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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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NONLINEER SISTEMLERIN KARARLILIK ANALIZi
VE CEVIK MANEVRA YAPAN UCAKLAR IiCIN
GUVENLI UCUSA DONME STRATEJILERI

OZET

Bu tez kapsaminda, giivensiz ucus rejimine girmis hava tasitlar1 i¢cin giivenli ucusa
doniis problemi ve genel nonlineer sistemlerin kararlilik analizi irdelenmektedir.
Giivensiz ugus rejimi olarak tabir edilen durumlarda son derece baglasik ve lineer
olmayan dinamikler sisteme hakimdir. Baglasik ve lineer olmayan dinamikler ise
klasik ya da modern lineer kontrol teknikleri ile ele alinmasi oldukca giictiir. Bu
tip kontrolciiler nonlineer dinamiklere yakalamada diisiik performansa sahiptirler. Bu
sebeple, giivensiz ugus rejimine girmis hava tagitlarinin,giivenli ucusa donmesi igin
nonlineer kontrol tekniklerini i¢eren stratejiler benimsenmistir.

Bu tezin odaginda ¢evik manevra yapan ucgaklarin karsilasacagi giivensiz ugus kosullar
vardir. Bu sebeple, bu tezin kapsaminda, giivensiz ugus rejimleri, yiiksek acisal hiz
degerlerini iceren ucus kosullarr olarak tanimlanmugtir. Bu ugus rejimlerini kapsayacak
simulasyon c¢alismalar1 yiiriitebilmek adina c¢evik manevra kabiliyetine sahip bir
ucak modeli lizerinde calismak gereklidir. Bu baglamda, simulasyon modeli olarak
yiiksek duyarlikli F-16 modeli kullanilmistir. Bu model giivensiz ucus rejimlerindeki
dinamikleri de iceren bir aerodinamik veritabanina sahiptir.

Daha once de bahsedildigi gibi giivenli ugusa doniis problemi nonlineer kontrol
teknikleri ile ele alinmistir. Buna karsin, bu problemi ¢ozme konusunda kontrol
stratejilerinin performanslarinin degerlendirilmesi agisindan hem lineer hem de lineer
olmayan kontrol teknikleri sunulmus ve uygulanmistir. Bu baglamda, dogrusal
karesel regiilator, tek cevrim nonlineer ters dinamik bazli acisal hiz regiilatorii ve
cift cevrim nonlineer ters dinamik bazli aerodinamik ac1 regiilatorii olusturulmustur.
Bunlara ek olarak, en son bahsi gecen tek cevrim nonlineer ters dinamik bazlh
acisal hiz regiilatorii ve c¢ift cevrim nonlineer ters dinamik bazli aerodinamik aci
regiilatoriiniin anahtarlamali olarak calistigi, anahtarlamali nonlineer ters dinamik
kontrolciisii 6nerilmigstir. Tiim kontrolcii ¢ikarimlari, gerekli ucus denklemleri de
detayl olarak ele alinarak agik bir sekilde sunulmustur.

Olusturulan tiim kontrol stratejileri, bu calisma kapsaminda Onerilen bir sistem
ile degerlendirilmistir. Bu sistem, kullanilan kontrol stratejilerinin giivensiz ucus
rejiminden giivenli ugus kosullarina geciste harcadiklari siireyi ve de basarili bir
sekilde giivenli ucus kosullarina tasinabilen baglangi¢c kosullarinin olusturdugu zarfi
performans kriteri olarak ele almaktadir. Burada ucagin govde eksenindeki ii¢
acisal hiz degeri(yuvarlanma hizi, yunuslama hizi, yalpalama hizi) zarfi olusturmak
icin kullanmilmaktadir.  Bu sebeple, genis bir yelpazede yiiksek sayida agisal
hiz kombinasyonlar1 sisteme baglangic de8eri olarak verilmis ve bahsi gecen
kontrolciilerin bu kogullardan ne kadarini giivenli ugus rejimine dondiirebildigi takip
edilmistir.  Ayrica biitiin zarflar farkli hiicum acilar1 degerleri icin tekrarlanmis
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ve boylelikle hiicum acisinin da giivenli ucusa doniisteki etkisi incelenmigtir. Bu
calisma kapsaminda hangi kontrolciilerin genis toparlanma zarfina, hangilerinin ise
daha dar toparlanma zarfina sahip olduguna bakilarak kontrolciilerin performanslari
karsilastirilmistir.

