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ABSTRACT

AN AIRCRAFT DESIGN AND ANALYSIS TOOL FOR A
FIFTH-GENERATION FIGHTER JET: A FLIGHT MECHANICS

PERSPECTIVE

Kırkar, Atakan
M.S., Department of Aerospace Engineering

Supervisor: Prof. Dr. Sinan Eyi

January 2025, 199 pages

Fifth-generation fighters have been in service since 2005, though the technology

search studies can be traced back to 1971. Until today, not much has been stud-

ied that is peculiar to the flight mechanics analysis of this fighter class. This study

focuses on conceptual geometric drawing, control surface sizing, and initial aero-

dynamic database generation, for which OpenVSP, analytical methods, and Digital

DATCOM are utilized. The thesis discusses the generation of fighter jets, conceptual

aircraft design software, aerodynamic database generation methods, and the adopted

stability and control methodologies in detail. The concept of relaxed static stability

is described and exemplified. A substantial emphasis is put on the stability and con-

trol derivatives, for which a detailed discussion is provided in the Appendices. The

dynamic stability is addressed in terms of linearized methods. The military specifi-

cations and standards are followed to meet the Level 1 flying qualities in the closed-

loop sense, even with simple controllers. The maneuver analyses are obtained and

presented as output by a proprietary design tool called ADA, which the author wrote

in MATLAB and utilizes reduced-order trim methods.
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The analyses revealed that the designed aircraft looks and behaves like a conceptual

fifth-generation aircraft, which should deliver sufficient ideas for initial assessments.

Rich appendices are provided to guide the researchers who wish to conduct further

studies on the subject. By forming a stability and control derivatives section for each

generation of fighter jets, a contribution to the literature has been made.

Keywords: Fighter Jets, Flight Mechanics, Maneuver Analysis, Design Tool, Digital

DATCOM
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ÖZ

BEŞ�INC �I NES�IL B �IR SAVAŞ UÇA �GI �IÇ �IN UÇAK TASARIMI VE ANAL �IZ
ARACI: UÇUŞ MEKAN �I �G�I YAKLAŞIMI

K�rkar, Atakan

Yüksek Lisans, Havac�l�k ve Uzay Mühendisli�gi Bölümü

Tez Yöneticisi: Prof. Dr. Sinan Eyi

Ocak 2025 , 199 sayfa

Beşinci nesil savaş uçaklar� 2005 y�l�ndan beri kullan�mdad�r, buna ra�gmen teknoloji

keşif çal�şmalar� 1971'e kadar dayanmaktad�r. Bugüne de�gin bu uçak s�n�f� özelinde

uçuş mekani�gi çözümlemeleri pek çal�ş�lmam�şt�r. Bu çal�şma, kavramsal geometri

tasar�m�, kontrol yüzeyi boyutland�rmas� ve ilk aerodinamik veri taban� üretimine ve

bunlar� gerçekleştirmek için OpenVSP, analitik yöntemler ve Dijital DATCOM kulla-

n�m�na dayanmaktad�r. Tezde, savaş uçaklar�nda nesil kavram�, kavramsal uçak tasa-

r�m programlar�, aerodinamik veri taban� üretme yöntemleri ve benimsenen kararl�l�k

ve kontrol yöntemleri ayr�nt�l� bir şekilde ele al�nmaktad�r. Rahatlat�lm�ş statik ka-

rarl�l�k ilkesi aç�klanm�ş ve örneklendirilmiştir. Kararl�l�k ve kontrol türevleri üzerine

önemli bir vurgu yap�lm�ş ve daha ayr�nt�l� aç�klamalar Ekler bölümünde verilmiştir.

Dinamik kararl�l�k lineer metotlar üzerinden işlenmiştir. Askeri şartname ve standart-

lar takip edilerek basit kontrolcülerle bile kapal� çevrimde Seviye 1 uçuş kalitesine

sahip olmaya çal�ş�lm�şt�r. Manevra çözümlemelerinin sonuçlar�, yazar�n MATLAB

ortam�nda yazd��g� kendi özel program� olan ve indirgenmiş dereceli trim yöntemleri

kullanan ADA adl� programdan al�nm�ş ve sunulmuştur.
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Çözümleme sonuçlar� göstermiştir ki, tasarlanan hava arac� kavramsal bir beşinci ne-

sil savaş uça�g� gibi görünmekte ve davranmaktad�r; bu da ilk de�gerlendirmeleri yap-

mak ad�na yeterli olmaktad�r. Konu üzerinde daha ayr�nt�l� çal�şmalar gerçekleştir-

mek isteyen araşt�rmac�lar için zengin bir Ekler bölümü sa�glanm�şt�r. Her bir neslin

savaş uçaklar�n� birden içeren kararl�l�k ve kontrol türevleri veri taban� oluşturularak

literatüre katk� yap�lm�şt�r.

Anahtar Kelimeler: Savaş Uçaklar�, Uçuş Mekani�gi, Manevra Analizi, Tasar�m Arac�,

Dijital DATCOM
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CHAPTER 1

INTRODUCTION

1.1 Motivation and Problem De�nition

Aircraft design can be divided into three major phases: conceptual, preliminary, and

detailed design, with subsections and timelines within themselves. Being the �rst

stage, the conceptual design is where modern �ghter aircraft development projects

consume a substantial amount of time for iterations and analyses. For instance, the

conceptual design studies of which became F-22 lasted from 1981 to 1986 [1], and

it is known to have spanned more than 25 years from concept to fully operational

stage [2]. Ertem [3] states that the conceptual design of the �fth-generation Turkish

�ghter (now known as KAAN) started in late 2010, and this author witnessed the

concluding chapter in late 2022, covering nearly 12 years. It is in this stage that the

conceptual geometry is modeled, control surfaces are emerged, mass properties are

estimated, and sizing studies are done. Moreover, the performance, �ight mechanics,

and control analyses are initiated as much as the aerodynamic data allows.

Raymer [4] was the �rst to propose a conceptual �fth-generation �ghter, and his study

remained the only guide for many years. Recently, Carter et al. [5], Siddiqui et al. [6]

and Giannelis et al. [7] went onto the problem, though they all lack a �ight mechan-

ics perspective. Regarding �ight mechanics, which inevitably leads to controls, the

conceptual design of a �fth-generation �ghter jet can be accelerated only if a design

tool is available for initial aerodynamic database generation, sizing studies, and basic

maneuver assessments, which can be evaluated in terms of stability and control. This

thesis aims to clarify the design stages at conceptual level and introduce a personal

design tool named ADA to quicken the process leading to �ight mechanics analyses.
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1.1.1 Jet Fighter Generations

Currently, �ghters are widely classi�ed under �ve generations. This section de�nes

and discusses those generations. An illustrative summary is given in Figure 1.1.

Figure 1.1: Jet Fighter Generations

The �rst generation of jet �ghters surfaced toward the end of World War II with

the �rst true implication of turbojet engines. This generation is characterized by the

use of swept wings (though some still used straight wings, e.g., F9F Panther), basic

avionics, machine guns, and unguided bombs. Examples of this era include Me 262

(Germany), Gloster Meteor (UK), F-86 (U.S.), and MiG-15 (USSR). Most of the

aircraft of this era were tested during the Korean War, operating at subsonic speeds.

The second generation of the jet �ghters achieved a sustained supersonic �ight and

went up to Mach 2. The Century Series (F-100 through F-106) aircraft of the U.S.

are known to have experienced stability problems [8], while the knowledge of USSR

counterparts is limited. This era is characterized by achieving supersonic �ight, em-

ploying guided air-to-air missiles, and utilizing �rst radar warning receivers. The Eu-

ropean aircraft of this epoch include the Saab 32 (Sweden) and Mirage III (France).
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The jets of the third generation were designed to operate as multirole �ghters, em-

ployed afterburning turbojets, as the previous generation, and achieved sustained

�ight at Mach 2. This generation is characterized by advances in maneuverability,

enhanced avionics, the introduction of the variable-sweep wing (e.g. F-111), beyond-

visual range aerial engagements, and terrain warning features. Fighters of this era

include the F-4 and F-5 (U.S.), MiG-25 and Su-17 (USSR), and Mirage F1 (France).

The fourth generation emerged in 1970 with the introduction of the F-14 Tomcat.

This generation continued the multirole trend of the previous generation while em-

bodying sophisticated avionics and guided weapons. Designed as true air superiority

�ghters, this class specializes in dog�ght capability. The technology drivers of this

era were avionics and propulsion systems, as noted by Lorell [9]. Their ability to

switch roles from air superiority to strike was a giant leap compared to the previous

generation. Modern cockpit designs and utilizing electro-mechanical actuators in the

�ight control computer were also peculiar to this generation [10]. With this gener-

ation, the turbofan engines replaced the old-fashioned turbojets of previous genera-

tions, and superior turn performances are achieved compared to their predecessors.

With the introduction of the F-16 Fighting Falcon, the �rst true use of �y-by-wire for

the fourth generation emerged. F-16 also introduced the term "relaxed static stabil-

ity", as discussed in Section 4.2.1.1. Low-observability-oriented design was utilized

for the F-117 Night Hawk, a �ghter-bomber aircraft of this generation. The member

aircraft of this class are the F-15 (U.S.), Su-27 (USSR), and J-10 (China). There is

an inclination among scholars [10, 11, 12] to classify the more recent aircraft of this

generation under the title of "4.5 generation" as a transition between the4th and5th

generations. The representatives of this class are F-18E/F Super Hornet (U.S.), Su-35

(Russia), Typhoon (multinational), Rafale (France), and Gripen (Sweden).

The technology search for the �rst �fth-generation �ghter began with the start of the

USAF studies in 1971 [1, 13]. The program was concluded by the introduction of

F-22 in 2005. The genesis of what became F-35A/B/C in 2016, 2015, and 2019, re-

spectively, can be traced back to 1977, with the start of Sea Based Air Master Study

of the USN [14, 15]. More recently, J-20 (China), and Su-57 (Russia) became op-

erational in 2017 and 2020, respectively. Some other nations are in the process of

developing their �fth-generation jets as well.
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The common features of �fth-generation �ghters include advanced stealth, super-

maneuverability, internal weapons bay, multirole, supercruise, sensor fusion, and re-

laxed static stability. Though not yet common, some aircraft (e.g., F-22 [16, 17],

F-35B [18], and Su-57 [19]) of this class use thrust-vectoring control, and develop-

ment aircraft of Türkiye [20] is known to employ digital twin technology.

Mor et al. [12] state that sensor fusion for complete situational awareness is among

the central aspects of this generation. Yavuz et al. [21] note that the composites con-

stitute a signi�cant percentage of the �fth-generation airframes. The �fth-generation

airframes contain around 25% composite materials in the total airframe weight on

average. The F-35 leads the category with 35%, and it is 30% for YF-23 [13].

Besides the operational �ghters of this category, there are also undergoing projects

for the development of future jets of5th and6th generation, which are summarized in

Table 1.1; the dates given are estimates of publicly available sources.

Table 1.1:5th & 6th Generation Fighters Under Development

Name Manufacturer Country First Flight Intro.

FC-31 (J-35) Shenyang Aircraft Corporation China 31.10.2012 2028

KAAN Turkish Aerospace Türkiye 21.02.2024 2028

Su-75 Sukhoi Russia 2024 2027

HAL AMCA Hindustani Aeronautics Limited India 2024 2030

Flygsystem 2020 SAAB Sweden - 2035

PAK DP Mikoyan Russia 2025 2028

Tempest BAE Systems UK 2027 2035

FCAS Airbus & Indra & Dassault DE & ES & FR 2027 2030s

GCAP BAE & Mitsubishi UK & IT & JP 2030 2035

NGAD - U.S. - -

F/A-XX Boeing U.S. - -

While Tirpak [22] shares his anticipations on the roles and capabilities of a sixth-

generation �ghter, Raymer [23] is in the belief that the next-generation �ghters shall

have no tail sections, just as McDonnell Douglas (later Boeing) X-36 and Lockheed

Martin X-44 concepts.

A comprehensive summary of jet �ghter generations is provided in Appendix A.
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A comparison of geometric data for operational �fth-generation �ghter jets is pre-

sented in Table 1.2, which serves as a guideline for the initial drawing and sizing of a

conceptual �fth-generation �ghter.

Table 1.2: Comparison of Geometric Data for Fifth-Generation Fighters

Aircraft F-22Raptor F-35A Lightning II J-20Fagin Su-57Felon

Country U.S. U.S. China Russia

Image (scaled)

Introduction 15.12.2005 02.08.2016 09.03.2017 25.12.2020

References [24], [25], [26] [27], [28] [29] [19], [30]

A
/C

Length 18.92m 15.67m 20.9m 20.8m

Height 5.08m 4.38m 4.45m 5.1m

W
in

g

Airfoil NACA 64A NACA 64A N/A N/A

Type trapezoidal trapezoidal cropped delta trapezoidal

Sref 78m2 42.7m2 73m2 79m2

b 13.56m 10.67m 12.88m 15m

A 2.36 2.67 2.6 2.85

� 0.17 0.24 0.14 0.12

cr 9.84m 6.25m 9.96m 9.94m

ct 1.66m 1.5m 1.39m 1.19m

�c 6.722m 4.360m 6.75m 6.71m

� LE 42° 33° 47.7° 47°

� QC 30.96° 22.76° 38.97° 38.54°

� T E -17° -14° -8.4° -10°

� -3.15° N/A -3.9° N/A

Sail (each) 0.99m2 N/A 0.966m2 N/A

H
T Type all-moving all-moving all-moving all-moving

Area (each) 6.315m2 5.806m2 2.48m2 5.57m2

V
T

Type rudder rudder all-moving all-moving

� LE 22.9° N/A N/A 45°

Cant angle 28° 19° 31° 26°
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1.2 Contributions and Novelties

As discussed previously, the conceptual design and analysis of the �rst �fth-generation

�ghter jet can be traced back to 1971, which, in the end, became the F-22 Raptor as

introduced into service in 2005. Until now, not much has been studied and presented

in the public domain on the �ight mechanics analyses of �fth-generation �ghters.

However, open-source tools such as OpenVSP and USAF Digital DATCOM would

suf�ce to initiate such a study.

This author has observed that the stability and control derivatives constitute the core

of �ight mechanics analyses, and the estimation of those is quite signi�cant for the

following analyses. For this purpose, a design and analysis tool named ADA has been

coded in MATLAB environment to size the control surfaces, check �ying qualities for

symmetric and asymmetric maneuvers, and design basic controllers at the conceptual

level, which utilizes OpenVSP and USAF Digital DATCOM to a great extent for the

purpose of geometry modeling and aerodynamic database generation, respectively.

The GUI versions of ADA have also been designed to capture the whole picture in a

moment at each iteration and analysis, as the �ight mechanics engineer might favor.

To some extent, all novel aircraft designs rely on previous successful aircraft projects.

The conceptual studies usually begin with the closest geometry and its data. Those

kinds of studies are usually summarized under the title of "competitor study" to ac-

commodate the design to a feasible category and �nd some meaningful trends in the

process. It is to the advantage of �ight mechanics engineers to have data on simi-

lar existing aircraft at the beginning of analyses to make comparisons and to aim for

better performance. However, if the resources are limited for the type of aircraft un-

der consideration, the designers usually opt to generatede novotrends and databanks

for the following analyses. Similarly, this thesis aims to generate a databank that

researchers of distinct areas of aerospace engineering can utilize. The outcomes of

the analyses are presented at various trim conditions together with open-loop eigen-

values, stability and control derivatives, and open-loop state and input matrices. For

completeness, stability and control derivatives of a selected level �ight condition are

compared with previous jet �ghter generations to supply future researchers with the

initial database they might need, which are given in Appendix B.
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1.3 Outline of the Thesis

The thesis has been designed to provide a step-by-step approach to the design and

analysis of a conceptual �fth-generation �ghter, and it has been divided into six chap-

ters, where each sequential chapter is built on the �ndings of the previous chapters.

The themes of the chapters can be summarized as the following items:

i) Chapter 1 introduces the problem and motivation of the author to pursue such a

study with a brief de�nition section dedicated to jet �ghter generations.

ii) Chapter 2 presents the selected conceptual aircraft design software & tools and

explores the methods of aerodynamic database generation in detail.

iii) Chapter 3 discusses the basic yet fundamental theory of aircraft modeling, which

includes reference frames, equations of aircraft motion, and the estimation of the

mass properties and serves as a general reference at all times.

iv) Chapter 4 is dedicated to stability and control of the aircraft at the conceptual

level with an exhaustive emphasis on the stability and control derivatives and

their transformations from stability to body axes. Static and dynamic stability,

�ying qualities, transfer functions, and feedback stability augmentation are also

treated in this chapter.

v) Chapter 5 introduces the design and analysis tool of the author named ADA,

an abbreviation ofAircraft Design & Analysis, speci�cally designed for �ghter

jets, and presents the �ight mechanics analyses of the aircraft for various trim

conditions and aims to present the open- and closed-loop eigenvalues, stability

and control derivatives, and several data.

vi) Chapter 6 is the concluding chapter of the thesis and provides insights for prob-

able future studies on the topic.

Throughout the thesis, cross-referencing is extensively used to direct the reader's at-

tention to the relevant section. Appendices are provided to guide designers and �ight

mechanics engineers through the process.
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CHAPTER 2

CONCEPTUAL DESIGN & AERODYNAMIC DATABASE

2.1 Conceptual Aircraft Design Software

Aircraft design, by all means, is an open-ended iterative process. Regardless of the

design phase, there is no limit to the iterations required for a solution to converge. It

can always be improved and bettered. However, designers decide to stop at a certain

point when the amount of effort required to improve a parameter is so great, and the

parameter being made better is so minimal compared to the previous iteration.

With the advent of digital computers, some commonly used subroutines were written

in Fortran IV to digitize the repetitive calculations that would otherwise take a long

time by hand. First, institutions and companies have used those legacy codes to ac-

celerate aircraft design in a user-friendly, cost-ef�cient, and parametric environment.

Then, some researchers also wrote their proprietary (personal use) design software

for the same purpose, often known as "tools".

At the most basic level, conceptual aircraft design software can be divided into three

categories: in-house, commercial, and proprietary, as summarized in Table 2.1. By

extension, all proprietary software developed under an institution, company, or uni-

versity and open only to its members can be classi�ed under the in-house category.

Some of the design software described in Section 2.1.1 might have become passé.

Nonetheless, it is quite instructive to introduce the pioneers of the category. Regard-

less of the purpose of the design software (performance, loads, �ight mechanics, etc.),

it can run thanks to the available aerodynamic database, the generation of which is

covered in detail in Section 2.2.
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2.1.1 In-house Aircraft Design Software

SYNAC (Synthesis of Aircraft) is one of the earliest conceptual design software de-

veloped by General Dynamics [31] and was introduced in 1967 to aid in the concep-

tual design studies of military aircraft, which was organized into seven major modules

of input, con�guration control, geometry, weight, propulsion, aerodynamics, and per-

formance. The source code was written in Fortran IV using subroutines.

Aircraft Synthesis (ACSYNT), a parametric design tool for aircraft synthesis, was

introduced by NASA [32] in 1973. The program comprises the geometry, aerody-

namics, propulsion, weights, trajectory, stability & control, takeoff and landing, eco-

nomics, navy requirements, powered-lift effects, and sonic boom modules [33, 34].

Con�guration Development System (CDS) was introduced in 1979 by Rockwell [35].

The project started in the late 1970s and was led by Raymer [36]. The software is

designed for the conceptual design of supersonic �ghter aircraft and employs the fol-

lowing modules: mission de�nition, preliminary sizing, geometry modeling, weights,

propulsion, and mission performance. The source code was written in Fortran [37].

The Aircraft Design and Analysis System (ADAS) was introduced as an outcome

of a project by TU Delft in 1986 [38]. The program consists of several modules

for the conceptual design and sizing of aircraft. Interactive Computerized Aircraft

Design System (ICADS) [39] was �rst introduced in 1992 as a tool of TU Delft.

The tool focuses on performance, propulsion, stability & control, loads, structure,

airworthiness, and cost [40].

NASA developed the Flight Optimization System (FLOPS) [41, 42] during the 1980s.

The software comprises nine primary analysis modules: weights, aerodynamics, en-

gine cycle analysis, propulsion data scaling and interpretation, mission performance,

takeoff and landing, noise footprint, cost analysis, and program control [43].

