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Batuhan HOŞTAŞ
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STABILITY ANALYSIS OF NONLINEAR
SYSTEMS AND UPSET RECOVERY STRATEGIES

FOR AGILE MANEUVERING AIRCRAFT

SUMMARY

This thesis investigates the upset recovery problem of aircrafts as well as stability
analysis of general nonlinear systems. In order to deal with upset recovery problem, the
strategies which contains nonlinear control techniques are adopted. In order to validate
through comparison, linear control technique which make use of linear quadratic
regulator is also implemented. As a nonlinear control techniques nonlinear dynamic
inversion (NDI) based angular rate regulator and double loop NDI controller for angle
of attack, sideslip and bank angle are derived for High fidelity F-16 aircraft model.
The choice of aircraft model enabled us to observe conditions with high angular rates
which can be encountered in agile maneuver executions.

Implemented controllers are evaluated through a novel framework where the recovery
envelopes and recovery times are used as the performance criteria. Three dimensional
recovery envelopes are constructed using three body angular rates which are used as
initial points for simulations and included or excluded to recovery envelopes based on
the success in recovery attempt. Successful recovery conditions are restricted so that
the aircraft would not count as recovered if it exceed structural or altitude limits along
with the constraints employed in actuator models. Based on the evaluations which are
made by the proposed framework, another strategy is proposed which adopts the strong
sides of single loop and double loop NDI controllers such that it utilizes the single loop
NDI controller until the high angular rates are regulated below some predetermined
threshold, then uses the double loop NDI controller to recover aerodynamic angles.
This new strategy is called as switching NDI controller and its performance superiority
is validated using the proposed framework.

Thereafter conducting analysis based on simulation study, another approach is
implemented to mitigate the computational burden which comes along with the
simulations. Neural network model is constructed to reproduce the recoverability
envelopes obtained via simulations. By this way, recoverability envelopes are created
with high fidelity using only small portion of the whole simulations executed before.
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NONLİNEER SİSTEMLERİN KARARLILIK ANALİZİ
VE ÇEVİK MANEVRA YAPAN UÇAKLAR İÇİN

GÜVENLİ UÇUŞA DÖNME STRATEJİLERİ

ÖZET

Bu tez kapsamında, güvensiz uçuş rejimine girmiş hava taşıtları için güvenli uçuşa
dönüş problemi ve genel nonlineer sistemlerin kararlılık analizi irdelenmektedir.
Güvensiz uçuş rejimi olarak tabir edilen durumlarda son derece bağlaşık ve lineer
olmayan dinamikler sisteme hakimdir. Bağlaşık ve lineer olmayan dinamikler ise
klasik ya da modern lineer kontrol teknikleri ile ele alınması oldukça güçtür. Bu
tip kontrolcüler nonlineer dinamiklere yakalamada düşük performansa sahiptirler. Bu
sebeple, güvensiz uçuş rejimine girmiş hava taşıtlarının,güvenli uçuşa dönmesi için
nonlineer kontrol tekniklerini içeren stratejiler benimsenmiştir.

Bu tezin odağında çevik manevra yapan uçakların karşılaşacağı güvensiz uçuş koşulları
vardır. Bu sebeple, bu tezin kapsamında, güvensiz uçuş rejimleri, yüksek açısal hız
değerlerini içeren uçuş koşulları olarak tanımlanmıştır. Bu uçuş rejimlerini kapsayacak
simulasyon çalışmaları yürütebilmek adına çevik manevra kabiliyetine sahip bir
uçak modeli üzerinde çalışmak gereklidir. Bu bağlamda, simulasyon modeli olarak
yüksek duyarlıklı F-16 modeli kullanılmıştır. Bu model güvensiz uçuş rejimlerindeki
dinamikleri de içeren bir aerodinamik veritabanına sahiptir.

Daha önce de bahsedildiği gibi güvenli uçuşa dönüş problemi nonlineer kontrol
teknikleri ile ele alınmıştır. Buna karşın, bu problemi çözme konusunda kontrol
stratejilerinin performanslarının değerlendirilmesi açısından hem lineer hem de lineer
olmayan kontrol teknikleri sunulmuş ve uygulanmıştır. Bu bağlamda, doğrusal
karesel regülatör, tek çevrim nonlineer ters dinamik bazlı açısal hız regülatörü ve
çift çevrim nonlineer ters dinamik bazlı aerodinamik açı regülatörü oluşturulmuştur.
Bunlara ek olarak, en son bahsi geçen tek çevrim nonlineer ters dinamik bazlı
açısal hız regülatörü ve çift çevrim nonlineer ters dinamik bazlı aerodinamik açı
regülatörünün anahtarlamalı olarak çalıştığı, anahtarlamalı nonlineer ters dinamik
kontrolcüsü önerilmiştir. Tüm kontrolcü çıkarımları, gerekli uçuş denklemleri de
detaylı olarak ele alınarak açık bir şekilde sunulmuştur.

Oluşturulan tüm kontrol stratejileri, bu çalışma kapsamında önerilen bir sistem
ile değerlendirilmiştir. Bu sistem, kullanılan kontrol stratejilerinin güvensiz uçuş
rejiminden güvenli uçuş koşullarına geçişte harcadıkları süreyi ve de başarılı bir
şekilde güvenli uçuş koşullarına taşınabilen başlangıç koşullarının oluşturduğu zarfı
performans kriteri olarak ele almaktadır. Burada uçağın gövde eksenindeki üç
açısal hız değeri(yuvarlanma hızı, yunuslama hızı, yalpalama hızı) zarfı oluşturmak
için kullanılmaktadır. Bu sebeple, geniş bir yelpazede yüksek sayıda açısal
hız kombinasyonları sisteme başlangıç değeri olarak verilmiş ve bahsi geçen
kontrolcülerin bu koşullardan ne kadarını güvenli uçuş rejimine döndürebildiği takip
edilmiştir. Ayrıca bütün zarflar farklı hücum açıları değerleri için tekrarlanmış
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ve böylelikle hücum açısının da güvenli uçuşa dönüşteki etkisi incelenmiştir. Bu
çalışma kapsamında hangi kontrolcülerin geniş toparlanma zarfına, hangilerinin ise
daha dar toparlanma zarfına sahip olduğuna bakılarak kontrolcülerin performansları
karşılaştırılmıştır.

