the product of the roll inertia and the roll acceleration” [27]. The roll

rate causes one wing to move upward and the other wing to move downward, thus

producing a resisting damping moment. The requirement on the roll-mode time con-

stant, TR, for the various flight phase categories is shown in Table 20. For Category

A Flight Phase, the T-41 is considered a Class I aircraft with a maximum roll-mode

time constant of 1.0 in order to have Level 1 flying qualities. From the five flight

conditions in Table 19, all five roll-mode time constants were below 1.0 second result-

ing in Level 1 flying qualities for Category A Flight Phase. With Category A Flight

Phase containing the strictest requirements, the T-41 automatically passes the Level

1 flying qualities criteria for Category B and C Flight Phases. It should be noted that

as the altitude increased, the roll mode time constant increased as well, degrading
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the flying qualities.
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Table 20. Recommended Maximum Roll-Mode Time Constant [1]

Flight Phase Category Class
Level

1 2 3

A
I, IV 1.0 1.4

10
II, III 1.4 3.0

B All 1.4 3.0

C
I, II-C, IV 1.0 1.4
II-L, III 1.4 3.0

The spiral mode is characterized by slow rolling and yawing motion to a roll

disturbance. The spiral mode is allowed to be unstable, but military specifications

contain a requirement to prevent too-rapid divergence. The limits are placed on the

minimum time to double amplitude for unstable poles, as shown in Table 21. “These

requirements must be met following a roll-angle disturbance of up to 20 degrees from

trimmed for zero-yaw-rate wings-level flight, with the cockpit controls free” [50]. From

the LOES in Equation 19, the pole corresponding to the spiral mode is λ = −1/TS.

The spiral-mode time constant, TS, for all five conditions is positive resulting in

stable poles. As a result, the T-41 model possesses Level 1 flying qualities for the

spiral mode. With increasing altitude, the time constant of the spiral mode increased

as well, indicating that the spiral mode was coming closer to instability. The closer

the spiral mode was to becoming unstable, the worse the flying qualities became. The

flying qualities became more undesirable as the altitude increased for both the roll

mode and spiral mode. The degradation in flying qualities with increasing altitude

was seen previously in the longitudinal modes as well.

Table 21. Recommended Minimum Time to Double Amplitude

Flight Phase Category Level 1 Level 2 Level 3
A and C 12 sec 8 sec 4 sec

B 20 sec 8 sec 4 sec

The Dutch roll mode is the lateral-axis short period oscillatory mode, typically

occurring in the frequency range from 1-5 rad/s [27]. The rudder primarily excites the
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Dutch roll mode. The Dutch roll caused by aileron deflection is caused by the yawing

moment from the control deflection. The Dutch roll response must be sufficiently

damped in order to produce good flying characteristics. The flying qualities criteria

Dutch roll have been specified by the Dutch roll undamped natural frequency, ωd,

and the damping ratio ζd. These criteria are specified in Table 22.

Table 22. Recommended Minimum Dutch Roll Frequency and Damping [1]

Level Flight Phase Category Class Min ζd Min ζdωd Min ωd

1

A
I, IV .19 .35 1.0
II, III .19 .35 .4

B All .08 .15 .4

C
I, II-C, IV .08 .15 1.0
II-L, III .08 .10 .4

2 All All .02 .05 .4
3 All All 0 - .4

The quantity ζdωd is the s-plane real-axis coordinate, and ωd is the distance from

the origin for complex roots. Together, these two parameters outline the area on

the s-plane in which the Dutch roll roots must lie. The results for the Dutch roll

mode for the five flight conditions are specified in Table 23. For Category A Flight

Phase, the T-41 contains Level 2 flying qualities, but it should be noted that at low

altitudes, it is quite close to reaching Level 1 flying qualities. For Category B and C

Flight Phases, the T-41 contains Level 1 flying qualities. Flying qualities associated

with good Dutch roll mode characteristics were seen at the lower altitudes. The roll,

spiral, and Dutch roll mode flying qualities were all consistently rated best at the

lower altitude, which coincides with the results from the longitudinal flying qualities

analysis.

By increasing the flight altitude, the natural mode characteristics started to de-

teriorate. Figures 45 and 46 provide an overall picture of the natural frequency and

damping ratio for both the longitudinal and lateral modes of motion. Both the natu-

ral frequency and damping ratios decreased with increasing altitude, deviating further
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Table 23. Dutch Roll Mode Specification Results

Altitude ζd ζdωd ωd
4000 ft 0.1722 .4046 2.3501
8000 ft 0.1604 .3557 2.2173
12000 ft 0.1490 .3113 2.0894
16000 ft 0.1380 .2715 1.9669
20000 ft 0.1277 .2362 1.8501

away from Level 1 flying qualities. The short period mode exhibited the greatest re-

duction in its damping ratio by approximately 20% climbing from 4,000 ft to 20,000

ft. All the poles for all five flight conditions were however stable lying on the left-half

plane of the root locus.
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4.3 Nominal Non-Precision Non-Aggressive Maneuver

Mission Task Elements (MTEs) provide a link to top level mission requirements.

“MTEs set expectations for precise control of an aircraft, define levels of aggressive-

ness required to adequately stress the system, and can provide provisions for environ-

mental conditions” [28]. As the maneuvers increase in aggressiveness and precision,

the aircraft deficiencies are illuminated. The maneuver analyzed in this investigation
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is a non-precision, non-aggressive maneuver.

A set of simulations have been performed to verify the the handling qualities

of the T-41 based on the requirements from MIL-STD-1797A. All the simulations

started at 0◦ latitude, 0◦ longitude and initiated the maneuver after 20 seconds of

trimmed flight. 250 seconds into the simulation, the maneuver was terminated and

the aircraft returned to straight level flight. The implemented autopilot is a series of

PID controllers as explained in Chapter III. During the autonomous flight, the vehicle

will perform three climbing spirals at various rates of climb and bank angles. The

purpose of this simulation is to verify whether the mission task can be accomplished

with a sufficient amount of control authority. The control system should not be

pushed to its limit for the non-precision, non-aggressive maneuver. Before analyzing

the coupled maneuvers, the climbing spiral will be decoupled into its two parts, one in

the longitudinal plane, and one in the lateral-directional plane. Once the simulations

in the longitudinal and lateral-directional plane are completed, the simulation of the

coupled maneuver will be presented.

4.3.1 Longitudinal Decomposition

The climbing spiral’s longitudinal component is composed of a straight wing level

climb at a constant rate of climb. Small, moderate, and large control inputs were

defined in the form of the rate of climb autopilot. Three separate simulations were

carried out at the desired rates of climb as shown in Table 24. This portion of the

climbing spiral was used to examine the rate of climb and velocity hold requirement

using the elevator and throttle controls. The lateral-directional requirements for bank

angle and sideslip angle were ignored for this maneuver.

The aircraft was successful in performing all three maneuvers with no noticeable

difficulty. Figure 47 shows the longitudinal component for all three maneuvers at the
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Table 24. Longitudinal Maneuvers

Maneuver Rate of Climb (ḣ)
1 4 ft/s
2 6 ft/s
3 8 ft/s

specified rates of climb at 4, 6, and 8 ft/s. All three maneuvers initially trimmed for

20 seconds to ensure that the aircraft was kept at level, unaccelerated flight. After

the trimmed flight, the aircraft commenced the climb and leveled out 250 seconds

into the simulation. Figure 48 shows how well the autopilot functioned in achieving

its desired rate of climb and velocity. The aircraft’s altitude and pitch angle are also

shown in Figure 48. The aircraft was successful in adjusting the controls to climb at

the specified rate and maintaining its velocity. Figure 49 shows the control initiation

and termination plots for the maneuver. As the aircraft continued its climb, the

throttle slightly increased in order to compensate for the thinner air. The elevator

deflected at the initiation and termination of the maneuver. Between the maneuver’s

initiation and termination, the elevator returned very closely back to its trimmed

configuration.

Table 25 shows the quantitative assessment of the maneuver using TIC and L2

norm. All the TIC values are below .25; hence, the autopilot did a sufficient job

at attaining and maintaining the desired values. It is important to note that the

small magnitude for the TIC values stems from the fact that besides the initiation

and termination of the maneuver, the aircraft is in steady flight. In other words,

the autopilot does an adequate job of maintaining the desired states throughout the

maneuver except during the transient initiation and termination periods; therefore,

small values of TIC were expected. As the maneuver’s rate of climb increased, the

TIC values and L2 norm values increased as well. The increasing TIC values signify

that the time histories between the desired and actual states are deviating away
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Figure 49. Climb Control Plots

from each other. The increasing L2 norm values represent the control’s increased

workload as the maneuver’s rate of climb increased. As expected, the autopilot was

not able to track the desired states as closely and the control workload increased

as the maneuver’s aggressiveness increased. Performance degradation and workload

escalation were associated with the more aggressive maneuvers.

Table 25. Evaluation of Nominal Climbing Maneuver

Climb TIC (ḣ) TIC (vt) L2 (δt) L2 (δe)
4 ft/s 0.02745 0.002167 0.0427 0.0047
6 ft/s 0.02808 0.003293 0.0649 0.0070
8 ft/s 0.02851 0.004456 0.0877 0.0092

4.3.2 Lateral-Directional Decomposition

The climbing spiral’s lateral-directional component is composed of a banked turn

at a constant altitude. Like in the longitudinal decomposition, three separate simula-
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tions were carried out at the desired bank angles as shown in Table 26. This element

of the climbing spiral was used to examine the bank angle and sideslip requirements

using the aileron and rudder controls. The longitudinal requirements were ignored

for this maneuver.

Table 26. Lateral-Directional Maneuvers

Maneuver Bank Angle (φ)
1 10◦

2 20◦

3 30◦

The maneuver was successfully implemented by the autopilot without much diffi-

culty. Figure 50 shows the lateral-directional performance maneuver at the specified

bank angles of 10◦, 20◦, and 30◦. As the maneuver’s bank angle increased, the turning

radius decreased. Like in the previous maneuver, the aircraft was trimmed for 20 sec-

onds to ensure that the aircraft was in level, unaccelerated flight. After trimming, the

aircraft banked while maintaining its altitude. Like in the longitudinal maneuver, the

maneuver ended at 250 seconds with the aircraft returning to straight and level flight.

Figure 51 shows the performance plots associated with the lateral mode of motion.

With increasing bank angle, the overshoot and settling time started to increase in

the bank angle’s response. In addition, the sideslip’s oscillation amplitude increased

as the maneuver’s bank angle increased. The control history used to obtain these

responses is shown in Figure 52. The ailerons deflected at the initiation and termina-

tion of the maneuver and returned back to its trimmed configuration in-between these

two points. As the maneuver’s bank angle increased, the rudder deflection increased

simultaneously. The rudder remained continuously deflected during the turn in order

to keep the sideslip angle constant throughout the entire turn.

Table 27 shows the quantitative assessment of the lateral maneuver. Since there

was no climb involved with the maneuver, the TIC values for velocity were much lower
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Figure 52. Bank Turn Control Plots

than in the longitudinal maneuver indicating that the velocity was tracked better for

the lateral maneuver. The L2 norm value for the rudder is larger than the ailerons

because the rudder has to stay continuously deflected during the turn. The ailerons

obtained a large deflection angle for a short amount of time as shown in Figures 52a

and 52b explaining the lower L2 norm value. With such large aileron deflections,

consideration has to be taken for position limiting. Upon initiation of the 30◦ banked

maneuver, the ailerons deflected 13.3◦, which is 89% of the ailerons’ deflection limit

of 15◦. On the other hand, the rudder had only reached a peak deflection of 1.2◦,

which is 8% of the rudder’s deflection limit of 16◦. It is insufficient to conclude that

the L2 norm values capture the control workload entirely. The deflection limits of the

various controls have to be investigated as well as the L2 norm values. In the lateral

maneuver, the aircraft had a sufficient amount of control authority to complete the

maneuver in a satisfactory manner; however, there is some concern about potentially
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saturating the position limits of the ailerons.

Table 27. Evaluation of Nominal Banking Maneuver

Bank TIC (vt) TIC (φ) L2 (δa) L2 (δr)
10◦ 0.0001102 0.02403 0.0093 0.0255
20◦ 0.0002187 0.02530 0.0179 0.0486
30◦ 0.0003387 0.02632 0.0262 0.0680

4.3.3 Climbing Spiral

Combining the longitudinal and lateral-directional maneuvers into a single coupled

maneuver, the resulting maneuver is a climbing spiral requiring the aircraft to climb

and bank simultaneously. Three separate simulations were done at the desired rates

of climb and bank angles as shown in Table 28. The coupled maneuver examined

the rate of climb, velocity, bank angle, and sideslip requirements using all available

controls.