The GENUS tool [44] was developed with the effort of the aircraft design group

of Cran�eld University in 2018, mainly in Java. The main task of the tool is to

implement the design framework. The tool's modules include geometry, mission,

propulsion speci�cation, weights, aerodynamics, packaging, performance, and SnC.
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2.1.2 Commercial Aircraft Design Software

At the University of Kansas, Roskam et al. [45] developed Advanced Aircraft Anal-

ysis (AAA) for the preliminary sizing of aircraft, which was introduced in 1990. The

software is still extensively used by students and aerospace companies. The latest

update [46] includes ten application modules of weight, aerodynamics, performance,

geometry, propulsion, stability & control, dynamics, loads, structures, and cost.

Dimitri Simos launched his project and company Lissys in 1990 and created a con-

ceptual airplane design and analysis software named Piano based on his Ph.D. the-

sis [47]. The program comprises the modules of geometry, weights, aerodynamics,

propulsion, performance, cost, optimization, and emission. It is considered one of the

best �t for civil aircraft design and is used by major aerospace companies [48].

Raymer [49] introduced his software named RDS, an abbreviation of Raymer's De-

sign System [50], as a computer-based design, sizing, and performance package in

1992. The software comprises student and professional versions, with the latter

equipped with the modules of design layout, weights, aerodynamics, propulsion, siz-

ing & mission analysis, performance, cost, optimization & carpet plot [51].

The development of what became OpenVSP started in the 1990s at NASA [52]. It

was made publicly available in 2012, since when it became an industry standard to

initiate the conceptual design in OpenVSP. It offers great �exibility in parametric

geometry modeling, uses VLM and panel methods for aerodynamic analyses, can

compute static and dynamic stability derivatives, and has a user-friendly interface.

Concept studies made in OpenVSP are numerous, including Cessna Citation X [53].

Another user-friendly conceptual aircraft design software is ADS (Aircraft Design

Software), which was launched by Optimal Aircraft Design in 2007. It offers an

integrated and systematic approach to various aircraft designs [54]. CEASIOM [55]

is a European initiative SimSAC project developed in Python by several contributors

to predict the stability and control characteristics of the aircraft at a conceptual level.

SUAVE [56] is a similar Stanford University project. AID [57] is a MATLAB-based

publicly available design tool. XFLR5 [58] is mostly used by homebuilders and UAV

design studies by researchers, an H-tail UAV study is an example [59].
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2.1.3 Proprietary Aircraft Design Software

Aircraft Design Pad (ADP) [60] was introduced in 2011 as a work of Haocheng et al.

The main architecture of the program includes geometric design, weight calculation,

aerodynamics, propulsion, performance, and cost. Then, the parameters are subject to

multi-disciplinary optimization. The tool does not have a stability & control module.

Aircraft Design Synthesis Program (ADSP) [61] was developed for the conceptual

design of civil airplanes, UAVs, and electric aircraft by Nguyen et al. The tool em-

ploys several modules such as geometry, aerodynamics, weight, propulsion, mission,

stability & control, and performance. The multidisciplinary optimization methods are

also integrated. The tool is mainly written in Fortran [62].

AeroMech was built on the Ph.D. thesis of Chudoba [63], then coded by Pippalapalli

[64] in 2004 in Fortran, and developed into a functional analysis tool by Coleman [65]

in 2007. It was designed as a generic stability & control analysis tool for aerospace

�ight vehicles at the conceptual design level.

Interactive Aircraft Design Software (iADS) was developed by Al-Shamma [66] in

2013 to aid students of the University of Hertfordshire in aircraft design synthesis.

The integrated modules of the program include geometry, weight, CG, aerodynamics,

stability, �ight performance, and cost.

NAMAYEH [67] software was developed by Rostami et al. for single or twin propeller-

driven airplanes. The tool aims to estimate the longitudinal and lateral-directional

stability and control derivatives in both power-on and power-off settings.

This author's tool, ADA, speci�cally designed for the �ight mechanics analyses of

�ghter jets, is presented in Chapter 5. The timeline for the appearance of previously

discussed software is provided in Figure 2.1.

Figure 2.1: Timeline of Conceptual Aircraft Design Software
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A summary of the conceptual design software just mentioned is given in Table 2.1.

Table 2.1: Summary of Conceptual Design Software in Alphabetical Order

Software Publisher / License Holder License Type

AAA DARcorporation [45], [46] Nonfree Commercial

ACSYNT NASA [32], [34], [68] N/A In-house

ADA K�rkar N/A Proprietary

ADAS TU Delft [38] N/A In-house

AID Lietzau [57] Free Commercial

ADS Optimal Aircraft Design [54] Nonfree Commercial

ADP Haocheng et al. [60] N/A Proprietary

ADSP Nguyen et al. [61] N/A Proprietary

AeroMech
Pippalapalli [64], Coleman [65],

Omoragbon [69], Chudoba [70]
N/A Proprietary

CDS Rockwell [35], [37] N/A In-house

CEASIOM Project SimSAC [55] Free Commercial

FLOPS NASA [41], [42], [43] N/A In-house

GENUS Cran�eld University [44] N/A In-house

iADS Al-Shamma [66] N/A Proprietary

ICADS TU Delft [39], [40] N/A In-house

NAMAYEH Rostami et al. [67] N/A Proprietary

OpenVSP NASA [52] Free Commercial

Piano Lissys Ltd [48] Nonfree Commercial

RDS CRC & Raymer [36], [49], [50] Nonfree Commercial

SUAVE Stanford University [56] Free Commercial

SYNAC General Dynamics [31] N/A In-house

XFLR5 Deperrois [58], [71] Free Commercial
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2.2 Aerodynamic Database Generation

As soon as the conceptual geometry model created by any of the software discussed

in Section 2.1 is available, the next critical step is to obtain the aerodynamic database

for this con�guration. Aerodynamic database generation is considered one of the

most complex [72] and critical steps in aircraft design required for stability, control,

performance, and load analyses of the aircraft [73]. A typical aerodynamic database

comprises static coef�cients of forces and moments, dynamic derivatives, and hinge

moment coef�cients of control surfaces. Traditionally, those databases spanning the

�ight envelope were obtained from wind tunnel testing campaigns and �lled by look-

up tables [74].

Before the advent of CFD methods, aerodynamic database generation mainly relied

on analytical theories, semi-empirical handbook methods, and extensive wind tunnel

testing, as pointed out by Desai [75]. This task is considered inevitable through all

design phases to make a connection between the geometric model and the dynamics

of the aircraft [67]; hence, the �ying quality assessments.

Creating an aerodynamic database for use in the conceptual design phase of an air-

craft can be seen as a task that must yield acceptable results promptly, as pointed

out by Chudoba [70]. The analytical theories and methods, semi-empirical datasheet

methods, and linear & nonlinear �ow solvers can be used to obtain an aerodynamic

database of the aircraft at the conceptual design phase since the precision required for

the initial assessment of the �ight characteristics is relatively low. However, accurate

models yield superb results with CFD methods. Due to its complexity and budget

requirements, wind tunnel testing comes next and is usually conducted to �ne-tune

the design. The aerodynamic database is �lled out and corrected using the system

identi�cation techniques at the �nal stage of the methods: �ight tests.

In modern days, the steps presented in Table 2.2 are applied to create an aerody-

namic database. While the homebuilt aircraft can reach up to small-scale wind tunnel

tests, as occurred in a few instances for aerodynamic database generation, aircraft

projects conducted by industry leaders such as Lockheed Martin, Turkish Aerospace,

and SAAB systematically go all the way.
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Table 2.2: Modern Hierarchy of Aerodynamic Database Generation Methods

Step Method Examples
Applicable

Stage

1 Analytical

Lifting Line Theory

Swept Wing Theory

Low Aspect Ratio Wing Theory

Loading Function Method

Conceptual

2 Semi-Empirical

DATCOM

ESDU

Schemensky

Conceptual

3 Linear Flow Solvers

VSAERO

PAN AIR

AVL

TORNADO

Conceptual

Preliminary

4
Nonlinear Flow

Solvers

ANSYS Fluent

SU2

OpenFOAM

STAR-CCM+

Conceptual

Preliminary

Detailed

5
Small Scale Wind

Tunnel Tests

Low speed

High speed

Forced oscillation

Rotary balance

Preliminary

Detailed

6
Large Scale Wind

Tunnel Tests

Low speed

High speed

Forced oscillation

Ground effect

Detailed

7 Flight Tests

Experimental

Certi�cation

Production

Detailed
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2.2.1 Analytical Theories & Methods

In the early days of aviation, stability and control assessment of aircraft designs relied

mostly on analytical theories and wind tunnel testing. Prandtl's lifting-line theory

provided the aspect ratio effect in 1921 [76], and DeYoung and Harper gave the effect

of sweepback in 1948 [77], which was �rst suggested by Busemann in 1935 to achieve

the supersonic �ight.

Ackeret [78] provided the supersonic study of airfoils in two-dimensional �ow in

1925, and the Prandtl-Glauert equation provided the means necessary for the correc-

tion of Mach number effects of subsonic airfoils. However, both failed at the speed

of sound. In 1946, Jones [79] developed a very low aspect ratio theory that could be

used for all Mach numbers and also applicable to swept wings.

The conventional Prandtl lifting-line theory is known to work for estimating the lift

and induced drag until the boundary-layer effects come into play. Therefore, it can

be used for wings with no sweep, no dihedral, and an aspect ratio of 4 or greater,

operating at low angles of attack. The theory cannot estimate the skin friction drag at

any angle of attack [80].

Analytical theories and methods can be assessed as valuable at the start of the con-

ceptual design phase, where hand calculations still play a role. Still, they cannot be

employed in tool development due to their limited capability [81].

2.2.2 Semi-Empirical Datasheet Methods

As stability and control problems arose with the design of transonic and supersonic

speeds of state-of-the-art aircraft of the second generation of the jet age, handbook

(semi-empirical datasheet) methods were prepared, which were bene�cial for aircraft

designers. Some handbook methods for stability and control assessments are Digital

DATCOM by the USAF, ESDU by the Royal Aeronautical Society (RAeS) [76], and

the computerized method of Schemensky [82]. The most notable advantages of these

methods include the simplicity, cost-ef�ciency, and accuracy of the results for quick

assessments of aerodynamic characteristics of aircraft in its �ight envelope [67].
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2.2.2.1 DATCOM

2.2.2.1.1 USAF Stability and Control DATCOM

The DATCOM, an abbreviation of Data Compendium, is an encyclopedic handbook

of engineering methods in-print, which was compiled by McDonnell Douglas in par-

allel with the engineers of AFFDL at Wright-Patterson AFB between September 1975

and September 1977 and �nally submitted in April 1978. The report is a compilation

of best practices and theories of the American scienti�c experience in aerodynam-

ics, stability, and control. It mainly relies on the reports of NACA/NASA, AIAA,

AGARD, AFFDL, Douglas Aircraft, and other aircraft companies. Comprised of

nine sections, it aims to provide a systematic way of estimating the basic stability

and control derivatives without resorting to outside material in subsonic, transonic,

supersonic, and hypersonic �ight regimes. The handbook was prepared for the initial

estimations of ongoing conceptual designs of different kinds of �xed-wing airframes

before the acquisition of test data. The methods available in the handbook are proven

to be of suf�cient accuracy for conceptual design work. It is noted that the predic-

tions are taken only for rigid airplanes since aeroelasticity and aerothermoelasticity

are considered outside the scope of this handbook. Nelson [83] notes that this hand-

book is widely used in the aviation industry, and Zipfel [84] acknowledges Roskam

for making some of the methods available in the handbook more user-friendly.

2.2.2.1.2 USAF Stability and Control Digital DATCOM

The Digital DATCOM, an executable version of the encyclopedic DATCOM hand-

book, aimed to offer an automated, economical, and rapid estimation of stability and

control derivatives for various �ight conditions. It was coded in Fortran IV using a

modular approach. It aims to assess the initial stability performance of �xed-wing

aircraft, but not to be used instead of wind tunnel or �ight test [85]. The source code

was available as early as 1976, but the three-volume report was submitted in April

1979. All the stability derivatives estimated using the program are in the stability

axes. The program itself does not function as a true stability and control tool. It is

rather used to generate an aerodynamic database for further use in analyses.
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2.2.2.1.2.1 Inputs

The Digital DATCOM input card (for005.dat) is comprised of namelists. To introduce

the �ghter jet to the program, the following namelists are suf�cient:

i) FLTCON de�nes the �ight conditions. Altitude, Mach number, and some of the

air properties are input. The angle of attack sweep is also introduced.

ii) OPTINS is used to de�ne the longitudinal and lateral reference lengths. User

might also specify the surface roughness factor.

iii) SYNTHS is used to locate the center of gravity. Additionally, the wing, horizon-

tal, and vertical tail are positioned using this card.

iv) WGPLNF, HTPLNF, and VTPLNF cards are employed to introduce the charac-

teristics (sweep, twist, dihedral, tip & chord length) of the wing, horizontal tail,

and vertical tail, respectively.

v) BODY card is used to de�ne the fuselage section cuts. A maximum of 20 stations

can be introduced, including the upper and lower coordinates of each station.

vi) NACA control card is used to de�ne the wing, horizontal tail, and vertical tail

airfoils. If a custom-designed airfoil is to be introduced to the program, this can

be achieved via WGSCHR, HTSCHR, and VTSCHR control cards.

vii) ASYFLP control card can be used to de�ne asymmetrical control de�ection

units, such as ailerons.

2.2.2.1.2.2 Outputs

The program produces valuable outputs (for006.dat) in three categories for engineers:

i) aerodynamic stability and control derivatives in stability axes. See Table 2.4.

ii) basic body and planform properties: wetted & exposed area, zero lift drag, etc.

iii) airfoil data: abscissa, ordinate, thickness, leading-edge radius, etc.
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2.2.2.1.2.3 Limitations

Of the several limitations of the Digital DATCOM, the following items are of partic-

ular interest in the modeling of a �ghter jet, together with their remedies:

� A maximum of 20 stations can be used to de�ne the fuselage. However, the

complete outline can still be introduced to the program if the sections are prop-

erly cut. The curvatures or upper and lower bumps on the fuselage can be

re�ned using ZU (i.e., upper coordinate of the relevant section) and ZL (i.e.,

lower coordinate of the relevant section) commands of the program. This dic-

tates that the conceptual geometry should already be available, for instance, in

OpenVSP, so that the measurements of each of the 20 sections can be taken.

� Only one vertical �n can be de�ned. Blake [86] notes that there is no method for

twin vertical tails (e.g., F-14 and F-18) located on the fuselage. Though there

is a method for H-tails (e.g., A-10), it does not include the dynamic derivatives.

However, as proposed by Blake [86], the equivalent single vertical tail approach

accounts for the twin vertical tails of �ghter jets. Besides, there is no input to

de�ne the rudder. Hence, the rudder control derivatives need to be obtained

elsewhere or can be estimated by the methods proposed by Roskam [87].

� Analysis can be run using only one high-lift or control device at a time [88].

However, the program can be run with the TRIM option, which treats the tail

as an all-moving horizontal tail, which is the current case for �fth-generation

�ghter jets as given in Table 1.2. Aileron input might be given using the NEXT

CASE command and ASYFLP namelist. This, in turn, will create two consec-

utive outputs, which can be exported to MATLAB using thedatcomimport

command, the imported data can be stored in a 1x2 cell that includes two 1x1

structs, and the following analyses can be carried out.

� Some of the aerodynamic stability and control derivatives are not directly out-

put but can be derived by consecutive runs, and some of the derivatives are not

available in Digital DATCOM. This issue and the aerodynamic database used

in this study are summarized in Table 2.4.
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2.2.2.1.2.4 User Experience

At the current state of knowledge, the USAF Digital DATCOM is at least known to

be employed for the following �ghter con�gurations, as presented in Table 2.3.

Table 2.3: Fighter Aircraft Modeled with Digital DATCOM

Year Aircraft Investigator

1985

F-104

Blake [86]

F-105

F-106

F-111

F-15

F-16

F-18

2011
X-31 Anton et al. [89]

WVU YF-22 Phillips [90]

2024 ATF K�rkar

The study of Blake [86] concentrates on open- and closed-loop accuracy criteria taken

from prior studies. He concludes that the DD is a useful and reliable tool for �ghter

jets, adding that care must be taken in modeling the airframe. Anton et al. [89], on

the other hand, used DD to validate the wind tunnel test results of the small-scale

X-31 airframe. They concluded the study satisfactorily, in the AoA range of -2 to 20

degrees. In his thesis study, Phillips [90] notes that adding the DD to the parameter

identi�cation process signi�cantly improved the parameter estimates for WVU YF-22

research aircraft, which is the 1:8 scale of the full-size F-22 aircraft.

Other than �ghter/attack aircraft, Digital DATCOM has been extensively used to

generate aerodynamic databases for airliners, general aviation, UAV platforms, and

(e)VTOLs, provided they are �xed-wing. Some examples include the Boeing 767-

300ER and 777-300ER by Benseny [91], general aviation Piper J-3 Cub by Du [92],

ultralight leisure & training aircraft BS115 by van Lierop [93], Rascal 110 small UAV

by Jodeh et al. [94], and Lilium jet eVTOL air taxi by Suiçmez [95].
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Table 2.4: Aerodynamic Database Used in Thesis

Derivative DD OpenVSP In ADA For Accuracy

CL X X DD Blend

CL u X� X Est. [87] OpenVSP

CL � X X DD Blend

CL _� X X� DD Blend

CL q X X DD Blend

CD X X DD Blend

CD u X� X Est. [87] OpenVSP

CD � X� X DD Blend

Cm X X DD Blend

Cmu X� X Est. [87] OpenVSP

Cm � X X DD Blend

Cm _� X X� DD Blend

Cmq X X DD Blend

CL � e
X� X DD OpenVSP

CD � e
X� X DD OpenVSP

Cm � e
X� X DD OpenVSP

Cl � X X DD Blend

Clp X X DD Blend

Cl r X X DD Blend

Cy� X X DD Blend

Cyp X X DD Blend

Cyr � X Est. [87] OpenVSP

Cn � X X DD Blend

Cnp X X DD Blend

Cn r X X DD Blend

Cl � a
X� X DD Blend

Cl � r
� X Est. [87] OpenVSP

Cy� a
� X H.A. OpenVSP

Cy� r
� X Est. [87] OpenVSP

Cn � a
X� X DD Blend

Cn � r
� X Est. [87] OpenVSP

Key. X : output;X� : can be derived;� : not output; Est.: Estimated from; H.A.: Historical analogy.
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2.2.3 Linear Flow Solvers

Even advanced semi-empirical datasheet methods such as DATCOM will fail, given

a truly unusual or asymmetric aircraft model. Addressing those issues and providing

a better aerodynamic resolution to conceptual design studies, two linear �ow solution

techniques are favored the most: Vortex Lattice and panel methods.

The naming of the Vortex Lattice was attributed to Falkner [96], who studied the

topic through the 1940s and set the theoretical background in 1943. The method

implements the numerical solution to the simplest 3D potential �ow. The simplicity

and speed of the method allow a great number of conceptual designs to be analyzed

with little effort [97]. The method provides stability and control derivatives quite well

for small angle disturbances of the angle of attack and angle of sideslip. The potential

use for next-generation supersonic aircraft is not something to be overlooked [98].

Since the late 1960s, panel methods have become another standard aerodynamic es-

timation tools in the aerospace industry [99]. Classical panel codes were Fortran IV

subroutines that solved the Prandtl-Galuert equation about the aerospace vehicle �y-

ing at subsonic or supersonic Mach numbers [100]. A pioneering work was the Hess-

Smith panel code developed in-house for the McDonnell Douglas in 1962 [101]. Even

though the �ow separation and skin friction drag are not predicted, drag-due-to-lift

and wave drag can be estimated using panel codes [100].

Some of the prominent computerized Vortex Lattice & panel solvers are given in

Table 2.5.

Table 2.5: Some Computerized Vortex Lattice & Panel Solvers

VLM Panel

Solver Author Year Solver Author Year

VORLAX NASA [102] 1976 MCAERO MDC [103] 1980

AVL Drela [104] 1988 PAN AIR Boeing [105] 1981

TORNADO Melin [106] 2000 VSAERO AMI [107] 1982

XFLR5 Deperrois [58] 2003 QUADPAN Lockheed [108] 1983
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2.2.4 Nonlinear Flow Solvers

In the �nal stages of the conceptual design, it is sought, with optimum effort and cost,

but with increased reliability, a database that predicts the aerodynamics of the whole

airframe. Therefore, a simple Euler solver can also be used.