Tüm kontrolcüler geniş açısal hız zarflarında ve çeşitli hücum açılarında Monte
Carlo simulasyonlarına tabi tutulmuş ve bahsi geçen performans kriterlerine göre
değerlendirilmiştir. Buna göre, lineer kontrolcü beklendiği gibi çok sınırlı bir
toparlanma zarfına sahiptir. Toparlanma hızı açısından başarılı bir performans
göstermesi ise optimal kontrol tabanlı bir kontrolcü olması ile uyuşmaktadır. Diğer
yandan en geniş toparlanma zarfına sahip kontrolcü ise tek çevrim nonlineer ters
dinamik bazlı açısal hız regülatörüdür. Toparlanma hızı ise hücum açısıyla ters
orantılı bir karakter sergilemektedir. Geniş toparlanma zarfına sahip olmasına
karşın bu kontrolcünün aerodinamik açıları kontrol edebilme yetisi bulunmamaktadır.
Her ne kadar açısal hızları regüle etmede çok üstün bir performans gösterse
de, tam anlamıyla güvensiz uçuş rejiminden kurtulma problemine yanıt vereceği
söylenemez. Buna karşın bu işlevi yerine getirebilecek çift çevrim nonlineer
ters dinamik bazlı aerodinamik açı regülatörü ise nonlineer açısal hız regülatörüne
karşın çok daha küçük bir zarfta etkin olabilmektedir. Bu sonuçlar vesilesi ile
önerilen anahtarlamalı nonlineer ters dinamik kontrolcüsü ise geniş bir zarfta açısal
hızları regüle etmeyi başarmış, açısal hızları regüle olmuş sistemde de başarılı bir
şekilde aerodinamik açı regülasyonunu sağlayabilmiştir. Ek olarak, anahtarlamalı
kontrolcünün anahtar değişim eşiğinin güvenli uçuş rejimine dönüş sürelerine etkisi
gözlemlenmiştir. Öyle ki, farklı bir eşik değeri ile aynı şartlar altında Monte Carlo
simulasyonları koşulduğunda toparlanma sürelerinde ortalama on saniyeye varan
kısalma görülmüştür. Kontrol kaybı durumlarında, süre çok kiritk bir parametredir.
Uçağın güvensiz uçuş rejiminde kaldığı her saniye daha da geri dönülemez uçuş
rejimlerine girmesine sebep verebilmektedir. Bu sebeple de kontrolcüler için önerilen
performans kriterlerinden biri toparlanma süresi olarak belirlenmiştir. Bahsi geçen
son çalışmanın geliştirilebilir ve bir optimizasyon çalışmasına döndürülebilir olması,
geleceğe yönelik akademik araştırma olanağı doğurması demektir ve bu bağlamda
önemlidir.

Güvenli uçuşa dönüş için değerlendirilen bir diğer strateji ise iki basamaklı toparlanma
stratejisidir. Buna göre açısal hızlar ve aerodinamik açılar doğrudan regüle
edilmeye çalışılmayıp, arada bir uçuş koşulu üzerinden geçilerek tam regülasyona
yönlendirilmektedir. Dar bir zarfta test edilen bu yaklaşımda bazı noktalar için
toparlanma süresini kısaltan ara durum koşullarının bulunduğu gösterilmiştir. Bu
koşulların neredeyse tamamında yalpalama ve yunuslama hızları hedeflenen son
değer ile aynı olup sıfırken yuvarlanma hızında farklı değerler gözlemlenebilmiştir.
Bu çalışmanın güvenli uçuşa dönüşü hızlandırma konusunda yol göstericiliğinin
yanı sıra, güvenli uçuşa dönüşün dinamikleri konusunda da bilgilendirici olmuştur.
Öyle ki, güvenli uçuşa dönüş açısından, yunuslama ve yalpalama hızlarının
düşürülmesi, yuvarlanma hızının düşürülmesine göre daha fazla önem arz etmektedir.
Dolayısıyla, kontrol yüzeylerinin öncelikli olarak sadece yunuslama ve yalpalama
hızlarının düşürülmesi için kullanılması güvenli uçuş zarfına dönüşte zaman avantajı
sağlayabilmektedir.

Yüksek uygunluklu 6 serbestlik dereceli bir F-16 modeli ve nonlineer kontrolcüler
düşünüldüğünde Monte Carlo simulasyonları bazlı yapılan kararlılık analizi çalış-
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maları hesaplama yükü ve zaman açısından oldukça maliyetlidir. Bu sebeple, aynı
çalışmaların daha az hesaplama yükü ve zaman ile üretilebilmesi açısından yapay
sinir ağı bazlı bir çalışma yürütülmüştür. Bu çalışma kapsamında 1 giriş, 1 çıkış ve
4 gizli katmandan oluşan 2 ayrı model oluşturulmuştur. Modellerden birinin amacı 4
farklı sınıflandırma yapmasıdır. Bu sınıflar, güvenli uçuşa dönüşün yanı sıra güvenli
uçuşa dönüşün başarısız olması durumunda hangi sebepten başarısız olduğunu da
belirten durumları ifade etmektedir. Güvenli uçuşa dönüşte başarısızlık durumları hız
şartının, irtifa şartının ve yük faktörü şartının ihlal edildiği durumlardır. Bu üç farklı
durumun yanı sıra başarılı olduğu durumlarla birlikte 4 ayrı sınıflandırma yapılmış
ve oluşturulan ilk model bu sınıflandırmayı yapmak üzerine tasarlanmıştır. Diğer
modelin amacı ise 2 farklı sınıflandırma yapmasıdır. Bunlar ise güvenli uçuşa dönüşün
başarılı ve başarısız olduğu durumlar olarak tanımlanmıştır. Modellerin eğitimi için
daha önce yapılan Monte Carlo simulasyonlarının verileri kullanılmıştır. Burada
önemli olan nokta ise eğitim için bu verilerinin sadece %20’sinin kullanılmış olmasıdır.
Hesaplama yükü ve zaman açısından maliyeti düşürme de bu şekilde gerçekleşmiştir.
Verilerin sadece küçük bir kısmı kullanılarak %87 oranında benzer toparlanma zarfları
elde edilmiştir. Bununla birlikte, sınıflandırmada karşılaşılan hata oranları ve hangi
sınıfların daha kolay hangi sınıfların daha zor ayrıştırıldığına yönelik sonuçlar da
ortaya konmuştur. Hata oranlarının düşük olması, parametrelerin optimizasyonu
ve sınıflandırma koşullarının sıkılaştırılması gibi çalışmalar yapılarak modelin daha
yüksek başarı oranlarına çıkabileceği konusunda umut vermekte ve ileriye yönelik
çalışma imkanları sunmaktadır.
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1. INTRODUCTION

In this thesis, we consider a problem of upset recovery for aircrafts and stability

analysis of systems with nonlinear dynamics. Unlike nominal flight conditions,

dynamics of the aircraft cannot be compensated with their linearized versions in

upset conditions since these conditions unveil the highly nonlinear, coupled nature

of the state equations. Therefore, linear control techniques are not sufficient for such

problem.

In order to overcome the nonlinear and coupled nature of aircraft dynamics, nonlinear

control techniques are considered in this study. Linear control techniques are also

investigated to observe the effectiveness compared to nonlinear control techniques. We

approach to the problem considering fighter aircrafts which are capable of executing

agile maneuvers such that larger upset space can be investigated. In this study, upset

space definition is based on the angular velocities of an aircraft which are crucial inputs

for aircraft maneuvers. Therefore, recovery strategies are composed mainly within the

scope of angular velocities.

Recovery strategies implemented in this study contains nonlinear dynamic inver-

sion(NDI) control technique. In spite of the fact that NDI lacks robustness, aircraft

model used in this study assumed to have no parametric uncertainty or external noise.

In addition, strategies given in this study are prone to be implemented using robust

control techniques such as sliding mode control.

Recoverability analysis is conducted using the previously mentioned recovery

strategies. Two approaches are utilized to perform the analysis. First one is based

on the extensive Monte Carlo simulations, second one is based on the neural networks.

1.1 Purpose of Thesis

Loss-of-Control (LOC) is the main cause of fatal accidents in aviation according to

the past statistics on this manner [1–4]. For this reason, civil aviation community
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fastidiously handled the LOC and carried out substantial work on training for upset

recovery situations aided with simulation platforms [5, 6]. Despite the training pilots

take for upset recovery, instinctual commands given by pilot and a response capability

of a human cannot be acknowledged as sufficient to handle LOC, especially, accidents

are taken into account caused by incorrect pilot commands [7]. This argument is

even more realistic in case of a fighter aircraft. The reason for that is fighter aircraft

operations, such as executing agile maneuvers which may cause the aircraft dragged

into unsafe flight regimes such as spin and stall [8]. Since spin and stall may lead to

LOC, vehicle upset is considered as one of the main source for the LOC [9]. Therefore,

study of upset recovery strategies and creating autonomous upset recovery systems are

crucial.