Tiim kontrolciiler genis agisal hiz zarflarinda ve cesitli hiicum agilarinda Monte
Carlo simulasyonlarina tabi tutulmus ve bahsi gecen performans kriterlerine gore
degerlendirilmistir. Buna gore, lineer kontrolcii beklendigi gibi ¢ok simirli bir
toparlanma zarfina sahiptir. Toparlanma hiz1 agisindan bagarili bir performans
gostermesi ise optimal kontrol tabanli bir kontrolcii olmasi ile uyusmaktadir. Diger
yandan en genis toparlanma zarfina sahip kontrolcii ise tek ¢cevrim nonlineer ters
dinamik bazli acisal hiz regiilatoriidiir. Toparlanma hiz1 ise hiicum agisiyla ters
orantili bir karakter sergilemektedir. Genis toparlanma zarfina sahip olmasina
karsin bu kontrolciiniin aerodinamik agilart kontrol edebilme yetisi bulunmamaktadir.
Her ne kadar acisal hizlar1 regiile etmede cok {istiin bir performans gosterse
de, tam anlamiyla giivensiz ugus rejiminden kurtulma problemine yanit verecegi
sOylenemez. Buna karsin bu islevi yerine getirebilecek c¢ift ¢evrim nonlineer
ters dinamik bazli aerodinamik ac1 regiilatorii ise nonlineer agisal hiz regiilatoriine
karsin cok daha kiigciik bir zarfta etkin olabilmektedir. Bu sonuglar vesilesi ile
Onerilen anahtarlamali nonlineer ters dinamik kontrolciisii ise genis bir zarfta agisal
hizlar regiile etmeyi basarmis, agisal hizlar regiile olmus sistemde de basarili bir
sekilde aerodinamik ag1 regiilasyonunu saglayabilmistir. Ek olarak, anahtarlamali
kontrolciiniin anahtar de8isim esiginin giivenli ucus rejimine doniis siirelerine etkisi
gozlemlenmistir. Oyle ki, farkli bir esik degeri ile aym sartlar alunda Monte Carlo
simulasyonlar1 kosuldugunda toparlanma siirelerinde ortalama on saniyeye varan
kisalma goriilmiistiir. Kontrol kayb1 durumlarinda, siire ¢ok kiritk bir parametredir.
Ucagin giivensiz ugus rejiminde kaldigi her saniye daha da geri doniilemez ucgus
rejimlerine girmesine sebep verebilmektedir. Bu sebeple de kontrolciiler i¢in Onerilen
performans kriterlerinden biri toparlanma siiresi olarak belirlenmigtir. Bahsi gecen
son ¢aligmanin gelistirilebilir ve bir optimizasyon ¢aligmasina dondiiriilebilir olmasi,
gelecege yonelik akademik arastirma olanagi dogurmasi demektir ve bu baglamda
onemlidir.

Giivenli ugusa doniis i¢in degerlendirilen bir diger strateji ise iki basamakli toparlanma
stratejisidir.  Buna gore acisal hizlar ve aerodinamik acilar dogrudan regiile
edilmeye calisilmayip, arada bir ucus kosulu iizerinden gecilerek tam regiilasyona
yonlendirilmektedir. Dar bir zarfta test edilen bu yaklasimda bazi1 noktalar icin
toparlanma siiresini kisaltan ara durum kosullarinin bulundugu gosterilmistir. Bu
kosullarin neredeyse tamaminda yalpalama ve yunuslama hizlar1 hedeflenen son
deger ile ayni olup sifirken yuvarlanma hizinda farkli degerler gbézlemlenebilmistir.
Bu calismanin giivenli ucusa doniisii hizlandirma konusunda yol gostericiliginin
yani sira, giivenli ucusa doniisiin dinamikleri konusunda da bilgilendirici olmustur.
Oyle ki, giivenli ucusa doniis acisindan, yunuslama ve yalpalama hizlarinin
diisiirtilmesi, yuvarlanma hizinin diisiiriilmesine gore daha fazla 6nem arz etmektedir.
Dolayisiyla, kontrol yiizeylerinin Oncelikli olarak sadece yunuslama ve yalpalama
hizlarinin disiiriilmesi i¢in kullanilmas: giivenli ugus zarfina doniiste zaman avantaji
saglayabilmektedir.