Currently, it is agreed upon that the use of CFD in aircraft design complements wind

tunnel testing [109, 110]. More frankly, CFD is utilized as the mainstay of aerody-

namic database generation, and the wind tunnel is used to �ne-tune the �nal design

[99]. Generally, CFD analyses are completed before consulting the wind tunnel, as in

the case of YF-23 [111], thereby sticking to the hierarchy of Table 2.2.

Opting for CFD in the conceptual and preliminary design stage substantially reduces

the hours spent in wind tunnel facilities. One of the best examples is the YF-23,

for which 5500 hours of WTT suf�ced, while Northrop's previous �ghter YF-17

amounted to 13,500 hours of WTT [111]. CFD methods were also considerably used

to optimize the designs of F-22 [112], and F-35 [113] in the preliminary design stage.

It is also known that the European �ghter aircraft either designed, analyzed, or opti-

mized by CFD include Euro�ghter Typhoon, JAS Gripen, and X-31 [110].

CFD methods can also be utilized effectively to derive the dynamic stability deriva-

tives, though for an increased cost. When done so, the control logic and maneuver

analyses can be initiated more ef�ciently.

The work�ow of any CFD analysis can be divided into �ve stages: (i) geometry

generation, (ii) grid generation, (iii) pre-processing, (iv) �ow solution, and (v) post-

processing. Among all stages, and assuming there are no geometry defects, the �ow

solver must be the most critical since it directly determines the quality of the solution.

In the late 1960s, CFD methods were rather simple and the designers used linear

methods of Laplace and Prandtl-Galuert [110]. It is known that during the design of

YF-23 in the late 1980s, the Euler code was extensively used [111]. More recently,

RANS is favored the most among all solvers, which was also used in the analysis

of the F-35 [113]. Over the last two decades, the focus has been gathered on the

RANS [114], which can model all scales of �ows, is suitable for the full-envelope

�ight conditions [72], and is computationally less costly than DNS and LES.
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The hierarchy of �uid dynamics equations is provided in Table 2.6.

Table 2.6: Hierarchy of Fluid Dynamics Equations

Equation Simpli�cation Used for

Boltzman - Particles

Navier-Stokes Continuum
Viscous, rotational,

unsteady, compressible �ow

Euler Inviscid
Inviscid, rotational,

unsteady, compressible �ow

Full Potential Irrotational

Inviscid, irrotational,

compressible, steady

isentropic �ow, no body

forces

Prandtl-Galuert Linear

Inviscid, irrotational, steady,

compressible, isentropic,

subsonic, supersonic �ow, no

body forces, small

perturbations

Laplace Incompressible

Inviscid, irrotational, steady,

subsonic �ow, no body

forces, incompressible

Whether the CFD methods will overrun the wind tunnel appears to be an ongoing

debate. However, it should be noted that both methods are still known to be used in a

complementary fashion. For instance, for high angle of attack aerodynamics the CFD

data is still blended with wind tunnel data. A comprehensive review and discussion of

aerodynamic �ow solvers that can be used during the conceptual design of aircraft can

be found in the work of Peerlings [115]. Vos et al. [110] provide an exhaustive list of

�ow solvers used in European aircraft design. Smith et al. [116] share the parameter

spaces that were used in the CFD analyses of F-35, which can also be adapted for any

other �ghter design.
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2.2.5 Wind Tunnel Tests

Before the introduction of computerized �ow solvers in the 1960s, wind tunnel tests

were next to consult after analytical and empirical methods and are the oldest of the

methods. Nowadays, the application of wind tunnel testing only starts at the end of the

preliminary design phase, as the geometry is well-matured, the aerodynamic database

is fully generated, and some accuracy has been gained through analyses. Thus, wind

tunnel tests are used, when applicable, to validate the matured and analyzed model of

CFD-oriented designs [75]. However, they are also useful for experimenting with the

issues that CFD fails to model.

In wind tunnel tests, the aerodynamic database of the aircraft is obtained using experi-

mental techniques, hence there is no need to solve analytical or differential equations,

though a transformation of the data from wind-tunnel stability axes to body-�xed

axes is needed. Nevertheless, limitations occur due to model scale, similarity param-

eters, and coupling effects. Due to coupling effects, the damping and acceleration

derivatives are obtained as a compound parameter, e.g.,Cmq involvesCm _� andCmq .

The various scaled-model fabrication costs, time limitations, and facility availability

are some concerns pertaining to wind tunnel testing. It is known that the wind tunnel

testing activities of F-35 were held in 4 countries, using 15 models in 23 different

facilities covering nearly 50,000 hours of testing [117].

Some of the most common wind tunnel campaigns include (i) low-speed stability and

control tests, (ii) air data calibration tests, (iii) aeroelasticity (�utter & buffet) tests,

(iv) static database generation tests, (v) rotary balance tests, (vi) ground effect tests,

(vii) icing tests, and (viii) store separation tests.

It is known that the full-scale F-22 was subject to icing tests to assess ice accretion

characteristics of the engine inlet and duct which aimed to optimize the location of

the ice detector [118]. The low-speed buffet testing of the F-22 showed that opening

the side weapon doors and placing fences at the wing root signi�cantly attenuated the

buffet, which increased the stability and controllability of the aircraft at high angles

of attack [119]. The total amount of wind tunnel testing on the F-22 is known to be

more than 25,000 hours [1].
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2.2.6 Flight Tests

Flight tests show how the real aircraft behaves in still or turbulent air conditions.

Thus, as the �nal destination, they give the full answer to aerodynamic predictions.

The pre-generated look-up tables that stem from CFD and wind tunnel testing are

then modi�ed to �t the trend yielded in �ight tests. An example is the addition of �ve

counts of drag to cruise drag predictions due to jet effects in the case of F-35 [117].

In general, it is acknowledged that the main objective of the �ight tests is to validate

wind tunnel and analysis estimates. However, a broader spectrum of tests are possible

and done. Flight tests may be categorized into two sections: (i) objective, and (ii) test

type. The objectives might be the validation of design, identi�cation of defects, and

data collection. The test types include experimental, certi�cation, and production.

It is known that the original �ight testing program of YF-23 was scheduled for 340

�ights, but due to limited time, only 10% of the tests were conducted [13]. For the

YF-22A, a total of 74 �ight tests were performed [25]. The overall techniques that

can be used to generate an aerodynamic database are summarized in Figure 2.2.

Figure 2.2: Aerodynamic Database Generation Techniques Used for Aircraft
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CHAPTER 3

AIRCRAFT MODEL

3.1 Reference Frames and Coordinate Systems

In aerospace applications, all the coordinate systems de�ned by the reference frames

are, by convention, right-handed. Transformation of a vector written on a speci�c

coordinate system to another is possible through the vector transformation matrices

given in Section 3.2.

3.1.1 The Inertial Reference Frame,F I

The location of the origin of a completely inertial (unaccelerated) frame can be any

point in the Great Galactic System. Newton's Second Law of Motion is valid when

written with respect to such an inertial frame [120, 121, 122]. Oftentimes, when the

Earth is considered �at and nonrotating [120, 123], it is understood that the Earth is

an inertial frame.

3.1.2 The Earth-Fixed Reference Frame,FE

The location of the Earth-Fixed Reference Frame lies on an arbitrary point on the

surface of the Earth, while the x-axis is pointing toward the North Pole, the z-axis

is pointing toward the center of the Earth and the y-axis forms an orthogonal right-

handed coordinate system. This reference frame is speci�cally handy for low-speed

applications such as aircraft �ight mechanics when the Earth's rotation with respect

to the aircraft is insigni�cant [122].
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3.1.3 The Earth-Centered Reference Frame,FEC

If the rotation of the Earth is important for the aircraft under consideration, the Earth-

Centered Reference Frame is used. The origin is at the center of the Earth, the z-axis

pointing toward the North Pole, and the x-axis pointing to the point of zero latitude

and zero longitude on the Earth's surface [120, 123]. Occasionally, it is also called the

Earth-Centered Earth-Fixed (ECEF) reference frame. Earth-�xed and Earth-centered

reference frames and their coordinate systems are represented in Figure 3.1.

(a) Earth-Fixed Reference Frame (b) Earth-Centered Reference Frame

Figure 3.1: Earth-Based Reference Frames

3.1.4 The Vehicle-Carried Reference Frame,FV

This reference frame has its origin at the center of gravity of the aircraft and it moves

with the aircraft, but not rotates as the aircraft is rotating. The x-axis points in the di-

rection of true North, the z-axis points in the direction of the local gravity vector, and

the y-axis forms a right-handed coordinate system. Oftentimes, this reference frame

is called either "Local Horizontal Reference Frame" [123] or "North-East-Down Ref-

erence Frame" in aerospace applications by several authors. Some scholars [121, 124]

interpret the Earth-�xed reference frame and NED frame essentially the same, at low

altitudes, if the origin of the axes is placed at the vehicle center of gravity.
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3.1.5 The Wind Reference Frame,FW

The wind reference frame [125] forms a right-handed coordinate system with the x-

axis pointing toward the relative wind, the z-axis points to the symmetry plane of

the aircraft, and the y-axis forming a right-handed coordinate system. Oftentimes,

several authors refer to this frame as either an "air-trajectory reference frame" [120]

or a "wind-axis reference frame" [121, 123].

3.1.6 Body-Fixed Reference Frames

In �ight mechanics applications, body-�xed reference frames have their origins �xed

at the center of gravity of the aircraft. In general, it is assumed that the aircraft has

a plane of symmetry andxb andzb lie in that plane of symmetry. The x-axis is cho-

sen to point forward, whereas the z-axis is chosen to point downward, and the y-axis

completes the right-handed coordinate system. Body-�xed coordinate systems are

attached to the aircraft, moving and rotating with the aircraft. There are incalcu-

lable amounts of body-�xed coordinate systems which comply with this de�nition.

However, three of them are of particular interest to aerospace engineers: principal,

stability, and body axes, as discussed in the coming subsections. The body, stability,

and wind axes coordinate systems are visualized in Figure 3.2.

Figure 3.2: Representation of Body, Stability, and Wind Axes
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3.1.6.1 Principal Axes System,FP

Principal axes are a special set of body-�xed axes aligned with the aircraft's principal

axes [123, 125]. Two axes lie in the plane of symmetry:xp andzp. Since about the

principal axes of the aircraft, all the product of inertia terms are zero, it is sometimes

useful to write the governing equations in those axes.

3.1.6.2 Stability Axes System,FS

Stability axes are a special form of body-�xed coordinate systems [121, 123, 125] in

which thexs axis is pointing toward the projection of the relative wind vector onto the

symmetry plane of the aircraft. Stability axes is a true body-�xed coordinate system,

i.e., the orientation of thexs, ys, andzs do not change whether the wind blows from

the left of the aircraft or the right. Therefore, the orientation of the stability axes

system is not affected by the angle of the sideslip but by only the angle of attack

[123]. The stability derivatives output by the USAF Digital DATCOM are in the

stability axes system [88]. Hence, a conversion of vectors and stability derivatives

from those axes to body axes is of interest and is treated in Sections 3.2.3 and 4.1.4,

respectively.

3.1.6.3 Body Axes System,FB

When the body-�xed axes are neither the principal nor the stability axes, they are

called the body axes. Using a body axes system ensures that the inertia terms in

the equation of motion are constant and the aerodynamic forces and moments de-

pend only on the relative velocity orientation angles, i.e., angle of attack and angle of

sideslip. Again, the origin of the axes is �xed to the center of gravity of the aircraft,

and the axes move and rotate with the aircraft. Thexb axis points toward the nose of

the aircraft,zb points in the symmetry axis, andyb forms a right-handed coordinate

system. These axes are frequently used in the development of the rigid body equa-

tions of motion of the aircraft. The body axes system is the one mostly used among

the incalculable amount of body-�xed reference frames.
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3.2 Axes Transformations

Vector transformation matrices rotate the frames and coordinate axes from one to

another. The following items summarize the properties of transformation matrices:

i) The vector transformation matrices are, by nature, square matrices. In aerospace

applications, they are, more speci�cally, 3 by 3 square matrices:L3x3.

ii) The vector transformation matrices have a determinant of 1, meaning they pre-

serve the magnitude in the new axes system:jLa! bj = 1.

iii) Since the determinant of a transformation matrix is never zero, the inverse of the

matrix always exists: givenLa! b, there existsL � 1
a! b.

iv) The vector transformation matrices have orthogonality condition. The multipli-

cation of a transformation matrix with its transpose results in identity matrix:

La! b � LT
a! b = I .

v) Due to orthogonality property, the transpose of a vector transformation matrix is

equal to its inverse:LT
a! b = L � 1

a! b. Thus, one does not need to �nd the inverse of

a transformation matrix; instead, transposing the vector would suf�ce. Simply,

Lb! a = LT
a! b.

The following subsections present the four transformations that are used the most.

3.2.1 Vector Transformation from Earth to Body Axes

Often, in aerospace applications, a transformation of a vector from the Earth axes to

body axes, and vice versa, is needed. A vector written in the Earth axes is transferred

to the body-�xed axes with the following transformation matrix [125, 126]:

LE ! B =

2

6
6
6
4

cos� cos cos� sin � sin�

sin� sin� cos � cos� sin sin� sin� sin + cos� cos sin� cos�

cos� sin� cos + sin� sin cos� sin� sin � sin� cos cos� cos�

3

7
7
7
5

(3.1)
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3.2.2 Vector Transformation from Wind to Body Axes

Later, it shall be revealed that the trim condition can be speci�ed in wind-�xed or

body-�xed axes concerning the proper state vectors. Hence, it is also useful to trans-

form a vector written in wind-�xed axes to body-�xed axes as given by [125, 126]:

LW ! B =

2

6
6
6
4

cos� cos� � cos� sin� � sin�

sin� cos� 0

sin� cos� � sin� sin� cos�

3

7
7
7
5

(3.2)

The use of Equation 3.2 is inevitable when the velocity vector written in the wind

axes,~VW , is to be decomposed into velocity vector components,~VB =
n

u v w
oT

,

written in the body axes system.

3.2.3 Vector Transformation from Body to Stability Axes

Since they are separated by the angle of attack only, a vector is transferred from the

body axes to the stability axes using the following convention [125, 126, 127]:

LB ! S =

2

6
6
6
4

cos� 0 sin�

0 1 0

� sin� 0 cos�

3

7
7
7
5

(3.3)

3.2.4 Vector Transformation from Stability to Wind Axes

Since they are separated by the angle of sideslip only, a vector is transferred from the

stability axes to the wind axes using the following convention [125, 126, 127]:

LS! W =

2

6
6
6
4

cos� sin� 0

� sin� cos� 0

0 0 1

3

7
7
7
5

(3.4)
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3.3 Equations of Aircraft Motion

The 6-DOF equations of aircraft motion were �rst derived by G. H. Bryan [128]. In

the following derivations, it has been assumed that: (i) The aircraft is a rigid body.

(ii) The Earth is �xed in space, i.e., the Earth is an inertial frame. (iii) The mass and

mass distribution of the aircraft is constant. (iv) The xz-plane is a plane of symmetry.

3.3.1 Translational Dynamics

De�ne the body axes aerodynamic and propulsive forces written in the body axes as:

~F I
B =

h
X Y Z

i T
(3.5)

De�ne the translational velocities written in body axes with respect to the inertial

frame:

~V I
B =

h
u v w

i T
(3.6)

De�ne the angular velocities written in the body axes with respect to the inertial

frame:

~wI
B =

h
p q r

i T
(3.7)

From Newton's Second Law of Motion, it can be inferred that for a rigid body in

translational motion acted upon by the externally applied forces:

~F I
B = m �

d~V I
B

dt
(3.8)

which is written in the body axes with respect to a �xed inertial frame, such as the

Earth-�xed reference frame. Then, by the Theorem of Coriolis, it can be written as:

~aI
B = _~V I

B + ~wI
B � ~V I

B (3.9)

Using the de�nitions of translational and angular velocities:
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~aI
B =

2

6
6
6
4

_u

_v

_w

3

7
7
7
5

+

2

6
6
6
4

p

q

r

3

7
7
7
5

�

2

6
6
6
4

u

v

w

3

7
7
7
5

(3.10)

Gravity force also acts on the aircraft. The gravity force vector written in the Earth

axes is:

~F I
g E

=
h
0 0 mg

i T
(3.11)

since with respect to the Earth axes, the gravity forces act along theze-axis. Using

the transformation matrix of Equation 3.1 to transform the gravity force vector from

the Earth axes to the body axes:

~F I
g B

=

2

6
6
6
4

� mgsin�

mgcos� sin�

mgcos� cos�

3

7
7
7
5

(3.12)

written in the body axes. Collecting the forces and accelerations written in the body

axes yields:

~F I
B + ~F I

g B
= m~aI

B (3.13)

or equivalently:

2

6
6
6
4

X

Y

Z

3

7
7
7
5

+

2

6
6
6
4

� mgsin�

mgcos� sin�

mgcos� cos�

3

7
7
7
5

= m �

8
>>><

>>>:

2

6
6
6
4

_u

_v

_w

3

7
7
7
5

+

2

6
6
6
4

p

q

r

3

7
7
7
5

�

2

6
6
6
4

u

v

w

3

7
7
7
5

9
>>>=

>>>;

(3.14)

Doing the algebra yields the following three �rst-order differential equations of the

translational motion of the aircraft:

X , m � ax cg = m( _u + qw� rv + gsin� ) (3.15)

Y , m � aycg = m( _v + ru � pw � gcos� sin� ) (3.16)

Z , m � azcg = m( _w + pv � qu� gcos� cos� ) (3.17)
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3.3.2 Rotational Dynamics

De�ne the inertia matrix written in the body axes as:

I B =

2

6
6
6
4

I xx � I xy � I xz

� I xy I yy � I yz

� I xz � I yz I zz

3

7
7
7
5

(3.18)

De�ne the external moments acting on the aircraft written in the body axes as:

~GI
B =

h
L M N

i T
(3.19)

For a rigid body, the angular momentum is de�ned as:

~H I
B = I B � ~wI

B (3.20)

From Newton's Second Law of Motion, it can be inferred that for a rigid body in

rotational motion acted upon by the externally applied moments:

~GI
B =

d~H I
B

dt
(3.21)

Then, by the Theorem of Coriolis, it can be written as:

~GI
B =

d~H I
B

dt
= _~H I

B + ~wI
B � ~H I

B (3.22)

where

_~H I
B = _I B � ~wI

B + I B � _~wI
B (3.23)

assuming the inertia does not signi�cantly change and hence_I B � 0. Therefore,

~GI
B = I B � _~wI

B + ~wI
B � ~H I

B (3.24)

or equivalently,

35



~GI
B = I B � _~wI

B + ~wI
B � (I B � ~wI

B ) (3.25)

which can be written as:

2

6
6
6
4

L

M

N

3

7
7
7
5

= I B �

2

6
6
6
4

_p

_q

_r

3

7
7
7
5

+

8
>>>><

>>>>:

2

6
6
6
4

p

q

r

3

7
7
7
5

�

0

B
B
B
B
@

I B �

2

6
6
6
4

p

q

r

3

7
7
7
5

1

C
C
C
C
A

9
>>>>=

>>>>;

(3.26)

Doing the algebra yields the following three �rst-order differential equations of the

rotational motion of the aircraft:

L = I xx _p � I xy _q � I xz _r � qr(I yy � I zz) � pqIxz � (q2 � r 2)I yz + rpI xy (3.27)

M = I yy _q � I yz _r � I xy _p � rp(I zz � I xx ) � qrI xy � (r 2 � p2)I xz + pqIyz (3.28)

N = I zz _r � I xz _p � I yz _q � pq(I xx � I yy) � rpI yz � (p2 � q2)I xy + qrI xz (3.29)

As previously stated, under the basic assumption that the aircraft has a symmetry

axis alongxbzb-plane, the products of inertia termsI xy andI yz cancel out, and the

Equations 3.27 to 3.29 are simpli�ed, which is usually the case except for asymmetric

aircraft designs such as BV 141 and Rutan Boomerang. The simpli�ed forms of the

equations of rotational dynamics are given in Equations 3.30 to 3.32:

L = I xx _p � I xz _r � I xz pq+ qr(I zz � I yy) (3.30)

M = I yy _q+ ( I xx � I zz)pr + I xz (p2 � r 2) (3.31)

N = I zz _r � I xz _p + ( I yy � I xx )pq+ I xz qr (3.32)

Section 3.3.3 presents the auxiliary equations of aircraft kinematics.
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3.3.3 Kinematics

The Euler angles� , � , and determine the attitude of the aircraft. Angular rates ofp,

q, andr are related to the Euler angles by the following relation [129, 130]:

~wI
B =

2

6
6
6
4

p

q

r

3

7
7
7
5

=

2

6
6
6
4

1 0 � sin�

0 cos� sin� cos�

0 � sin� cos� cos�

3

7
7
7
5

2

6
6
6
4

_�
_�
_ 

3

7
7
7
5

(3.33)

From which it can be deduced that:

p = _� � _ sin� (3.34)

q = _� cos� + _ cos� sin� (3.35)

r = � _� sin� + _ cos� cos� (3.36)

Differential equations given through 3.34 to 3.36 are known as the kinematic equa-

tions of the aircraft. Note that the matrix in Equation 3.33 is not a transformation

matrix, rather a relation between the Euler angles and the angular body rates. The

kinematic equations are necessary to solve the 6-DOF equations of aircraft motion

since the translational dynamics include Euler angles. The Euler angle rates are re-

lated to body angular rates as given in Equation 3.37 after [126]:

2

6
6
6
4

_�
_�
_ 

3

7
7
7
5

=

2

6
6
6
4

1 sin� tan � cos� tan �

0 cos� � sin�

0 sin� sec� cos� sec�

3

7
7
7
5

2

6
6
6
4

p

q

r

3

7
7
7
5

(3.37)

The applicable range of Euler angles varies in every other work. In this study, the

following range is adopted [123, 126]:

0 �  < 2�

� �= 2 � � � �= 2

� � � � < �

(3.38)

Note that the Euler angles become non-unique as� = � 90°, i.e., vertical dive or

climb. Then, the quaternions are preferred since they avoid the singularity.
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3.4 Estimation of the Mass Properties

3.4.1 Component Weight Estimation

At the conceptual level, the methods presented in Table 3.1 appear suitable for the

initial estimate of the component weights.