1.2 Literature Review

Remarkable amount of study is present in the literature considering the aircraft upset

recovery. Engelbrecht et al. [10] offer an upset recovery system for a transport

class aircraft using a state machine approach. They make use of natural damping

of the aircraft for angular velocity and aerodynamic angle recovery. Lombaerts et

al. [11] present a stall recovery system which utilizes energy flow to determine proper

control signals. However, these methods lack recovery capability for upset conditions

encountered whilst performing agile maneuvers.

Rao and Sinha [12] studied the spin recovery problem using a sliding mode controller.

However, they validate the performance of their recovery strategy using only a couple

of spin scenarios, making it difficult to accept as a generalized strategy. Similarly,

Raghavendra et al. [13] present spin recovery strategy using a nonlinear dynamic

inversion controller which get through to required state via two-step reference states.

Nevertheless, proposed strategy is only validated for just one spin scenario. Dongmo

[14] uses feedback linearization and high order sliding mode controller to overcome

post LOC conditions. Even so, states and controls are limited such that the proposed

strategy can only be confirmed on a narrow flight envelope.

Crespo et al. [15] propose an upset recovery strategy and validate it on seven different

upset scenarios to derive a recoverable flight envelope. Gill et al. [16] study the

performance of the flight controllers of Generic Transport Model (GTM) [17] outside
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its nominal flight conditions. In this study, linear quadratic regulator(LQR) controller

with gain scheduling is implemented. However, these approaches are not validated for

conditions which the agile aircrafts might encounter.

1.3 Contribution and Overview of the Thesis

In this thesis, upset recovery framework is proposed in which the implemented

controllers are evaluated. Using this framework, controllers are evaluated based on two

main criteria. One of them is the angular velocity envelope extent of the controllers,

whereas the other is the time consumption for recovery procedure. Angular velocity

envelopes are obtained by running the simulations for an extensive set of roll rate,

pitch rate and yaw rate values where the achievement of angular rate regulations, as

well as angle of attack, sideslip and bank angle regulations are considered as successful

recovery. On the other hand, performance on the time of recoveries are presented via

time histograms with number of recovery nodes(angular velocity triples) vs. recovery

time.

Although numerous nonlinear control techniques and linear control techniques such as

LQR are proposed as part of recovery strategies in the past, different strategies are not

subjected to comparative studies within a study. In this thesis, LQR controller, NDI

based angular rate regulator, double loop NDI controller and NDI based switching

controller are subjected to comparative study within a large envelope. Comparative

studies reveal the fact that nonlinear controllers are superior to linear controllers within

the context of upset recovery problem. On the other hand, different performance

characteristics between NDI based angular rate regulator and a double loop NDI

controller made way to come up with a new strategy employing NDI based switching

controller which make use of the strong sides of the aforementioned nonlinear

controllers. Switching controller initially performs the angular rate regulation and

continue with attitude regulation satisfying the control of aerodynamic angles as

double loop NDI and achieving the larger envelope extent as NDI based angular rate

regulator.

To sum up, recovery time and recovery envelope extent based framework is proposed

in order to evaluate the controllers. Several approaches are compared and their strong
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and weak sides are determined. Using the results obtained by the comparative study,

NDI based switching controller is proposed.

Finally, computational burden of the nonlinear stability analysis due to Monte Carlo

simulations are eliminated using a neural network approach. This approach pave the

way for generalizing the analysis to whole state space using only a limited number of

simulation data.

The outline of this thesis is as follows:

In chapter 2, upset recovery study for an agile aircraft is given. The simulation model is

briefly presented whereas linear and nonlinear controller derivations are given in detail.

Results of the extensive simulations are given in terms of aforementioned framework.

In the end of results section, another case has also been taken into account where the

switching threshold is changed. Additional recovery strategy idea is introduced where

the recovery is executed in two step in which the final state is achieved through a

middle state.

In chapter 3, a neural network model is introduced to conduct stability analysis.

Recoverability problem is considered as a supervised classification problem by using

the previously gathered simulation data. Recoverability envelopes are obtained using

the trained neural network model. Neural network’s result are presented using

confusion matrices, error histograms and receiver operator characteristics.

Chapter 4 concludes the thesis and give some future recommendations upon this

research area.
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2. UPSET RECOVERY STRATEGIES FOR AGILE MANEUVERING
AIRCRAFT

In this chapter, investigation of the upset recovery strategies for agile maneuvering

aircraft is carried out. Recoverability envelope based analysis is performed for linear

and nonlinear control laws using a high fidelity F-16 aircraft model.

2.1 Simulation Model

Due to consideration of upset conditions which require the availability of offnominal

dynamics, high-fidelity (Hi-Fi) non-linear F-16 model [18] is used in this study. The

Hi-Fi F-16 model provides a large aerodynamic data [19] and actuator models for

elevator, aileron, rudder and engine as well as a leading edge flap. Different look-up

tables are used for different power settings such as “idle", “miltary", and “maximum"

[20]. The system assumed to have no uncertainties in the parameters. There is no

noise or disturbances modeled for the system. Standard atmosphere model has been

used throughout the all simulation studies.

Aircraft’s state vector is given in Eq. 2.1 as:

xT = [VT ,a,b ,qT ,wT ,pT ] 2 R13 (2.1)

where VT is the total velocity with respect to the aircraft body, a and b are angle

of attack and sideslip angle, respectively. qT = [q0,q1,q2,q3] 2 R4 is the aircraft

attitude quaternion which represents the orientation of the aircraft with respect to

the North-East-Down (NED) frame, wT = [P,Q,R] 2 R3 represents the body angular

velocity vector whereas p = [eN ,eE ,eD] 2 R3 represents the position of the aircraft in

the NED frame.
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Aircraft’s input vector is given in Eq. 2.2 as:

uT = [dT ,dele,dail,drud] 2 R4, (2.2)

0 dT  1, (2.3)

�25� de  25�, (2.4)

�21.5� da  21.5�, (2.5)

�30� dr  30�, (2.6)

where dT , de, da, dr are the throttle position, elevator deflection, aileron deflection, and

rudder deflection, respectively. Then, nonlinear aircraft dynamics can be stated in Eq.

2.7 as:

ẋ = f (x,u). (2.7)

Aside from all the force, moment, motion and navigational equations, state equations

for angular rates are directly used in controller derivations. The state equations for

angular rates are given in Eq. 2.8:

Ṗ =
Ixz(Ixx � Iyy + Izz)PQ� (Izz(Izz � Iyy)+ I2

xz)QR+ IzzÂDL+ Ixz(ÂDN +Qhx)

IxxIzz � I2
xz

,

Q̇ =
Izz � IxxPR� Ixz(P2 �R2)+ÂDM �Rhx

Iyy
,

Ṙ =
(Ixx(Ixx � Iyy)+ I2

xz)PQ� Ixz(Ixx � Iyy + Izz)QR+ IxzÂDL+ Ixx(ÂDN +Qhx)

IxxIzz � I2
xz

,

(2.8)

For all other detailed equations and their derivations of the HI-FI F-16 model, you may

refer to [21].