Yiiksek uygunluklu 6 serbestlik dereceli bir F-16 modeli ve nonlineer kontrolciiler
diistiniildiigiinde Monte Carlo simulasyonlar1 bazli yapilan kararlilik analizi ¢alig-
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malar1 hesaplama yiikii ve zaman agisindan olduk¢a maliyetlidir. Bu sebeple, ayni
caligmalarin daha az hesaplama yiikii ve zaman ile iiretilebilmesi agisindan yapay
sinir ag1 bazl bir ¢aligma yiiriitiilmiistiir. Bu calisma kapsaminda 1 giris, 1 ¢ikis ve
4 gizli katmandan olusan 2 ayr1 model olusturulmustur. Modellerden birinin amaci 4
farkli siniflandirma yapmasidir. Bu siiflar, giivenli ucusa doniisiin yam sira giivenli
ucusa doniisiin bagarisiz olmasi durumunda hangi sebepten basarisiz oldugunu da
belirten durumlari ifade etmektedir. Giivenli ugusa doniiste basarisizlik durumlart hiz
sartinin, irtifa sartinin ve yiik faktorii sartinin ihlal edildigi durumlardir. Bu ii¢ farkli
durumun yam sira basarili oldugu durumlarla birlikte 4 ayr1 siniflandirma yapilmis
ve olusturulan ilk model bu siniflandirmayr yapmak iizerine tasarlanmistir. Diger
modelin amaci ise 2 farkli simiflandirma yapmasidir. Bunlar ise giivenli ugusa doniisiin
bagarili ve basarisiz oldugu durumlar olarak tanimlanmistir. Modellerin egitimi i¢in
daha Once yapilan Monte Carlo simulasyonlarinin verileri kullamilmistir. Burada
onemli olan nokta ise egitim i¢in bu verilerinin sadece %?20’sinin kullanilmig olmasidir.
Hesaplama yiikii ve zaman agisindan maliyeti diisiirme de bu sekilde gerceklesmistir.
Verilerin sadece kiiciik bir kismi kullanilarak %87 oraninda benzer toparlanma zarflari
elde edilmistir. Bununla birlikte, siniflandirmada karsilagilan hata oranlari ve hangi
siniflarin daha kolay hangi smiflarin daha zor ayristirildi§ina yonelik sonuclar da
ortaya konmugstur. Hata oranlarimin diisiik olmasi, parametrelerin optimizasyonu
ve siniflandirma kosullarinin sikilagtirilmasi gibi caligmalar yapilarak modelin daha
yiiksek basar1 oranlarina ¢ikabilecegi konusunda umut vermekte ve ileriye yonelik
caligsma imkanlar1 sunmaktadir.
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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



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



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.



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:
x =[Vr,a,B.q", 0" p"] eR" 2.1)

where V7 is the total velocity with respect to the aircraft body, o and 3 are angle
of attack and sideslip angle, respectively. q” = [q0,91,¢2,93] € R?* is the aircraft
attitude quaternion which represents the orientation of the aircraft with respect to
the North-East-Down (NED) frame, @’ = [P,Q,R] € R represents the body angular
velocity vector whereas p = [ey, e, ep] € R? represents the position of the aircraft in

the NED frame.



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

u’ = [87, 8ete, it Brua) € RY, (2.2)
0<6r<1, 2.3)

—25° <6, <25°, 2.4)
_01.5° <6, <21.5°, 2.5)
—30° <68, < 30°, (2.6)

where 07, &, 04, O, are the throttle position, elevator deflection, aileron deflection, and
rudder deflection, respectively. Then, nonlinear aircraft dynamics can be stated in Eq.

2.7 as:
x = 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:

Ixz(lxx — Lyy +IZZ)PQ - (IZZ(IZZ r Iyy) +I)%Z)QR +IZZZAL+IXZ(ZAN+ th)

P= > :
Lok, — 12
L, — PR — Ixz(P* — R?) + Y. AM — Rh,
Iyy 7
b (Le(Lox — Lyy) +I2)PQ — Ly (L — Iy + L) OR + Ixz Y. AL+ Ixx(¥. AN + Qhy)

Ly, — 12, ’
(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 x 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 x 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(502,4372,6072) is representing the diagonal
matrix with diagonal elements 5072,4372, and 6072. 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 (B, Oges, Raes) together with inverse dynamics are used to

1)

compute the necessary control inputs (8, ..,

Or,,.,) in order to achieve the desired

cmd

angular rates.

