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Abstract. A Nonlinear Dynamic Inversion (NDI) baseline control architecture
based on a nonlinear reference model and augmented by an adaptive element is
developed for an agile modern fighter aircraft. This paper mainly focuses on the
nonlinear reference model and on a modified NDI error feedback architecture. The
chosen reference model contains the main nonlinear plant characteristics and is
therefore able to fully exploit the physical capabilities of the fighter aircraft. Start-
ing with the classical inversion control laws, the implemented NDI-based error
feedback baseline controller architecture is tailored according to the modifications
motivated by the new reference model. In order to keep closed-loop performance
in the vicinity of the nominal case, even in the presence of severe uncertainties
and turbulence, the aforementioned baseline controller is augmented by an adap-
tive layer. The employed control architecture has proven its capabilities and its ro-
bustness for a large set of uncertainties and in the presence of turbulence effects.

Nomenclature

A(x) Decoupling matrix of the body-rates and outer dynamics
(a,G()B [af af, ag ]Z Acceleration due to kinematic forces at the CG denoted in the B-Frame
b(x) Nonlinearities of the body-rates and outer dynamics

G J Aerodynamic coefficient

e Error variable
F;,Fy  Mapping of the inner and outer loop dynamics

G . .

(F T) g [Xf YFf ZE]L Total force applied at the CG and denoted in the B-Frame

1% e Moment of inertia given in the B-Frame

K Constant feedback gain
l Reference length
m Aircraft mass
Mgp Transformation matrix from B-Frame to O-Frame

(M (T;) s [L§ M§ Nf]; Total moments applied at the CG and denoted in the B-Frame
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q Dynamic pressure

(q) B Quaternion vector

(GOP [x¢ yS% 2zC15 Position vector of the CG given in the O-Frame
S Wing reference area

Commanded plant input vector

Uc
6\0 ¢ ¢ G110 1 . . . .
(V K) B [ug v wglg® Kinematic velocity vector given in the B-Frame

Yc Command vector

ay, Ba Aerodynamic angle of attack, aerodynamic sideslip angle

L, r(p Learning rates for error feedback gains and estimated plant parameters
O Throttle level state

A,,Ap  Uncertainty of the inner and outer dynamics
(,&.,ér  Rudder, left aileron and right aileron deflections
0,P,¥  Euler angles: pitch, roll and yaw angles
Ch Ideal, unknown system parameter
v Pseudo-control
@(x)  Nonlinear Regressor Vector

OB . . . .
(wK ) s [Pk dx 7¢]% Kinematic angular rates given in the B-Frame

1 Introduction

Modern fighter aircraft must fulfill demanding performance requirements, which
include aggressive maneuvering under harsh flight conditions. The main challenge
in designing Flight Control Systems (FCS) for such platforms is therefore to
achieve the maximum performance they are capable of, maintaining the desired
robustness.

Nonlinear Dynamic Inversion is a well-known technique when considering the
design of nonlinear flight controllers, which can be applied to highly agile aero-
space applications, such as fighter aircraft. This approach has successfully proven
its capabilities in several theoretical frameworks [1-3] and flight tests [4-6]. The
basic NDI feedback structure is able to transform the plant into a linear time invar-
iant system (by cancelling the nonlinear system dynamics) on which known con-
trol methods which require linear systems can then be applied. This strategy can
make use of reference models, which basically act as command filters whose main
function is to provide the FCS with reference signals that can be effectively
tracked without exceeding the plant capabilities. Most of the current research
frameworks involving NDI and aerial applications make use of linear reference
models [3, 7, 8]. However, the use of linear reference models in highly nonlinear
systems such as modern fighter aircraft, forces these platforms into a linear behav-
ior which does not match their dynamics. This means that the flight controller is
not taking advantage of the full physical capabilities of the aerial vehicle [9].
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In order to successfully cancel the system dynamics via NDI, a very accurate
plant model is required. Due to the inherent complex aerodynamics of aerial vehi-
cles, the modeling task is often a source of significant uncertainties. Such discrep-
ancies between real and modeled plant dynamics may lead to performance degra-
dation. Another drawback of classic NDI is the fact that the system states,
necessary for canceling the nonlinearities, are often not fully measurable or biased
by measurement noise and errors. Additionally, the actuator dynamics and inher-
ent saturation effects are often neglected during the control design task, which
might limit system performance and deteriorate robustness. Some of the above-
mentioned problems can be avoided by making use of a nonlinear reference model
which includes the main nonlinear plant characteristics [9]. This reference model
is capable of “shaping” the command signal so that the plant can perfectly track it
under nominal conditions, which reduces the workload of the error controller.