2.2 Controller Derivations

2.2.1 Linear Angular Rate Regulator

Linear quadratic regulator with state feedback is employed for the angular rate

regulation. Considering the relative air speed set of S = {200 ft/s ,250 ft/s,300

ft/s, · · · ,1000 ft/s} and the altitude set H = {1000 ft,2000 ft,3000 ft, · · · ,28000 ft},

the linearized forms of the Hi-Fi F-16 model, which are related to the elements of

S⇥H, are obtained while level flight conditions are assumed. Then different K vectors
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are selected for each linearized model with the aid of algebraic Riccati equation [22].

During the computations of K vectors the state weighing matrice, Q = CT ⇥C, and

input weighing matrice, R = diag(50�2,43�2,60�2), are used, where C is the output

matrix of the linearized system and diag(50�2,43�2,60�2) is representing the diagonal

matrix with diagonal elements 50�2,43�2, and 60�2. After obtaining K vectors,

lookup tables are prepared for gain scheduling in order to update the feedback gains

according to varying relative air speed and altitude.

2.2.2 NDI Controller for Angular Rates

In this study a NDI controller is employed for angular rate control. As it is exhibited

in Fig. 2.1, NDI controller utilizes a proportional-integral (PI) controller and inverse

dynamics. PI generates the desired angular rate derivative signals. Then the desired

angular rate derivations (Ṗdes, Q̇des, Ṙdes) together with inverse dynamics are used to

compute the necessary control inputs (dacmd ,decmd ,drcmd ) in order to achieve the desired

angular rates.

x̂ = [Vt, �, �, P, Q, R, h]

x̄ = [Vt, �, �, �, �, P, Q, R, h]
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Figure 2.1 : Block diagram of NDI based angular rate controller.

In order to perform the dynamic inversion Eq. (2.8) is rearranged in the following

standard form [23]:

ẋ = f (x)+g(x)u (2.9)

where x is the state vector and u is the control input vector. Expressing the roll, pitch,

and yaw moments in the following form yields:
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ÂDL = q̄Sb[Cl(a,b ,de)+DClle f dle f +DClb b +Clda
da +Cldr

dr +
Rb
2VT

Clr +
Pb
2VT

Cl p]

ÂDM = q̄Sc̄[Cm(a,b ,de)+
Qc̄
2VT

Cmq +DCm(a)+DCmle f dle f +

(Xcgre f �Xcg)(Cz +DCzle f dle f +
Qc̄

(2VT )
Czq)]

ÂDN = q̄Sb[Cn(a,b ,de)+DCnle f dle f +DCnb b +Cnda
da +Cndr

dr +
Rb
2VT

Cnr +
Pb
2VT

Cnp�

(Xcgre f �Xcg)(Cy +DCyle f dle f +Cydr
dr +Cyda

da +
Rb

(2VT )
Cyr +

Pb
2VT

Cyp)
c̄
b
]

(2.10)

while assuming Xcgre f � Xcg = 0. DC and C terms are the aerodynamic coefficients,

which are all thoroughly reported in [21]. Roll and yaw moment expressions in Eq.

(2.10) are appropriate for the standard form of Eq. (2.9). However, pitch moment

expression is not convenient for standard form, since de appears as an independent

lookup table variable in Cm(a,b ,de). Therefore the table inversion strategy is

followed, which is explained at the end of this section.

Reorganizing the roll and yaw expressions in Eq. (2.10) yields:

ÂDL = L f +Lg (2.11)

ÂDN = Nf +Ng (2.12)

where,

L f = q̄Sb[Cl(a,b ,de)+DClle f dle f +DClb b +
Rb
2VT

Clr +
Pb
2VT

Cl p]

Nf = q̄Sb[Cn(a,b ,de)+DCnle f dle f +DCnb b +
Rb
2VT

Cnr +
Pb
2VT

Cnp]
(2.13)

Note that de appears also in Cl and Cn terms of Eq. (2.13) as an independent lookup

table variable. Yet, the elevator is not the main control input for roll and yaw rates. In

this manner, during the simulations the de value of the previous time step is used while

computing Eq. (2.13).

Considering f of Eq. (2.9) in the following form:

f (x̂) = [ fP(x̂) fR(x̂)]T (2.14)
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where x̂ = [VT ,a,b ,P,Q,R,h]T . Then, fP(x̂) and fP(x̂) in Eq. (2.14) can be defined as

it is given in Eq. 2.15 and 2.16.

fP(x̂) =
Ixz(Ixx � Iyy + Izz)PQ� (Izz(Izz � Iyy)+ I2

xz)QR+ IzzL f + Ixz(Nf +NT )

IxxIzz � I2
xz

(2.15)

fR(x̂) =
((Ixx � Iyy)Ixx + I2

xz)PQ� Ixz(Ixx � Iyy + Izz)QR+ IxzL f + Ixx(Nf +NT )

IxxIzz � I2
xz

(2.16)

In addition, Lg and Ng can be computed by the following equations :

Lg = q̄Sb(Clda
da +Cldr

dr), (2.17)

Ng = q̄Sb(Cnda
da +Cndr

dr), (2.18)

here, the control surface deflections da and dr compose the control vector.

u = [da dr]
T (2.19)

Then, the g in Eq. (2.9) will be a 2⇥2 matrix.

g(x̂) =


gPa(x̂) gPr(x̂)
gRa(x̂) gRr(x̂)

�
(2.20)

where the elements of the matrix are given as follows:

gPa(x̂) =
Izzq̄SbClda

+ Ixzq̄SbCnda

IxxIzz � I2
xz

(2.21)

gPr(x̂) =
Izzq̄SbCldr

+ Ixzq̄SbCndr

IxxIzz � I2
xz

(2.22)

gRa(x̂) =
Ixzq̄SbClda

+ Ixxq̄SbCnda

IxxIzz � I2
xz

(2.23)

gRr(x̂) =
Ixzq̄SbCldr

+ Ixxq̄SbCndr

IxxIzz � I2
xz

(2.24)

Finally, the standard form for the states P and R is constructed as
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
Ṗ
Ṙ

�
= f (x̂)+g(x̂)u (2.25)

where f , g and u are defined above explicitly. In order to find the control surface

deflections, which would produce the desired rates, the equation is inverted, assuming

g is non-singular:

u = g(x̂)�1(

 ˙Pdes
˙Rdes

�
� f (x̂)), (2.26)

The desired pitch rate is obtained similar to roll and yaw rates as explained above.

Using the desired rate, pitch rate equation is inverted to obtain desired pitch moment

given as

Mdesired = Q̇desIyy � (MT +(Izz � Ixx)PR+ Ixz(R2 �P2) (2.27)

Similarly, using the desired moment, moment equation is inverted to obtain the Cm

coefficient as follows

Cmdesired(a,b ,de) =
Mdesired

q̄Sc̄
� (

Qc̄
2VT

Cmq +DCm(a)+DCmle f dle f ) (2.28)

Originally, Cm is an output of a 3-D lookup table with inputs a , b and de. Considering

a and b values as well as the obtained desired value for Cm at a certain time step,

2 inputs and the desired output are known. Therefore de can be calculated. Lookup

tables are constructed for certain amount of values for inputs and the corresponding

outputs. Input points are called as breakpoints. Given the arbitrary input values, lookup

tables interpolate between the existing breakpoints and calculate the output from the

interpolation of the existing data points. With this information preserved, Cm values

are calculated for instant a , b values and for all the available breakpoints for de. Then,

obtained Cm values and the breakpoints for de is used to construct a 1-D lookup table.