Table 3.1: Component Weight Estimation Methods for Fighter Aircraft

Method Covered in Design Stage

Historical analogy
Howe [131], Raymer [23], Roskam [132],

Sadraey [133], Spearman [134]
Conceptual

Statistical
Vought Aircraft [135], General Dynamics

(in Roskam) [132], NASA [43]

Conceptual

Preliminary

CAD Industrial approach

Conceptual

Preliminary

Detailed

Aircraft designers usually opt for the historical analogy at the early conceptual design

level. Then, the statistical methods are applied until the design matures and all details

are available. The �nal and most accurate stage is the usage of CAD for every detailed

component with the proper material selection. Component weight estimation employ-

ing CAD is usually conducted using OpenVSP (of NASA) and CATIA (of Dassault

Systèmes) or NX (of Siemens). The outcome of these methods is summarized in a

table known as "group weight data statement" as given in Table 5.9.

It is expected that the statistical weight estimation methods during the early stages of

the design provide an accuracy of about 70-90% [133]. In this study, the component

weight estimation methods of Vought Aircraft [135] are employed, which are also

covered in Raymer [23], without repeating the formulations here, for brevity. Worth

noting, modern �ghter aircraft tend to have an upper boundary for maximum take-off

weight at around 80,000 lb, which is also valid for �fth-generation �ghters.
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3.4.2 Inertia Estimation

3.4.2.1 Mass Moment of Inertia Estimation

In the early conceptual design phase, it is important to have an initial estimate of the

mass moment of inertia of the aircraft about three principal axes: roll, pitch, and yaw.

The mass moment of inertia of the aircraft plays a crucial role in the linear model of

the aircraft that is to be constructed by linearizing the nonlinear equations of aircraft

motion.

It has been observed that the estimation of the mass moment of inertia is possible if

the aircraft that is being designed falls into the category of already existing aircraft.

Then, it becomes possible to identify a common radius of gyration for that category.

Since in this study it is a �ghter jet that is being designed, the average value of already

existing aircraft's radii of gyration in three principal axes can be used as an initial

estimate, as given in Raymer [23] and are partly provided in Table 3.2. Roskam [132]

gives the formulations upon which these estimates are based as follows:

I xx =
b2W �R2

x

4g
I yy =

L2W �R2
y

4g
I zz =

�
b+ L

2

� 2 W �R2
z

4g
(3.39)

Table 3.2: Nondimensional Radii of Gyration of Jet Fighters

Aircraft Class �R x
�R y

�R z

Jet Fighter 0.23 0.38 0.52

Note. Adapted from D. Raymer,Aircraft Design: A Conceptual Approach.AIAA, 6. ed., 2018.

The mass moments of inertia estimated using the Equation 3.39 are given in the body

axes. As the aircraft is loaded with external stores, the trends in Table 3.2 will not

work and hence need to be adjusted accordingly for the aircraft under consideration.

A recurring observation suggests that the �fth-generation �ghters of the F-22 class are

not likely to haveI xx , I yy , andI zz less than 40,000, 220,000, and 280,000 slug-ft 2,

respectively, in clean con�guration.
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3.4.2.2 Product of Inertia Estimation

Often, it is dif�cult to estimate the product of inertia early in the conceptual design

level. However, a rough estimation is still possible using the product of inertia of

already existing somewhat similar aircraft. This estimation follows rather a plain

and simple procedure: �nding the product of inertia of similar existing aircraft and

producing a trend line that best �ts the values. Doing such a study as in Table 3.3

yields the following results:

Table 3.3: Product of Inertia of the U.S. Fighter Aircraft (Body Axes)

Aircraft Weight (lb) I xz (slug-ft 2) Reference

F-16 20500 982 [136]

F-4C 38924 2177 [137]

F-14A 52000 2654 [138]

Then, it is straightforward to �nd a trend that �ts the data of these aircraft in Excel

having anR2 value of 1 as in Equation 3.40. Note that this empirical relation gives

an increasing value ofI xz up to 75,000 lb of total aircraft mass:

I xz = � 9 � 10� 7W 2 + 0:1184W � 1066:6 (3.40)

Worth noting, the sign ofI xz depends on the following conditions:I xz > 0 if most

of the mass concentration occurs belowxb-axis, which holds for most �ghters with a

clean con�guration.I xz < 0, if most of the mass concentration occurs abovexb-axis,

which holds for most �ghters with external weapons loaded.I xz � 0, if the mass is

almost equally distributed below and above thexb-axis, as in the B-2 �ying wing.

Therefore, the sign ofI xz needs to be adjusted as the aircraft is loaded with external

weapons, and employing a fudge factor of 0.60 to Equation 3.40 seems reasonable

since �fth-generation �ghters are more symmetrical inxbzb-plane than previous gen-

erations. Another option is to use the product of inertia of the F-15, as given in Blake-

lock [139] for combat con�guration, which is the closest match to the �fth-generation

�ghters, and adjust it with weight.
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CHAPTER 4

STABILITY AND CONTROL

4.1 Stability and Control Derivatives

It was G. H. Bryan who proposed the term "aerodynamic stability derivatives" for

the �rst time in his classical textbook titled "Stability in Aviation" published in 1911

[63, 76, 83, 128, 140]. Though he used the above term, nowadays, the "aerodynamic"

part is mostly left out, and together with control derivatives, which were absent in

Bryan's work, they are called stability and control derivatives. More generally, they

are called stability derivatives, including the control derivatives under the same title.

The derivation of stability derivatives follows from the small perturbation theory and

linearizing the equations of motions about the trim point. If the partial derivatives

are taken with respect to states or state rates, they are called stability derivatives.

Should the derivatives be taken with respect to control surfaces, they are called control

derivatives. Hence, the stability and control derivatives can meaningfully represent

the aerodynamic variations of forces and moments with small perturbation quantities

for the entire �ight envelope of an aircraft. The sign of certain stability derivatives

indicates the static stability of the aircraft, which is treated in Section 4.2.

Stability derivatives play a central role in the design and optimization process of the

aircraft, performance calculations, design of control laws, simulation, and various

�ight mechanics analyses [140]. The aircraft cannot be trimmed until the stability

derivatives are available, for they constitute the core of the aerodynamic database.

Estimation of nondimensional stability derivatives is covered in Nelson [83], Roskam

[87], Pamadi [121], Etkin [126], Seckel [141], Drela [142], and many more which

extensively rely on the encyclopedic DATCOM handbook [143].
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4.1.1 Nondimensional Stability Derivatives

The nondimensional stability derivatives determine the open-loop characteristics of

the aircraft under consideration. In the linearized mathematical model, the coef�-

cient matrix A (sometimes also called state matrix, stability matrix, or system matrix)

is composed of the nondimensional stability derivatives, mass, and inertial charac-

teristics of the aircraft. The de�nitive names and usual signs for longitudinal and

lateral-directional nondimensional stability derivatives are provided in Tables 4.1 and

4.2, respectively.

Table 4.1: Summary of Longitudinal Stability and Control Derivatives

Derivative Name Sign

CL u Variation of lift coef�cient with speed + or�

CD u Speed damping derivative + or�

Cmu Mach tuck derivative + or�

CL � Lift curve slope +

CD � Variation of drag coef�cient with angle of attack +

Cm � Longitudinal static stability derivative (pitch stiffness) + or�

CL _� Variation of lift coef�cient with angle of attack rate +

CD _� Variation of drag coef�cient with angle of attack rate � 0

Cm _� Variation of pitching moment coef�cient with AoA rate �

CL q Variation of lift coef�cient with pitch rate +

CD q Variation of drag coef�cient with pitch rate � 0

Cmq Pitch damping derivative �

CL � e
Variation of lift coef�cient with elevator de�ection +

CD � e
Variation of drag coef�cient with elevator de�ection + or�

Cm � e
Elevator control power derivative �

The USAF Digital DATCOM outputs the nondimensional stability derivatives ob-

tained in the stability axes. Depending on the user input, the unit of these derivatives

can be either per degree or per radian. Once the user obtains those derivatives, they

can be inserted into the dimensional stability derivative formulations of Section 4.1.2.
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Table 4.2: Summary of Lateral-Directional Stability and Control Derivatives

Derivative Name Sign

Cl � Lateral static stability derivative (dihedral effect) �

Cy� Variation of side force coef�cient with sideslip angle �

Cn � Directional static stability derivative (weathercock stability) +

Clp Roll damping derivative �

Cyp Variation of side force coef�cient with roll rate +

Cnp Variation of yawing moment coef�cient with yaw rate + or�

Cl r Variation of rolling moment coef�cient with yaw rate +

Cyr Variation of side force coef�cient with yaw rate +

Cn r Yaw damping derivative �

Cl � a
Aileron control power derivative +

Cy� a
Variation of side force coef�cient with aileron de�ection � 0

Cn � a
Variation of yawing moment coef�cient with ail. de�ection + or�

Cl � r
Variation of rolling moment coef�cient with rud. de�ection +

Cy� r
Variation of side force coef�cient with rudder de�ection +

Cn � r
Rudder control power derivative �

Some of the stability and control derivatives that are not output by the Digital DAT-

COM can be found effectively by the methods given by Nelson [83], Roskam [87],

Pamadi [121], Etkin [126], and Seckel [141]. A somewhat detailed discussion on the

nondimensional stability derivatives is provided in Appendix F.

4.1.2 Dimensional Stability Derivatives

McRuer et al. [129], McLean [130], Roskam [144], and Schmidt [145] give the de�-

nitions of longitudinal and lateral-directional dimensional stability derivatives where

the subscript 1 denotes that the parameter is at the trim instant. The dimensional sta-

bility derivatives, mostly adapted from Roskam [144] and given in Tables 4.3 and 4.4,

are direct functions of aircraft geometry, �ight condition, and mass properties.
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Table 4.3: Longitudinal Dimensional Stability Derivatives (Stability Axes)

Derivative Unit

Xu =
� �qS(CD u + 2CD 1 )

mu1

1

sec

X � =
�qS(� CD � + CL 1 )

m

f t

sec2

X _� =
� �qS�cCD _�

2mu1

f t

sec

Xq =
� �qS�cCD q

2mu1

f t

sec

X � e =
� �qSCD � e

m

ft

sec2

Zu =
� �qS(CL u + 2CL 1 )

mu1

1

sec

Z� =
� �qS(CL � + 2CD 1 )

m

f t

sec2

Z _� =
� �qS�cCL _�

2mu1

f t

sec

Zq =
� �qS�cCL q

2mu1

f t

sec

Z� e =
� �qSCL � e

m

ft

sec2

Mu =
�qS�c(Cmu + 2Cm1 )

I yyu1

1

f t -sec

M � =
�qS�cCm �

I yy

1

sec2

M _� =
�qS�c2Cm _�

2I yyu1

1

sec

Mq =
�qS�c2Cmq

2I yyu1

1

sec

M � e =
�qS�cCm � e

I yy

1

sec2
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Table 4.4: Lateral-Directional Dimensional Stability Derivatives (Stability Axes)

Derivative Unit

Y � =
�qSCy�

m

ft

sec2

Yp =
�qSbCyp

2mu1

f t

sec

Yr =
�qSbCyr

2mu1

f t

sec

Y � a =
�qSCy� a

m

ft

sec2

Y � r =
�qSCy� r

m

ft

sec2

L � =
�qSbCl �

I xx

1

sec2

Lp =
�qSb2Clp

2I xx u1

1

sec

Lr =
�qSb2Cl r

2I xx u1

1

sec

L � a =
�qSbCl � a

I xx

1

sec2

L � r =
�qSbCl � r

I xx

1

sec2

N� =
�qSbCn �

I zz

1

sec2

Np =
�qSb2Cnp

2I zzu1

1

sec

Nr =
�qSb2Cn r

2I zzu1

1

sec

N� a =
�qSbCn � a

I zz

1

sec2

N� r =
�qSbCn � r

I zz

1

sec2
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4.1.3 Transformation of Inertia from Body to Stability Axes

To obtain the dimensional derivatives written in stability axes as given in Tables 4.3

and 4.4, a transformation of moments and product of inertia from body to stability

axes is required since the estimated moments and product of inertia in Sections 3.4.2.1

and 3.4.2.2 are in the body axes. Thelander [125] provides those transformations

required to obtain the inertia tensor written in the stability axes as given in Table 4.5.

Table 4.5: Inertia Transformation from Body to Stability Axes

Inertia
Coef�cient of Element Transformations

sin2 � cos2 � sin� cos� 1

Ixx s Izz Ixx � 2Ixz 0

Iyys
0 0 0 Iyy

Izzs Ixx Izz 2Ixz 0

Ixz s � Ixz Ixz Ixx � Izz 0

Note. Adapted from J. A. Thelander, "Aircraft Motion Analysis," Technical Report FDL-TDR-64-

70, Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base, March 1965.

Another approach to transformI xx andI zz was provided by Wolowicz [146] as given

in Equations 4.1 and 4.3. Note thatI yy does not need a transformation (see Figure

3.2), andI xz is written in a more compact form compared to Thelander. Both ap-

proaches can be used since the deviations inI xx andI zz transformations between the

two approaches are smaller than nanoscale.

I xx s =
1
2

(I xx + I zz) �
1
2

(I zz � I xx ) cos 2� � I xz sin 2� (4.1)

I yys
= I yy (4.2)

I zzs =
1
2

(I xx + I zz) +
1
2

(I zz � I xx ) cos 2� + I xz sin 2� (4.3)

I xz s =
1
2

(I xx � I zz) sin 2� + I xz cos 2� (4.4)
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4.1.4 Transformation of Dimensional Stability Derivatives from Stability to

Body Axes

Since the Digital DATCOM gives the nondimensional stability derivatives in the sta-

bility axes, one can compute the dimensional stability derivatives in those axes using

the de�nitions of Tables 4.3 and 4.4. However, since the equations of aircraft motion

are written in the body axes, one needs to transform those dimensional derivatives

from stability axes to body axes to create a linear mathematical model of aircraft

motion. These transformations are provided in Tables 4.6 and 4.7.

Table 4.6: Longitudinal Dimensional Stability Derivative Transformation from Sta-

bility Axes to Body Axes

Body Axes Form
Coef�cient of Element Transformation Equation

sin2 � cos2 � sin� cos� sin� cos� 1

X
0

u Zw Xu � Xw � Zu 0 0 0

X
0

w � Zu Xw Xu � Zw 0 0 0

X
0

q 0 0 0 � Zq Xq 0

X
0

� e
0 0 0 � Z� e X � e 0

Z
0

u � Xw Zu Xu � Zw 0 0 0

Z
0

w Xu Zw Xw + Z u 0 0 0

Z
0

_w 0 0 0 0 Z _w 0

Z
0

q 0 0 0 Xq Zq 0

Z
0

� e
0 0 0 X � e Z� e 0

M
0

u 0 0 0 � Mw Mu 0

M
0

w 0 0 0 Mu Mw 0

M
0

_w 0 0 0 0 M _w 0

M
0

q 0 0 0 0 0 Mq

M
0

� e
0 0 0 0 0 M � e

Note. Adapted from J. A. Thelander, "Aircraft Motion Analysis," Technical Report FDL-TDR-64-

70, Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base, March 1965.
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Table 4.7: Lateral/Directional Dimensional Stability Derivative Transformation from

Stability Axes to Body Axes

Body Axes Form
Coef�cient of Element Transformation Equation

sin2 � cos2 � sin� cos� sin� cos� 1

Y
0

� 0 0 0 0 0 Y �

Y
0

p 0 0 0 � Yr Yp 0

Y
0

r 0 0 0 Yp Yr 0

Y
0

� a
0 0 0 0 0 Y � a

Y
0

� r
0 0 0 0 0 Y � r

L
0

� 0 0 0 � N� L � 0

L
0

p Nr Lp � Lr � Np 0 0 0

L
0

r � Np Lr Lp � Nr 0 0 0

L
0

� a
0 0 0 � N� a L � a 0

L
0

� r
0 0 0 � N� r L � r 0

N
0

� 0 0 0 L � N� 0

N
0

p � Lr Np Lp � Nr 0 0 0

N
0

r Lp Nr Lr + N p 0 0 0

N
0

� a
0 0 0 L � a N� a 0

N
0

� r
0 0 0 L � r N� r 0

Note. Adapted from J. A. Thelander, "Aircraft Motion Analysis," Technical Report FDL-TDR-64-70,

Air Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base, March 1965.

Note that the AoA and AoS derivatives are related to the heave (w) and sideslip ve-

locity (v) derivatives with trim speed. For instance,X � = X wV0 andY� = YvV0.
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4.2 Static Stability

Once the nondimensional stability derivatives are obtained for the aircraft, the static

stability of the aircraft should be checked. Static stability is the prerequisite to dy-

namic stability but does not guarantee it. In the case of �fth-generation �ghter jets, it

is desired that the aircraft is longitudinally statically unstable for trim drag reduction

and maneuverability purposes. In contrast, the static stability is ensured in lateral and

directional axes.

4.2.1 Longitudinal Static Stability

The longitudinal static stability of the aircraft has a direct link to the static margin of

the aircraft. The static margin is de�ned as:

SM =
X n:p: � X c:g:

�c
� 100% = �

Cm �

CL �

� 100% (4.5)

whereX n:p: and X c:g: are the longitudinal distance of the neutral point and center

of gravity from the nose of the aircraft. If the static margin is positive, the aircraft

is longitudinally statically stable as in the case of airliners and cargo-type airplanes.

When the neutral point is ahead of the center of gravity, the SM is negative and the

aircraft is longitudinally statically unstable. In order to establish a stable pitch trim,

the necessary and suf�cient conditions are:

Cm0 > 0 and Cm � < 0 (4.6)

If these conditions are satis�ed, the static margin is, by extension, positive, and the

aircraft is said to have longitudinal static stability. IfCm � > 0 andCm0 < 0, the

aircraft can be �own, but it is statically unstable. IfCm � < 0 andCm0 < 0, the

aircraft cannot be trimmed at positive angles of attack, hence un�yable. In �fth-

generation �ghter jets, the longitudinal characteristics of the aircraft are either one of

the following conditions:

(i) Cm � > 0 (mostly) andCm0 < 0, or

(ii) Cm � > 0 (mostly) andCm0 > 0
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4.2.1.1 Relaxed Static Stability

It was a rule of thumb for earlier �ghter jets such as the F-104, F-5, F-14, and F-15

to have about 5% static margin at the most aft CG limit in the subsonic �ight regime.

However, there is a very sound reason why relaxing the static stability would make

the aircraft superior. Due to the large aftward shift of the aerodynamic center between

subsonic and supersonic regions, the static margin substantially increases, resulting

in more HT de�ection, i.e., higher trim drag (and hence more thrust required) and

reduced maneuverability (less available thrust). If the CG is deliberately positioned

aft of the NP at the subsonic region, i.e., the aircraft is made longitudinally statically

unstable, the static margin is reduced (or made slightly negative), thereby increasing

maneuverability [147] and reducing the supersonic trim drag [148]. This concept,

called relaxed static stability (RSS), was �rst employed on the YF-16 [149].