Table 28. Coupled Maneuvers

Maneuver Rate of Climb (ḣ) Bank Angle (φ)
1 4 ft/s 10◦

2 6 ft/s 20◦

3 8 ft/s 30◦

The aircraft was able to successfully complete all three coupled maneuvers without

any significant difficulty. The three-dimensional view for all three climbing spirals is

shown in Figure 53. It is clearly evident that the more aggressive maneuvers had

a tighter turning radius as well as a higher final altitude than the less aggressive

maneuvers. The simulation was timed long enough in order to allow at least one

complete cycle of the climbing spiral for the least aggressive maneuver.

The aircraft was able to successfully implement the autopilot in reaching the

four desired setpoints as shown in Figure 54. The aircraft was able to reach and

maintain its commanded rate of climb, bank angle, velocity, and sideslip angle. As
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the maneuver increased in bank angle and rate of climb amplitude, the control surfaces

were deflecting further away from their trimmed values. The corresponding control

deflections for all three maneuvers are shown in Figure 55. While the results from the

longitudinal and lateral-directional maneuvers largely match the coupled maneuver,

there were some subtle differences. The throttle’s control overshoot had more than

doubled in the coupled maneuver due to the loss in velocity associated with a banked

maneuver as shown in Figure 55a. In the longitudinal maneuver, the throttle had

an overshoot of .75%, but in the coupled maneuver the throttle had an overshoot

of 1.65%. Further inspection of the graph, specifically the elevator deflection in

Figures 55c and 55d, reveals that the elevator does not return to its trimmed deflection

configuration throughout the maneuver like in the longitudinal maneuver. In the most
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aggressive maneuver, the elevator maintains a constant deflection of 3.1◦ without

returning back to its trimmed deflection of 4.3◦. Since there was banking involved

in the coupled maneuver, the elevator had to compensate for the loss in climb rate

stemming from the lateral component of the maneuver. In the coupled maneuver, the

controls have to account for the drop in airspeed and altitude with a banked turn.

Table 29 shows all the TIC and L2 norm values for the tracked autopilot values and

controls. The TIC values are all below 0.25; hence, the autopilot did a sufficient job at

attaining and maintaining the desired values. All the controls were not pushed to the

limit, noted by their low L2 norm values. In comparing the control effort, the throttle

had the largest L2 norm signifying that the throttle may be the limiting factor for

more advanced maneuvers. It can be seen from Figures 55a and 55b that the throttle

is positioned around 85% of its maximum limit for the climb at 8 ft/s and bank at

30◦. Overall, there is ample control authority to perform more aggressive maneuvers

as expected. Since this is considered a non-precision, non-aggressive maneuver, the

controls should not be overexerted. It is important to note that the aircraft response

is also dependent on the autopilot controller design.

Comparing the TIC and L2 norm values to the longitudinal maneuver, one may

expect that the TIC values for the climb would be lower than the climbing spiral;

however, this was not the case. Looking at the pitch angle, θ, in Figure 48c, the

overshoot and oscillation is noticeably less than the response for the coupled maneu-

ver in Figure 54c. It is speculated that the coupled maneuver’s rate of climb did

not overshoot as much due to the loss in altitude and velocity associated with the

coupled maneuver. The throttle and elevator controls had a higher workload in the

coupled maneuver than in the longitudinal maneuver. Upon comparison with the

lateral maneuver, the TIC values for bank angle were higher than the values for the

lateral maneuver, revealing that it was harder to track the bank angle in the coupled
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maneuver. Examining the L2 norm values for the lateral controls, the aileron con-

trol surfaces accomplished the climbing spiral with a higher workload; however, the

rudder had a lower workload at the higher bank angle maneuvers. In this maneuver,

more effort is to be made on focusing on the ailerons than the rudder. Taking that

into account, this has verified that a coupled maneuver should involve more control

effort than a lateral-directional maneuver. The flight control system was not pushed

to its limit, thus allowing ample control authority for more aggressive and precise

maneuvers.

Table 29. Evaluation of Nominal Climb Spiral Maneuver

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .02692 .002173 .02409 .0430 .0064 .0097 .0256
6 ft/s 20◦ .02699 .003335 .02538 .0659 .0196 .0187 .0483
8 ft/s 30◦ .02702 .004575 .02641 .0905 .0445 .0276 .0668

From these simulations, the best results were obtained for the minimum rate of

climb and bank angle. As the maneuver increases in its aggressiveness, the flight

control system is working harder to minimize the tracking error. One consideration

worth noting is that excessive control compensation may induce an oscillatory re-

sponse. If it becomes severe enough, it may cause the aircraft to enter a limit cycle

oscillation. The flying qualities are analyzed separately through the longitudinal and

lateral modes of motions. The decomposition of this maneuver included a climb in

the longitudinal plane and a banked turn in the lateral-directional plane. The coupled

maneuver combined the two maneuvers into a climbing spiral. These three maneu-

vers formed the nominal baseline for later use in comparison purposes. The following

sections will start an investigation in varying the stability and control derivatives and

comparing it to these nominal cases.
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4.4 Effect of Variation of Longitudinal Stability and Control Derivatives

Following the nominal longitudinal, lateral-directional, and coupled simulations,

cases with variation in stability derivatives in their respective modes of motion were

simulated in JSBSim. In this section, the longitudinal plane will be analyzed by vary-

ing key parameters that affect the longitudinal plane. The performance maneuver for

these cases involved trimming the aircraft and then climbing with wings level, thus

investigating the longitudinal plane only. The flying qualities analysis was compared

to the various simulation cases. The flying qualities level of the aircraft was deter-

mined according to requirements for manned aircraft in MIL-STD-1797A. For the

longitudinal cases in this section, particular attention was focused on requirements

on the phugoid and short-period modes of motion, which are divided into three levels

of flying qualities.

4.4.1 Pitch Damping Case

The first change made was to the pitch damping by varying the stability derivative,

Cmq . This change prompted a change in the pitch response as shown in Figure 56.

With less pitch damping, the responses for the rate of climb and pitch angle become

oscillatory as expected. When this case is applied, the response is much quicker

due to the low damping; however, the aircraft’s performance is not as smooth as

before. The controls shown in Figure 57 reflect the same trend with the elevator

oscillating back and forth in order to compensate for the quick response. Due to

the oscillatory response, the flight control system may be in danger of rate limiting.

Figures 57c and 57d show that the flight control system started to exhibit rate limiting

nonlinearities with large elevator control inputs.

Figures 58 and 59 show the performance and control plots for the same maneuver

with the pitch damping increased by an order of magnitude. It is clearly evident
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from these figures that the response is much slower with increased pitch damping.

The rate of climb response shown in Figure 58a reached its steady-state value after

approximately eight seconds, nearly doubling the case with decreased pitch damping,

which reached its steady-state value within four seconds as shown in Figure 56a. With

increased damping, it takes much longer for the responses to reach their steady-state

values.

The quantitative evaluation of both maneuvers was compared to the nominal

maneuver using TIC and L2 norm as shown in Figure 60. Tables showing the TIC

and L2 norm values are located in Appendix C. It was observed that with less pitch

damping, the response became quicker at the cost of oscillations. That quickness

resulted in lower TIC values than in the nominal case, verifying that the aircraft

achieved better tracking performance with lower pitch damping; however, the elevator

had to work slightly harder than in the nominal longitudinal case. The throttle

control effort is very similar to the nominal case, revealing that the elevator is most

affected by the pitch damping. The trend observed in Figure 60 is that as the pitch

damping increased, the TIC values for the rate of climb and the L2 norm values

for the elevator increased as well. Heavier pitch damping resulted in loss of aircraft

tracking performance for the rate of climb. The TIC values for the rate of climb has

almost doubled for the case of increased pitch damping due to the sluggish response.

The elevator control effort has more than doubled as well since the elevator works

for a longer period of time stemming from the sluggish response as well. The TIC

for velocity, however, remains quite similar. The throttle workload, although slightly

higher, remains very similar for the maneuver. In both cases for the variation in pitch

damping, the effect was primarily on the rate of climb tracking and elevator workload.

The effect of stability derivatives on aircraft performance for the longitudinal

motion are presented in Table 30, specifically the effect on the damping ratios and
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Variation

natural frequencies. The maximum amount that the stability derivatives are increased

or decreased is by one order of magnitude; however, if a value shows extreme trends

for the damping ratios or natural frequencies, the stability derivative was not changed

by that order. The effect of variation of longitudinal stability derivatives matches the

trend described by Blakelock previously shown in Table 11. As Cmq was increased,

the damping was increased as well, affecting the damping of the short period the

most.

Comparing the short-period damping ratio to requirements in MIL-STD-1797A

in Table 31, the case with decreased pitch damping obtained Level 1 flying qualities;

however, the case with pitch damping increased by an order of magnitude obtained

Level 3 handling qualities. The sluggish behavior caused by heavy damping is undesir-

able by manned piloted aircraft. The comparisons between the simulation and flying
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Table 30. Effect of Variation of Cmq on Longitudinal Motion

Stability Derivative Change ζsp ωsp ζp ωp
Cmq x10 4.38 10 .29 .11

x4 1.29 10 .19 .15
x2 .86 8.82 .15 .18
x1

2
.65 6.89 .12 .23

x1
4

.61 6.55 .11 .24
x 1

10
.58 6.33 .10 .25

qualities evaluation both point towards obtaining lower pitch damping for enhanced

aircraft performance. With lower damping came quicker responses which eventually

resulted in better tracking. With higher damping ratios, the flying qualities evaluation

labeled it as obtaining Level 3 handling qualities. The aircraft was able to successfully

execute the maneuver, albeit much slower. The control workload was also lower for

the smaller pitch damping case. The problem that the lower pitch damping presents

is the oscillations associated with it. The MIL-STD-1797A requirements are however

based on pilot control feel such as the force and deflection characteristics of the con-

trol stick which do not pertain to UAVs. As long as the oscillations do not interfere

with the task to a significant degree, it is more desirable for the UAV to have lower

values of pitch damping, which was confirmed by the lower TIC values and flying

qualities level specified by MIL-STD-1797A. How hard the flight control system is

working does not matter as much but what does become a concern is how fast the

control surfaces are moving. As the rate of climb increases with each maneuver, the

elevator shows the beginning signs of rate limiting as shown in Figures 57c and 57d.

Table 31. Short Period Damping Ratio Limits [1]

Level
Cat. A,C Flight Phase Cat. B Flight Phase
Min Max Min Max

1 .35 1.30 .30 2.0
2 .25 2.0 .20 2.0
3 .15 no limit .15 no limit
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4.4.2 Static Pitch Stability Case

After completing the pitch damping cases, the cases for the static pitch stabil-

ity, Cmα , were run. The pitch stability is an important aspect in the longitudinal

stability of an aircraft, ultimately affecting the flight control system. Some modern

fighters such as the F-16 are intentionally designed to be unstable in order to improve

maneuverability. The computerized flight control system deflects the elevator control

surface to provide the artificial stability. “The Cessna 172 has a static stability of

about 19%” which is an immense benefit in pilot training [43]. Aircraft that are too

stable, however, take considerable time and effort to change their course, taking away

from their maneuverability. A fine balance between stability and maneuverability

needs to be struck without compromising away from one area too much.

The performance and control plots for the decreased static pitch stability case are

shown in Figures 61 and 62 respectively. It is evident from Figures 61a and 61b that

decreasing the static pitch stability resulted in some minor oscillations but not as

severe as in the case of decreased pitch damping. The corresponding elevator control

history in Figures 62c and 62d show the fluctuation as well. The reduction in static

pitch stability led to quicker response times but induced an oscillatory response. On

the contrary, the increase in static pitch stability saw longer deflection times followed

by slower response times as seen in the performance and control plots in Figures 63

and 64. The rate of climb settling time more than doubled to eight seconds as seen in

Figure 61a compared to the previous adjustment with a settling time of three seconds.

These observations are in line with the previous increased pitch damping case that

more stable platforms and heavier damping results in slower dynamic responses.