This time, desired Cm value is used as an input and the corresponding de value is

obtained by interpolation. This concept is illustrated in Fig. 2.2. Here, the at and bt

represents the values of he angle of attack and sideslip angle at the current time step.
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Figure 2.2 : Description of the table inversion for elevator deflection determination.

2.2.3 NDI Controller for Angle of Attack, Sideslip and Bank Angle

NDI controller for angle of attack, sideslip and bank angle is designed using the double

loop inversion technique [24]. The same double loop NDI controller is used for spin

recovery in literature [13]. As it is illustrated in Fig. 2.3, double loop NDI controller

consists of an inner loop PI, inner inverse laws, an outer loop PI, and outer inverse

laws. All of the reference angle values are zero. Inner loop PI provides the desired

angular speed rates. Then, the outer inverse laws, which is derived in this section is

used to obtain reference angular rate signals. as a matter of fact, inner loop structure is

exactly the same structure given in Section 2.2-2.2.2.

In the outer loop part, body axis bank angle f is used instead of µ , the bank angle

around velocity vector, since the state variable for µ is not modeled for the A/C model

used in this paper. Rather, a nonlinear conversion is applied, via Eq. (2.29), to a

reference µ angle to obtain a corresponding f angle command for the controller.

f = arccos(cos µ(tanq tana +1)� tanq tana) (2.29)
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Figure 2.3 : Block diagram of the double loop NDI controller.
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The outer loop inversion is carried out using the following equations for angle of attack,

sideslip and bank angle.

ȧ =Q� tanb (cosaP+ sinaR)+
g

VT cosb
(cosa cosq cosf + sina sinq)+

1
mVT cosb

(Az cosa � (Ax +T )sina)

ḃ = sinaP� cosaR+
g

VT
(cosb cosq sinf + sinb sinq cosa � sina sinb cosq cosf)+

1
mVT

(Ay cosb � (Ax +T )sinb cosa �Az sina sinb )

ḟ =P+ tanq(sinfQ+ cosfR)
(2.30)

Although the forces Ax, Ay and Az contain the inputs for control surfaces directly, their

effect is negligible compare to the effects of body axis angular rates. Therefore, the

body axis angular rates are considered as control inputs for the outer loop. Above

equations can be partitioned to obtain the following form

˙̄x = f (x̄)+g(x̄)v (2.31)

where x̄ = [Vt,a,b ,f ,q ,P,Q,R,h]T , f (x̄) = [ fa(x̄), fb (x̄), ff (x̄)]T , and v =

[Pcmd,Qcmd,Rcmd]
T while:

fa = +
g

Vt cosb
(cosa cosq cosf + sina sinq)+

1
mVt cosb

(Az cosa � (Ax +T )sina)

fb = +
g

Vt
(cosb cosq sinf + sinb sinq cosa � sina sinb cosq cosf)+

1
mVt

(Ay cosb � (Ax +T )sinb cosa �Az sina sinb )

ff =0
(2.32)

Then, the g in (2.31) can be represented by a 3⇥3 matrix

g(x̄) =

2

4
�cosa tanb 1 �sina tanb

sina 0 �cosa
1 sinf tanq cosf tanq

3

5 (2.33)

Finally, the v can be computed by inversion given as
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v = g(x̄)�1([ ˙ades
˙bdes ˙fdes]

T � f (x̄)) (2.34)

2.2.4 Switching Controller

A switching controller, illustrated in Fig. 2.4, is proposed to control the aerodynamic

angles in the presence of high angular rates. Switching controller is composed of

previously explained NDI based controllers. The principal founding the switching

controller is that to regulate, until a predetermined angular rate threshold is reached,

the angular rates by using the controller C1 (the NDI controller for angular rates) and

then switch to C2 (double loop NDI controller) to control the angles. Switching occurs

only once from C1 to C2. The angular velocity vector denoted as w = [P,Q,R]T 2 R3.

One time switch

||�||  0.005

||�|| > 0.005
C1

C2

Actuators

Figure 2.4 : Block diagram of the switching mechanism.

2.3 Simulation Results

Simulations are carried out in MATLAB/Simulink environment for all of the

designed controllers. The aim was to obtain an envelope for angular rates such

that to observe whether it is possible to recover or not when the controllers are

initiated in presence of such rates. Various conditions for angle of attack are also

examined. Eight different conditions for angle of attack from the set S0 = {a : a =

4�,8�,12�,24�,36�,48�,60�,72�} are simulated. However, in order to keep this section

plain, some of the angle of attack scenario results are not shown while the results which

are sufficient to demonstrate the performance and characteristics of the controllers

are present. On the other hand, the values for each element of w is kept between

�3.25 rad/s to 3.25 rad/s. Although it is not realistic for an aircraft to see such

rates without risk for structural failure, the motive here is to observe the recovery

abilities of the controllers in ideal conditions. In addition, it should be noted that

controllers are initiated in the beginning of the simulations which are run with such

initial rates. Following sections provides the plots to be seen that the controllers
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Table 2.1 : Simulation stop conditions and the corresponding final simulation status.

* Threshold Status
kwk  0.005 Recovered
VT � 2000ft/s Unrecovered

Altitude  30ft Unrecovered
Load Factor � 9^  �3 Unrecovered

reduce the rates to acceptable values rapidly such that the aircraft is not exposed to

unnatural high rates for considerable amount of time. The condition for recovery is set

as ||w|| =
p

(Pre f �P)2 +(Qre f �Q)2 +(Rre f �R)2  0.005.

Furthermore, simulations are supported with stop conditions on altitude, total velocity

and load factor. If the aircraft is out of the limits for these parameters, which

are given in Table 2.1, the simulation is stopped and that node is considered as

unrecovered. Therefore, it is made sure that the aircraft stays in certain limits to

be considered as recovered. In following sections, the colors in envelope plots

represents the time of recovery of that node such that green, black and blue represents

recovery under 8, 15, and 100 seconds respectively whereas red color represents

failed recovery attempt. Simulations are limited to 100 seconds for computational

restrictions.Therefore, recovery attempts which would take more than 100 seconds are

considered failed recoveries. In subsequent sections, detailed results are presented

while giving out discussions on thought-provoking observations.

2.3.1 Linear Controller

First, linear controller is tested to regulate the angular rates. Simulations are run for

initial angular rates ranging in the interval [�3,3] radian/s with the increments of 0.5

radian. Total of 2197 w values are used as a starting node to simulations for each initial

angle of attack value from the set S1 = {a : a = 4�,8�,12�,24�}. Simulations are kept

in a narrow set for angle of attack and partial set for w compare to the simulation runs

for nonlinear controllers. The reason is the fact that linear controllers are effective

around lower angle of attacks so that the reduced amount of simulations are seen

sufficient to show the performance of this controller and w envelope.

To begin with, one of the successfully recovered case result is shown in Figs 2.5 and

2.6. Initially, the angle of attack is 12� and w = [�1.5,�1,2]. Rates are rapidly
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reduced to much lover values in under a second as it is mentioned earlier. Control

input are saturated in transient part. However, saturation is lagged since the actuators

are modeled with rate limiters.
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(a) Angular rate time history.
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(b) Reference-command input time history.
Figure 2.5 : Angular rate and reference-command input time history results obtained

from the simulations where LQR is employed for the angular rate
regulation. Initial roll rate, pitch rate, yaw rate, and angle of attack are

-1.5 rad/s, -1 rad/s, 2 rad/s and 12�, respectively.
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Figure 2.6 : Relative airspeed, angle of attack, sideslip angle, and load factor time
histories obtained from the simulations where LQR is employed for the

angular rate regulation.