1
S &S
[ I

v

Oacma
56umd
Or
Inverse "emd | AC X
: Actuators > .
Dynamics Dynamics

PI >

v

A

& =[V;,a,3,P,Q R}

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]:

5= 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:



Rb Pb

ZAL qu[Cl(OC B ) )+ACl1ef616f+AClﬁﬁ -|-Cl5 O, +C15 o, + 2V, Clr-l-zv Clp]
ZAM:qSE[Cm(oc,[)’,5e) 2QV Cing +ACn () + ACyy, , O1ep+
0¢
<XCgref _XCg)(CZ+A Zlefalef—’_ (2V )C )]
Y AN =gSb[Cu(at, B, &) + ACy,,; 1 + ACpy B+ Crg, 8+ Cug 64—Rbc-+PbC -
=q n\U, P, O njerOlef ng 2Vp nr 2Vp np
Rb Pb c
(Xegey — Xeg) (Cy +ACy,,  O1ef +Cyy, 6+ Cyy Oa+ vr )Cyr+ 2y Cyp)g]
(2.10)

while assuming Xcg,,, — Xcg = 0. AC 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 J, appears as an independent
lookup table variable in Cy,(c,,d,). 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:

YAL=L;+L, (2.11)
Y AN =Ny+N, (2.12)
where,
Rb Pb
Lf qu[Cl(OC ﬁ 1) )+ACl,Ef5lef+AClﬁﬁ+ vy Clr—l—zv Clp]
Rb I3 (2.13)

Note that , appears also in C; and C, 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 &, value of the previous time step is used while

computing Eq. (2.13).

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

@ =1fr®) fr®]" (2.14)
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where £ = [V, a, B,P,Q,R,h]T. Then, fp(%) and fp(%) in Eq. (2.14) can be defined as
it is given in Eq. 2.15 and 2.16.

I (Ixx Iy+1zz)PQ ( (zz Iyy)‘f‘])%z)QR‘f‘Izsz‘"lxz(Nf+NT)

A XZ
X) =
fP( ) IxxIZZ _I)%Z
(2.15)
o (o= byl +12)PQ — Lig (T — by + L) OR + Lic Ly + Lo (N + N7 )
fr(X) = 2
Lol — I,
(2.16)
In addition, L, and N, can be computed by the following equations :
= q‘Sb(ClSa Ou+ Cis, Or), (2.17)
Ng = GSb(Cry, 64+ Cny 0r), (2.18)
here, the control surface deflections &, and 8, compose the control vector.
u=1068, &]|" (2.19)
Then, the g in Eq. (2.9) will be a 2 x 2 matrix.
. gr, (%) gp (%) }
X)= . IR 2.20
= 50 (220
where the elements of the matrix are given as follows:
I.gSbC;. + I,.GSbC,
g (%) = = T 2.21)
Lo, — IXZ
I.gSbC;, + I;gSbC,
g, () = e T (2.22)
IxxIZZ Ixz
L.gSbCy. + LgSbC,
g, (8) = o T, (2.23)
Loy, — 12,
L.gSbCi. + L,gSbC,
g, (F) = 2.24)
Ll — I,

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



| = et 225)

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(f)‘l([ R } — (%), (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 == Qdeslyy - (MT + (Izz - Ixx)PR +Ixz<R2 - Pz) (2-27)

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

coefficient as follows

Mdesired QE
Con, . (00,B,0,)= —
Miesired ( ) ﬁ ) e) qSE ( 2VT

Cing +AC (@) +ACy,  Bre) (2.28)
Originally, C,, is an output of a 3-D lookup table with inputs a, 8 and J,. Considering
o and B values as well as the obtained desired value for C,, at a certain time step,
2 inputs and the desired output are known. Therefore J, 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, C,, values
are calculated for instant ¢, B values and for all the available breakpoints for &,. Then,
obtained C,, values and the breakpoints for J, is used to construct a 1-D lookup table.
This time, desired C,, value is used as an input and the corresponding o, value is

obtained by interpolation. This concept is illustrated in Fig. 2.2. Here, the o and f3

represents the values of he angle of attack and sideslip angle at the current time step.
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(a) Calculation of C,, for each J, breakpoint (b) Obtaining 8, for the desired C,,.
at time ¢.
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 ¢ is used instead of u, the bank angle
around velocity vector, since the state variable for t 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 U angle to obtain a corresponding ¢ angle command for the controller.