The quantitative evaluation of the results are shown in Figure 65 comparing the

static pitch stability cases with the nominal case. The TIC and L2 norm values are

tabulated in Appendix C. From Figure 65, it is evident that as the stability coefficient,
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Figure 63. Longitudinal Maneuver: Cmα
x 10 Performance Plots
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Cmα , decreased, the aircraft became more unstable allowing quicker responses in the

aircraft; however, the elevator has to compensate for that, which may lead to rate

limiting. This was verified by the lower TIC values for this case against the nominal

climbing maneuver. Comparing this case with the pitch damping case, the case with

the lowered pitch damping had a lower TIC value for rate of climb as well as a lower

elevator workload. It is therefore more beneficial to decrease pitch damping rather

than static pitch stability from a performance and workload standpoint.
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Figure 65. Longitudinal Maneuver: Performance and Workload Comparison of Nomi-
nal and Cmα

Variation

Another interesting point to notice is that when the static pitch stability was

increased by an order of magnitude, there was a noticeable increase in the workload

for the elevator and throttle, with the elevator’s workload over seven times more

than that of the nominal case. Upon examination of the elevator control history, the

elevator was initially trimmed at -8◦ and going as far as -16◦ for the most aggressive
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maneuver. This unusually high deflection angle associated with a very stable platform

may lead to position limiting. Overall, the case of the increased static pitch stability

resulted in the worst tracking performance and highest workload for the flight control

system. Increasing Cmα resulted in the worst-case scenario that can become a concern

when performing coupled or more aggressive maneuvers.

Blakelock stated that the quantity most affected by the stability derivative, Cmα ,

was the short-period natural frequency. Increasing Cmα would increase the short-

period natural frequency as described in Chapter III. That trend is verified in Ta-

ble 32. The range for the short-period natural frequency varies from 3.15 rad/s to

10 rad/s. Comparing this range to the case for the variation in pitch damping in

Table 30, the natural frequency ranges from 6.33 rad/s to 10 rad/s, which verifies

Blakelock’s statement, thus the most influential parameter on the short-period mode

natural frequency is the static pitch stability.

Table 32. Effect of Variation of Cmα
on Longitudinal Motion

Stability Derivative Change ζsp ωsp ζp ωp
Cmα x10 .17 10 .12 .26

x4 .32 10 .11 .25
x2 .56 9.75 .12 .24
x1

2
.87 6.01 .15 .17

x1
4

.98 4.88 .19 .14
x 1

10
1.18 3.15 .25 .10

Comparing the short-period damping ratio to requirements in MIL-STD-1797A

in Table 31, the case with Cmα decreased by an order of magnitude obtained Level

1 flying qualities; however, the case with Cmα increased by an order of magnitude

obtained Level 3 handling qualities. Since the phugoid damping ratios were all greater

than .04, Level 1 flying qualities was attained for the phugoid mode for all variations.

The simulation reinforced the assumption that the more agile aircraft was able to

track the rate of climb better although it obtained Level 2 flying qualities pointed out
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from MIL-STD-1797A. The case with Cmα increased by an order of magnitude was

able to successfully perform the maneuver without any significant problems, although

at a much slower response noted by the higher TIC values. From a performance

standpoint, the requirements of static stability can be relaxed without degrading the

aircraft’s flying qualities.

4.4.3 Elevator Control Power Case

Cmδe is the primary control derivative for the longitudinal axis. Also known as the

elevator effectiveness, Cmδe relates the elevator deflection to its influence on pitching

moment. “If the absolute value of the derivative is higher, then for a given deflection,

more moment is generated. This can be regarded as higher control sensitivity for a

given moment of inertia” [42]. During the design of the aircraft, Cmδe is a key design

parameter for specifying the longitudinal axis control power. In typical convention,

the more negative the parameter is, the more control effectiveness there is. It relates

to the control authority to do a mission task such as the ability to generate sufficient

forces and moments on the vehicle dictated by the sizing of the control surface. More

elevator control power means more effective control in generating the pitch moment

for the aircraft. It is important to note that unstable platforms will require more

control power than stable platforms.

The aircraft must have sufficient elevator effectiveness to trim in flight and some

additional elevator authority must be available for control. As the elevator control

effectiveness was increased, then for a given deflection, more pitching moment is

generated. The oscillations associated with higher control sensitivity are shown in

Figures 66 and 67 in the rate of climb response and elevator history. Due to the

higher control sensitivity, the elevator oscillates as it reaches its steady-state value.

It is important to note that due to the increased effectiveness, the elevator trimmed
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Figure 66. Longitudinal Maneuver: Cmδe
x 3 Performance Plots
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Figure 68. Longitudinal Maneuver: Cmδe
x 3

4 Performance Plots
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out closer to its neutral position at 1.4◦ compared to the elevator deflection in the

nominal case at 4.3◦. For a given deflection, there is a larger influence on the pitching,

thus the elevator does not have to deflect as much as the nominal case.

The increased elevator effectiveness modification responses are shown in the per-

formance and control plots in Figures 68 and 69. In comparison to the case with the

decreased elevator effectiveness trimmed at 1.4◦, the elevator was trimmed further

away from its neutral position at 5.9◦ as shown in Figure 69a. As the control effec-

tiveness gets continually decreased, the elevator may not generate enough pitching

moment which may drive the elevator to hit its position limit, thereby degrading

aircraft performance. An apparent loss of control effectiveness deceives the control

system into making larger command inputs. Also with less control effectiveness, there

is not as much available power to perform more aggressive maneuvers.

The performance and control workload for the variation in elevator effectiveness

were compared to the nominal case. Figure 70 compares the TIC and L2 norm values

for each simulation to the nominal case. As the elevator effectiveness increased, the

TIC for rate of climb decreased. These results confirmed the observation that as the

control effectiveness is increased, the aircraft’s performance is enhanced; however,

a negative consequence associated with increased elevator effectiveness is increased

workload due to the oscillations. The elevator has to work harder to compensate for

the increased effectiveness shown by the L2 norm values. The throttle control also

experiences an increased workload trend when the elevator effectiveness is increased.

The longitudinal response characteristics are related to its stability derivatives.

For an aircraft performing gentle maneuvering tasks, it may be realistic to define

lower effectiveness requirements; however, this does not account for more aggressive

maneuvering, disturbances, or failure modes. While the control power is coupled

with the capability of an aircraft to perform a maneuver, it does not have a great
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Figure 70. Longitudinal Maneuver: Performance and Workload Comparison of Nomi-
nal and Cmδe

Variation

bearing on the short-period and phugoid modes as shown in Table 33. The elevator

effectiveness does not have as great an effect as the pitch damping and static pitch

stability on the longitudinal modes of motion which are used to evaluate the flying

qualities. Based on the phugoid and short-period damping ratio requirements, all

the case variations of the elevator effectiveness presented in Table 33 have Level 1

flying qualities. From the longitudinal cases, the change in the elevator effectiveness

obtained the closest tracking to the desired rate of climb without affecting the short-

period and phugoid modes of motion. In exchange for the lowest TIC value for

rate of climb, the elevator workload was the highest with oscillations worse than

the pitch damping case. Although increasing the elevator effectiveness resulted in the

lowest TIC values while maintaining Level 1 flying qualities, an unexpected result that
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came about is that the flight control system became the limiting factor. Excessive

control compensation induced an oscillatory response while the opposite case became

a concern for hitting position saturation limits.

Table 33. Effect of Variation of Cmδe
on Longitudinal Motion

Stability Derivative Change ζsp ωsp ζp ωp
Cmδe x3 .7254 7.5494 .1230 .2108

x2 .7255 7.5526 .1246 .2106
x3

4
.7258 7.5680 .1333 .2093

x1
2

.7261 7.5793 .1412 .2081

4.5 Effect of Variation of Lateral-Directional Stability and Control Deriva-

tives

In this section, the lateral-directional plane will be analyzed varying key param-

eters that affect the lateral mode of motion. The lateral maneuver performed in the

simulation is the banked turn at three specified bank angles of 10◦, 20◦, and 30◦ while

maintaining its altitude. Major stability derivatives in the lateral-directional plane

were varied to see their effects on the simulation and flying qualities. The criteria

for the level of flying qualities was based on the requirements for manned aircraft in

MIL-STD-1797A for the various lateral modes.

4.5.1 Roll Damping Case

Recall that for the pitch damping case, there was a relationship between the pitch

damping derivative, Cmq , and the short-period damping, ζsp. Similarly, the rolling

damping derivative, Clp , plays a major part in the roll response of the aircraft. Fig-

ure 71 reveals the effect of lowered pitch damping on the three performance responses.

Due to the lowered damping, oscillations appear in the step response; however, it was

able to reach its steady-state value quickly. The aileron and rudder controls for the
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simulation are shown in Figure 72. The aileron control attains the triangular pattern

associated with rate limiting for the 30◦ bank angle maneuver in Figures 72a and 72b.

It becomes readily apparent that as the maneuver’s bank angle increases, the effects

of rate limiting became more noticeable.

In the case of increased roll damping by an order of magnitude, similar trends were

found as in the increased pitch damping case. As the responses show in Figure 73,

it takes much longer for the aircraft to reach its steady-state bank angle due to the

increased damping. The responses are much slower, which can also be verified by

the control history shown in Figure 74. It can be seen that the roll control does

need to work as hard especially when simulating the maneuver with the largest bank

angle. The ailerons have reached the maximum deflection limits, shown by the flat

line trend at the start and end of the maneuver shown in Figures 74a and 74b. The

increased damping has caused a slower response in the aircraft’s performance causing

the controls to work for a longer period of time. It appears that small values of Clp

are more desirable than large ones because the aircraft will respond more quickly to

a given aileron input.

In the evaluation of the simulations shown in Figure 75, there was a definite trend

relating performance and workload. As the roll damping increased, the aircraft’s

performance degraded and the control workload increased. Considering the bank

angle’s TIC values almost doubled for the increased roll damping case, the increased

roll damping had a significant effect in degrading the aircraft’s performance. The

aileron control experienced the greatest increase in workload when the roll damping

was increased by an order of magnitude as shown by the L2 norm values. The aileron

workload was almost four times that of the nominal case. Correspondingly, the bank

angle’s TIC value was nearly doubled. Meanwhile, the rudder control experienced a

slight increase, but not comparable to the increase experienced by the ailerons. The
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Figure 71. Lateral Maneuver: Clp x 1
10 Performance Plots
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Figure 73. Lateral Maneuver: Clp x 10 Performance Plots
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velocity TIC values were quite insignificant for this maneuver because the aircraft was

maintaining its altitude in steady flight. The change in roll damping mainly affected

the roll performance and aileron workload as expected. The trends seen for the roll

damping case were similar to its counterpart in the pitch damping case.
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Figure 75. Lateral Maneuver: Performance and Workload Comparison of Nominal and
Clp Variation

Recall that Blakelock stated that the quantity most affected by the stability deriva-

tive, Clp , was the roll mode time constant, Tr. As the roll damping was increased, 1
Tr

would increase as well, verified in Table 34. In order to attain Level 1 flying qualities

for the roll axis, the recommended maximum value for Tr is 1.0 s for Flight Phase

Category A. From the results, all variations of the rolling damping attained Level 1

flying qualities for the roll mode. A LOES was not successfully fit to the data for

the cases where the roll damping was increased by an order of magnitude; however,

the trends give insight that it would still be below 1.0 second. The roll subsidence
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mode is caused by the high roll damping effect of the wing. The roll time constant

mostly affects roll subsidence; therefore, governing the entry to, and exit from, rolling

motion. Although the case of low roll damping resulted in better tracking of the bank

angle, the roll mode time constant increased, pushing it closer to Level 2 flying qual-

ities. When considering the roll mode, the mission tasks can tell far more about the

genuine capabilities of the aircraft rather than the published requirements. A flight

computer in a UAV can be designed to tolerate longer roll mode time constants, TR,

than those rated acceptable by a pilot. While the human operator needs to feel the

physical feedback from the input commands, the flight computer does not.

Although the roll mode time constant was most affected by the roll damping,

an examination of the Dutch roll mode and spiral mode provides another aspect

of the flying qualities examination. When the roll damping was multiplied by two,

the Dutch roll mode obtained properties of Level 1 flying qualities by meeting the

minimum requirements for ζd, ζdωd, and ωd, which are shown in Table 22. As the

roll damping decreased, the Dutch roll mode flying qualities started to degrade. In

the case of decreasing the roll damping by an order of magnitude, the Dutch roll

mode flying qualities are now considered borderline Level 3 flying qualities. The

quantitative assessment of the simulation and flying qualities specifications did not

match for the roll damping case. As the maneuver was tracked more closely, the flying

qualities veered towards Level 2 and 3 flying qualities in terms of the roll mode and

Dutch roll mode respectively.