Static margins of some selected aircraft are provided in Table 4.8.

Table 4.8: Static Margin of Fighter Jets

A/C Country First Flight SM A/C Country First Flight SM

F-104 U.S. 04.03.1954 > 0 F-16 U.S. 02.02.1974 < 0

F-5 U.S. 30.07.1959 > 0 Rafale A France 04.07.1986 < 0

F-4 U.S. 27.05.1958 > 0 JAS-39 Sweden 09.12.1988 < 0

MiG-25 USSR 06.03.1964 > 0 YF-23 U.S. 27.08.1990 < 0

F-14 U.S. 21.12.1970 > 0 YF-22 U.S. 29.09.1990 < 0

F-15 U.S. 27.07.1972 > 0 F-35A U.S. 15.12.2006 < 0

YF-17 U.S. 09.06.1974 > 0 Su-57 Russia 29.01.2010 < 0

Su-27 USSR 20.05.1977 � 0 J-20 China 11.01.2011 < 0

F/A-18 U.S. 18.11.1978 > 0 KAAN Türkiye 24.02.2024 < 0

The notional �fth-generation concept of Raymer [4] is about 15% unstable in the

longitudinal axis at the subsonic region, which can be used as an initial guideline for

the upper limit.
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The use of RSS introduces pitch instability, i.e., unstable short-period root, which

must be corrected in the closed-loop by the proper application of RSS SAS. The

moderate instability of the YF-16 (about 4% unstable in the subsonic region [147])

results in the unstable short-period root to lie between +1.0 and +1.5 in some �ight

conditions [149]. A greater instability can be observed in AFTI/F-16 (+5.45), X-29

(+6.0), YF-22, YF-23, and F-35. European practice suggests [150] that the maximum

unstable short-period root ought not to exceed a value of +2.0 rad/sec. However, for

conceptual design purposes, this guideline can further be restricted to� max � +1:5

rad/sec, upon the work of Stein [151] which concerns the gain and phase margins of

MIL-F-8785C, since unstable plants are fundamentally more dif�cult to control and

they are only locally stable in the closed-loop sense.

European practice suggests that the maximum value of pitch stiffness derivative,Cm � ,

of RSS concept not to exceed 0.4-0.45 per rad [150], especially in an early phase of

the design. This guideline can be further restricted toCm � max
� 0:3 per rad for

conceptual design purposes.

When coupled with �y-by-wire, the RSS concept is also useful for attaining quicker

responses to pilot stick input [152], which is more favorable. It can be deduced that

favoring the YF-16 over YF-17 in the Lightweight Fighter (LWF) program was due

to the RSS and accompanying �y-by-wire system of the YF-16 [148] which resulted

in better maneuverability and full control authority.

Dynamic stability can still be ensured in the closed-loop sense for RSS aircraft with

the increased cost and complexity of the �ight control system. However, the physical

control forces can not be substituted by arti�cial means. Therefore, the design of RSS

aircraft is constrained by control power and associated �ight control system issues

such as actuator loads, rate, and bandwidth [70]. Moreover, the complexity of the

control system leads to increased orders of transfer function. For instance, the pitch

rate response to the pilot stick force would be over 50th-order transfer function.

Overall advantages and dif�culties of the RSS concept are summarized in Table 4.9.

Pitching moment coef�cient curves of the F-14A [138], F-15B [122], F-16 [136],

YF-22 [153], and F-35 [154] are given through Figures 4.1 to 4.5. Applying the RSS

concept to airliners is limited, with the only known example of MD-11 [155].
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Table 4.9: Advantages and Dif�culties Associated with RSS Concept

Advantages Dif�culties

� Less HT de�ection

! More aerodynamic lift

! Less trim drag

� Reduced structural weight

� More range with same fuel

� Higher T/W ratio

� Increased instantaneous and sus-

tained maneuver capability

� Extremely demanding SnC prob-

lems at high-AoA

! Nose down recovery

! Departure

! Deep stall

� Complexity and increased cost of

the stability augmentation system

! Higher order TFs

The F-14A and F-15B represent the classical statically stable aircraft.

Figure 4.1:Cm vs � curve of F-14A

Note. Reprinted from S. R. Wright, "A wing rock model for the F-14A aircraft". Eng. thesis, Naval

Postgraduate School, Monterey, CA, USA, 1992.
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Figure 4.2:Cm vs � curve of F-15B

Note. Reprinted from T. R. Yechout, S. L. Morris, D. E. Bossert, and W. F. Gallgren,Introduction to

Aircraft Flight Mechanics: Performance, Static Stability, Dynamic Stability, and Classical Feedback

Control. American Institute of Aeronautics and Astronautics, 2003.

Figure 4.3:Cm vs � curve of F-16

Note. Reprinted from L. T. Nguyen, M. E. Ogburn, W. P. Gilbert, K. S. Kibler, P. W. Brown, and D. P.

L., "Simulator Study of Stall/Post-Stall Characteristics of a Fighter Airplane With Relaxed Static

Stability," Technical Paper NASA TP-1538, Washington D.C., December 1979.
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Figure 4.4:Cm vs � curve of YF-22

Note. Reprinted from C. K. Clark and M. R. Bertens, "High Angle-of-Attack Characteristics of the

YF-22," AIAA 1991-3194, Aircraft Design and Operations Meeting, Baltimore, MD, September

23-25, 1991. Copyright © 1991 by General Dynamics Corporation.

Figure 4.5:Cm vs � curve of F-35

Note. Reprinted from D. G. Canin, J. K. McConnell, and P. W. James, "F-35 High Angle of Attack

Flight Control Development and Flight Test Results," AIAA 2019-3227, AIAA Aviation 2019 Forum,

Dallas, TX, June 17-21, 2019. Copyright © 2019 by Lockheed Martin Corporation.

The F-16, YF-22, and F-35 are the best available examples of RSS aircraft.
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4.2.2 Lateral Static Stability

The lateral static stability of the aircraft is best understood when the aircraft resists

the disturbances in banking motion of the aircraft, especially in turn maneuvers. Once

the aircraft banks, a sideslip is developed in the direction of the bank because of a

spanwise component of the weight of the aircraft. As a result of this sideslip, if a

restoring moment is induced, then the aircraft is said to be laterally stable. On the

other hand, if the induced rolling moment causes the aircraft to bank even more in

the intended direction, the aircraft is said to be laterally unstable. The generation of

a rolling moment due to sideslip is also called dihedral effect. The dihedral effect

depends on many factors including the dihedral angle of the wing of the aicraft.

Since for a positive sideslip, the restoring moment is induced in the negative direction,

the lateral stability criterion is expressed as either:

L � < 0 (4.7)

in dimensional stability derivative form, or:

Cl � < 0 (4.8)

in nondimensional stability derivative form. Provided that the inequalities expressed

in 4.7 or 4.8 hold for a given aircraft, the aircraft is said to have lateral static stability.

It should be noted that too much lateral static stability yields good spiral stability

and yet results in unacceptable Dutch roll characteristics. Both the wing and tail

contribute toCl � . Geometric dihedral, wing sweep, wing-fuselage interference, and

the vertical tail have a direct in�uence on the value of the dihedral effect. For the

conceptual design of a �fth-generation �ghter jet, achieving aCl � magnitude about

half that of theCn � value at subsonic speeds and small angles of attack should be

sought as a common practice. Therefore, the common design objective is to prioritize

Dutch roll over spiral stability.

The stability derivativeCl � is considered among the most important static stability

derivatives together withCm � andCn � since it directly affects the spiral, roll, and

Dutch roll modes of lateral-directional motion of the aircraft. Sensitivity analysis

given in Table F.5 can be consulted for further investigations.
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4.2.3 Directional Static Stability

The directional motion of the aircraft involves sideslip velocityv, yaw angle , and

yaw rater , whereas the lateral motion of the aicraft involves bank angle� , and roll

ratep. However, the lateral and directional motions of the aircraft are always coupled

for a sideslip induces both yawing and rolling motions.

Directional static stability of an aircraft is a measure of the tendency of the aircraft to

realign itself along the direction of the relative wind without any pilot input so that

the disturbance in sideslip is eliminated. The disturbance in sideslip can be a result of

the horizontal gust, wind turbulence, or rudder de�ection. In other words, an aircraft

having directional static stability inherently aligns itself to the direction of the relative

wind, and the sideslip angle is eliminated by a change of the heading angle, , of the

aircraft. If the disturbance vanishes, the aircraft realigns itself to the original heading

it was �ying with beforehand. By convention, sideslip angle,� , is positive if the

aircraft sideslips to starboard, and is negative if the aircraft sideslips to the port.

An aircraft is said to have directional static stability if it inherently aligns itself with

the resultant wind whenever disturbed from steady level �ight. Therefore, the crite-

rion for directional static stability can be expressed as either:

N � > 0 (4.9)

in dimensional stability derivative form, or:

Cn � > 0 (4.10)

in nondimensional stability derivative form. For the conceptual design of a �fth-

generation �ghter jet, a goal value of 0.05 to 0.13 1/rad should be achieved at small

angles of attack if good directional stability is prioritized. During WWII and shortly

after, a rule of thumb in the design of the U.S. �ghter jets [156] which yielded the

required amount ofCn � was calculated by Equation 4.11:

Cn � = 0:0286

p
W
b

(4.11)

Modern �ghter jets designed with sophisticated AFCS have smaller vertical tails since

arti�cial damping compensates for the magnitude ofCn � .
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4.3 Longitudinal Dynamics

4.3.1 Longitudinal Dynamics of Symmetric Flight

As the longitudinal motion is decoupled from the lateral-directional motion, the fol-

lowing longitudinal state space form is derived:

_x long = A long x long + B long ulong

ylong = Clong x long + D long ulong

(4.12)

For steady, symmetric �ight, the linearized decoupled longitudinal system matrix

(sometimes also called stability or state matrix) written in the body axes is [157]:

A long =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

X u + X Tu X w � q0 X q � w0 � gcos�0

Zu + q0

1 � Z _w

Zw

1 � Z _w

Zq + u0

1 � Z _w

� gsin� 0

1 � Z _w

M u +
M _w(Zu + q0)

1 � Z _w
Mw +

M _wZw

1 � Z _w
M q +

M _w(Zq + u0)

1 � Z _w

� M _wgsin� 0

1 � Z _w

0 0 1 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.13)

With theX Tu essentially being zero for constant thrust propulsion [83, 126, 141, 129],

andX q is negligibly small (X q � 0) in the subsonic regime [87, 122, 124, 129].

The control matrixB long , also known as the input matrix, can be written as follows:

B long =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

X � e X � T

Z � e

1 � Z _w

Z � T

1 � Z _w

M � e +
M _wZ � e

1 � Z _w
M � T +

M _wZ � T

1 � Z _w

0 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.14)
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The state and input vectors are de�ned as:

x long =

8
>>>>>><

>>>>>>:

u

w

q

�

9
>>>>>>=

>>>>>>;

and ulong =

8
<

:
� e

� T

9
=

;
(4.15)

A long matrix given in Equation 4.13 can be used for symmetric maneuvers such as

cruise, climb, descend, and pull-up. Note thatq0 is not zero during pull-up.

Sometimes, it is more convenient to include the angle of attack as a state inx long

instead ofw. Since� = arctan(w0=u0) � w0=u0, one can write theA long matrix as

follows:

A long =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

X u + X Tu X � � u0q0 X q � w0 � gcos�0

Zu + q0

u0 � Z _�

Z �

u0 � Z _�

Zq + u0

u0 � Z _�

� gsin� 0

u0 � Z _�

M u +
M _� (Zu + q0)

u0 � Z _�
M � +

M _� Z �

u0 � Z _�
M q +

M _� (Zq + u0)

u0 � Z _�

� M _� gsin� 0

u0 � Z _�

0 0 1 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.16)

whereulong remains unchanged and the new control matrix is:

B long =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

X � e X � T

Z � e

u0 � Z _�

Z � T

u0 � Z _�

M � e +
M _� Z � e

u0 � Z _�
M � T +

M _� Z � T

u0 � Z _�

0 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.17)

and the new state vector is :
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x long =

8
>>>>>><

>>>>>>:

u

�

q

�

9
>>>>>>=

>>>>>>;

(4.18)

4.3.2 Longitudinal Dynamics of Asymmetric Flight

Asymmetric �ight is de�ned as a �ight in which the plane of symmetry does not

remain in a �xed vertical position [158]. Some or all of the variables of motionp,

r , � , andv may be expected to be other than zero in asymmetric �ight. Examples

of asymmetric �ight are sideslips, rolls, and turns. For such a �ight, the following

simpli�ed linearized longitudinal system matrix written in body axes is applicable

[157] and can be used for conceptual design purposes:

A long =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

X u + X Tu X w � q0 X q � w0 � gcos�0

Zu + q0

1 � Z _w

Zw

1 � Z _w

Zq + u0

1 � Z _w

� gcos�0sin� 0

1 � Z _w

M u +
M _w(Zu + q0)

1 � Z _w
Mw +

M _wZw

1 � Z _w
M q +

M _w(Zq + u0)

1 � Z _w

� M _wgcos�0sin� 0

1 � Z _w

0 0 cos� 0 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.19)

or using� as a state variable instead ofw as:

A long =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

X u + X Tu X � � u0q0 X q � �u 0 � gcos�0

Zu + q0

u0 � Z _�

Z �

u0 � Z _�

Zq + u0

u0 � Z _�

� gcos�0sin� 0

u0 � Z _�

M u +
M _� (Zu + q0)

u0 � Z _�
M � +

M _� Z �

u0 � Z _�
M q +

M _� (Zq + u0)

u0 � Z _�

� M _� gcos�0sin� 0

u0 � Z _�

0 0 cos� 0 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.20)

where for equations 4.19 and 4.20 the control matrices given in equations 4.14 and

4.17 apply, respectively.
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4.3.3 Longitudinal Dynamic Modes

4.3.3.1 Phugoid Mode

Of the longitudinal eigenvalues, a complex pair of roots associated with lightly-

damped low-frequency oscillation in which the pitch rate and the angle of attack

change are very small but signi�cant changes in speed and pitch attitude coupled

with height, thus interchanging the kinetic energy with potential energy constantly is

called phugoid (or long period) mode. Since the period of oscillation is quite long, the

pilot can easily kill this mode by employing the longitudinal control. The damping

of the phugoid mode is degraded as the aerodynamic ef�ciency (L/D) is increased,

enhancing which is one of the main objectives in aircraft design. Since reducing

the aerodynamic ef�ciency would be unacceptable to the aerodynamicists, the �ight

control engineers would opt for an automatic stabilization system. The imaginative

name of this mode was coined by F. W. Lanchester [76, 83, 123, 130] in his work

Aerodonetics [159] published in 1908, where he picked the Greek root for "to �ee",

i.e., '�
� , thinking that he got the root "to �y". He must have forgotten that this root

was already present in the English word "fugitive."

4.3.3.2 Short-Period Mode

Of the conventional longitudinal dynamic modes, the short-period mode is more sig-

ni�cant since it contains most of the angle of attack response to longitudinal control

and the variation of normal acceleration necessary for maneuvering [141]. Conven-

tional short-period mode is characterized by complex conjugate roots with a relatively

high damping ratio and natural frequency with respect to phugoid mode. Whenever

this mode is of high frequency and well-damped, the aircraft responds almost in-

stantly to longitudinal control input without any undesirable overshoot. If this mode

becomes long in period or lightly damped, the aircraft will be dif�cult to control and

even dangerous to �y since short-term response characteristics of an aircraft are of

particular signi�cance in handling qualities. For inherently statically stable aircraft,

it is appropriate [144] to assume that the short-period mode takes place at constant

speed but with signi�cant changes in angle of attack, pitch rate, and pitch attitude.
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4.3.3.3 Tuck Mode

Among the possible longitudinal dynamic modes, the tuck mode was the unwanted

one, which was �rst discovered during high-speed dives of WWII-era propeller-driven

�ghters �ying close to the transonic region and resulted in many crashes as the effec-

tiveness of the elevator decreased, and the pilots could not recover due to high stick

forces. The aerodynamic stability derivative involved in this phenomenon is the Mach

tuck derivative,Cmu , of negative sign. When such a phenomenon occurs, the phugoid

mode degenerates into two aperiodic roots, one of which represents a divergence, and

the following modes are observed: tuck mode, aperiodic convergent phugoid mode,

and short-period mode. The common solution to the unwanted tuck mode is a Mach-

trim system, i.e., Mach hold mode [144]. Combined with careful airfoil design, this

mode can be made unknown to the pilots of modern jet aircraft.

4.3.3.4 Third Oscillatory Mode

In the open-loop sense, the conventional short-period and phugoid modes are fre-

quently absent for modern high-performance �ghters designed with relaxed static

stability. Modern jet �ghters are designed such that the center of gravity mostly lies

aft of the neutral point. In this case, the longitudinal static stability derivative,Cm � ,

can take a value that results in each root of the longitudinal characteristic equation

moving onto the real axis. When the center of gravity is further moved aft of the neu-

tral point, the right-moving branch of the short-period mode meets the left-moving

branch of the phugoid mode, and a new oscillatory mode emerges [121, 130] while

there are two aperiodic roots on the real axis. This newly formed oscillatory mode is

called the "third oscillatory mode," and it has short-period-like damping and phugoid-

like frequency [121, 130]. Due to the presence of longitudinal static instability, at

least one of the two aperiodic modes will be unstable. When such a phenomenon oc-

curs, the following modes are present: (i) third oscillatory mode, aperiodic divergent

phugoid mode, and aperiodic convergent short-period mode; or (ii) third-oscillatory

mode, aperiodic convergent short-period mode, and aperiodic divergent short-period

mode. The aperiodic divergent short-period mode is usually known as the unstable

short-period root and can be estimated using the method presented in Appendix C.
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4.4 Lateral-Directional Dynamics

4.4.1 Lateral-Directional Dynamics of Symmetric Flight

As the lateral-directional motion is decoupled from the longitudinal motion, the fol-

lowing longitudinal state space form is derived:

_x lat = A lat x lat + B lat ulat

ylat = Clat x lat + D lat ulat

(4.21)

For steady, symmetric �ight, the linearized decoupled lateral-directional system ma-

trix (sometimes also called stability or state matrix) written in the body axis is [157]:

A lat =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

Yv Yp + w0 Yr � u0 gcos� 0

L v + A1Nv

1 � A1B1

Lp + A1Np

1 � A1B1

L r + A1Nr

1 � A1B1
0

Nv + B1L v

1 � A1B1

Np + B1Lp

1 � A1B1

Nr + B1L r

1 � A1B1
0

0 1 tan� 0 q0 tan � 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.22)

The control matrixB lat , also known as the input matrix, can be written as follows:

B lat =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

Y� a Y� r

L � a + A1N � a

1 � A1B1

L � r + A1N � r

1 � A1B1

N � a + B1L � a

1 � A1B1

N � r + B1L � r

1 � A1B1

0 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.23)

The state and input vectors are de�ned as:
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x lat =

8
>>>>>><

>>>>>>:

v

p

r

�

9
>>>>>>=

>>>>>>;

and ulat =

8
<

:
� a

� r

9
=

;
(4.24)

where

A1 = I xz =Ixx B1 = I xz =Izz (4.25)

A lat matrix given in Equation 4.22 can be used for symmetric maneuvers such as

cruise, climb, descend, and pull-up. Note thatq0 is not zero during pull-up.

Sometimes, it is more convenient to include the angle of sideslip as a state inx lat

instead ofv. Since� = arctan(v0=u0) � v0=u0, one can write theA lat matrix as

follows:

A lat =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

Y�

Yp

u0
+

w0

u0

Yr

u0
� 1

gcos� 0

u0

L � + A1N �

1 � A1B1

Lp + A1Np

1 � A1B1

L r + A1Nr

1 � A1B1
0

N � + B1L �

1 � A1B1

Np + B1Lp

1 � A1B1

Nr + B1L r

1 � A1B1
0

0 1 tan� 0 q0 tan � 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.26)

The control matrix becomes:

B lat =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

Y� a

u0

Y� r

u0

L � a + A1N � a

1 � A1B1

L � r + A1N � r

1 � A1B1

N � a + B1L � a

1 � A1B1

N � r + B1L � r

1 � A1B1

0 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.27)
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While the input vector remains the same, the new state vector is:

x lat =

8
>>>>>><

>>>>>>:

�

p

r

�

9
>>>>>>=

>>>>>>;

(4.28)

4.4.2 Lateral-Directional Dynamics of Asymmetric Flight

For asymmetric maneuvering �ight, the following linearized simpli�ed decoupled

lateral-directional system matrix written in body axes [157] can be used for concep-

tual design purposes except for aileron roll:

A lat =

2

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4

Y�

Yp

u0
+

w0

u0

Yr

u0
� 1

gcos� cos� 0

u0

L
0

� L
0

p L
0

r �
q0(I zz � I yy)

I xx
0

N
0

� N
0

p +
q0(I xx � I yy)

I zz
N

0

r 0

0 1 cos� 0 tan � 0 q0 cos� 0 tan � 0 � r0 sin� 0 tan � 0

3

7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
7
5

(4.29)

whereB lat is the same as symmetric �ight, and with the statesx lat =
n

� p r �
oT

.