Fig. 2.7 demonstrate the w envelopes.
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Figure 2.7 : The angular rate envelopes obtained for the linear quadratic regulator
while considering 4� and 24� initial angle of attack scenarios: Green

nodes represents (0-8)s regulation time, black nodes represents (8-15)s
regulation time, and blue nodes represents (15-100)s regulation time.

Histograms of the same cases can be seen in Fig. 2.8.
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histogram.
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Figure 2.8 : The number of regulation nodes vs. regulation time interval histograms
obtained for the linear quadratic regulator while considering 4� and 24�

initial angle of attack scenarios

Based on these results, it can be stated that linear controller is indeed successful in a

limited region. Envelope plots also demonstrate that recoverable region is shrinking if

the initial angle of attack gets higher. This result can be further seen in Fig. 2.29 at

the end of this section. Nonetheless, linear controller has unforeseen performance on

recovery time. Histograms in Figs 2.8 show that recovery process is significantly rapid

for most of the recovered nodes.

Despite its good performance on recovery time, linear controller’s w envelope is

restricted to small region and the effectiveness of the controller is decreasing with
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increase in angle of attack. However, for agile maneuvering aircrafts, high angles

of attack and high angular rates are inevitable. Therefore, nonlinear controllers are

necessary in order to capture the dynamics in harsh conditions.

2.3.2 Single Loop NDI Controller (C1)

In order to observe the metrics extensively, simulations are run for two sets of

w . In addition to interval [�3,3] radian, nodes are also selected from the interval

[�3.25,3.25] with increment of 0.5 radian which makes total of 4941 nodes. Remind

that simulations are run for all these initial w’s at each initial angle of attack values

from the set S0.

Single case for C1 is selected with same conditions as the single case for linear

controller.It is seen from Figures 2.9-2.10 that inputs are saturated for longer periods

compare to linear controller whereas the loading on aircraft is less.
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(a) Angular rate time history.
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(b) Reference-command input time history.
Figure 2.9 : Angular rate and reference-command input time history results obtained

from the simulations where C1 is employed for the angular rate
regulation. Initial roll rate, pitch rate, yaw rate, and angle of attack are

-1.5 rad/s, -1 rad/s, 2 rad/s and 12�, respectively.
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Figure 2.10 : Relative airspeed, angle of attack, sideslip angle, and load factor time
histories obtained from the simulations where C1 is employed for the

angular rate regulation.

Single run sample for C1 controller is given in Fig. 2.11.

Figure 2.11 : Flight trajectory obtained from the simulations where C1 is employed
for the angular rate regulation.

w envelope for C1 controller is given in Figs 2.12-2.13. Similar to the results in

linear controller, pitch rate is the most effective cause on recoverability due to load

factor limitations. Comparing to linear controller, there is an undeniable grow in

the recoverable region. At a = 36�, pitch rate is still the most critical factor for

recoverability which can be seen in figure 2.13. However, yaw rate is getting more

effective for recoverability if angle of attack is further increased as it can be seen from

Fig. 2.13.
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(a) 4� initial angle
of attack case, nodes
where regulation is
achieved.

(b) 4� initial angle
of attack case, nodes
where regulation is
failed.

(c) 24� initial angle
of attack case, nodes
where regulation is
achieved.

(d) 24� initial angle
of attack case, nodes
where regulation is
failed.

Figure 2.12 : The angular rate envelopes obtained for C1 while considering 4� and
24� initial angle of attack scenarios: Green nodes represents (0-8)s

regulation time, black nodes represents (8-15)s regulation time, blue
nodes represents (15-100)s regulation time and red nodes represents

regulation fails.

(a) 36� initial angle
of attack case, nodes
where regulation is
achieved.

(b) 36� initial angle
of attack case, nodes
where regulation is
failed.

(c) 72� initial angle
of attack case, nodes
where regulation is
achieved.

(d) 72� initial angle
of attack case, nodes
where regulation is
failed.

Figure 2.13 : The angular rate envelopes obtained for C1 while considering 36� and
72� initial angle of attack scenarios: Green nodes represents (0-8)s

regulation time, black nodes represents (8-15)s regulation time, blue
nodes represents (15-100)s regulation time and red nodes represents

regulation fails.

The results in figures 2.14-2.15 show that the recovery times shift to the longer time

periods with increasing angle of attack.
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(a) 4� angle of attack case, number of recovery
nodes vs. regulation time interval histogram.
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(b) 24� angle of attack case, number of recovery
nodes vs. regulation time interval histogram.

Figure 2.14 : The number of regulation nodes vs. regulation time interval histograms
obtained for C1 while considering 4� and 24� initial angle of attack

scenarios.
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(a) 36� angle of attack case, number of recovery
nodes vs. regulation time interval histogram.
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(b) 72� angle of attack case, number of recovery
nodes vs. regulation time interval histogram.

Figure 2.15 : The number of regulation nodes vs. regulation time interval histograms
obtained for C1 while considering 36� and 72� initial angle of attack

scenarios.

It is clear that controller C1 has a satisfactory performance for regulation of the

angular rates. However, there can be situations that the controller is terminated due

to completion of regulation of w whereas the terminal angle of attack is in a dangerous

region for regular flight controls or a pilot of the aircraft. For this reason, the controller

C2 is implemented to use for recovery while controlling the angle of attack.

2.3.3 Double Loop NDI Controller (C2)

Simulations are run for the same conditions as it is done for previous controller.

Distinctively, the condition for a successful recovery is enlarged such that ||[a,b ,f || 
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0.005 and ||w||  0.005 need to be satisfied at the same time, where

||[a,b ,f ]|| =
q

(are f �a)2 +(bre f �b )2 +(fre f �f)2

Single case for C2 controller is chosen with initial condition w = [1.75,�0.75,0.75]

and a = 12�. The results for state and input histories are given in Figs. 2.16-2.18.

Figure 2.16 : Relative airspeed, angle of attack, sideslip angle, angular rate, and load
factor time histories obtained from the simulations where C2 is

employed. Initial roll rate, pitch rate, yaw rate, and angle of attack are
1.75 rad/s, -0.75 rad/s, 0.75 rad/s and 12�, respectively.
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Figure 2.17 : Reference-command input time history results obtained from the
simulations where C2 is employed. Initial roll rate, pitch rate, yaw rate,

and angle of attack are 1.75 rad/s, -0.75 rad/s, 0.75 rad/s and 12�,
respectively.

Figure 2.18 : Flight trajectory obtained from the simulations where C2 is employed
for the angular rate regulation.

w envelopes in Figs. 2.19-2.20 presents that C2 controller is successful in a quite

restricted region. Envelope plots clearly demonstrate that high pitch and yaw rates

limit ability to control aerodynamic angles.
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(a) 4� initial angle of attack case, nodes
where recovery is achieved.
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(b) 24� initial angle of attack case, nodes
where recovery is achieved.

Figure 2.19 : The angular rate envelopes obtained for C2 while considering 4� and
24� initial angle of attack scenarios: Green nodes represents (0-8)s

regulation time, black nodes represents (8-15)s recovery time, and blue
nodes represents (15-100)s.
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(a) 36� initial angle of attack case, nodes
where recovery is achieved.
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(b) 24� initial angle of attack case, nodes
where recovery is achieved.