¢ = arccos(cos(tanOtana + 1) —tanOtan o) (2.29)

Cges Pies [ da
Bues Ques Occma de
Ddes QOuter Ries Inner Orerna Oy

PI » Loop PI »  Loop »| Actuators >
Inverse Inverse

A/C
Dynamics

v

A A

&=[Vi,a,8,P,Q,R,h]

z=[Vyo,8,6,0,P,Q,R,h]

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.

o =Q —tan f3(cos P +sinaR) +

VrcosB (cosacos O cos ¢ +sinosinB)+

1

W(AZCOS o — (Ax + T) Sin a)

B = sinocP—cosocR+Vi(cosﬁcosesinq)+sinﬁsin9c0soc—sinasinﬁcos@cos¢)+
T

1
T(Aycosﬁ —(Ax+T)sinPBcosa—A sinasinf)
mVr

¢ =P +tanO(singQ + cos PR)

(2.30)
Although the forces Ay, Ay and A, 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(x)+gx)v (2.31)

where ¥ = [Vi,a,8,9,0,P.Q.R.A", f(%) = [fa(X),[f5(%),fe(¥)]", and v =

[P cmd Qcmd y Rcmd ] d while:

(cosorcos O cos ¢ +sinasinB) + (A;cosa— (Ax+T)sina)

fa

= Vtcosf mVtcosf3

Ip= +%(cosl3 cos 0sin @ + sin B sin O cos @ — sin o sin B cos O cos @)+

(Aycos B — (Ax+T)sinffcosa —A;sinasin f3)

mV't
fo =0
(2.32)
Then, the g in (2.31) can be represented by a 3 x 3 matrix
—cosatanf3 1 —sinotan 8
g(x) = sinQ 0 —Ccos (2.33)
1 singtan® cos¢tanO

Finally, the v can be computed by inversion given as

12



v=8%) "([Ces Baes Paes]” — F(F)) (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 C; (the NDI controller for angular rates) and
then switch to C; (double loop NDI controller) to control the angles. Switching occurs

only once from Cj to C,. The angular velocity vector denoted as @ = [P,Q,R]” € R’.

[lw|| > 0.005
ﬁ Cl ” Cj)>
One time switch 'l
ol
llo|| < 0.005 3
—_ 02 >

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 So = {o¢: @ =
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
|o|| < 0.005 Recovered
Vr > 2000ft/s | Unrecovered
Altitude < 30ft Unrecovered
Load Factor | > 9A < —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 ||@]| = \/(Pres — P)>+ (Qrey — Q)2 + (Rrey — R)? < 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 S| = {a : @ =4°,8°,12°,24°}. Simulations are kept
in a narrow set for angle of attack and partial set for @ 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 ® 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 @ = [—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.

Body Frame Angular Rates Reference-Command Signal Time Histories
T T T T

P.QR degls]

Aileron Def. deg]

Rudder Del. [deg]

L
3 3
Time [s] Time (5]

(a) Angular rate time history. (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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o

v, [ftis]
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Sideslip Angle [deg]
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2 3 4 55
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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 @ envelopes.
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Angular Rate Envelope, AoA = 4 Angular Rate Envelope, AoA = 24
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(a) 4° initial angle of attack case, nodes (b) 24° initial angle of attack case, nodes
where regulation is achieved. where regulation is achieved.

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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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 @ 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 (C/)

In order to observe the metrics extensively, simulations are run for two sets of
. 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 @’s at each initial angle of attack values

from the set S.

Single case for Cj 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.

Body Frame Angular Rates
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(a) Angular rate time history. (b) Reference-command input time history.
Figure 2.9 : Angular rate and reference-command input time history results obtained
from the simulations where C; 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 C; is employed for the
angular rate regulation.

Single run sample for C; controller is given in Fig. 2.11.

T 1200
T <~ 1400

400 1600 North Position [m]
East Position [m]

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

@ envelope for C; 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 o = 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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The angular rate envelopes obtained for C; 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

Angular Rate Envelope, AoA = 36°

Yaw Rate [rad/s]
Ah b oo s

- 2
0

>

2 . 2
Roll Rate [rad/s] 4 -4 Pitch Rate [rad/s]

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

Angular Rate Envelope, AoA = 36°

Yaw Rate [rad/s]

0

Roll Rate [rad/s]

2
Pitch Rate [rads]

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

regulation fails.

Angular Rate Envelope, AoA = 72°

Yaw Rate [rad/s]
Lh oo s

2 e -2
Roll Rate [rad/s] 4 4 Pitch Rate [rad/s]

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

Yaw Rate [rads]

g [ 2
Pitch Rate [rad/s]

Roll Rate [rad’s)

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

Figure 2.13 : The angular rate envelopes obtained for C; 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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Figure 2.14 : The number of regulation nodes vs. regulation time interval histograms
obtained for C; while considering 4° and 24° initial angle of attack

scenarios.
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Figure 2.15 : The number of regulation nodes vs. regulation time interval histograms
obtained for C; while considering 36° and 72° initial angle of attack
scenarios.