Unlike baseline controllers which are based on the classical NDI approach [6,
7], the framework discussed herein makes use of a modified NDI architecture in-
corporating a linear error feedback controller which has been designed by taking
the nonlinear reference model structure into account. Moreover, in order to pre-
serve nominal closed-loop performance even in the presence of a large spectrum
of uncertainties, the controller is augmented with an adaptive element based on
Model Reference Adaptive Control (MRAC) [10]. The nominal closed-loop error
dynamics exhibit an almost linear characteristic, which makes MRAC the perfect
choice to perform adaptive augmentation. This adaptive control strategy is able to
cancel the uncertainties which remain after NDI has been applied, maintaining an
adequate performance, even in case large plant degradations occur [9].

A generic realistic nonlinear six degree-of-freedom (6DOF) modern fighter air-
craft model has been used to demonstrate the benefits and usefulness of the sug-
gested approach. The controller performance is evaluated for an aggressive ma-
neuver involving the longitudinal and lateral control channels. This maneuver has
been carried out under harsh conditions, e.g. in the presence of large uncertainties
and strong turbulence effects.

2 Fighter Aircraft Model

This chapter introduces the main features of the simulation model by presenting
the employed equations of motion, and by providing some information concerning
different aircraft subsystems. The chosen 6DOF model is based on the nonlinear
dynamics of a delta-wing single-engine modern fighter aircraft flying in a clean
configuration (there are no stores and the landing gear is retracted). It assumes that
there are no canards, no air brakes, and that thrust vectoring is not available.

The modeled aircraft can be controlled via four control devices: its single en-
gine (throttle position given by &) and its three control surfaces (left elevon de-
flection &;, right elevon deflection & and rudder deflection {). Since the elevons
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can be symmetrically or asymmetrically deflected in order to respectively induce
pitch or roll maneuvers, a new representation for the control surface deflections is
required. The pitch (&), roll (6,) and yaw (&) input variables are given by the
following linear mapping:

(r
[ l——(fR+fL - (1)

The engine dynamics are modeled by a constant time delay and by a first-order
lag. The total thrust force is given by a linear function depending on the throttle
position, the static pressure pg, the Mach number Ma and on the aircraft altitude
z5. The three control surface actuators are nonreversible and modeled by second-
order linear systems with acceleration, rate and position limits. The elevon actua-
tor dynamics take some aeroelasticity effects into account, namely the influence of
the hinge moments acting on the control surface.

Regarding the aircraft rigid-body dynamics, the simulation model makes use of
two fundamental reference frames: the Body-Fixed frame (B-frame) and the
North-East-Down (NED) frame (O-frame). The B-frame moves with the aircraft
and its origin is located at the aircraft Centre of Gravity (CG) with the x-axis co-
incident with the Fuselage Reference Line and positive towards the aircraft nose.
It must be noticed that the equations of motion included in the model are based on
the “flat and non-rotating Earth” assumption. Moreover, the gravity acceleration
vector is vertical and has a constant modulus. The aircraft rigid-body motion is de-
fined by the translational, rotational, attitude and position dynamics, which are re-
spectively given by the following differential equations:

(V) =1 (FDs — (@f®)s x V)3 )
(@25 = U954 - [(M§)5 — (@5 X (1) 55 - (@] 3)
@s =5 (@5 ° (@F)s )

g = Mg - VD3, 5)

where o denotes the quaternion product and My is the transformation matrix
which converts a vector defined in the B-frame into the O-frame.

The total forces and moments comprised in expressions (2) and (3) encompass
the influence of gravity, propulsion and aerodynamic effects. The simulation mod-
el neglects the moments generated by the aircraft engine and thus (M$); = 0.
The assembly of total forces and moments given in the B-frame is depicted in
equations (6) and (7), respectively.
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e sin©
(F¥)B=J-S~[Cy +|0| +m-g-[cos®-sin® (6)
Czly, l0olg cos @ - cos ®
1R Cx1R
Culy Czl,

In the expressions above, g represents the dynamic pressure, S is the reference
area, [ the reference length, T the total thrust force, m the aircraft mass, g the con-
stant gravity acceleration, and %R is the relative position between aerodynamic
reference point and center of gravity. Taking the application rule of the generic
aerodynamic data set into account, the different acrodynamic coefficients defined
with respect to the aerodynamic reference point are given by the following six ex-
pressions:

Cx = Cxq(a,Ma) )
Cy = CYs(Ma) - B + Cys, (Ma) - Sy )
C; = Czo(Ma) - @ + Cz5,/(Ma) - 8y (10)

C, = Crp(a) B+ Cs5,(Ma) - 5 + Cp5,(Ma) - 6y + #AS[P Cppt+r- CLT] (1D
l

Cy = Cyp(Ma) - B + Cys,(Ma) - 8, + Cys,(Ma) - 8y + p-Cnp+7-Cy]. (13)

1
il
In order to properly compute the necessary atmospheric properties, this frame-
work makes use of a static model based on a simplified version of the U.S. Stand-
ard Atmosphere 1976 [11]. It is able to model constant and dynamic wind effects
as it contains a simplified 3-axes Dryden turbulence model whose parameters are
defined as a function of the aircraft altitude and velocity. The expression below
shows the direct influence of the wind effects on the aerodynamic velocity vector.

VS =VE+VS, (14)

The fighter aircraft model simulates three different sensor systems: a probe
(measuring the aerodynamic angle of attack a4 and the sideslip angle ,), an Air
Data System (which acquires the True Airspeed Vy,s, the Mach number, the Cali-
brated Airspeed V.45 and the dynamic and static pressures), and an Inertial Meas-
urement Unit (responsible for measuring the aircraft altitude, the angular rates
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(wgk) g, the Euler angles @, 0 and W, and the linear accelerations in the B-frame).
All sensors are located at the aircraft CG except for the accelerometers, which are
placed ahead of the aerodynamic reference point. The modeled sensors are consid-
ered to be ideal, meaning that the simulation framework does not account for any
bias, measurement noise or even sensor dynamics.

3 Flight Control System Design

This section describes the core task of this research framework, namely the design
and development of an adaptive flight control system for the nonlinear fighter air-
craft model introduced in the previous chapter. In order to achieve desired closed-
loop performance by fully exploiting the aerial vehicle’s physical capabilities, a
NDI-based baseline controller which makes use of a nonlinear reference model
has been implemented [9]. Since the main objective is to ensure aircraft stability
and maneuverability, even under the presence of turbulence and harsh uncertain-
ties, the aforementioned baseline controller has been augmented with an adaptive
layer based on the MRAC theory [10]. Figure 1 depicts the implemented flight
control system architecture and the main FCS components which will be thor-
oughly clarified on the remainder of this document.

Flight Control System

> Error
Controller + || Vsc
. Outer Loop
ye Nonlinear NDI Inner Uc Fighter
»| Reference Loop NDI “| Aircraf
Vool _ p ircraft
Adaptive Vap
Augmentation
= ¥ 7y
PCH

Fig. 1 Flight Control System Architecture

This chapter starts by introducing the model which has been used for control
design purposes (it is also the underlying structure of the nonlinear reference mod-
el). Additionally, the implemented reference model and the necessary modifica-
tions to the classical NDI-based baseline controller motivated by the employed
control approach are explained in detail. Its final section is entirely dedicated to
the adaptive augmentation of the abovementioned baseline controller.
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3.1 Model Used for Control Design

Since not all aircraft states are available to the controller, an alternative less com-
plex representation of the plant is required for control design purposes (different
from equations (2) to (5)). The implemented nonlinear reference model defined on
the next section will also benefit from this representation. In order to demonstrate
the potential of the chosen control approach, three control variables (correspond-
ing to the roll, pitch and yaw control channels) have been provided. These varia-
bles form the so-called command vector y., which is defined as follows:

(47

Ba

Yc = (15)

(pK)S]
c

In the definition above, (pg)s denotes the roll rate in the stability axis, whereas
a,, B4 respectively represent the aerodynamic angle of attack and the aecrodynamic
sideslip angle. The stability axis frame (S-frame) has its origin at the aircraft refer-
ence point, moving with it, and rotating with the direction of airflow relative to the
airplane.