Figure 2.20 : The angular rate envelopes obtained for C2 while considering 36� and
72� initial angle of attack scenarios: Green nodes represents (0-8)s

regulation time, black nodes represents (8-15)s recovery time, and blue
nodes represents (15-100)s.

The results show that recovery performance of controller C2 is poor compared to

C1. Yet, function of the controller C2 can not be abandoned. Despite the fact that

regulation of angular rates has the priority to regain control of agile maneuvering

aircraft, recovering the aerodynamic angles are also significant. Because the possibility

to re-entering a control loss situation is not vanished. In order to take the advantage

of C1’s ability to regulate angular rates, a new control method is proposed by making

use of both C1 and C2 controllers which can be named as Switching NDI Controller.
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The aim of this proposition is to enlarge the recoverability region while controlling the

aerodynamic angles.

2.3.4 Switching NDI Controller (C3)

The idea to elevate the performance of C2 by combining it with C1 is tested in these set

of simulations. Again, the same initial conditions are applied to be able to make clear

comparisons. Switching condition is taken as ||w||  0.005 whereas the condition for

successful recovery is set same with the case in C2 controller.

Motivation to use this controller over single loop NDI controller(C1) is demonstrated

in Fig. 2.21 unambiguously. Here, the single loop NDI controller terminates, regulates

the body axis angular rates, prior to red line shown. It can be seen that the aircraft

has a slight sideslip angle and a significant bank angle. Although the C1 controller has

done its duty, it is clearly not safe to leave the aircraft in such condition. Fortunately,

C3 controller is able to switch at that point, where the red line is, to continue recovery

process and successfully regulates the aerodynamic angles.

Figure 2.21 : Trajectory plot for C3. Initial angle of attack is 36� and
w = [1,0.5,�3]T
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Single case for switching controller is chosen with initial conditions identical to the

case for C2 controller. Switching occurs where the sudden changes in signals take

place that can be seen in Figs. 2.22, 2.23 and 2.24

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
400

600

800

1000

V T [f
t/s

]

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
-10

0

10

20

An
gl

e 
of

 A
tta

ck
 [d

eg
]

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time [s]

-20

-10

0

10

Si
de

sl
ip

 A
ng

le
 [d

eg
]

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time [s]

-40

-20

0

20

R
ol

l A
ng

le
 [d

eg
]

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time [s]

-100

0

100

P,
Q

,R
 [d

eg
/s

] P
Q
R

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Time [s]

-2

0

2

Lo
ad

 F
ac

to
r [

G
]

Figure 2.22 : Relative airspeed, angle of attack, sideslip angle, angular rate, and load
factor time histories obtained from the simulations where C3 is

employed. Initial roll rate, pitch rate, yaw rate, and angle of attack are
1.75 rad/s, -0.75 rad/s, 0.75 rad/s and 12�, respectively.
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Figure 2.23 : Reference-command input time history results obtained from the
simulations where C3 is employed. Initial roll rate, pitch rate, yaw rate,

and angle of attack are 1.75 rad/s, -0.75 rad/s, 0.75 rad/s and 12�,
respectively.
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Figure 2.24 : Flight trajectory obtained from the simulations where C3 is employed
for the angular rate regulation.

Proposed method has indeed enlarged the w envelope significantly which can be seen

in Figs. 2.25-2.26.

(a) 4� initial angle
of attack case, nodes
where recovery is
achieved.

(b) 4� initial angle
of attack case, nodes
where recovery is
failed.

(c) 24� initial angle
of attack case, nodes
where recovery is
achieved.

(d) 24� initial angle
of attack case, nodes
where recovery is
failed.

Figure 2.25 : The angular rate envelopes obtained for C3 while considering 4� and
24� initial angle of attack scenarios: Green nodes represents (0-8)s

recovery time, black nodes represents (8-15)s recovery time, blue nodes
represents (15-100)s recovery time and red nodes represents recovery

fails.

(a) 36� initial angle
of attack case, nodes
where recovery is
achieved.

(b) 36� initial angle
of attack case, nodes
where recovery is
failed.

(c) 72� initial angle
of attack case, nodes
where recovery is
achieved.

(d) 72� initial angle
of attack case, nodes
where recovery is
failed.

Figure 2.26 : The angular rate envelopes obtained for C3 while considering 36� and
72� initial angle of attack scenarios: Green nodes represents (0-8)s

recovery time, black nodes represents (8-15)s recovery time, blue nodes
represents (15-100)s recovery time and red nodes represents recovery

fails.
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Histograms in Figures 2.27-2.28 shows that recovery times creates a bimodal graphs

as the angle of attack increases.

0 20 40 60 80 100
Time Intervals [s]

0

100

200

300

400

500

600
N

um
be

r o
f R

ec
ov

er
y 

N
od

es
AoA = 4°

(a) 4� angle of attack case, number of recovery
nodes vs. recovery time interval histogram.
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(b) 24� angle of attack case, number of recovery
nodes vs. recovery time interval histogram.

Figure 2.27 : The number of recovery nodes vs. recovery time interval histograms
obtained for C3 while considering 4� and 24� initial angle of attack

scenarios.
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(a) 36� angle of attack case, number of recovery
nodes vs. recovery time interval histogram.
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(b) 72� angle of attack case, number of recovery
nodes vs. recovery time interval histogram.

Figure 2.28 : The number of recovery nodes vs. recovery time interval histograms
obtained for C3 while considering 36� and 72� initial angle of attack

scenarios.

The motive in switching controller was to make the regulation of angular rates

prior to control of angles. In all simulations, regulation is considered successful

if ||w||  0.005 is satisfied. Therefore, the switch condition is set according to

this motive. However, the requirements for successful recovery in these simulations

already contains the regulation of rates according to given threshold. Hence, there is no

dependence to pick the switch condition same as the terminal conditions. In addition to

that, it is observed in the simulation results that controller takes considerable amount of
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time to make small corrections so that switching can occur. To save that time, relaxing

the threshold for switching is experimented with further simulations. This time the

switch condition is set as ||w||  0.02.

When the whole region is concerned, changing the switch condition has indeed reduced

the recovery times as it can be later seen in Fig. 2.32.

Finally, the recovery performance of the all controllers are compared in Figs. 2.29

and 2.30. According to Fig. 2.29, single loop angular rate controller(C1) has better

performance compare to linear controller and linear controller has poor performance

as the angle of attack increases. Double loop NDI controller(C2) has shown poor

performance that is close to the performance of linear controller. On the other

hand, switching controller with and without relaxed switch, has shown promising

performance. It would be better to remind that, although the number of recovered

nodes is not separated significantly, relaxing the switch has shown improvement on

the recovery times as it is seen in Fig. 2.32 which was its main purpose.

Another intriguing observation derived from Figs. 2.29 and 2.30 is that the number of

recovery nodes versus the angle of attack curves of the nonlinear angular rate controller

and the switching controller resembles the lift coefficient curve with respect to angle

of attack CLa which is given in figure 2.31.
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Figure 2.29 : Percentage of recovery nodes vs. angle of attack graph of linear and C1
(NDI PQR) controllers.
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Figure 2.30 : Percentage of recovery nodes vs. angle of attack graph of C2 (NDI
ABP), C3 (switching), and C4 (relaxed switching) controllers.
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Figure 2.31 : Lift coefficient distribution with respect to angle of attack, where
de = 0. This curve is obtained from the aerodynamic database of the

Hi-Fi F-16 model in this study.