Table 34. Effect of Variation of Stability Derivatives on Lateral Motion

Stability Derivative Change ζd ωd Tr Ts
Clp x2 .20 2.26 .0068 114.5

x1
2

.12 2.40 .35 28.98
x1

4
.062 2.37 .52 17.52

x 1
10

.018 2.31 .76 10.79
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4.5.2 Aileron Control Power Case

Clδa is the change in rolling moment coefficient with change in aileron deflection,

which is commonly referred to as the aileron effectiveness. “As far as lateral dynamics

are concerned, the derivative Clδa is most important of the control surface derivatives.

The aileron effectiveness in conjunction with the damping in roll (Clp) establishes the

maximum available rate of roll of an airframe” [17]. The effectiveness of the ailerons is

especially important in the terminal phases of the aircraft during takeoff and landing

where adequate lateral control is essential in the face of gust disturbances which roll

the aircraft. Special attention must be paid to the aileron effectiveness for analysis

as well as their context in flying qualities.

The same trends occured for the lateral and directional control derivatives as in

the longitudinal control derivatives. “If the absolute value of these derivatives is

higher, then for a given deflection, more rolling and yawing moments are generated.

This is regarded as higher control sensitivity for a given moment of inertia” [42].

As stated in Chapter III, only the aileron control effectiveness, Clδa , was varied and

was analyzed for this case. With modifications in the aileron effectiveness, the focus

will be primarily on the bank angle tracking performance and aileron workload. The

performance and control plots for both increased and decreased aileron effectiveness

are presented in Figures 76 to 79. In the maneuver bank at 30◦, the increased aileron

effectiveness reduced the overshoot in the bank angle response to 6% compared to the

overshoot of 11% in the decreased aileron effectiveness case. A similar trend for the

increased aileron effectiveness case to that seen in the increased elevator effectiveness

case was that the aileron controls were more prone to rate limiting as shown in

Figures 77a and 77b. The sharp saw-tooth pattern is clearly evident in the aileron

response in the effort to reach the desired states quickly.

For the decreased aileron effectiveness case, limiting on position limits became a
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parameter of interest. For the maneuver banked at 30◦, the ailerons were deflected

at 14.15◦, close to their position limit of 15◦ as shown in Figures 79a and 79b. Both

the decreased elevator and aileron effectiveness cases displayed high deflection angles,

either hitting or coming close to their control surface’s position limit.

As with the other variations, the performance and workload for the three lateral

maneuvers were quantified. Figure 80 shows the comparison between the aileron

effectiveness cases and the nominal case. Tables showing the TIC and L2 norm values

are collected in Appendix D. Once again, the bank angle’s TIC values decreased as the

aileron effectiveness increased like in the elevator effectiveness case. The aircraft was

able to track the bank angle more closely than in the nominal case when the aileron

effectiveness increased, noted by the lower TIC values; however, the lateral controls

had a lower workload than in the nominal case. In contrast, as the aileron effectiveness

decreased, the TIC value was larger than in the nominal case, which is a signal that

the bank angle was not tracked as closely throughout the maneuver. For this case, the

workload trend departed from that of the elevator effectiveness case. A new trend can

be identified for the lateral case, where the lateral controls workload decreased with

increasing control effectiveness. The opposite was true for the elevator effectiveness

case in the longitudinal plane. Due to the difference in workload trend for the control

effectiveness cases, the agreement of the workload trends in the longitudinal and

lateral plane is in question. What remains consistent between the elevator and aileron

effectiveness cases are the trends for TIC in evaluating the aircraft’s performance.

The control effectiveness of the ailerons had the greatest effect on the roll mode

time constant as shown in Table 35. The Dutch roll damping ratio and natural fre-

quency did not vary as much as in the previous cases. As the the aileron effectiveness

was decreased, the roll mode time constant approached Level 2 flying qualities. In

other words, as the ailerons became less effective in generating the aircraft’s roll re-
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Figure 80. Lateral Maneuver: Performance and Workload Comparison of Nominal and
Clδa

Variation

sponse, the predicted flying qualities became worse as well. Another trend confirmed

by this case is that as the aileron effectiveness decreased, the spiral mode became

more unstable as well. Table 35 reveals another trend about the flying qualities for

the Dutch roll mode. Once again, as the aileron effectiveness decreased, the Dutch

roll damping ratio decreased resulting in less desirable characteristics. There was a

recognizable trend in the control effectiveness that as the ailerons became less effec-

tive, the lateral flying qualities suffered as well. Overall, the lateral flying qualities

were kept relatively constant matching the behavior exhibited by the longitudinal

control power case. For UAVs engaged in missions not requiring aggressive maneu-

vers, the roll effectiveness requirements would be minimal. In the task that the UAV

does require aggressive maneuvering, the requirements on the roll effectiveness would
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be a driving force in the requirements.

Table 35. Effect of Variation of Clδa
on Lateral Motion

Stability Derivative Change ζd ωd Tr Ts
Clδa x3 .1749 2.3442 .1818 50.06

x2 .1746 2.3455 .1903 50.65
x3

4
.1693 2.3490 .3464 60.18

x 6
10

.1672 2.3401 .5556 70.31

4.6 Effect of Variation of Single Stability or Control Derivative on Cou-

pled Maneuver

Following the longitudinal and lateral analysis, the next set of simulations was

to examine the effect of varying only one stability derivative during the simulation

of the coupled maneuver, the climbing spiral. These results were compared to the

previous results in the longitudinal and lateral maneuver. The variation of the lon-

gitudinal stability derivatives will be presented first followed by the variation in the

lateral stability derivative. This section will conclude with the individual variation of

the control derivatives in the coupled maneuver. The criteria for the level of flying

qualities was based on the requirements for manned aircraft in MIL-STD-1797A for

both the longitudinal and lateral-directional modes. While these cases varied a sin-

gle derivative in the coupled maneuver, similar results and patterns to the previous

cases were found. The performance and control plots for these prescribed cases are

presented in Appendix E. The tables containing the quantitative assessment of the

maneuvers using TIC and L2 norm values are collected in Appendix E as well.

4.6.1 Pitch Damping Case

Recall that in the pitch damping case for the longitudinal plane maneuver, a

decrease in the pitch damping resulted in better performance but at the cost of os-
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cillations with an increased elevator workload. The throttle control effort remained

largely unaffected by the pitch damping. Figure 81 presents the quantitative assess-

ment of the coupled maneuver for the cases of both decreased and increased pitch

damping. Both longitudinal and lateral performance and workload assessments are

now included.
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Figure 81. Coupled Maneuver: Performance and Workload Comparison of Nominal
and Cmq

Variation

Continuing the trend as seen in the pitch damping case in the longitudinal ma-

neuver, the aircraft’s performance in tracking rate of climb worsened and elevator

workload increased as the pitch damping increased. As expected, the aircraft was

able to track the rate of climb closer throughout the maneuver than in the nominal

case with decreased pitch damping, noted by the lower TIC values. The TIC values

for the bank angle were slightly lower than in the nominal case but were largely unaf-
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fected. The elevator workload was also lower; however, as the maneuver became more

aggressive, the elevator saw the beginning signs of rate limiting. Due to the faster re-

sponse, the control surfaces worked for a shorter period of time. The aileron workload

and rudder workload remained almost identical as in the nominal case because there

was no variation in the lateral-directional stability derivatives. An important obser-

vation made in this case is that the longitudinal stability derivative did not largely

affect the lateral control of the ailerons and rudder.

The same comparisons were then made for the case of increased pitch damping.

Recall that an increase in the pitch damping created a much more sluggish response

and a control effort that almost doubled. This observation held true for over all three

maneuvers in the coupled case. It is apparent from Figure 81 that the TIC value for

rate of climb nearly doubled capturing the trend that as the damping increased, the

aircraft was unable to track the rate of climb as closely as in the nominal case. An in-

teresting observation was the dramatic increase in elevator workload as the maneuver

became more aggressive. In the most aggressive maneuver, the elevator’s workload

was nearly four times the amount as in the nominal case. Comparing this to the

longitudinal maneuver with increased pitch damping, the elevator workload is almost

an order of magnitude higher, signifying a dramatic increase in elevator workload

for coupled maneuvers. As in the case of decreased pitch damping, the workload for

the ailerons and rudder remain largely unaffected since only the longitudinal stability

derivative was changed.

The effect of the variation of pitch damping on only the longitudinal flying qualities

have already been presented. In that simulation, the variation of the pitch damping

largely affected the longitudinal tracking and elevator workload with minimal impact

on the lateral plane. This trend is verified in Table 36 where the lateral parameters

stayed relatively constant. According to MIL-STD-1797A, the roll mode time con-

137



stant and spiral mode classify the aircraft as having Level 1 flying qualities and the

Dutch roll mode damping ratio classify the aircraft as having Level 2 flying qualities.

It is however quite close to reaching the requirements for Level 1 Dutch roll mode

flying qualities. The key observation made here is that the lateral flying qualities

stay constant as the longitudinal stability derivative varies. The parameter most af-

fected was a longitudinal parameter, the short-period damping ratio as predicted by

Blakelock.

Table 36. Effect of Variation of Cmq
on Coupled Motion

Stability Derivative Change ζsp ωsp ζp ωp ζd ωd Tr Ts
Cmq x10 4.38 10 .29 .11 .17 2.35 .250 59.90

x4 1.29 10 .19 .15 .17 2.35 .249 56.08
x2 .86 8.82 .15 .18 .17 2.35 .250 54.96
x1

2
.65 6.89 .12 .23 .17 2.35 .254 54.67

x1
4

.61 6.55 .11 .24 .17 2.35 .256 54.71
x 1

10
.58 6.33 .10 .25 .17 2.35 .256 54.76

4.6.2 Static Pitch Stability Case

The second case of simulations run in this series was the variation in static pitch

stability. Remembering the trend from the case of static pitch stability in the longi-

tudinal plane, Cmα affected the TIC value for rate of climb and the elevator workload.

The calculated TIC and L2 values for the simulations are collected and compared in

Figure 82. As anticipated, the decreased static pitch stability resulted in a lower TIC

value for rate of climb, which improved the aircraft’s tracking performance. The ele-

vator workload has also decreased naturally because the elevator works for a shorter

amount of time stemming from the aircraft’s improved maneuverability. Like in the

previous case, the control surfaces in the lateral-directional plane remained minimally

impacted by the change in the static pitch stability.

Naturally, the increase in stability took away from the aircraft’s maneuverability
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Figure 82. Coupled Maneuver: Performance and Workload Comparison of Nominal
and Cmα Variation

resulting in higher TIC values and larger control efforts. For the maneuver with a rate

of climb of 8 ft/s and bank angle of 30◦, the aircraft was unsuccessful in completing

the maneuver. The rate of climb TIC value of 0.41 reveals that the control system was

unsuccessful at obtaining the desired rate of climb. In order to confirm an accurate

performance of the maneuver, the TIC value must be less than 0.25. In addition, the

L2 norm value for the elevator of 0.71 reveals a high control effort throughout the

maneuver. This confirms that the increased static pitch stability was the cause of the

aircraft’s unsuccessful coupled maneuver. By having the aircraft too stable, the flight

control system was burdened with overcoming the large margin of static stability for

the coupled maneuver.
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Examining the flying qualities in Table 37, the lateral flying qualities remained

largely constant as in the previous case with pitch damping. The simulation also

confirmed that the lateral controls remained quite identical to the nominal case. The

spiral mode was the most affected lateral parameter but its flying qualities still classi-

fied it as having Level 1 characteristics. The longitudinal parameters were affected by

the static pitch stability, especially the short period frequency ranging from 3.15 to 10

rad/s. Overall, the longitudinal flying qualities and maneuver performance improved

with decreasing static pitch stability and the lateral plane remained unperturbed.