Primed dimensional stability derivatives are frequently used to simplify the outlook of

A lat andB lat matrices in case the motion variable� instead ofv is used, and these are

not to be confused with the ones in Table 4.7, which represents the conversion from

stability to body axes. The primed derivatives are de�ned as [137, 129, 160, 161]:

L
0

i =
L i + ( I xz =Ixx )N i

1 � (I 2
xz =Ixx :I zz)

N
0

i =
N i + ( I xz =Izz)L i

1 � (I 2
xz =Ixx :I zz)

(4.30)

where the subscript i denotes a motion (�; p; r ) or input quantity (� a; � r ). The starred

derivatives arise in this case are:Y �
� a

and Y �
� r

which are basically the �rst row el-

ements in Equation 4.27, i.e.,Y �
� a

= Y� a =u0 andY �
� r

= Y� r =u0. Primed and starred

dimensional stability derivatives are provided for each �ghter generation in Table B.3.
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4.4.3 Lateral-Directional Dynamic Modes

4.4.3.1 Spiral Mode

Of the conventional lateral-directional modes, the one associated with a slow �rst-

order response, i.e., real root, is called the spiral mode. It is a slow recovery or diver-

gence from an initial bank angle disturbance involving large heading changes, mod-

erate bank angles, and near-zero sideslip. If this mode is unstable, an ever-steepening

spiral divergence occurs, which is responsible for its name, which appears to be a con-

sensus among aviators of the pioneer era. The ever-increasing bank angle of a spirally

unstable aircraft must be corrected by the pilot to maintain a wings-level �ight, which

is almost always done instinctively. If the spiral mode is stable, the aircraft will re-

turn to wings-level, although on a different heading than it had before the bank angle

disturbance. Generally, spiral stability is traded off for improved Dutch roll character-

istics. It should be noted that the �ghter jet pilots object to strong spiral stability. The

spiral mode root usually dominates the long-term bank angle characteristics [162].

4.4.3.2 Roll Mode

Of the conventional lateral-directional modes, the one associated with a fast �rst-order

response, i.e., real root, is called the roll mode, or sometimes, the roll subsidence

mode. The state variable mostly dominant in this mode is the roll rate,p. Hence, the

1-DOF approximation to roll mode is quite popular, which treats the roll mode as a

pure rolling motion of the aircraft about itsxs-axis. This approximation introduces

the roll mode time constant, i.e.,� r
�= � 1=Lp, which is the time required for rolling

velocity to reach 63 percent of its steady state value following an abrupt aileron input

by the pilot. If the roll mode time constant is large, the aircraft is said to be sluggish

to lateral inputs, and the aircraft takes too long for the roll rate to build up. More

negative values of roll mode root, hence the smaller roll mode time constant, and

the corresponding shorter build-up times are, of course, more favorable to �ghter

jet pilots. The roll mode root usually dominates the initial bank angle response to

ailerons [162]. Since it is the aim of the control engineer to reduce the roll mode time

constant in closed-loop, the roll rate to aileron feedback gain,K p, is positive in sign.
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4.4.3.3 Dutch Roll Mode

Of the conventional lateral-directional modes, the one associated with a medium-

to-short-period second-order response, i.e., complex conjugate roots, is called the

Dutch roll mode. The naming of this mode appears to be a consensus as early as

the pioneer era of aviation, and it was �rst spotted in the work of Mowbray in 1910

[163]. Dutch roll mode is characterized by a rolling, yawing, and sideslipping motion.

Hence, the motion variables involved in Dutch roll are� ,  , and� . The motion is

an uncomfortable yawing and rolling, which can annoy the pilot if not well-damped.

Modern high-performance �ghters designed to �y supersonic at high altitudes, which

have 100 or 1000 times the relative density,� , compared to conventional straight-

wing aircraft, suffer from low Dutch roll damping, which must be augmented by an

automatic stabilization system. This necessitates using a yaw damper based on this

pure aerodynamic reason, which is not a sign of poor design. Since it is the aim of the

control engineer to increase the damping of the Dutch roll mode in the closed-loop,

yaw rate to rudder feedback gain,K r , is negative in sign primarily as a result of the

N � r stability derivative also being negative in sign.

4.4.3.4 Coupled Roll-Spiral Mode

An unconventional and unwanted lateral-directional mode is called the coupled roll-

spiral mode, which is the conversion of two aperiodic modes into one oscillatory

mode, also known as the lateral-phugoid. The following pair of oscillatory modes are

present when such a phenomenon occurs: coupled roll-spiral mode and Dutch roll

mode. The coupled roll-spiral mode can be expected for diverse aircraft types, such

as supersonic transport, V/STOL, and piloted reentry vehicles [162]. At least two in-

�ight occurrences of this mode have been documented: (i) M2-F2 lifting body [164],

(ii) variable stability NT-33 aircraft [165]. A study has shown that, for a hypotheti-

cal �ghter aircraft having coupled roll-spiral mode, the handling qualities would have

been unacceptable [165], regardless of how the coupling was brought about. Based

on this study, the MIL-F-8785C does not allow such a mode for category A maneu-

vers. However, the coupled roll-spiral mode will be permitted for categories B and C,

provided the requirements in Table 4.20 are satis�ed.
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4.5 Flying Qualities

4.5.1 Flying Qualities Guidelines

The aircraft are classi�ed according to the following four categories:

Table 4.10: Classi�cation of Aircraft

Class Type of Aircraft Examples

Class I

small/light

airplanes

Light utility

Primary trainer

Light observation

T-41

T-34C

O-2

Class II

medium-weight;

low-to-medium

maneuverability

airplanes

Heavy utility search and rescue

Light or medium transport/cargo/tanker

Early warning/ECM/Command & Control

Antisubmarine

Assault transport

Reconnaissance

Tactical bomber

Heavy attack

Trainer for Class II

HC-144

C-130

E-3

S-3A

C-130

U-2

B-66

A-6

T-1A

Class III

large, heavy,

low-to-medium

maneuverability

airplanes

Heavy transport/cargo/tanker

Heavy bomber

Patrol/Early warning/ECM/Command & Control

Trainer for Class III

C-17

B-2

SR-71

TC-135

Class IV

high-

maneuverability

airplanes

Fighter/Interceptor

Attack

Tactical reconnaissance

Observation

Trainer for Class IV

F-22

A-10

RF-4

OV-10

T-38

Note. Adapted and enriched fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, Nov. 1980.
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The �ight phase categories and levels of �ying qualities per MIL-F-8785C are de�ned

in Tables 4.11 and 4.12, respectively.

Table 4.11: Flight Phase Categories

Category Description Maneuvers

Cat. A

Those nonterminal �ight

phases that require rapid

maneuvering, precision

tracking, or precise

�ight-path control. Included

maneuvers are:

a. Air-to-air combat (CO)

b. Ground attack (GA)

c. Weapon delivery/launch (WD)

d. Aerial Recovery (AR)

e. Reconnaissance (RC)

f. In-�ight refueling (receiver) (RR)

g. Terrain following (TF)

h. Antisubmarine search (AS)

i. Close formation �ying (FF)

Cat. B

Those nonterminal �ight

phases that are normally

accomplished using gradual

maneuvers and without

precision tracking, although

accurate �ight-path control

may be required. Included

maneuvers are:

a. Climb (CL)

b. Cruise (CR)

c. Loiter (LO)

d. In-�ight refueling (tanker)

e. Descent (D)

f. Emergency descent (ED)

g. Emergency deceleration (DE)

h. Aerial delivery (AD)

Cat. C

Those terminal �ight phases

that are normally

accomplished using gradual

maneuvers and which usually

require accurate �ight-path

control. Included maneuvers

are:

a. Takeoff (TO)

b. Catapult takeoff (CT)

c. Approach (PA)

d. Wave-off/go-around (WO)

e. Landing (L)

Note. Adapted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.
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Table 4.12: Levels of Flying Qualities

Level Description

Level 1 Flying qualities clearly adequate for the mission �ight phase.

Level 2

Flying qualities adequate to accomplish the mission �ight phase,

but some increase in pilot workload or degradation in mission

effectiveness, or both, exists.

Level 3

Flying qualities such that the airplane can be controlled safely,

but pilot workload is excessive or mission effectiveness is

inadequate, or both. Category A �ight phases can be terminated

safely, and Category B and C �ight phases can be completed.

Note. Adapted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.

4.5.2 Longitudinal Flying Quality Requirements

4.5.2.1 Phugoid Mode Requirements

MIL-F-8785C has only one requirement for the phugoid mode, independent of the

aircraft class and �ight phase category and presented in Table 4.13.

Table 4.13: Phugoid Mode Requirements

Level Requirement

Level 1 � ph � 0:04

Level 2 � ph � 0:00

Level 3 T2ph � 55

Note. Adapted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.

Phugoid mode can be unstable if the time to double the phugoid amplitude is above

55 seconds, as deduced from Table 4.13. As there is no requirement on the frequency

of the mode, it is recommended that phugoid and short-period frequencies are well

distinguished. Though, Cook [124] suggests that! nph =! nsp � 0:1 should be avoided.
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4.5.2.2 Short-Period Requirements

MIL-F-8785C puts emphasis on the damping and frequency of the short-period mode

in different manners. While the damping requirement is somewhat direct, the fre-

quency requirement is bound up with the load factor and named as the control antici-

pation parameter, as discussed in this section.

The short-period damping ratio shall be within the limits of Table 4.14.

Table 4.14: Short-Period Damping Requirements

Flight Phase
Level 1 Level 2 Level 3

� sp min � sp max � sp min � sp max � sp min

Category A 0.35 1.30 0.25 2.00 0.10

Category B 0.30 2.00 0.20 2.00 0.10

Category C 0.50 1.30 0.35 2.00 0.25

Note. Adapted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.

The Control Anticipation Parameter (CAP) is de�ned as the ratio of initial pitch ac-

celeration to steady-state normal acceleration [166, 167]:

CAP =
•� 0

� nzss

(4.31)

which is often estimated as:

CAP =
wnsp

2

n=�
(4.32)

andn=� can be calculated using dimensional stability derivatives as:

n=� =
� n

� �
=

V

g

0

B
@

Z � eMw � M � eZw

M � e � Z � eM q=V

1

C
A (4.33)

or with angle of attack derivatives as:
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n=� =
� n

� �
=

V

g

0

B
@

Z � eM � � M � eZ �

M � eV � Z � eM q

1

C
A (4.34)

Using Equations 4.33 or 4.34, the requirements given in Table 4.15 can be estimated.

Table 4.15: Limits for! 2
nsp

=(n=� )

Level
Category A Category B Category C

min max min max min max

1
0.28 3.60 0.085 3.60 0.16 3.60

! n � 1.0 ! n � 0.7

2
0.16 10.0 0.038 10.0 0.096 10.0

! n � 0.6 ! n � 0.4

3 0.16 no limit 0.038 no limit 0.096 no limit

Note. Adapted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.

There are also more advanced requirements on the longitudinal modes, such asC �

and Neal-Smith criteria, but they are hardly ever used at the conceptual level.

4.5.2.3 Flight Path Stability

Another useful requirement in longitudinal motion during the landing approach �ight

phase is �ight path stability, which can be assessed at the conceptual level.

Flight path stability is de�ned as the change of �ight path angle (d
 ) with respect to

the change in speed of the aircraft (du) as caused by a change in pitch control only

(using canard, elevator, or stabilator), while the throttle setting is not altered. For

military aircraft, during the landing approach �ight phase, the curve ofd
=du shall

have a local slope atVomin that is negative or less positive than the values given in

Table 4.16 after MIL-F-8785C [168].

Additionally, the slope ofd
=du at 5 knots slower thanVomin shall not be more than

0.05 degrees/knot more positive than the slope ofd
=du atVomin as in Figure 4.6.
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Table 4.16: Flight Path Stability Requirements

Level Requirement

Level 1 d
=du � 0.06 degrees/knot

Level 2 d
=du � 0.15 degrees/knot

Level 3 d
=du � 0.24 degrees/knot

Note. Adapted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.

Figure 4.6: Flight Path Stability

Note. Reprinted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.

During conceptual design, it is possible to estimate the �ight path stability with a

formulation given by the MIL-STD-1797A [166], which includes the dimensional

stability derivatives as follows:

d


du
=

1

g

2

6
6
6
4

X u �

0

B
@X w �

g

V

1

C
A

0

B
B
@

Zu � M uZ � e=M� e

Zw � MwZ � e=M� e

�
X � e

M � e

0

B
@

MwZu � ZwM u

� Zw + MwZ � e=M� e

1

C
A

1

C
C
A

3

7
7
7
5

(4.35)

Vomin is the minimum operating speed of the aircraft during the �nal approach �ight

phase. All �ights with
 < 0 and h� 5000 ft can be checked at the conceptual level.
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4.5.3 Lateral-Directional Flying Quality Requirements

4.5.3.1 Roll Mode Requirements

Per MIL-F-8785C, the requirements for the roll mode are placed on the roll mode

time constant,� r , as given in Table 4.17, and prevents �ghter jets from becoming

sluggish. Mathematically,8� r � � 0:7143are Level 1 for all categories.

Table 4.17: Maximum Allowable Roll Mode Time Constant

Aircraft Class Flight Phase Category
Maximum value of � r

Level 1 Level 2 Level 3

I, IV
A & C

1.0 1.4 10

II, III 1.4 3.0 10

I, II, III, IV B 1.4 3.0 10

Note. Adapted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.

4.5.3.2 Spiral Mode Requirements

MIL-F-8785C permits spiral mode to be unstable by limiting the minimum time to

double amplitude, as shown in Table 4.18. Mathematically,8j� sj � 0:0345are Level

1 for all categories. These requirements shall be met following a bank angle distur-

bance of up to 20 degrees from wings-level, zero-yaw-rate trimmed �ight.

Table 4.18: Spiral Mode Time to Double Bank Angle

Flight Phase Category
Minimum value of t1=2

Level 1 Level 2 Level 3

A & C 12 8 4

B 20 8 4

Note. Adapted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.
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4.5.3.3 Dutch Roll Mode Requirements

Per MIL-F-8785C, the Dutch roll mode is assessed in terms of damping, frequency,

and their multiplication, as given in Table 4.19.

Table 4.19: Dutch Roll Mode Requirements

Level Category Class � dr � dr ! ndr ! ndr

1

A (CO & GA) IV 0.4 - 1.0

A (Other)
I,IV 0.19 0.35 1.0

II, III 0.19 0.35 0.4

B All 0.08 0.15 0.4

C
I, II-C, IV 0.08 0.15 1.0

II-L, III 0.08 0.10 0.4

2 All All 0.02 0.05 0.4

3 All All 0 - 0.4

Note. Adapted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.

4.5.3.4 Coupled Roll-Spiral Mode Requirements

The unusual, unwanted lateral-directional mode, called coupled roll-spiral mode, is

allowed per MIL-F-8785C only for �ight phase categories B and C. The requirement

imposes that the product of the damping ratio and undamped natural frequency should

exceed the values given in Table 4.20.

Table 4.20: Coupled Roll-Spiral Mode Requirements

Level Requirement

Level 1 � rs ! n rs > 0:50

Level 2 � rs ! n rs > 0:30

Level 3 � rs ! n rs > 0:15

Note. Adapted fromFlying Qualities of Piloted Airplanes, MIL-F-8785C, November 1980.
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4.6 Aircraft Transfer Functions

The derivation of the open-loop aircraft transfer functions directly follows from the

equations of aircraft motion of Section 3.3 using Laplace transforms assuming zero

initial conditions. Then, those sets of equations are solved by Cramer's rule for each

transfer function in the longitudinal and lateral-directional axes. Classical control

texts of Pamadi [121] and Roskam [144] address this kind of treatment.

Without loss of generality, an aircraft transfer function can be written in the form of

a quotient as follows:

Gstate
input (s) =

N state
input (s)

�( s)
(4.36)

whereN state
input (s) is the numerator, and�( s) is the denominator of the transfer func-

tion, both are functions of dimensional stability and control derivatives. The roots of

the denominator are essentially the poles of the system, and the numerator polynomial

determines the magnitude of the aircraft's response to the control surface input, such

as elevator, aileron, or rudder. Some open-loop transfer functions of the aircraft are:

Gq
� e

, Gr
� r

, Gp
� a

. Those transfer functions are extensively used in stability augmentation

systems which are known as pitch, yaw, and roll damper, respectively.

The methodology used in this thesis to obtain the aircraft transfer functions is:

1. Input the �ight condition and aircraft con�guration into DD.

2. Estimate the mass moments of inertia and product of inertiaI xz .

3. Import nondimensional stability derivatives (Cmq , Cl � , Cn r , etc.) into ADA

usingdatcomimport command of MATLAB.

4. Obtain dimensional stability derivatives (M q, L � , Nr , etc.) using formulations

of the Section 4.1.2.

5. Construct the matricesA long , B long andA lat , B lat . AssumeClong andClat are

identity matrices with feedforward matrices essentially being zero.

6. Obtain the full-order (4th -order) open-loop longitudinal and lateral-directional

transfer functions with thess2tf command of MATLAB.
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4.7 Feedback Stability Augmentation

Feedback stability augmentation is used to bring the aircraft's response to the desired

�ying quality levels in the closed-loop. This section discusses two methods that can

be used in the early conceptual design phase, just as this study.

4.7.1 Stability Augmentation Systems

It has been shown in Section 4.2.1.1 that modern high-performance �ghter aircraft are

actually unstable in the open-loop and cannot meet the �ying qualities requirements

given in Section 4.5 without employing a Stability Augmentation System (SAS).

Stability augmentation is de�ned as the arti�cial improvement of the aircraft's sta-

bility and control while it is under the control of a human pilot [76] with the control

law being the essential element while the remaining components shown in Figure 4.7

are supplementary by-products to help its implementation [124] as the feedback loop

constantly adds to the input commands of the pilot.

Stability augmentation systems were historically the �rst implementation of feedback

controls aimed to improve dynamic stability characteristics and are also referred to

as dampers and stability augmenters [122]. Fighter aircraft such as F-89 [76], F-8C

[169], F-104A [137], F-4C [137], F-5A [160], F-15 [170] and F-16 [136] had stability

augmentation systems. Stability augmentation systems constitute the inner loop of a

rather complex-designed �ight control system (FCS), and they are the �rst part of

the whole system that are to be designed; hence, they can also be employed in the

conceptual design phase as soon as the aircraft transfer functions are available. Root

locus analysis introduced by Evans [171] can then determine feedback gains.

Traditionally, stability augmentation systems are designed separately for the longitu-

dinal and lateral-directional dynamics, as pointed out by Stevens et al. [127]. Mod-

ern �ghter aircraft have the following SAS functions: pitch damper, roll damper,

yaw damper, and RSS SAS, as stated by McLean [130]. Certain desirable values for

nondimensional stability derivatives such asCmq , Cm � , Cn r , andClp may be obtained

more ef�ciently using SAS rather than aerodynamic design.
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Figure 4.7: A Typical SAS

The control gain block K can also appear in the feedback path in a simpli�ed SAS.

To augment the stability of an RSS aircraft that is unstable in the open-loop, it is

required that both pitch rate and angle of attack are fed back to the loop [127] while

the angle of attack feedback constitutes the inner loop, as shown in Figure 4.8.

Figure 4.8: A Typical Pitch Stabilization SAS (RSS SAS)

The advantages of feedback control include the provision of stability and the suppres-

sion of unwanted input and disturbances, as pointed out by McRuer et al. [129]. A

summary of feedback control laws is given in Appendix E after [172].