It is clear that controller C; 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 @ 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

C, 1s implemented to use for recovery while controlling the angle of attack.

2.3.3 Double Loop NDI Controller (C;)

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 ||[ct, B, ¢ || <
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0.005 and ||w|| < 0.005 need to be satisfied at the same time, where

(B, 8111 = 1/ (Grey = @)+ (Brey = B)2 + (9res — 9)?

Single case for C; controller is chosen with initial condition @ = [1.75,—0.75,0.75]

and oo = 12°. The results for state and input histories are given in Figs. 2.16-2.18.
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Figure 2.16 : Relative airspeed, angle of attack, sideslip angle, angular rate, and load
factor time histories obtained from the simulations where C, 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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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 2.18 : Flight trajectory obtained from the simulations where C; is employed
for the angular rate regulation.

® envelopes in Figs. 2.19-2.20 presents that C; controller is successful in a quite

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

limit ability to control aerodynamic angles.

22




Angular Rate Envelope, AoA = 4 Angular Rate Envelope, AoA = 24

Yaw Rate [rad/s]
AA D O N BN
Yaw Rate [rad/s]
AR N O N D

Roll Rate [rad/s] 4 -4 Pitch Rate [rad/s] Roll Rate [rad/s] 4 -4 Pitch Rate [rad/s]
(a) 4° initial angle of attack case, nodes (b) 24° initial angle of attack case, nodes
where recovery is achieved. where recovery is achieved.

Figure 2.19 : The angular rate envelopes obtained for C, 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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Figure 2.20 : The angular rate envelopes obtained for C, 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 C, is poor compared to
Cy. Yet, function of the controller C, 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 Cy’s ability to regulate angular rates, a new control method is proposed by making

use of both C| and C, controllers which can be named as Switching NDI Controller.

23



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 C; by combining it with Cj 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 ||@|| < 0.005 whereas the condition for

successful recovery is set same with the case in C; controller.

Motivation to use this controller over single loop NDI controller(C;) 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 C; controller has
done its duty, it is clearly not safe to leave the aircraft in such condition. Fortunately,
C;5 controller is able to switch at that point, where the red line is, to continue recovery

process and successfully regulates the acrodynamic angles.

4500 —_

Single Loop NDI
4000 —__ controller terminates

3500 —__ i ‘
N

3000 —_|

2500 —_ :

2000 —_|

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

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

place that can be seen in Figs. 2.22, 2.23 and 2.24
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Figure 2.22 : Relative airspeed, angle of attack, sideslip angle, angular rate, and load
factor time histories obtained from the simulations where C5 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 @ envelope significantly which can be seen

in Figs. 2.25-2.26.
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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
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Figure 2.26 : The angular rate envelopes obtained for C3 while considering 36° and
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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.
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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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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 ||o|| < 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 ||®|| < 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(C;) has better
performance compare to linear controller and linear controller has poor performance
as the angle of attack increases. Double loop NDI controller(C;) 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 Cr, 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 C;
(NDI PQR) controllers.

28



o
o

--—-NDI ABP
-@- Switching
—¥-Relaxed Switching

o)}
o

N
o

O I I I |
20 40 60 80

Angle of Attack [Deqg]

Figure 2.30 : Percentage of recovery nodes vs. angle of attack graph of C, (NDI
ABP), C; (switching), and Cy4 (relaxed switching) controllers.
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Figure 2.31 : Lift coefficient distribution with respect to angle of attack, where
0. = 0. This curve is obtained from the aecrodynamic 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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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]0 =[-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 ||@|| < 0.005. Reference switching is illustrated in Fig. 2.33

IIP,Q, Bl|res1 > 0.005

v

/ Ref 1
Reference Switcher

HP7 Q?R‘|’V‘€f2 S 0.005

Successful Regulation

Je||0au0) |aN

[|1P, Q, R||res1 < 0.005 Ref 2:
[0,0,0]
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 105? = 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

17 05

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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Hidden 1 Hidden 2 Hidden 3 Hidden 4 Output

Input Output
6 4

100 100 100 100 4

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.
Hidden 1 Hidden 2 Hidden 3 Hidden 4 Output
Input
6
100 100 100 100 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. 4" 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. 2" 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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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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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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