Table 37. Effect of Variation of Cmα on Coupled Maneuver

Stability Derivative Change ζsp ωsp ζp ωp ζd ωd Tr Ts
Cmα x10 .17 10 .12 .26 .18 2.36 .23 76.00

x4 .32 10 .11 .25 .17 2.35 .25 62.34
x2 .56 9.75 .12 .24 .17 2.35 .25 58.47
x1

2
.87 6.01 .15 .17 .17 2.35 .25 50.08

x1
4

.98 4.88 .19 .14 .17 2.35 .24 46.99
x 1

10
1.18 3.15 .25 .10 .17 2.35 .24 57.70

4.6.3 Roll Damping Case

Similar to the pitch damping case analysis, the roll damping case in the coupled

maneuver was examined and compared to the flying qualities from the linearized

model. The calculated TIC and L2 values for the roll damping cases are presented

in Figure 83. Like in the lateral plane maneuver, the TIC value for the bank angle

is lower than its nominal case with decreased roll damping, while the TIC for the

rate of climb was relatively identical to its value in the nominal case. Recall that

in the decreased pitch damping case, the workload for the longitudinal control was

lower than in the nominal case and the workload for the lateral control remained

largely unaffected. In the case for decreased roll damping, the lateral control workload

remained lower than in the nominal case and the longitudinal controls were duplicated
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from the nominal case.
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Figure 83. Coupled Maneuver: Performance and Workload Comparison of Nominal
and Clp Variation

Decreased damping resulted in a faster response, making the response more sus-

ceptible to fluctuations which may be subject to rate limiting. Conversely, increased

damping slowed the response. It is important to set the damping no higher than re-

quired, or the response may become too slow to be considered at a satisfactory level.

In the case of increased roll damping, the TIC values for the bank angle were higher

than in the nominal case and the ailerons’ workload was over three times the amount

than that in the nominal case. Some general conclusions can be made at this point

from the various cases. A change in either the longitudinal or lateral plane mostly

affects the response and flight controls in that plane, even in a coupled maneuver.

It is apparent from Table 38 that the trends reflected in the simulation cases were
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also present in the linearized model. The short-period and phugoid mode were nearly

identical in all four cases, verifying that the longitudinal flying qualities were largely

unaffected by the change in the lateral stability derivative. Based on the short period

damping ratio and phugoid damping ratio, the aircraft has Level 1 flying qualities in

the longitudinal plane. The Dutch roll mode, roll mode time constant, and time to

double for the spiral mode were all affected by the variation of the roll damping like

in the previous roll damping cases. The parameter most affected by the roll damping

was the roll mode time constant as predicted by Blakelock.

Table 38. Effect of Variation of Stability Derivatives on Coupled Maneuver

Stability Derivative Change ζsp ωsp ζp ωp ζd ωd Tr Ts
Clp x2 .73 7.56 .13 .21 .20 2.26 .0068 114.5

x1
2

.73 7.57 .13 .21 .12 2.40 .35 28.98
x1

4
.73 7.57 .13 .21 .062 2.37 .52 17.52

x 1
10

.73 7.56 .13 .21 .018 2.31 .76 10.79

4.6.4 Elevator Control Power Case

In the previous sections involving the elevator effectiveness, Cmδe , it was shown

that the elevator effectiveness affected the simulation response but not the longitudi-

nal flying qualities enough in order to degrade it to the next level. As the effectiveness

increased, the aircraft’s performance improved, but it came at the danger of poten-

tially rate limiting. On the other hand, as the effectiveness decreased, the control

surfaces were unable to generate enough moment with a given deflection and were

potentially in danger of hitting position limits. Figure 84 compares the cases with

variation in elevator effectiveness to the nominal case.

From the simulation results for the increased elevator effectiveness, the aircraft’s

performance in tracking the rate of climb was improved. With the exception of the

least aggressive climbing spiral which was slightly higher than in the nominal case,

the elevator workload was generally much smaller than in the nominal case. The
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lateral control workload was very similar to that of the nominal case. In the opposite

case for decreased elevator effectiveness, the trend seen was just the opposite with

worse tracking performance and higher elevator workload.
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Figure 84. Coupled Maneuver: Performance and Workload Comparison of Nominal
and Cmδe

Variation

In terms of flying qualities, it was seen in the previous cases that the elevator

effectiveness did not have a strong effect on the longitudinal modes of motion. Ta-

ble 39 confirms this trend. The longitudinal flying qualities are still classified as

Level 1 flying qualities without much variation in either the short period or phugoid

modes. The lateral flying qualities are not affected by the change in longitudinal

stability derivative, meeting the requirements for Level 1 lateral flying qualities with

the exception of the Dutch roll mode damping ratio. The resulting Dutch roll mode

damping ratio of .17 was slightly lower than the minimum requirement of .19 in order
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to be considered Level 1 flying qualities. Ultimately the important evaluation is that

the lateral flying qualities stayed consistent throughout the variation in the elevator

effectiveness.

Table 39. Effect of Variation of Cmδe
on Coupled Maneuver

Stability Derivative Change ζsp ωsp ζp ωp ζd ωd Tr Ts
Cmδe x3 .7254 7.5494 .1230 .2108 .17 2.35 .25 57.87

x2 .7255 7.5526 .1246 .2106 .17 2.35 .25 57.01
x3

4
.7258 7.5680 .1333 .2093 .17 2.35 .26 53.11

x1
2

.7261 7.5793 .1412 .2081 .17 2.35 .27 50.03

4.6.5 Aileron Control Power Case

The last case involved the variation of the aileron effectiveness, Clδa , in the climb-

ing spiral maneuver. As with the previous maneuvers, in order to fully understand

the simulation results, one must examine the TIC and L2 values in Figure 85. Similar

to the elevator control power case, the trends exhibited in this case favored increas-

ing the aileron effectiveness. Increasing the aileron effectiveness resulted in better

tracking performance of the bank angle along with lower workload for the lateral

control surfaces. The longitudinal controls remained largely unaffected by the change

in aileron effectiveness. It is important to remember that the increased aileron effec-

tiveness came at the cost of rate limiting for the ailerons, which can lead to system

induced oscillations if proper control margins are not met.

While the elevator effectiveness had minimal effect on the longitudinal modes of

motion, the aileron effectiveness did affect the roll mode time constant as observed

in previous cases. Table 40 presents the results for the aircraft’s various longitudinal

and lateral modes. The simulation showed that the longitudinal modes were largely

unaffected. The short-period and phugoid modes remained constant in all cases. The

lateral flying qualities started to degrade as the aileron effectiveness decreased. In

addition, the Dutch roll mode damping ratio started to deviate further away from its
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Figure 85. Coupled Maneuver: Performance and Workload Comparison of Nominal
and Clδa

Variation

Level 1 specification of .19 as the aileron effectiveness decreased. The roll mode time

constant started to increase towards the boundary between Level 1 and 2 flying qual-

ities specification of 1.0 second. The simulation and flying qualities assessment both

point towards increasing the aileron effectiveness to improve the handling qualities

resulting in better tracking performance and lower workload for the control system.

Table 40. Effect of Variation of Clδa
on Coupled

Stability Derivative Change ζsp ωsp ζp ωp ζd ωd Tr Ts
Clδa x3 .73 7.56 .13 .21 .1749 2.3442 .1819 50.06

x2 .73 7.56 .13 .21 .1746 2.3455 .1903 50.65
x3

4
.73 7.56 .13 .21 .1693 2.3490 .3464 60.18

x 6
10

.73 7.56 .13 .21 .1673 2.3401 .5556 70.31
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4.7 Effect of Variation of Coupled Stability and Control Derivatives

The final set of simulations examined the effect of variation of both longitudinal

and lateral derivatives in the coupled maneuver, the climbing spiral. Whether the

trends from the previous cases were carried over into the coupled maneuver were in-

vestigated in this section as well. The flying qualities were compared to the simulation

results to see if they were in agreement with each other.

4.7.1 Pitch Damping and Roll Damping Case

The climbing spiral maneuver was conducted with pitch and roll damping adjust-

ments. For this case, the pitch and roll damping were both varied by an order of

magnitude and compared to results from the nominal climbing spiral in Table 29.

With less roll and pitch damping, the results of the longitudinal and lateral cases

were reflected in the coupled maneuver. The performance and control plots for the

decreased roll and pitch damping simulation are presented in Figures 86 and 87. As

expected, the responses in the rate of climb and bank angle are much quicker in

reaching their steady state value but have the tendency to oscillate. The control

surfaces exhibited the similar trends shown separately in the longitudinal and lateral

cases. The elevator and aileron surfaces both obtained the sawtooth pattern as the

maneuver increased in rate of climb and bank angle. In all cases where the pitch or

roll damping were decreased, the control surfaces became more prone to rate limiting.

Figure 88 shows the assessment of the maneuvers and the corresponding workload

of the control system. It was observed that in the case that the pitch and roll damping

were both decreased, the rate of climb and bank angles were tracked better than in

the nominal case, confirming the trends seen in the longitudinal and lateral cases.

The decreased damping provides the most important contribution to the damping

of the dynamic behavior, resulting in quicker responses and the corresponding lower
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TIC values. In the coupled maneuver, all the control surfaces for decreased damping

had lower L2 norm values than in the nominal case. This is in contrast to the

workload trend for the simulation in the longitudinal plane in which the elevator had

a higher workload than in the nominal case. The explanation for this disconnect is

not trivial because all the inputs are now coupled. The oscillatory response and rate

limiting tendency are however both carried over from the longitudinal and lateral

plane simulations.
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Figure 88. Coupled Maneuver: Performance and Workload Comparison of Nominal
and Cmq

, Clp Variation

The quantitative assessment of the case with increased pitch and roll damping

is also shown in Figure 88. The simulation performance and control plots for this

prescribed case are shown in Appendix F. The longitudinal response in the coupled

maneuver appears to be worse than the longitudinal maneuver. In the longitudinal

maneuver, the elevator deflection returned back to its trimmed deflection during
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the maneuver. In the coupled maneuver, the elevator deflection stays continuously

deflected away from its trimmed deflection configuration. In addition, the oscillations

in the rate of climb and pitch response have larger amplitudes due to the velocity

drop. For the most aggressive maneuver, the ailerons were hitting their position limits

just like in the lateral plane simulation. In the case of the increased pitch and roll

damping, the rate of climb and bank angle were not tracked as well as in the nominal

case. The TIC values for rate of climb and bank angle are almost double those of

the nominal case. This was the case of the separate pitch damping and roll damping

cases, which are now both reflected in this coupled maneuver. In the case with the

pitch and roll damping increased, all the control surfaces were working harder than

in the nominal case. In particular, the elevator and ailerons were both working over

three times harder than in the nominal case.

Combining all the previous cases at this point, some general observations can

be made. The elevator workload comparison between the longitudinal and coupled

maneuver have not been consistent; however, when the overall results are combined, it

is sufficient to say that that the workload typically decreases with decreased damping

and the workload increases with increased damping. A consistent phenomenon seen

across all cases was the tendency to rate limit as damping decreased and the tendency

to position limit as damping increased. Ultimately, these two tendencies will dictate

the limits of the control system affecting the flying qualities rating.

The linearized values for the various modes of the aircraft are listed in Table 41.

Comparing the longitudinal parameters to the linearized values from varying just the

pitch damping, Cmq in Table 30, the values are almost identical. Investigating the

lateral parameters to the linearized model from varying just the roll damping, Clp , in

Table 34, the values are almost identical as well. While there were slightly different

values, the coupled case maintains continuity with the individual longitudinal and
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lateral cases. Since the trends in the individual cases are reflected in the coupled

case, this gives an initial indication that trends seen in the separate longitudinal and

lateral modes should translate into the coupled maneuver.

Table 41. Effect of Variation of Cmq and Clp on Aircraft Dynamics

Change ζsp ωsp ζp ωp ζd ωd Tr Ts
x10 4.3793 10.0 .2892 .1103 - - - -
x5 1.6267 10.0 .2112 .1411 - - - -
x2 .8615 8.8190 .1549 .1835 .1953 2.2552 .0100 100.0
x3

4
.6890 7.2335 .1226 .2184 .1529 2.3772 .2758 41.22

x1
2

.6508 6.8975 .1150 .2281 .1186 2.3973 .3517 29.02
x 1

10
.5858 6.3382 .1007 .2469 .01866 2.3107 .7704 10.92

Examining the longitudinal flying qualities characteristics, the phugoid damping

ratio for all cases are above .04 in order to qualify for Level 1 flying qualities. In

addition, the short period damping ratio requirement for Level 1 is between .35 an

1.30. All the variations in Cmq and Clp qualify for Level 1 flying qualities based on

the short period damping ratio except the two heavily damped cases. The case where

the stability derivatives were multiplied by five is considered a Level 2 flying qualities

while the heaviest damping case is considered Level 3 flying qualities. The trends

from the longitudinal cases were represented in the coupled maneuver as well.