Modern high-performance �ghter aircraft also employ the following pilot relief modes

(autopilots) to lessen the workload of pilot: pitch attitude hold, roll attitude hold,

heading hold, Mach hold, airspeed hold, altitude hold, and turn coordination system.
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4.7.2 Pole Placement Method

The pole placement method is an alternative yet very powerful technique for the de-

sign of feedback control law. The practical application is rather limited to aircraft

since it works under the assumption that all state variables are available, which is

usually not the case. Nevertheless, it is a powerful design tool, especially at the con-

ceptual design level, to understand the demand for the feedback gains that would yield

a required level of closed-loop stability, as accentuated by Cook [124].

Under the requirement that the given plant satis�es the controllability condition,

which can be checked byctrb command in MATLAB, and assuming that all state

variables are available for feedback, the pole placement method is also called a full-

state feedback method.

Consider the linearized longitudinal dynamic system with feedforward matrixD long

being essentially zero:

_x long = A long x long + B long ulong (4.37)

ylong = Clong x long (4.38)

With full-state feedback,u = r (t) � Kx , wherer (t) is them� 1 input vector andK is

them� n matrix of feedback gains, wheren denotes the number of state variables and

m is the number of inputs. If only elevator (stabilator) input is effective,K is 1 � n.

If both elevator (stabilator) and throttle input are effective,K is 2 � n. Say, for only

elevator (stabilator) input,K takes the following form with the state variables ofu, � ,

q, and� , and the closed loop system matrix becomesA long � cl = A long � B long K long .

K long =
h
K u K � K q K �

i
(4.39)

The feedback gains of Equation 4.39 required to bring the closed-loop poles to the

desired locations can be obtained either by Bass-Gura [173] or Ackerman's [174] for-

mulations. In MATLAB,place or acker commands can be used for this purpose.

The design of an advanced �ight control system is beyond the scope of this thesis;

hence, it has been left out.
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CHAPTER 5

ANALYSIS

5.1 Tool Development: Aircraft Design & Analysis (ADA)

The conceptual design, sizing, and �ight mechanics analyses of a �fth-generation

�ghter jet are only possible if a tool is available. In this section, the development of

the design and analysis tool called ADA, written by the author, will be introduced.

5.1.1 Environment

It is known from the F-35 experience that the model-based approach was chosen for

the implementation of the NDI controller, and MATLAB was used for this task [175].

It is to be noted that, to some degree, the legacy codes written in Fortran can be and are

used for these kinds of endeavors. Also, some researchers and companies might opt

to develop their software & tools in C, Python, or even Java. Nonetheless, MATLAB

offers researchers great �exibility and debugging opportunities. It also has the ability

to call Fortran codes and Python libraries if they are needed.

The Aircraft Design & Analysis (ADA) has been written solely in MATLAB. More

speci�cally, it was written in MATLAB version 9.6.0.1072779 (R2019a). The pro-

gram has interfaces with Digital DATCOM and Microsoft Excel, only. DD executable

is called from MATLAB bysystem command, and Excel is used to store hypothet-

ical engine deck information, as well as component weight estimation input card.

As the DATCOM.exe is run from MATLAB, the generated output �le (for006.dat)

is called from MATLAB using a built-in function nameddatcomimport , and the

outputs are taken to MATLAB Workspace in 1.92 seconds after each run.
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5.1.2 Structure of the Code

The modular approach, the universally suggested method of creating and managing

any engineering project, was adopted in the coding practice. The main body of the

code runs in sequences, which are not necessarily the same for the solution and anal-

ysis of each maneuver. For instance, the trim �nding algorithm and linearized dy-

namics sections are common for all maneuvers, whereas some scripts are peculiar to

speci�c maneuvers. The overall body of the tool includes more than 80 scripts, two

GUI functions for ADA and ADAdynamic, and more than 20,000 lines of original

source code written by the author in twelve months.

The summary of the coding structure used in ADA and the work�ow diagram of the

tool is presented in Figure 5.1.

Figure 5.1: Work�ow Diagram of ADA

From the �owchart presented above, it is obvious that the �nal objective of the tool is

to assess the maneuvers in terms of �ying qualities using simple controllers, even at

the conceptual design phase, as previously studied by Kay [176] and Coleman [65].
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The �owchart presented in Figure 5.1 can be explained as follows: A previously

studied, sized, and drawn geometry is available in, say, OpenVSP, with all geometric

properties that can be used further. The geometric properties of this sketch are used

to prepare a DD input card for005.dat using the namelists of Section 2.2.2.1.2.1. The

next step includes the opening of ADA and selecting the frame of analysis. Depending

on this frame selection, the state variables will either includew andv, or � and� as

discussed in Sections 4.3 and 4.4. The user can analyze the maneuvers as presented in

Table 5.1. Upon the user's input of store con�guration, fuel percentage, and necessary

analysis variables, the component weight and inertia estimation module is called,

for which the details are presented in Section 3.4. Next, the DATCOM.exe is run

from the code, and the results accumulated in for006.dat are imported to ADA using

datcomimport built-in function. The horizontal tail is analyzed as an all-moving

control surface. The trim outputs (e.g.,� , � , � , p, q, r , � ht , � a, � r ) are attained

depending on the maneuver chosen incorporating the stability and control derivatives.

The hypothetical engine deck is used to compute the required thrust, available thrust,

and speci�c excess power during the trim instant of the maneuver. Upon realizing the

static stability and static margin of the aircraft, the linearized dynamics module, as

discussed in Sections 4.3 and 4.4, is called for open-loop evaluations. This module

also accounts for the open-loop eigenvalue analysis. Next comes the aircraft transfer

functions for which users might draw root locus, step response, and Bode plot. The

controller algorithm tries to make the closed-loop eigenvalues of longitudinal and

lateral-directional dynamics as Level 1, for which the requirements are discussed in

Section 4.5. With this section, the main body of the code ends.

Depending on the type of maneuver, the �ight path stability and departure criteria are

also checked. Based on the user input �ags, the visualization module can be called to

plot the results and the 2D & 3D images of the aircraft as re�ected to DD. The source

codes for the visualization of the aircraft were provided by Sahrun [177] and Greiner

et al. [178], respectively. The maneuver analysis results are printed to the command

window automatically. However, the user �ags at the beginning of the analysis make

it possible to store the results in Excel and as a MAT-�le. Finally, the whole picture

can be assessed for each maneuver using ADA and ADAdynamic GUI options, which

will be detailed in Section 5.1.4.
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The summary of the modules of ADA is given in Figure 5.2 with submodules.

Modules

GUI

ADAdynamic

ADA

Visualization

Visualize results

Visualize A/C

Stability & Control

Closed-Loop

Open-Loop

Maneuvers

Asymmetric

Symmetric

Propulsion

Real engine deck

Rubber engine deck

Aerodynamics

Roskam methods

Digital DATCOM

Weight & Inertia

Inertia estimation

Component weights

Input

Analysis inputs

Design inputs

Figure 5.2: Modular Approach Used in ADA

The eight modules available in ADA make the coding structure more organized and

ease the debugging. The modules appointed in ADA are always subject to improve-

ment. However, they have been found to be suf�cient to serve the purpose of the

thesis. A further improvement would be integrating the untrimmed stability and con-

trol derivatives as output by OpenVSP to ADA for improved accuracy, though with

an increased run time and complicacy as shown in Figure 2.2.
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5.1.3 Available Maneuvers

The reason for conducting such a study is to infer an initial idea of the dynamics of

a conceptual �fth-generation aircraft with minimum cost in a short time. Therefore,

it is to be noted that ADA does not solve 6-DOF equations of motion for maneuver

analysis, rather it relies upon the reduced-order form of these to quickly capture the

results of the maneuvers, as provided by the scholars in Table 5.1. Opting for the

solution of 6-DOF equations of motion starts as the full aerodynamic database for the

concerned aircraft is acquired. This procedure can also begin at the conceptual design

phase if the linear or nonlinear �ow solvers are fully utilized to obtain a complete set

of aerodynamic databases, including the hinge moments, which will take quite a time

and intense planning. De Marco et al. [179] and Chudoba et al. [180] explain the

numerical solution to the aircraft trim problem using 6-DOF equations of motion, and

a recent application can be found in [181]. In this thesis, it is decided to analyze each

situation pointwise, i.e., at one altitude, one CG, and one speed, at the user's discre-

tion, and keep the analysis run time as low as 10 seconds. This choice entails some

limitations to the analysis, however, as can be inferred from Figure 5.1, the analyses

can be advanced as far as �ying qualities requirements, which is quite adequate for

initial assessments. The maneuver solutions as proposed by the scholars in Table 5.1

result in minor deviations, which are found to be acceptable.

Table 5.1: Available Maneuvers in ADA

Maneuver Covered by

Cruise� Roskam [144], Sadraey [182], Phillips [183]

Pull-up Roskam [144], Phillips [183]

Turn Sadraey [133], Roskam [144], Phillips [183]

Roll Nelson [83], Yechout et al. [122], Roskam [144]

SHSS Durham [123], Schmidt [161]

Crab Yechout et al. [122]

OEI Yechout et al. [122], Roskam [144], Schmidt [161], Sadraey [182]

Note. *: Cruise, Climb, Descent.
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The available maneuvers in ACSYNT and ADA are compared as given in Figure 5.2,

and they are classi�ed in �ight phase categories for the �ying qualities assessments.

Table 5.2: A Comparison of Available Maneuvers in ACSYNT and ADA

Maneuver ACSYNT [68] ADA FPC

Cruise X X Cat. B

Climb X X Cat. B

Descent X X Cat. B

Pull-up N/A X Cat. A

Turn N/A X Cat. A

Roll X X Cat. A

SHSS N/A X Cat. B

Crab N/A X Cat. B

OEI X X Cat. B

High-AoA X X Cat. A

Takeoff X N/A Cat. C

Approach X X Cat. C

Note. FPC: Flight Phase Category. See Table 4.11.

5.1.4 Graphical User Interface

ADA and ADAdynamic graphical user interfaces are designed to display the whole

picture of the outcome of the analyses at once. Those interfaces include only the

primary outputs the user needs to know urgently, whereas the secondary outputs can

be stored in Excel or a MAT-�le. While ADA GUI shows the more generic outcome

of the analysis, ADAdynamic is designed to observe whether the �ying quality re-

quirements are met or not. In Figures 5.3 and 5.4, a solution to the coordinated turn

analysis is presented. The buttons colored in light blue are doing the jobs assigned to

them; for instance, the save button saves the screen as PNG.
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Figure 5.3: Graphical User Interface of ADA

ADA GUI aims to present the urgent data of maneuver analyses which are always completed in under ten seconds.
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Figure 5.4: Graphical User Interface of ADAdynamic

ADAdynamic GUI was designed to check the �ying qualities in the closed-loop sense as the initial assessments are carried out.
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Figure 5.5: Case Study Point Inside Flight Envelope

ADA can also plot the analysis point inside the pre-designed �ight envelope which it aims to achieve as given in Figure 5.5.
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5.2 Case Study: Conceptual Design of a Fifth-Generation Fighter Jet

5.2.1 Conceptual Sketch

As previously discussed, the conceptual sketch of a �ghter jet can be performed in

OpenVSP. In this study, OpenVSP v3.35.0 is used. The resultant geometry is shown

in distinct rotations through Figures 5.6 to 5.10. As can be inferred from the �gures,

the aft body and nozzle section are not detailed. Moreover, the engine inlet duct is

modeled as a closed surface since it will be introduced to Digital DATCOM as such.

Figure 5.6: Top View of ATF

Figure 5.7: Left View of ATF
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Figure 5.8: Front View of ATF

Figure 5.9: Left Isometric View of ATF

Figure 5.10: Rear View of ATF
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5.2.2 Geometric Data

The designed aircraft as shown in Figures 5.6 to 5.10 has the following properties

as presented in Table 5.3, which re�ects a parametric baseline design. Even though

a conservative approach is followed, accuracy loss might occur as the geometry is

introduced into the Digital DATCOM. The analyses conducted in Section I are based

on the geometric data given in Table 5.3.

Table 5.3: Geometric Data of the Conceptual Fifth-Generation Fighter

Aircraft ATF

Generation 5

Image

Reference K�rkar

A
/C

Length 19.35m

Height 4.95m

W
in

g

Airfoil NACA 64A204 A=0.8

Type trapezoidal

Sref 71.79m2

b 13.27m

A 2.45

� 0.18

cr 9.192m

ct 1.625m

�c 6.291m

� LE 41.25°

� QC 30.62°

� T E -14.74°

� -1°

Sail (each) 0.96m2

H
T Type all-moving

Sht (each) 6.65m2

V
T

Type rudder

� LE 30.25°

Cant angle 28°
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5.2.3 Wing Design

Modern �ghter aircraft usually have one of the three following wing types: (i) Trape-

zoidal wing, (ii) Sweptback wing, (iii) Delta wing. Each wing type has been applied

to well-known aircraft designs, as summarized in Table 5.4.

Table 5.4: Classi�cation of Fighter Wings

Trapezoidal Sweptback Delta

F-16 F-15 MiG-21

F-18 Su-27 F-106

F-22 MiG-25 Mirage 2000

F-35 MiG-29 Saab 35

Su-57 Mirage F1 J-20

6-series NACA airfoils were designed for increased laminar �ow and hence reduced

drag. 64A-series NACA airfoils are still widely used as a starting point for high-speed

wing design [23], which are suitable for low drag at transonic regions. Therefore, the

initial choice of the NACA 64A-series for a conceptual �fth-generation �ghter is

feasible, which will be subject to modi�cation later on in design. Thus, spending too

much time �nding the perfect �t for the airfoil during the conceptual design that will

already change is a waste of valuable time. Table 5.5 shows the wing airfoils used in

some U.S. �ghter aircraft. Note the transition from NACA 64-series to the 64A as the

�ghters of the fourth generation emerge with F-14 Tomcat.

Table 5.5: Wing Airfoils of Some U.S. Fighter Aircraft

A/C Wing Root Airfoil Wing Tip Airfoil

F-111 NACA 64-210.68 NACA 64-209.80

F-14 NACA 64A209.65 NACA 64A208.91

F-15 NACA 64A006.6 NACA 64A203

F-16 NACA 64A204 NACA 64A204

F-22 NACA 64A?05.92 NACA 64A?04.29
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5.2.4 Conventions and Schedules

In this study, the sign conventions given in Table 5.6 are adopted for control surfaces.

Table 5.6: Control Surface Sign Conventions

Surface De�ection Sense Results in

AIL port #, starboard" + Cl � a
> 0

HT trailing-edge# + Cm � e
< 0

RUD trailing-edge + Cn � r
< 0

The sign conventions for the horizontal tail and rudder are almost always the same

for each generation of �ghter aircraft. However, it has been observed that some of

the scholars [122, 144, 184] adopt the same convention for aileron as used in this

thesis, whereas some authors [161, 182, 183] adopt the inverse. Then the sign of

control derivativeCl � a
happens to be negative for their research. The adopted sign

convention for some of the �ghter aircraft can also be checked by investigating the

sign of the control derivatives as presented in Table B.1.

In this study, LEF and TEF are scheduled and drawn for completeness, but they are

not used in analyses in order not to make the structure of the code complicated. The

limits of the control surfaces for the designed aircraft are presented in Table 5.7,

together with the limits used in F-22 and F-35A.

Table 5.7: Control Surface De�ection Limits in Degrees

Surface ATF F-22 F-35A

LEF 3" # 40 0" # 35 3" # 40

TEF* 30 " # 30 20" # 35 30" # 30

AIL 25 " # 25 25" # 25 �

HT 25 " # 25 25" # 30 30" # 25

RUD � 25 � 30 � 30

Note. *: Flaperon for F-22;� : F-35A does not have ailerons.
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Even though the analysis results yield the total (composite) aileron de�ection for

lateral-directional maneuvers, it is instructive to schedule them under such maneu-

vers. The ailerons are scheduled with respect to the total aileron de�ection output by

the ADA as given in Table 5.8.

Table 5.8: Aileron Schedule Used for ATF

Case Schedule TAIL PAIL SAIL

a. TAIL > 0

Weight 3k 2k 4k

+ or � + + �

up or down down down up

b. TAIL < 0

Weight 3k 4k 2k

+ or � � � +

up or down down up down

Note. TAIL: total aileron; PAIL: port aileron; SAIL: starboard aileron.

As the lateral-directional maneuver is analyzed and the results are output to ADA,

the total (composite) aileron de�ection is shown. The allocation of this total aileron

de�ection is done by checking the sign of the output value. If the sign of the compos-

ite aileron de�ection is positive, following the sign convention used in this thesis, the

scheduling of this total aileron de�ection is done as given in Table 5.8. In this case,

the port aileron weighs 2k while the one on the starboard has 4k. Consistent with the

total aileron de�ection formulation, i.e.,� a = (1 =2)(� alef t � � aright ), the weight of

the composite aileron is revealed as 3k, and the sign of it as output by the analysis

is preserved. The same logic applies when the composite aileron de�ection obtained

is negative. This approach was adopted in the �rst place since when the composite

aileron de�ection is positive, it means that the lateral-directional maneuver is to the

right, and hence, the more drag-producing aileron is favorable on the starboard, which

aids in the completion of the maneuver.

Of course, this aileron schedule is not intended to work for abrupt maneuvers, such as

aileron roll, where the aircraft demands a higher roll rate in a minimum time. Then,

the port and starboard ailerons will de�ect to their utmost limits, 25 degrees.
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5.2.5 Group Weight Statement

The designed A/C has the following group weight in comparison to Raymer's work:

Table 5.9: Group Weight Data Statement of NGAF2 vs ATF

Item (lbs) # NGAF2 ATF

Reference! Raymer [4] K�rkar

Structures Group 11267.0 16890.1
Wing 4088.5 3828.5
Horizontal Tail 0.0 493.6
Vertical Tail 789.4 489.1
Fuselage 4748.8 8508.3
Main Landing Gear 775.1 1205.9
Nose Landing Gear 318.1 289.2
Engine Mounts 62.3 122.6
Firewall 113.0 38.9
Engine Section 48.9 82.9
Air Induction 322.9 1028.3

Propulsion Group 6393.8 9861.2
Engines 4930.0 7840.0
Tailpipe 0.0 0.0
Engine cooling 273.0 269.5
Oil cooling 37.8 76.9
Engine Controls 21.2 53.5
Starter 72.9 83.6
Fuel system 1058.9 1455.9

Equipment Group 4924.7 8518.0
Flight Controls 1020.8 806.1
Instruments 128.8 160.7
Hydraulics 171.7 193.9
Electrical 706.5 721.8
Avionics 1945.4 2757.4
Furnishings 391.7 217.6
Air conditioning 536.0 381.3
Handling gear 23.8 19.2
Misc. empty weight 2920.0 3260.0

Total Empty Weight 25505.5 35269.4
Useful Load Group 15739.5 13190.2

Crew 220.0 220.0
Fuel 11765.5 10846.2
Oil 50.0 100.0
Cargo 2860.0 1424.0
Passengers 0.0 0.0
Misc. useful load 844.0 600.0

Design Gross Weight 41245.0 48459.6

94



5.2.6 Store Con�guration

The store con�guration selection is also added to ADA in order to adjust the weight

and the extra drag of the aircraft under analysis. It has been decided that, rather than

changing the weight of the aircraft randomly without an upper limit, internal fuel and

external stores are scheduled so that those additional weights are accumulated on the

total empty weight of the aircraft as presented in Table 5.9, and the upper limit of the

weight can be established.

The external stations of the stores are also known as "hardpoints." The F-22 has a

rather complex arrangement of store stations depending on the mission �own. While

loaded with combat con�guration, it has four underwing hardpoints, two underwing

stations for fuel tanks, two stations for bombs on side bays, and six internal stations

[17, 24]. The F-35A has six under the wing, one under the fuselage for internal gun,

and four internal stations [185]. As for the ATF, a more conservative approach is

followed. The aircraft is appointed to carry six external bombs and four inside the

main bays. Thus, a total of ten stations are decided on as detailed in Figure 5.11.

Figure 5.11: Store Con�guration of ATF
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The choice of stores was quite traditional, upon which the store con�gurations are

derived. Well-known and mainly employed bombs are scanned, and it has been found

that fourth- and �fth-generation �ghters utilize similar stores. The external stores may

be arranged to be accommodated so that the center of gravity does not change, and the

pitching moment coef�cient can be assumed unaffected. It is always better to leave

room for new ideas for which the SC26 is designed. The user can de�ne their own

custom store con�guration under SC26, where the additional weight and drag counts

can be entered manually. These de�nitions may be based on some analysis results,

or they can be randomly selected to see the effect on the dynamics. The location of

stores, their subsonic drag counts, and weight information are provided in Table 5.10.