Whereas the roll rate (pg)s belongs to the fast inner plant dynamics (3), the
aerodynamic angles a, and [, are part of the slower outer plant dynamics (2).
Therefore, a more compact plant representation considering a two-dimensional
outer dynamic layer (comprising the angle of attack and sideslip angle dynamics)
and a three-dimensional inner layer (comprising the rotational dynamics defined in
the body-fixed frame) has been chosen. The outer layer dynamics and the rota-
tional (inner) dynamics can be represented in the following form:

. o o— dy _ . (qx)
Fo: y= ['B-A] =A, [(TK)L+bO, (16)
Fi: wp=A;-uc+b,, a7

where A, € R?*%,A; € R¥*3 are the so-called decoupling matrices, b, €
R2*1, b, € R3*! are vectors which contain the nonlinearities, u, € R3*! is the
plant input vector, and the indexes O and [ respectively represent the outer and in-
ner dynamic layers. The full dynamics of each layer are contained in the respec-
tive mappings F,, F;. Since the model used by the controller is subject to uncer-
tainties and modeling errors, a distinction between nominal and estimated
dynamics must be made. The uncertain approximations of A, b and F are respec-
tively given by A, b and F.

From expressions (16) and (17), it can be seen that the angular rates from the
inner and outer layers are not defined in a common reference frame. Due to this
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fact, the model comprised in the FCS connects the two dynamic layers making use
of the transformation matrix Mg (transformation from S-frame into the B-frame).
cosa 0 —sina
Wp = MBS cWg = 0 1 0 Wg (18)

sina 0 cosa

Once again, it is known that the complete state vector is not available to the
flight controller (e.g. the available sensors are not able to measure the complete
velocity vector V). Therefore, an alternative representation to the translational
equations of motion given by (2) has been selected. Expression (19) provides the
outer layer dynamics, which are necessary to estimate y at the FCS level.

(19)

[B] lm Vras-cos B (QK)S (px)s - tan B

m VTAs = (re)s
In the expression above, Yz and Zg respectively represent the lateral and vertical
forces defined on the rotated kinematic frame. These forces can be obtained from
the accelerometer measurements (a$)5E via the transformation matrix Mgg. The
rotated kinematic frame (K-frame) is basically the kinematic frame rotated by the
kinematic bank angle ug.

Taking equation (19) into account, the estimated updated outer layer dynamics
F, are defined by the matrix A, and vector b, as seen in expressions (20) e (21):

~ 1 0
Ro=[, ) (20)
(az)g
o [racss ~ @os - anf] .
o~ (av)g ( )
Vras

Similarly, the estimated inner layer dynamics F, derive from the rotational dy-
namics (3). Considering expressions (11)-(13), the matrix A; and the vector b; are
respectively given by:

€L5 L 0 éL6 N
A=g-S-1-17t-| 0 Cus, O | (22)

éNSL 0 éN6N
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|/ 0 éLﬁ éLp 0 CL?‘ 1 Pk \l
’51 =i_1'| q'S'l' CAM(Z 0 0 éMq 0 N Vras _wKXi'(DK I (23)
'\ 0 G Gy O Cur) [T /l

3.2 Nonlinear Reference Model

In order to filter and shape the command signals contained in y., NDI-based flight
controllers typically make use of linear reference models [3, 7, 8]. Since modern
fighter aircraft are systems which possess complex and highly nonlinear dynam-
ics, the use of linear reference models forces these platforms into a linear behav-
ior, meaning that the system capabilities are not fully exploited. Another drawback
of reference models designed in accordance with the classical NDI design is the
fact that whenever two or more cascaded loops are employed, their dynamics are
decoupled since each loop makes use of a single reference model. Additionally,
linear reference models often neglect the actuator dynamics.

The abovementioned drawbacks can be circumvented by applying a nonlinear
reference model which accounts for an estimation of the actuator dynamics and
better recreates the real plant dynamics. It has been designed to shape the com-
mand signals in a physical way, therefore ensuring that the chosen requirements
are met. The structure of the implemented nonlinear reference model is depicted in
Figure 2. Unlike the classical cascaded NDI approaches, this architecture guaran-
tees that the provided reference signals are physically related [12]. The employed
reference model strategy makes use of the alternative plant representation defined
in section 3.1, as well as of the time-scale separation property from the estimated
outer and inner dynamic layers.

State Feedback Simplified Plant Model

Measurements
Estimation

Actuator | %
Model

8]
—>

A

v=

_\/E—_\.I
v

Fig. 2 Nonlinear Reference Model Architecture
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10

As seen in Figure 2, the nonlinear reference model contains two fundamental
parts. While the left hand side subsystem consists of a state feedback controller
which makes use of nonlinear dynamic inversion to guarantee that the command
vector Y. is successfully tracked, the right-hand side one contains a simplified air-
craft model which computes the nominal plant inner and outer layer dynamics
(given by F, and F,), taking the commanded variables and a given flight condi-
tion into account.