Following the examination of the longitudinal flying qualities, the lateral compo-

nent was examined based on the requirements for the roll mode, spiral mode, and

Dutch roll mode. All the roll mode time constants, TR, were below one second, label-

ing the cases as Level 1 flying qualities. All spiral modes were stable as well labeling

them Level 1 flying qualities as well. Based on the Dutch roll damping ratio, the

aircraft attains Level 1 flying qualities since it meets the minimum value of .19; how-

ever, based on ζdωd, the aircraft is no longer considered Level 1 after multiplying the

pitch and roll damping by .50 and .10, reaching Level 2 and Level 3 flying qualities

respectively. Like the longitudinal trends, the lateral flying qualities trends from the
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lateral plane simulation were reflected in the coupled maneuver.

Comparing the simulation with the linearized results, the case of multiplying the

stability derivatives by .10 resulted in worse roll mode characteristics. The lower TIC

and L2 values resulting in better performance and workload point towards having

lower damping properties; however, the requirements in MIL-STD-1797A reveal that

the aircraft attains Level 3 lateral flying qualities and Level 1 longitudinal flying

qualities. The case with high pitch and roll damping had worse performance and a

higher workload. In addition, it had Level 3 longitudinal flying qualities based on the

short-period damping ratio and Level 1 lateral flying qualities based on the Dutch

roll mode and roll mode specifications. While a LOES was not successfully obtained

for the x1/10 damping case, the trend is that the spiral mode became more unstable

as the damping was increased. There is clearly a disconnect between the simulation

evaluation and the manned MIL-STD-1797A flying qualities requirements.

4.7.2 Static Pitch Stability and Roll Damping Case

In this case, the static pitch stability and roll damping were both varied in the

coupled maneuver. Appendix F contains the performance and control plots for the

case in which the static pitch stability and roll damping were decreased. The effects

of rate limiting were seen again when the roll damping was decreased like in the

previous cases. It was also noticed that the elevator’s response did not oscillate as

much as in the pitch damping case which was seen previously as well.

Some interesting observations were made in the case where the static pitch sta-

bility and roll damping were increased by an order of magnitude. In this case, the

maneuverability of the aircraft is essentially reduced. The aircraft unable to suc-

cessfully reach the desired rate of climb and maintain its velocity as shown in the

performance plots in Figure 89. The bank angle and sideslip angle were maintained
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in all three maneuvers so only the longitudinal axis was compensated. The control

plots in Figure 90 reveal that the elevator was deflecting at its maximum deflection

and the throttle was also hitting its upper limit. At the large bank angles, the aircraft

was unable to recover from the large drop in velocity and maintain a steady rate of

climb of 8 ft/s.
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Figure 90. Coupled Maneuver: Cmα and Clp x 10 Control Plots

Figure 91 presents the TIC and L2 norm values for the variation in static pitch

stability and roll damping. In the case that both static pitch stability and roll damp-

ing were decreased by an order of magnitude, the aircraft was able to perform the

maneuver more effectively than the nominal case, verified by the lower TIC values.

All the control surfaces had a lower workload than the nominal case as well, verified

by the lower L2 norm values. The combination of increased maneuverability and

decreased damping made it possible to enhance the aircraft’s performance without

increasing the flight control system’s workload.

The increased static pitch stability and roll damping case was identical to the

coupled case varying only the static pitch stability. Recall that in the coupled case in

varying just the static pitch damping, the aircraft was unable to perform the maneuver

climbing at 8 ft/s and banking at 30◦. The quantitative assessment of the aircraft’s

maneuver in Figure 91 reflect that the TIC value for the rate of climb, ḣ, was over
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Figure 91. Coupled Maneuver: Performance and Workload Comparison of Nominal
and Cmα

, Clp Variation

.25, indicating that the deviation from the desired rate of climb was quite significant

as well. Based on Figure 89d, the velocity was unable to be tracked successfully, but

its TIC value is still below .25, thus TIC may not be a viable option for comparing

the time history of velocity. Dorobantu, Seiler, and Balas stated that if “one of the

time histories is constant and zero,” it represented worst-case deviation [16]. The fact

that the desired velocity time history is a constant may explain why TIC was unable

to capture the unsuccessful tracking. The L2 norm value for the elevator was much

higher than the nominal case reflecting that the elevator was positioned at high angles

of deflection throughout the maneuver. The combination of sluggish response from

the high roll damping and loss of maneuverability from high static stability resulted

in unsatisfactory mission performance.
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Based on the linearized analysis shown in Table 42, the x4 and x10 cases were

unable to converge on a LOES solution for the linearized model, but the trends

indicate to the range of values that the x10 case might be. Examining the x1/10

case first, the short-period damping ratio is considered Level 2 flying qualities and

the phugoid damping ratio is considered Level 1 flying qualities. In order to be

conservative, the aircraft is considered a Level 2 flying qualities in the longitudinal

plane. In the lateral plane, the aircraft is considered Level 3 flying qualities due to

the low Dutch roll damping ratio; however, it is important to note that the roll mode

time constant is considered Level 1 flying qualities.

Table 42. Effect of Variation of Cmα
and Clp on Aircraft Dynamics

Change ζsp ωsp ζp ωp ζd ωd Tr Ts
x2 .5636 9.7475 .1172 .2355 .1955 2.2551 .01 100.0
x1

2
.8680 6.0639 .1512 .1772 .1182 2.3961 .3447 26.67

x1
4

.9830 4.8761 .1772 .1429 .06186 2.3729 .4950 14.97
x 1

10
1.6039 2.0 .1942 .1063 .01870 2.3098 .7060 10.82

Examining the x10 case where the aircraft had its static pitch stability and roll

damping increased, a prediction of the flying qualities can be made by looking at

the x2 case and the trends associated for each parameter. With the short-period

requirements, it is speculated that the short-period damping ratio would be below

.35, putting it into the Level 2 or Level 3 flying qualities category. With the lat-

eral requirements, the trend seen is that the Dutch roll mode damping ratio, ζd, and

the parameter ζdωd continue to increase above .19 and .35 respectively, thus attain-

ing Level 1 flying qualities in the lateral plane. A key observation noted is that

there is a trade-off between the longitudinal and lateral flying qualities as the sta-

bility derivatives were varied. In the x1/10 case, the aircraft had better longitudinal

characteristics, whereas the x10 case had better lateral characteristics. The lack of

satisfactory longitudinal flying qualities in the x10 case may explain the failure to

perform the longitudinal aspect of the climbing spiral maneuver.
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Overall, the comparison between the simulation and flying qualities requirements

is not necessarily in agreement with each other. In the x1/10 case, the aircraft had

achieved better mission performance and lower workload than the nominal case, yet

the flying qualities labeled it as having Level 2 and Level 3 flying qualities in the

longitudinal and lateral planes respectively. In the x10 case, the aircraft was unable

to perform one of the climbing spirals, yet the aircraft attained a Level 2/3 rating

and Level 1 flying qualities rating for the longitudinal and lateral planes respectively.

For this reason, the simulation results and flying qualities analysis are not necessarily

in agreement with each other.

4.7.3 Elevator and Aileron Control Power Case

The final coupled adjustment investigated in this section was the variation of the

elevator and aileron effectiveness. As the control effectiveness was increased, it was

expected that the aircraft task evaluation would improve. The previous two cases had

the stability derivatives increased or decreased by one order of magnitude; however,

the control effectiveness derivatives showed extreme trends. As a result, the deriva-

tives were only multiplied by 3 and .75. These simulations showed that the differences

in the control effectiveness were confined to a narrow band. The performance and

control plots for the case in which the control effectiveness were multiplied by three

are shown in Figures 92 and 93. As mentioned before, the increased effectiveness

case produces more influence on the moment for a given control deflection. In other

words, the sensitivity increases as the effectiveness increases. Figure 93 shows that

excessive control compensation induced an oscillatory response and the control sur-

faces were more prone to rate limiting. The classical saw-tooth wave was apparent for

the elevator and ailerons in Figures 93c - 93f as the maneuver required larger control

inputs.
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Recall that in the previous cases for the individual elevator and aileron power cases

that as the effectiveness increased, the TIC values were smaller than the nominal cases;

however, the controls were oscillating. That definitive trend for lower TIC values with

increased control effectiveness was translated into the coupled maneuver as well as

shown in Figure 94. As the control effectiveness increased, the aircraft’s performance

improved, as seen in the lower TIC values. The trends for the workload did not all

translate over from the previous simulations. In the increased elevator effectiveness

case, the elevator had a higher workload than in the nominal case. In contrast, the

increased aileron effectiveness case saw a decreased workload than in the nominal

case. In the coupled case, most of the control surfaces’ workload was lower than in

the nominal case as shown in Figure 94. In general, the control surfaces had a lower

workload than in the nominal case when the control effectiveness was increased.

Some general conclusions can be made from Figure 94 about the decreased control

effectiveness case. The decreased elevator and aileron effectiveness represented a

configuration diminishing control authority available to the control system. The TIC

values were higher than in the nominal case representative of sluggish response modes.

All the control surfaces had a higher workload than in the nominal case and the

throttle had a lower workload in all three maneuvers. From a simulation perspective,

increasing the the control effectiveness was most beneficial producing smaller TIC

and L2 norm values. Appendix F contains the performance and control plots for the

case with the elevator and aileron effectiveness decreased.

Another important aspect of the simulation is the consideration for hitting posi-

tion limits and rate limits. As the control effectiveness increased, the control surface

deflections were closer to their neutral position but were close to rate limiting. In

the other case where the control effectiveness decreased, the control surfaces were

deflected further away from their neutral position but close to hitting their position
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Variation

limits. A logical distinction among aggressive tasks is the requirements for control

power, and the likelihood of reaching aircraft physical limits while performing large-

amplitude tasks. Control power has been typically achieved with increased control

surface sizing. “This is, however, in direct conflict with the primary performance

objectives that led to active control design in the first place. The result is smaller

surfaces that must move very rapidly. This stresses the actuators, resulting in lags

and rate limiting as an inherent problem in the design” [33]. With the least ag-

gressive maneuver, the elevator’s deflection comes out in a sinusoidal shape, but as

the maneuver increases its aggressiveness, the shape becomes more triangular into a

sawtooth pattern.
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Recall that in the individual elevator effectiveness case, Cmδe did not have a strong

effect on the short-period or phugoid modes. In the individual aileron effectiveness

case, Clδa had the strongest effect on the roll mode time constant, TR. Those trends

are reflected in the coupled case presented in Table 43. The aircraft maintains its Level

1 longitudinal flying qualities in the x3 and x3/4 case. According to the roll mode

time constant, TR, the aircraft is considered to have Level 1 lateral flying qualities.

Note that as the control effectiveness decreases, the roll mode time constant increases,

pushing it closer to being considered as Level 2 flying qualities. Based on the Dutch

roll mode specifications, the aircraft is considered borderline Level 2 flying qualities,

barely missing the minimum Dutch roll mode damping ratio of .19 in order to be

considered Level 1 flying qualities.

Table 43. Effect of Variation of Cmδe
and Clδa

on Aircraft Dynamics

Change ζsp ωsp ζp ωp ζd ωd Tr Ts
x3 .7253 7.5500 .1223 .2108 .1757 2.3449 .1812 53.14
x2 .7254 7.5531 .1241 .2106 .1752 2.3460 .1890 52.95
x17

20
.7258 7.5650 .1318 .2095 .1704 2.3500 .2973 56.35

x3
4

.7259 7.5676 .1338 .2093 .1687 2.3482 .3543 58.46
x 7

10
.7259 7.5692 .1350 .2091 .1678 2.3461 .4007 60.12

The simulation and flying qualities evaluation are both in parallel in desiring

increased control effectiveness. With increased control effectiveness, the aircraft at-

tained a better performance metric from the TIC values along with a lower workload

for the control system. From a flying qualities aspect, the aircraft received Level 1

longitudinal flying qualities and was closer to obtaining Level 1 lateral flying qualities.
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4.8 Chapter Summary

The results for the flight envelope were presented and compared to the perfor-

mance specifications in the T-41 flight manual. The method for trimming the aircraft

has been shown to result in reasonable results. An initial flying qualities assessment

was presented as the altitude was varied producing Level 1 flying qualities as ex-

pected. With an initial flying qualities assessment complete, an initial simulation of

the performance maneuver was completed including the decomposition into its lon-

gitudinal and lateral components. Lastly, the variation of the stability and control

derivatives cases was simulated in JSBSim, capturing some trends exhibited by cer-

tain derivatives. The specific connections between vehicle configuration represented

by stability derivatives and response characteristics represented by the transfer func-

tion poles and zeros ultimately impacting the flying qualities have been laid out. The

simulation reinforced the idea that a control effectiveness requirement will be highly

correlated to the mission task, and a classification system is essential to bring about

an applicable UAV standard. The variation in stability derivatives does not necessar-

ily correspond accurately to its manned flying qualities. What constituted as “good”

flying qualities in manned aircraft was based on the pilot’s preference on the aircraft’s

dynamic modes. With UAVs, that is no longer a concern and more attention needs to

be focused on the limitations of the flight control system and task accomplishment.
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V Conclusions and Recommendations

5.1 Conclusions

The overall objective for this research was to provide data on the flying quality

assessments on a UAV in the hope of propelling the development of a UAV flying

qualities standard. Successful identification of flying qualities trends would allow re-

searchers to use JSBSim to model and characterize the aircraft response. In summary,

the objectives of this research were as follows:

1. Evaluate the flying qualities of unmanned aircraft using JSBSim’s capability to

simulate maneuvers.