Table 5.10: Subsonic Drag Count and Weight of Stores

Store Location Drag Count Weight (lb)

AIM-120 Internal - 356

GBU-31 Internal - 2100

AIM-9X External 10 190

MK-83 External 12 1000

MK-84 External 14 2000

Pylon &

Launcher
Int/Ext 1 0.12 Wstore

A drag count is one ten-thousandth of the drag coef�cient. For instance, 48 drag

counts indicate an addition of0:0048to CD total . It establishes a meaningful and easy

way to keep track of the drag increase as the aircraft is loaded with external stores.

The drag counts given in Table 5.10 only re�ect the subsonic drag additions on the

clean drag coef�cient of the aircraft since this study only covers the subsonic analyses.

A total of 5 fuel tanks (2 wing tanks, 3 fuselage tanks) are accommodated to carry a

maximum of 2678 US gal (18077 lb) of JP-8 fuel of density 6.75 lb/gal. Fuel burn is

assumed to be symmetrical. The store con�guration and fuel percentage selection are

also re�ected in ADA GUI to keep track of the mission weight of the aircraft.
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5.3 Maneuver Analysis

In the following subsections, maneuver analyses are presented and discussed with

distinct features and cases examined and output by ADA.

5.3.1 Cruise

Cruising �ights are where most aircraft spend their airborne time. The cruise is a

steady, straight �ight and is the simplest form of steady �ight. During the cruise, the

time derivatives are all equal to zero, and there is no angular velocity about the center

of gravity of the aircraft. The cruise �ight summaries are given in Table 5.11.

Table 5.11: Cruise Flight Summary

Param. Unit Case 1 Case 2 Case 3 Case 4

h ft 5000 10,000 15,000 20,000

M - 0.4 0.5 0.6 0.75

VTAS kt 260.0 319.2 375.9 460.7

VCAS fps 408.58 467.12 512.44 587.65

W lb 48,765 53,238 57,286 57,956

Wfuel lb 5423 7231 9039 10,846

SC - SC4 SC7 SC9 SC14

Ixx slug-ft2 38,586 81,584 87,829 88,899

Iyy slug-ft2 223,450 220,268 237,129 240,017

Izz slug-ft2 280,174 306,021 329,446 333,459

Ixz slug-ft2 1540 -1612 -1658 -1663

CG % MAC 23.36 24.00 24.80 25.45

SM % MAC -0.55 -2.53 -4.10 -6.32

� deg 4.46 3.67 3.25 2.42


 deg 0.0 0.0 0.0 0.0

� ht deg 3.40 3.46 3.54 3.36

Run time sec 6.67 6.34 6.48 6.54
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In Table 5.12, the open-loop eigenvalue summary for each case is presented.

Table 5.12: Open-Loop Eigenvalue Summary for Cruise

Case Mode Eigenvalue ! n � t 1=2 �

# (name) (� = � � j! ) (rad/s) - (s) (s)

1

ADPH 0.0735 - - 9.43 13.60

TO -0.1362� j 0.0748 0.1553 0.88 5.09 -

ACSP -1.9798 - - 0.35 0.50

Spiral -0.0165 - - 41.89 60.44

Roll -2.2257 - - 0.31 0.45

Dutch roll -0.1581� j 1.7155 1.7227 0.0918 4.38 -

2

USP 0.4446 - - 1.56 2.24

TO -0.0228� j 0.1248 0.1269 0.1800 30.34 -

ACSP -2.6263 - - 0.26 0.38

Spiral -0.0109 - - 63.31 91.33

Roll -1.1305 - - 0.61 0.88

Dutch roll -0.1775� j 1.8245 1.8331 0.0968 3.91 -

3

USP 0.8680 - - 0.79 1.15

TO -0.0140� j 0.0961 0.0971 0.1446 49.34 -

ACSP -2.9295 - - 0.24 0.34

Spiral -0.0083 - - 83.04 119.79

Roll -1.0517 - - 0.66 0.95

Dutch roll -0.1675� j 1.9071 1.9144 0.0874 4.14 -

4

USP 1.4715 - - 0.47 0.67

TO -0.0115� j 0.0841 0.0849 0.1355 60.23 -

ACSP -3.6247 - - 0.19 0.27

Spiral -0.0048 - - 141.80 204.57

Roll -1.0775 - - 0.64 0.92

Dutch roll -0.1793� j 2.1583 2.1658 0.0827 3.87 -

Note. ADPH: Aperiodic divergent phugoid; TO: Third oscillatory; ACSP: Aperiodic convergent

short-period; USP: unstable short-period.
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Table 5.13 presents the closed-loop eigenvalues obtained in cruise to achieve Level 1

�ying qualities.

Table 5.13: Closed-Loop Eigenvalue Summary for Cruise

Case Mode Eigenvalue ! n � t 1=2 �

# (name) (� = � � j! ) (rad/s) - (s) (s)

1

Phugoid -0.0133� j 0.2086 0.2091 0.0640 51.80 -

Short-period -1.4601� j 1.0194 1.7807 0.8199 0.47 -

Spiral -0.0485 - - 14.28 20.60

Roll -3.8805 - - 0.18 0.25

Dutch roll -0.5531� j 1.6861 1.7745 0.3117 1.25 -

2

Phugoid -0.0129� j 0.2063 0.2068 0.0624 53.64 -

Short-period -1.4653� j 0.9160 1.7281 0.8479 0.47 -

Spiral -0.0163 - - 42.50 61.31

Roll -3.9555 - - 0.18 0.25

Dutch roll -0.5733� j 1.7710 1.8615 0.3079 1.21 -

3

Phugoid -0.0200� j 0.2287 0.2296 0.0871 34.63 -

Short-period -1.7087� j 1.0030 1.9813 0.8624 0.41 -

Spiral -0.0132 - - 52.24 75.37

Roll -3.9516 - - 0.18 0.25

Dutch roll -0.5700� j 1.8563 1.9418 0.29 1.22 -

4

Phugoid -0.0202� j 0.2296 0.2305 0.0879 34.20 -

Short-period -1.7080� j 1.0080 1.9833 0.8612 0.41 -

Spiral -0.0092 - - 75.27 108.59

Roll -3.9602 - - 0.18 0.25

Dutch roll -0.5736� j 2.1140 2.1904 0.2619 1.21 -

The closed-loop eigenvalues of Table 5.13 meet the Level 1 �ying qualities except

for the spiral mode of case 1. However, they are subject to improvement by the

control engineers to meet the handling qualities as the pilot input is also modeled and

physically integrated into the Copper-Harper rating scale, too. The feedback gains,

with which the eigenvalues of Table 5.13 are attained, are presented in Table 5.14.
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Table 5.14: Feedback Gains in Closed-Loop for Cruise

Case
Long. Lat-Dir

K u K � K q K � K p K r

1 0.00059 -0.27827 -0.09842 -0.00127 0.37756 -0.31495

2 0.00046 -0.44570 -0.06768 0.00025 1.00303 -0.26116

3 0.00073 -0.48515 -0.11978 0.00820 0.97809 -0.24548

4 0.00056 -0.58382 -0.08686 0.00223 0.81716 -0.19753

Note. Pole placement for Long.; simple yaw & roll damper for Lat-Dir.

Using the ADAdynamic GUI option, the additional requirements for short-period and

Dutch roll modes of Tables 4.15 and 4.19 are also obtained and observed to meet the

Level 1 �ying qualities, as presented in Table 5.15.

Table 5.15: Cruise: CAP and� d! nd Requirements

Case Mode Eigenvalue ! n � CAP � d ! n d

# (name) (� = � � j! ) (rad/s) - (rad3/s2/g) (rad/s)

1
Short-period -1.4601� j 1.0194 1.78 0.82 0.28 -

Dutch roll -0.5531� j 1.6861 1.77 0.31 - 0.55

2
Short-period -1.4653� j 0.9160 1.73 0.85 0.22 -

Dutch roll -0.5733� j 1.7771 1.86 0.30 - 0.57

3
Short-period -1.7087� j 1.0030 1.98 0.86 0.25 -

Dutch roll -0.5700� j 1.8563 1.94 0.29 - 0.57

4
Short-period -1.7080� j 1.0080 1.98 0.86 0.20

Dutch roll -0.5736� j 2.1140 2.19 0.26 - 0.57

It is to be noted that ensuring the Level 1 �ying qualities in the closed-loop sense using

pole placement and SAS alone does not necessarily guarantee the Level 1 handling

qualities. Upon receiving the open-loop parameters, the control engineers will design

a complicated AFCS that operates robustly, considering the phase and gain margins,

as well as the Neal-Smith and Gibson dropback criteria.
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The design of advanced �ight control systems is considered beyond the scope of this

thesis, and hence, it is not covered here. Therefore, it can be argued that while the

�ight mechanics engineer deals mainly with the �ying qualities of the closed-loop

system to some extent, the control engineer will do the job on part of the handling

qualities by designing a full-envelope �ight control system. The choice of the control

system might change from project to project. For instance, F-35 is known to employ

Nonlinear Dynamics Inversion (NDI) control law [175], while in some projects, a

simple PID would work. Of course, control engineers can use ADA to initiate the

control law studies in Simulink. However, it is better to wait until the full aerody-

namic database arrives. Depending on the type of controller, control engineers will

be able to reach state-space models and transfer functions, which are always available

through ADA.

It is known from the F-22 experience that the short-period mode design goals broke

down to the damping ratio and CAP of 0.8 and 1.0, respectively, as discussed by

Harris et al. [186]. In this study, the damping ratio of the short-period mode was

scheduled to always lie between 0.80 and 0.90, depending on the �ight type and

condition. The CAP estimation is done conceptually, as discussed in Section 4.5.2.2,

and not enforced to become a value of 1.0, as followed in F-22. Depending on the

desired responsiveness of the aircraft, the control engineers shall tailor the closed-

loop gains to meet the Level 1 handling qualities. In that case, the damping of the

short-period root would stay about the same, while the frequency and the CAP would

change. Table 5.16 presents some stability derivatives attained in cruise.

Table 5.16: Some Stability Derivatives of ATF in Cruise

Data Unit Case 1 Case 2 Case 3 Case 4

CL � 1/rad 3.9323 3.8295 3.8002 3.7651

Cm � 1/rad 0.0216 0.0969 0.1559 0.2381

Cmq 1/rad -2.3200 -2.3240 -2.3300 -2.3770

Cn � 1/rad 0.1131 0.1135 0.1137 0.1170

Cl � 1/rad -0.0744 -0.0693 -0.0674 -0.0636

Cn r 1/rad -0.1998 -0.1853 -0.1794 -0.1673
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Using the "Plot Derivatives" button of the ADA graphical user interface, the stability

derivatives can be plotted with respect to the angle of attack range. An example is

presented in Figure 5.12, which can be compared to F-15A [187] as in Figure 5.13.

This study helps the engineers compare their designs with the legacy aircraft and keep

track of the dynamic stability derivatives as early as the conceptual design phase since

some stability derivatives display certain trends.

Figure 5.12:Cl r vs � of Case 3 at 0.6 Mach

Figure 5.13:Cl r vs � of F-15A at 0.6 Mach

Note. Reprinted from M. S. Larson, "The effect of constant vs oscillatory rates on dynamic stability

derivatives" M.S. thesis, Aeronautical Engineering, Air Force Institute of Technology,

Wright-Patterson AFB, OH, USA, December 1983.
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5.3.2 Descent

As the pilot intends to land, the landing gears are extended, the �ight path angle is set

to about -3 degrees, and the �ight phase is called the landing approach. The limit air-

speed at which the landing gears are extended and retracted might signi�cantly vary

for each aircraft, which is usually less than 300 KCAS, and this is mostly determined

later on as the full aerodynamic database is obtained and assessed by structural anal-

ysis. In ADA, �ight path stability is analyzed for descent maneuvers since the �ight

path angle is negative. Roskam [144] suggests that the minimum operating speed,

Vomin , is typically 1.20 times that of the powered-approach stall speed for land-based

aircraft. Abzug [76] notes that the linearized equations of motion be�t for an air-

craft in cruise, climb, and landing approach since they are among the most linear

systems attainable during steady and symmetric �ight. The descent maneuver �ight

summaries to be assessed in terms of �ight path stability are given in Table 5.17.

Table 5.17: Descent Flight Summary

Param. Unit Case 1 Case 2 Case 3 Case 4

h ft 5000 4000 2500 1000

M - 0.238 0.235 0.227 0.222

Mstall - 0.199 0.195 0.189 0.185

VTAS kt 154.7 153.3 148.9 146.3

W lb 50,846 45,748 46,798 47,422

Ixx slug-ft2 77,880 36,196 71,663 72,609

Iyy slug-ft2 210,269 209,608 193,484 196,036

Izz slug-ft2 292,130 262,818 268,810 272,356

Ixz slug-ft2 -1576 1480 -1502 -1515

Treq lbf 7806 5730 6364 6453

LG - on on on on

CG % MAC 23.52 24.00 24.48 25.12

� deg 12.89 11.40 11.76 11.72


 deg -3 -3 -3 -3

� ht deg 0.27 1.46 1.64 2.17
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From Table 5.17, it is to be noted that while descending to the runway, the trim angle

of attack is about 11 to 13 degrees, which was expected. To account for this slope

of the aft body, each �ghter jet employs a rear fuselage upsweep angle (also called

tail scrape angle) to prevent tail crush during takeoffs and landings, which might be

traded off for an increased landing gear height. For �ghter jets, it is customary to

keep the upsweep angle as small as possible, for it causes �ow separation.

The case studies of Table 5.17 are assessed in terms of the �ight path stability require-

ment of Section 4.5.2.3 and are presented in Table 5.18.

Table 5.18: Flight Path Stability in Landing Approach

Case Vomin d
=du @ Vomin d
=du @Vomin -5
�
� �( d
=du)

�
� Level

1 154.7 kt -0.059 deg/kt -0.012 deg/kt 0.047 deg/kt 1

2 153.3 kt -0.007 deg/kt +0.029 deg/kt 0.036 deg/kt 1

3 148.9 kt -0.016 deg/kt +0.014 deg/kt 0.030 deg/kt 1

4 146.3 kt -0.016 deg/kt +0.008 deg/kt 0.024 deg/kt 1

To create a database of �ghter jets for �ight path stability assessments, the ATF is

compared to the following aircraft as given in Table 5.19.

Table 5.19: Flight Path Stability of Fighter Jets

A/C Vomin d
=du @Vomin d
=du @Vomin -5 Level Reference

F-4B 138 kt -0.010 deg/kt +0.010 deg/kt 1
9
>>>>>=

>>>>>;

[188]
F-5A 198 kt -0.055 deg/kt -0.035 deg/kt 1

F-5E 198 kt +0.056 deg/kt +0.087 deg/kt 1

YF-16 133 kt +0.120 deg/kt +0.178 deg/kt 2

ATF 151 kt -0.011 deg/kt +0.028 deg/kt 1 K�rkar

As always, the main point is to show that these analyses can be done at the conceptual

level rather than proving the quality of the dash-one design. Under the guidance of

MIL-STD-1797A, which has superseded MIL-F-8785C, it has been shown that the

�ight path stability requirement can be examined using 4.35.
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5.3.3 Pull-up

In a steady, symmetrical pull-up maneuver, the steady state pitch rate is the only angu-

lar rate [144, 189]. Though mathematically feasible, Napolitano [184] discusses that

completing the maneuver under the steady-state assumption is physically impossible

since the assumptions of zero linear & angular accelerations cannot be achieved in

the climbing and descending phases of the loop. Abzug [158] refers to this maneuver

as "quasi-steady" instead of steady since_u and _w cannot both remain at zero in the

long run. Stengel [189] notes that a steady pull-up modi�es the lateral-directional

eigenvalues, and this phenomenon can also be veri�ed by checking Equation 4.26.

Pamadi [121] discusses that the static stability level of the pull-up maneuver is higher

than that of level �ight. However, this is only true for inherently statically stable

aircraft. Such examples are the F-14A and F-15B. In the case of RSS aircraft, the

Cm � vs � curve does not always follow an increasing or decreasing trend. Rather, it

constantly changes with respect to �ight conditions (altitude, Mach, CG) and angle

of attack. Say for an AoA range of� 1 and� 2, the trim AoA for the cruise has been

calculated as� cruise. Since the required AoA to trim the aircraft at pull-up (nz > 1)

is greater than the level �ight at the same altitude, CG, and speed conditions, the

required AoA at pull-up is found to be� pull-up > � cruise. If, between� 1 and� 2, the

Cm � vs � curve has the approximate form as in part (a) of Figure 5.14, then the static

& dynamic instability of the pull-up will be lower than the one at cruise whereas in

part (b), the instability level of the pull-up will be higher than that of the cruise.

(a) Decreasing Trend ofCm � vs � (b) Increasing Trend ofCm � vs �

Figure 5.14: Possible Relative Instability in Cruise and Pull-up for RSS Aircraft
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The pull-up case studies are conducted at different Mach numbers, altitudes, and CG

conditions. The trim results as output by ADA are presented in Table 5.20.

Table 5.20: Pull-up Flight Summary

Param. Unit Case 1 Case 2 Case 3 Case 4

h ft 5000 10,000 15,000 20,000

M - 0.55 0.60 0.65 0.70

VTAS kt 357.5 383.0 407.2 430.0

VTAS fps 603.40 646.4 687.3 725.80

VCAS fps 563.29 562.7 556.78 546.19

VEAS fps 559.98 555.4 545.03 529.66

uTAS fps 599.73 644.37 684.26 723.61

vTAS fps 0.0 0.0 0.0 0.0

wTAS fps 66.43 51.52 64.09 56.26

W lb 53,902 48,326 54,188 57,052

SC - SC16 SC19 SC4 SC14

Ixx slug-ft2 82,561 74,056 42,919 87,512

Iyy slug-ft2 222,906 199,945 248,537 236,274

Izz slug-ft2 309,686 277,786 311,630 328,259

Ixz slug-ft2 -1620 -1532 1624 -1655

Treq lbf 15,757 10,668 11,343 9568

CG % MAC 27.85 27.05 25.93 23.52

SM % MAC -2.42 -4.09 -1.77 -0.74

� deg 6.32 4.57 5.35 4.45

� deg 0.0 0.0 0.0 0.0


 deg 0.0 0.0 0.0 0.0

� deg 6.32 4.57 5.35 4.45

 deg -25 45 -60 90

� ht deg 5.10 4.51 4.20 3.30

q deg/sec 4.62 2.87 2.70 1.28

nz g's 2.5 2.0 2.0 1.5

Run time sec 6.67 7.01 7.11 6.79
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The open-loop eigenvalues associated with the case studies of Table 5.20 are obtained

using the "Plot Results" button of ADA and presented in Figures 5.15 to 5.22.

Figure 5.15: Pull-up: Open-Loop Longitudinal Eigenvalues of Case 1

Figure 5.16: Pull-up: Open-Loop Lateral-Directional Eigenvalues of Case 1
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Figure 5.17: Pull-up: Open-Loop Longitudinal Eigenvalues of Case 2

Figure 5.18: Pull-up: Open-Loop Lateral-Directional Eigenvalues of Case 2
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Figure 5.19: Pull-up: Open-Loop Longitudinal Eigenvalues of Case 3

Figure 5.20: Pull-up: Open-Loop Lateral-Directional Eigenvalues of Case 3
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Figure 5.21: Pull-up: Open-Loop Longitudinal Eigenvalues of Case 4

Figure 5.22: Pull-up: Open-Loop Lateral-Directional Eigenvalues of Case 4
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Upon presenting the open-loop eigenvalues obtained from the pull-up maneuver at

each case, the feedback gains of Table 5.21 are obtained to meet the Level 1 �ying

qualities.

Table 5.21: Feedback Gains in Closed-Loop for Pull-up

Case
Long. Lat-Dir

K u K � K q K � K p K r

1 0.00185 -0.63825 -0.16608 0.10704 0.62941 -0.12740

2 0.00090 -0.65896 -0.14262 0.03251 0.57974 -0.13674

3 0.00341 -0.70921 -0.24227 0.20515 0.25028 -0.17864

4 0.00617 -0.77427 -0.28209 0.33960 0.93530 -0.20369

Note. Pole placement for Long.; simple roll & yaw damper for Lat-Dir.

The closed-loop eigenvalues, as obtained using the gains of Table 5.21, are presented

in Figures 5.23 to 5.30, which meet the Level 1 requirements of Tables 4.13, 4.14,

4.17, 4.18, and 4.19.

Figure 5.23: Pull-up: Closed-Loop Longitudinal Eigenvalues of Case 1
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