Aforementioned recovery time results are given in Fig. 2.32.
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Figure 2.32 : Average revocery time vs. angle of attack graph of C2 (NDI ABP), C3
(switching), and C4 (relaxed switching) controllers.

2.4 Middle State Approach

In order to optimize the regulation time, a search is made to explore an intermediate

state that would minimize time to reach origin state([P,Q,R] = [0,0,0]). Due to

computational limits, restricted space is explored and only one intermediate state is

searched. Three components of the starting points on the space is selected from sets

P = [�0.5,�0.25,0,0.25,0.5]Q = [�0.5,0,0.5]R = [�1.5,�1,�0.5,0,0.5,1,1.5]
(2.35)

For each starting point, first reference signals are selected from same sets that construct

the space which is investigated. If the aircraft reaches the first reference state, origin

point is given as a second reference signal. The condition to reach the reference state

is selected as ||w|| < 0.005. Reference switching is illustrated in Fig. 2.33

Reference Switcher

N
D

I C
ontroller

Ref 1

Ref 2: 
[0,0,0]

||P, Q, R||ref1 > 0.005

||P, Q, R||ref1  0.005

||P, Q, R||ref2  0.005
Successful Regulation

Figure 2.33 : Illustration of reference generation

Monte Carlo simulations are carried out using the strategy explained above. Total of

105 starting points are guided to origin using 1052 = 11025 paths. Each starting point
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is taken to origin from 105 different paths including direct path(no intermediate state)

to origin. Note that other paths include only one intermediate state. All paths are stored

with informations of intermediate states, success in regulation and total regulation

time. Using this information, minimum time paths are determined using bubble sort

algorithm. Unsuccessful regulations are eliminated as well as the trivial solutions

which are direct paths to origin. The other solutions which contains intermediate

states are presented in Fig. 2.34. The letters A,B, and O represent the starting points,

intermediate states and origin respectively.
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Figure 2.34 : Optimal time paths for regulation of angular rates

It can be noticed that all the intermediate states are on the roll rate axis. The

aircraft is not stable with existence of pitch and yaw rates. On the other hand, the
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recommendation can be made in some cases such that it is beneficial to roll preliminary

to regulate the angular rates in terms of time.
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3. NEURAL NETWORK APPROACH FOR RECOVERABILITY
ENVELOPE ESTIMATION

In this chapter, neural network approach is implemented to classify the states

properly in order to estimate recoverability envelope using the previously conducted

Monte-Carlo simulation results as a training data.

3.1 Preliminaries

In previous chapter, NDI controllers are used to recover F-16 aircraft model from upset

conditions. For single loop NDI controller, simulations are carried out for 8 different

angle of attack scenarios ranging from 4� to 72�. In all scenarios, body axis angular

rates, P, Q, R, are chosen from [�3.25rad/s, 3.25 rad/s]. As an input to neural network,

6 dimensional vector is used. 3 of these dimensions are the body axis angular rates,

1 of them is the angle of attack and the other two are the quaternion angles which

changes with angle of attack. The other 7 states of the aircraft is not used since their

initial values are not changed for simulations.

3.2 Neural Network Model

Neural network model is constructed in MATLAB environment using MATLAB’s

Neural Network toolbox. 2 different model is constructed for 2 different classification

scenario. One setting classifies the data into 4 classes whether the regulation is

achieved, or velocity limit is violated, or altitude limit is violated, or load factor limit is

violated. The other setting is simply splits the data into 2 classes whether the recovery

is successful or not. Although the main purpose is to determine the recoverability, 4

class-setting can be used to obtain further information about why the regulation cannot

be achieved. For 4 class case, the following neural network, given in Fig. 3.1, is

designed with 4 hidden layer consisting 100 neuron each and a 4-neuron output layer.
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Figure 3.1 : Neural network scheme for 4-class case

Similar network is constructed for 2 class case with 2-neuron output layer which is

given in Fig. 3.2.

Figure 3.2 : Neural network scheme for 2-class case

Both of the networks are trained using scaled conjugate gradient algorithm and used

sigmoid as an activation function. There exists total of 39528 of which the 20% is used

for training, 10% is used for validation and remaining 70% is left to test the network.

Division of the data performed randomly.

3.3 Results

The motivation of this chapter is to eliminate the computational burden of nonlinear

simulations. For that reason, only a small part of the data is used to train the data(20%)

with 10% validation. On the other hand, majority of the data is reserved for test(70%).

Despite this challenge, networks’ success rate reached to satisfactory levels. In Fig.

3.3, neural network achieved to 84.4% success rate on the test data whereas 84.8%

success rate on the overall data for 4-class case.
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Figure 3.3 : Confusion matrix for 4-class case

In Fig. 3.4, the error distribution is given. As it is seen, most of the data is classified

with only 5% error.
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Figure 3.4 : Error distribution for 4-class case

In Fig. 3.5, receiver operating characteristic is given for 4-class case. 4th class

which represents the load factor violation has the fastest response since it is highly

related to negative pitch rates, which we observe in previous chapter, and therefore the

neural network was able to classify it easily. 2nd class which represents the successful

regulation has the next fastest response since it is the most frequently observed case.
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Figure 3.5 : Receiver operating characteristic for 4-class case

Since binary classification is easier, the network for 2-class case achieved better results.

As it can be seen in Fig. 3.6, the neural network achieved to 87.1% success rate on the

test data whereas 87.6% success rate on the overall data.
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Figure 3.6 : Confusion matrix for 2-class case

If we look at the error distribution for 2-class case in Fig. 3.7, we can see that high

proportion of the data is classified with under 5% error.
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Figure 3.7 : Error distribution for 2-class case

It is due to the reduction of the classes to two by uniting the unrecovered classes in one

class. The frequency of the classes became similar. Therefore, the responses seen in

receiver operating characteristic in Fig. 3.8 are close to each other.
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Figure 3.8 : Receiver operating characteristic for 2-class case
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4. CONCLUSIONS AND RECOMMENDATIONS

Upset recovery is attempted for the conditions including high angular rates and high

angle of attacks by using various controllers which are introduced in content of this

work. The control framework is established on a large scale compare to previous works

in literature. Based on this framework, comparative study is made for the designed

controllers. It is found that nonlinear controllers are superior to linear controllers due

to their ability to capture dynamics in harsh conditions. Single loop dynamic inversion

controller has been found as the best controller for regulation of high angular rates. In

order to have control over aerodynamic angles, double loop dynamic inversion is used.

It is shown that this controller is not effective if the high angular rates are present.

Therefore, switching NDI controller is proposed to improve the recovery performance.

It is found that this controller has superior performance for regulation of angular rates

and aerodynamic angles.

In addition, a study made on switching controller to elevate the recovery time

performance of the controller. It is observed that selection of switch condition has no

linear affect on performance of the controller. Therefore, it brings up an opportunity

to derive an optimization problem to consider as a future work.

Moreover, recoverability analysis of an agile maneuvering aircraft is performed using

a multi layer neural network. Computational burden of highly nonlinear simulations

are eliminated such that the results obtained from nearly forty thousand simulations

are reproduced using only 20% of the simulations with around 87% success rate. As a

future study, one might study on the optimization of the neural network by tuning the

layer and neuron number, improving the training function, finding a better activation

function or work on the data to find a smart way to sample it.
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