2. Determine how best to analyze the flying qualities for the various maneuvers.

Current flying qualities requirements for manned aircraft were a major source for the

methods for this analysis.

3. Validate the data and post-processed results by comparing it to known databases

for the T-41.

The goal of evaluating the flying qualities of an unmanned aircraft was met using

JSBSim’s capability to accurately model and simulate an aircraft, validated by refer-

encing known flight manuals and textbooks. It was determined that JSBSim has the

capability to model performance maneuvers and accurately output linearized mod-

els with stability derivative adjustments. The trends seen in the stability derivative

adjustments were verified by published works in that field. An initial analysis with

regards to the aircraft’s deviation from the perfect maneuver and control system

workload aided in the comparison between maneuvers. The application of methods

of flying qualities analysis was met but not with the expected results. The simulation
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results did not consistently correspond to its manned flying qualities requirements.

Although the simulation results and flying qualities assessments are specific to the

T-41 for this research, the disconnect findings between manned requirements and

unmanned aircraft performance can be extended to other unmanned systems. The

flight control system was designed to perform certain maneuvers with enough control

authority and power. In varying the stability derivatives, the basic airframe was es-

sentially altered affecting the speed and rate at which the controls were moved. If

the controls have a high likelihood of hitting position or rate limits due to the rate

at which they are moving, it could degrade performance or even lose control of the

aircraft. An important aspect of flying qualities that pertain to UAVs is the auto-

matic control system. How much the control system is working is not so much a main

concern but what is important is the speed and rate at which control surfaces are

moving. The likelihood of hitting position and rate limits can severely degrade an

aircraft’s performance. This research was concerned about the non-precision, non-

aggressive maneuver. As the maneuver increases in precision and aggressiveness, the

effects of position and rate limiting became more apparent. The evaluation in terms

of task performance showed a consistent trend using TIC as a metric. TIC is not

however accurate in capturing the comparison between time histories if one of the

time histories is constant. The use of TIC should not be used indiscriminately for all

mission task evaluations if a constant time history is included in the comparison.

The trend in the amount of workload was not consistent among the cases since

it was dependent on the design of the autopilot controller; however, the inclination

towards hitting position and rate limits was consistent. In the longitudinal maneuver

with decreased pitch damping, the elevator workload was slightly higher than the

nominal case when it was expected that it would be lower. The excessive oscillation

of the elevator control surface stemming from the controller design caused this uneven
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trend; however, in the lateral cases, all the workload trends were consistent. An

investigation into an optimal autopilot controller for JSBSim should be conducted

to gain a more consistent workload trend. The L2 norm was accurate in capturing

the workload such as in the coupled case with increased static pitch stability and roll

damping. In that case, the aircraft was unsuccessful in executing the most aggressive

maneuver with an elevator workload dwarfing the other control surfaces’ workload.

This research formed an initial investigation to measure the workload but another

metric based directly on the control signal or measuring the distance from the limits

may provide another useful comparison metric. Overall, the small inconsistencies in

the workload trend revealed that the autopilot controller played an integral role in the

UAV’s performance and should be a key criteria in the flying qualities requirements

for unmanned systems.

The requirements should be focused on the aircraft’s control surface ability to

generate the necessary forces and moments to perform the task and the likelihood of

hitting position or rate limits. In nearly all cases investigated, a decrease in the pitch

or roll damping resulted in improved maneuver performance but came at the cost of

the tendency to rate limit. In the coupled maneuver with an increase in static pitch

stability, it was seen that the aircraft was unable to successfully perform the most

aggressive maneuver. The forces and moments generated by the elevator and throttle

were insufficient in overcoming the pitch stability boundaries even with the controls

hitting their maximum limit. The pertinent flying qualities requirements should be

on the control authority and less on pilot preference. UAVs have the advantage that

the aircraft does not need the classical response shape employed in MIL-STD-1797.

The natural frequency and damping ratios were designed to meet the expectations

of human pilots which are no longer applicable to UAVs. Instead, the requirements

should be geared towards task accomplishment and restrictions on the flight control
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system. For example, the simulation results in the roll damping case failed to match

the trend in the flying qualities analysis. For the decreased roll damping case, the

roll performance in the maneuver had improved but the flying qualities analysis char-

acterized it as veering away from Level 1 flying qualities. Sufficient control power

and authority should be available without the detrimental effects of saturating rate

limits or position limits. The mission task carried out by the UAV will most likely

define the elevator and roll control effectiveness. The increased elevator and aileron

effectiveness cases were the most effective in accomplishing the flight task while si-

multaneously decreasing the workload. In addition, the level of flying qualities for the

dynamics modes remained relatively constant at a rating of Level 1 flying qualities. It

is also reasonable to assume that UAVs do not require the same level of effectiveness

as recommended by MIL-STD-1797. This brings about the notion that the flying

qualities should be focused on the task and not the aircraft’s dynamic modes.

5.2 Future Research Recommendation

In any academic endeavor, the more that was uncovered in the research, the more

areas of potential investigation were discovered. The true potential of JSBSim as a

flight dynamics model had just been beginning to be understood at a deeper level.

While some of the basic aspects of UAVs and its flying qualities have been explored,

there is still much yet to be learned.

First, bandwidth was a useful criterion when applied to a classical manned aircraft

using the methods of MIL-STD-1797; however, this does not incorporate the auto-

matic control system. Cotting recommended using the bandwidth criterion as the

basis for the UAV flying qualities criterion. One problem with bandwidth is that it is

not used in the evaluation of the lateral flying qualities in MIL-STD-1797. A method

to apply the bandwidth criterion to UAVs as a measure of the system’s robustness
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could be investigated further. The gain and phase margin associated with bandwidth

could be useful as another criteria for flying qualities. Assuming that the flight control

laws are sound, ensuring control margins should prevent things like system induced

oscillation. The bandwidth is based on the Bode plot of the open-loop system since

the pilot’s gains were unknown. With an automatic flight control system in a UAV,

the controller gains are known. As a result, in place of bandwidth, the gain and phase

margin of the closed-loop system can be monitored. Preliminary results have shown

a compromise between aircraft performance and control margin. Application of this

criteria seems promising to UAVs as a method to evaluate the flying qualities.

Further research could be done in investigating the effects of turbulence and non-

linear dynamics in the simulation. The ability to check an autonomous UAV in an

operating environment is crucial in the flying qualities examination of any aircraft.

JSBSim has the ability to model wind gusts into the simulation allowing further con-

troller testing. The discrete gust model discussed in MIL-STD-1797A is a built-in

feature of JSBSim that can contribute to the analysis of atmospheric disturbances.

Additional nonlinear effects such as hysteresis known to contribute to limit cycle

oscillations can be investigated as well. JSBSim’s capability to model these effects

proves JSBSim to be a valuable tool in the assessment of the aircraft’s flying quali-

ties. For satisfactory performance of a UAV in real-life situations, the aircraft needs

to effectively handle turbulence.

Another concept pertinent to flying qualities requirements is the allowable degra-

dation with failures in the aircraft flight control system. A result of those trends can

drive requirements for performance robustness across a variety of degraded states. As

stated by Holmberg, “failure states, flight envelopes, gusts, aircraft and ship wakes,

stall, departure recovery, and stability and control margins are all in need of research

to understand the differences between piloted and unpiloted aircraft safety” [28]. Fail-
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ure analysis becomes an integral part to ensure airworthiness allowing safe operation

of the aircraft.

While this study investigated only one non-precision, non-aggressive maneuver,

real-world UAVs must perform flight tasks requiring higher levels of aggression and/or

precision. Some key ingredients to flying qualities testing are aggressive and precision

flying. In doing so, the deficiencies are illuminated in either the capability of the

aircraft system to accomplish a task or the workload necessary to carry out that task.

With a more demanding task or even in the face of turbulence, the flight control

system would likely need to input large amplitudes and corrections, illuminating the

aircraft’s flying qualities. The results presented in this research were for the non-

precision, non-aggressive task. The flying qualities requirements are ultimately tied

to the task being performed and in order to further understand the flying qualities,

simulations of aggressive and precision flying need to be carried out.

5.3 Summary

In conclusion, it has been shown that applying manned flying qualities require-

ments to autonomous UAVs is not an optimum solution. Previous manned require-

ments focused on optimizing the aircraft’s response to the pilot’s inputs. The bulk

of MIL-STD-1797A is composed of open-loop requirements due to the problems as-

sociated with pilot variability. With UAVs, the use of closed-loop requirements poses

less risk. The flying qualities requirements should remain focused on the aircraft

performance but also on the control system as well. In parallel, the tolerance of the

task should be taken into account. This research has shown that JSBSim is capa-

ble of modeling maneuvers and evaluating the flying qualities; however, there remain

many improvements that can be applied to increase the level of fidelity in the JSB-

Sim model for UAVs and extend the flying qualities assessment. UAVs have unique
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characteristics different from their manned counterparts that should be reflected in

the flying qualities standards in order to realize their full potential. The rise of UAVs

has begun to reorient the traditional approach to the assessment of flying qualities

requiring a paradigm change in evaluation methods applicable to the autonomous

control scheme. Future research should be continued in this field to explore appli-

cable methods of flying qualities assessments to UAVs and ultimately create a flying

qualities criteria for unmanned systems.
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Appendix A Cessna 172 and T-41 Aircraft Data

This appendix contains data from flight manuals and textbooks relevant to model

the Cessna 172 and T-41 aircraft. This data was compared to the information in the

XML file used in JSBSim to model the aircraft.

Table 44. Cessna 172 Geometric Parameters [45]

Variable Units Value
Wing Area ft2 174
Wingspan ft 36

Mean Chord ft 4.9
Weight lbs 2645
Ixx slug ft2 948
Iyy slug ft2 1346
Izz slug ft2 1967
Ixz slug ft2 0

Table 45. T-41 Performance Specifications [48]

Variable Unit Value
Maximum Airspeed (glide, dive, or smooth air) knots 158

Caution Range knots 126-158
Normal Operating Range knots 55-126

Maneuvering Speed knots 110

Table 46. Cessna 172P Performance Specifications [10]

Variable Unit Value
Maximum Speed at Sea Level knots 123
Maximum Structural Speed knots 128

Stall Speed (flaps up, power off) knots 51
Stall Speed (flaps down, power off) knots 46

Service Ceiling ft 13,000
Lycoming Engine O-320-D2J bhp 160

Fuel Capacity (standard tanks) gal 43
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The stability derivatives were pulled from Dr. Jan Roskam’s book Airplane Design,

Part VI: Preliminary Calculation of Aerodynamic, Thrust, and Power Characteris-

tics.

Table 47. Cessna 172 Steady State Coefficients [45]

Variable Unit Value
CL1 - .31
CD1 - .031
CTX1

- .031

Cm1 - 0
CmT1 - 0

Table 48. Cessna 172 Derivative Data [45]

Longitudinal Derivatives Lateral Directional Derivatives
Cmu 0 Clβ -.089
Cmα -.89 Clp -.47
Cmα̇ -5.2 Clr .096
Cmq -12.4 Clδa .178
CmTu 0 Clδr .0147
CmTα 0 Cmβ .065
CLu 0 Cnp -.03
CLα 4.6 Cnr -.099
CLα̇ 1.7 Cnδa -.053
CLq 3.9 Cnδr -.0657
CDα .13 Cyβ -.31
CDu 0 Cyp -.037
CTXu -.093 Cyr .21
Clδe .43 Cyδa 0
CDδe .06 Cyδr .187
Cmδe -1.28
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Figure 95. T-41C Cruise and Range Performance [48]
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Appendix B T-41 Linearization Trim Analysis
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Figure 96. Bode Plot for θ/δe at 8000 ft
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Figure 97. Envelope θ/δe at 8000 ft
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Figure 98. Bode Plot for φ/δa at 8000 ft
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Figure 99. Envelope φ/δa at 8000 ft
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Figure 100. Bode Plot for θ/δe at 12000 ft
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Figure 101. Envelope θ/δe at 12000 ft
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Figure 102. Bode Plot for φ/δa at 12000 ft
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Figure 103. Envelope φ/δa at 12000 ft
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Figure 104. Bode Plot for θ/δe at 16000 ft
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Figure 105. Envelope θ/δe at 16000 ft
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Figure 106. Bode Plot for φ/δa at 16000 ft
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Figure 107. Envelope φ/δa at 16000 ft
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Figure 108. Bode Plot for θ/δe at 20000 ft
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Figure 109. Envelope θ/δe at 20000 ft
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Figure 110. Bode Plot for φ/δa at 20000 ft
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Appendix C Variation of Longitudinal Derivative in
Longitudinal Maneuver Data
Table 49. Longitudinal Change: Cmq

x 1
10

Climb TIC (ḣ) TIC (vt) L2 (δt) L2 (δe)
4 ft/s 0.025759 0.0021654 0.0427 0.0051
6 ft/s 0.026411 0.0032898 0.0648 0.0075
8 ft/s 0.026867 0.0044525 0.0877 0.0099

Table 50. Longitudinal Change: Cmq
x 10

Climb TIC (ḣ) TIC (vt) L2 (δt) L2 (δe)
4 ft/s 0.042651 0.0021875 0.0428 0.0105
6 ft/s 0.043126 0.0033236 0.0650 0.0158
8 ft/s 0.043279 0.0044972 0.0879 0.0211

Table 51. Longitudinal Change: Cmα
x 1

10

Climb TIC (ḣ) TIC (vt) L2 (δt) L2 (δe)
4 ft/s 0.026006 0.0021597 0.0427 0.0053
6 ft/s 0.026708 0.0032955 0.0651 0.0078
8 ft/s 0.027211 0.0044636 0.0881 0.0104

Table 52. Longitudinal Change: Cmα
x 10

Climb TIC (ḣ) TIC (vt) L2 (δt) L2 (δe)
4 ft/s 0.045924 0.002409 0.0477 0.0344
6 ft/s 0.046237 0.0037089 0.0735 0.0528
8 ft/s 0.046458 0.005156 0.1018 0.0715

Table 53. Longitudinal Change: Cmδe
x 3

Climb TIC (ḣ) TIC (vt) L2 (δt) L2 (δe)
4 ft/s 0.022144 0.0022198 0.0439 0.0066
6 ft/s 0.022824 0.0033123 0.0654 0.0097
8 ft/s 0.023375 0.0044737 0.0883 0.0136

Table 54. Longitudinal Change: Cmδe
x 3

4

Climb TIC (ḣ) TIC (vt) L2 (δt) L2 (δe)
4 ft/s 0.029834 0.0021473 0.0423 0.0055
6 ft/s 0.030452 0.0032897 0.0647 0.0082
8 ft/s 0.030928 0.00446 0.0877 0.0109
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Appendix D Variation of Lateral Derivative in Lateral
Maneuver Data

Table 55. Lateral-Directional Change: Clp x 1
10

Bank TIC (vt) TIC (φ) L2 (δa) L2 (δr)
10◦ 0.00014092 0.021697 0.0084 0.0254
20◦ 0.00027977 0.022958 0.0161 0.0484
30◦ 0.000431 0.023736 0.0255 0.0679

Table 56. Lateral-Directional Change: Clp x 10

Bank TIC (vt) TIC (φ) L2 (δa) L2 (δr)
10◦ 0.0001059 0.043959 0.0349 0.0260
20◦ 0.0002115 0.044875 0.0700 0.0496
30◦ 0.00033712 0.046292 0.1049 0.0698

Table 57. Lateral-Directional Change: Clδa
x 3

Bank TIC (vt) TIC (φ) L2 (δa) L2 (δr)
10◦ 0.00013295 0.020033 0.0049 0.0252
20◦ 0.0002635 0.020757 0.0096 0.0480
30◦ 0.00040328 0.021307 0.0140 0.0672

Table 58. Lateral-Directional Change: Clδa
x 3

4

Bank TIC (vt) TIC (φ) L2 (δa) L2 (δr)
10◦ 0.00010076 0.025561 0.0112 0.0257
20◦ 0.00020015 0.026849 0.0216 0.0488
30◦ 0.00031273 0.027937 0.0318 0.0685
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Appendix E Variation of Single Derivative in Coupled
Maneuver Plots

Time [sec]
0 50 100 150 200 250 300

A
lti

tu
de

 [f
t]

4000

4500

5000

5500

6000
Altitude vs. Time

4 ft/s Climb, 10° Bank

6 ft/s Climb, 20° Bank

8 ft/s Climb, 30° Bank

Time [sec]
0 50 100 150 200 250 300

R
at

e 
of

 C
lim

b 
[ft

/s
]

-2

0

2

4

6

8

10
Rate of Climb vs. Time

4 ft/s Climb, 10° Bank

6 ft/s Climb, 20° Bank

8 ft/s Climb, 30° Bank

Time [sec]
0 50 100 150 200 250 300

P
itc

h 
A

ng
le

 [d
eg

]

0

2

4

6

Pitch Angle vs. Time

4 ft/s Climb, 10° Bank

6 ft/s Climb, 20° Bank

8 ft/s Climb, 30° Bank

Time [sec]
0 50 100 150 200 250 300

T
ru

e 
V

el
oc

ity
 [k

no
ts

]

95

100

105
Velocity vs. Time

4 ft/s Climb, 10° Bank

6 ft/s Climb, 20° Bank

8 ft/s Climb, 30° Bank

Time [sec]
0 50 100 150 200 250 300

B
an

k 
A

ng
le

 [d
eg

]

0

10

20

30

Bank Angle vs. Time

4 ft/s Climb, 10° Bank

6 ft/s Climb, 20° Bank

8 ft/s Climb, 30° Bank

Time [sec]
0 50 100 150 200 250 300

S
id

es
lip

 A
ng

le
 [d

eg
]

-5

0

5
Sideslip Angle vs. Time

4 ft/s Climb, 10° Bank

6 ft/s Climb, 20° Bank

8 ft/s Climb, 30° Bank

Figure 112. Coupled Maneuver: Cmq
x 1

10 Performance Plots
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x 3 Performance Plots
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Table 59. Coupled Maneuver: Cmq
x 1

10

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .025426 .0021808 .024085 .0431 .0056 .0097 .0255
6 ft/s 20◦ .02574 .0033751 .025374 .0667 .0131 .0187 .0483
8 ft/s 30◦ .025893 .004673 .026409 .0924 .0280 .0276 .0668

Table 60. Coupled Maneuver: Cmq x 10

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .040484 .0020905 .024095 .0412 .0247 .0097 .0256
6 ft/s 20◦ .040801 .0029315 .025386 .0581 .0934 .0187 .0483
8 ft/s 30◦ .044883 .0042682 .026436 .0840 .2062 .0277 .0666

Table 61. Coupled Maneuver: Cmα x 1
10

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .025686 .0021755 .024085 .0431 .0046 .0097 .0255
6 ft/s 20◦ .02604 .0033826 .025373 .0670 .0103 .0187 .0482
8 ft/s 30◦ .026244 .0046935 .026408 .0929 .0229 .0276 .0667

Table 62. Coupled Maneuver: Cmα
x 10

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .046012 .00278 .024159 .0546 .0634 .0100 .0255
6 ft/s 20◦ .051736 .0054388 .025452 .1048 .1798 .0195 .0479
8 ft/s 30◦ .41167 .042101 .026731 .1988 .7097 .0315 .0725

Table 63. Coupled Maneuver: Clp x 1
10

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .026964 .0021732 .021765 .0430 .0064 .0088 .0254
6 ft/s 20◦ .027173 .0033381 .023057 .0660 .0196 .0167 .0480
8 ft/s 30◦ .027459 .0045822 .023864 .0906 .0445 .0265 .0662

Table 64. Coupled Maneuver: Clp x 10

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .027065 .0021721 .044098 .0431 .0064 .0355 .0268
6 ft/s 20◦ .027257 .0033326 .045062 .0661 .0197 .0717 .0515
8 ft/s 30◦ .027549 .0045735 .046627 .0907 .0449 .1090 .0730
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Table 65. Coupled Maneuver: Cmδe
x 3

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .021972 .0022457 .024085 .0445 .0066 .0097 .0256
6 ft/s 20◦ .022431 .0034356 .025373 .0680 .0107 .0187 .0484
8 ft/s 30◦ .022723 .0047863 .026404 .0945 .0181 .0277 .0670

Table 66. Coupled Maneuver: Cmδe
x 3

4

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ 0.029075 0.0021422 0.024087 0.0423 0.0081 0.0097 0.0256
6 ft/s 20◦ 0.028951 0.0032893 0.025377 0.0650 0.0264 0.0187 0.0483
8 ft/s 30◦ 0.029038 0.00448 0.026414 0.0887 0.0606 0.0276 0.0667

Table 67. Coupled Maneuver: Clδa
x 3

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .026986 .0021735 .020061 .0430 .0064 .0050 .0250
6 ft/s 20◦ .027252 .0033372 .020819 .0660 .0196 .0097 .0473
8 ft/s 30◦ .027557 .0045795 .021361 .0906 .0444 .0145 .0651

Table 68. Coupled Maneuver: Clδa
x 3

4

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .026906 .0021723 .025633 .0430 .0064 .0117 .0259
6 ft/s 20◦ .02693 .0033337 .026938 .0659 .0196 .0227 .0489
8 ft/s 30◦ .026907 .0045732 .028049 .0905 .0446 .0337 .0677
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Appendix F Variation of Coupled Derivatives in Coupled
Maneuver Plots
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Figure 132. Coupled Maneuver: Cmq
and Clp x 10 Performance Plots
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Table 69. Coupled Change: Cmq
&Clp x 1

10

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .025435 .0021811 .021767 .0431 .0056 .0088 .0253
6 ft/s 20◦ .025822 .0033781 .023057 .0668 .0131 .0167 .0479
8 ft/s 30◦ .026115 .0046796 .023863 .0924 .0280 .0265 .0662

Table 70. Coupled Change: Cmq
&Clp x 10

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .039916 .0020855 .044128 .0413 .0245 .0355 .0268
6 ft/s 20◦ .039065 .0029121 .045105 .0582 .0937 .0719 .0514
8 ft/s 30◦ .042166 .0043002 .046744 .0845 .2076 .1096 .0730

Table 71. Coupled Change: Cmα&Clp x 1
10

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .025713 .0021758 .021767 .0431 .0046 .0088 .0252
6 ft/s 20◦ .026161 .0033857 .023057 .0670 .0103 .0167 .0478
8 ft/s 30◦ .026547 .0047004 .023863 .0930 .0230 .0265 .0660

Table 72. Coupled Change: Cmα
&Clp x 10

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .043632 .0027766 .044288 .0547 .0633 .0360 .0269
6 ft/s 20◦ .046582 .0054539 .045302 .1052 .1809 .0732 .0515
8 ft/s 30◦ .41291 .041733 .047885 .1986 .7088 .1163 .0795

Table 73. Coupled Change: Cmδe
&Clδa

x 3

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .021986 .0022461 .020061 .0445 .0066 .0050 .0250
6 ft/s 20◦ .022471 .0034369 .020817 .0680 .0106 .0097 .0473
8 ft/s 30◦ .022776 .0047865 .021364 .0946 .0176 .0144 .0653

Table 74. Coupled Change: Cmδe
&Clδa

x 3
4

Climb Bank TIC (ḣ) TIC (vt) TIC (φ) L2 (δt) L2 (δe) L2 (δa) L2 (δr)
4 ft/s 10◦ .02905 .0021418 .025634 .0423 .0081 .0117 .0259
6 ft/s 20◦ .028854 .0032882 .026938 .0650 .0264 .0227 .0488
8 ft/s 30◦ .028852 .0044778 .02805 .0886 .0607 .0336 .0676
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