The diagonal matrices K,, € R**? and K, € R**? respectively establish the
feedback gains for the outer and inner dynamic layers. These gains are laid out in
accordance with the performance requirements and by considering suitable time-
scale separation properties. The required inner and outer layer dynamics, as well
as the transformation matrices, are estimated based on the reference model states
xg and on the approximated measurements (e.g. linear accelerations). These sig-
nals are provided by the block “Measurements Estimation” and depend only on
the nominal aerodynamic coefficients, aircraft altitude and Mach number. These
two states exhibit slower dynamics when compared to the inner or outer layer dy-
namics, which means that these measurement signals can be used as external in-
puts to the nonlinear reference model.

In order to deal with actuator saturations, Pseudo-Control Hedging (PCH) has
been employed within the implemented reference model [13]. The so-called hedg-
ing signal v is able to decelerate the reference model dynamics by taking the ex-
pected plant reaction deficit into consideration. The hedging signals which are ap-
plied to the outer and inner layer dynamics are given by:

Voo = A\o [(wg)¢ — D], (24)

Vy1 = A1 - (ug — ). (25)

3.3 NDI Baseline Controller

Unlike traditional approaches which employ cascaded NDI-based controllers
comprising two inversion loops with one reference model apiece [7, 12], this re-
search framework considers a single nonlinear reference model (as seen in Figure
1). This modification makes it necessary to change the baseline NDI control archi-
tecture from a standard cascaded approach to a single-loop strategy [9].

As a first step, a baseline control law based on the classical cascaded NDI ap-
proach with inner and outer loops respectively corresponding to the layer dynam-
ics provided by (16) and (17) has been derived.

(ws)pc = AL - [yR +Kpy ey, + Ky - €y — Bo] (26)
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11

ugc = A7t [((bB)R + Kp,, (MBS : [(Eis))gc] - wB) + K, e — EI] 27

The outer loop control law (26) includes a proportional and an integral error
feedback of the outer loop states, defined by: e, = ([« Bl — [ B]T and
e, = | e, - dt. The diagonal matrices Kp, € R**? and K;, € R**? respectively
contain the outer loop proportional and the integral error controller gains. Regard-
ing the inner loop control law (27), it contains a proportional error feedback of the
angular rates defined on the B-Frame and an integral error feedback defined by
e = [ [(pg)r — pg] - dt. This integral element is employed in the inner loop in
order to prevent the undesired presence of static error on the roll control channel
(the outer loop does not include the roll control channel). The diagonal matrix
Kp, € R¥*3 and the vector K;,, = [K;p, 0 0]" contain the inner loop error con-
troller gains.

The reference model pitch and yaw rates defined in the Stability Frame can be
obtained by inverting the outer layer dynamics (16), as follows:

(ws)g = (7\51)R ) [J"R - (EO)R]- (28)

Assuming that the outer layer dynamics described by (Kal)R and (BO)R repre-

sent the estimated plant dynamics F,, with a certain degree of fidelity, the follow-
ing approximation can be considered valid:

(ws)g = Ay - [yr — bo]. (29)
Making use of the latest result, equation (26) becomes the following:
(w5)pc = (ws)g + A" - [KPy e, + Ky er]~ (30)

Updating equation (27) with expression (30) yields the final baseline control
law:

Klp : elp

. ; - b, 31
K;y - e, +Kj, e, I @1

upe = A7t - [(@p)r + Kpy - €4 +

VBC

where Kp, = Kp,, - Mg - Ap' - Kpy, K, = Kp,, - M - Ap' - K}y, and the angular
rate feedback error is given by e, = (wg)gr — wg. The transformation matrix
M; € R3*2 converts the angular rates [4s 7s]” into wp, assuming that the roll
rate contribution in the stability frame is zero. It can be seen from expression (31)
that by employing this control strategy, the chosen baseline control law is not af-
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fected by the outer layer nonlinearities b,, which might lead to benefits in terms
of robustness. Knowing that @z = A; - up, + b, (17) and taking expression (31)
into account, the error dynamics of the closed-loop system can be given by:

el [ Koy Ky Kiy Kiy) re,
e | r 0 0, O, | |ew
. = . +A , 32
ely | 02><3 02><1 02)(2 IZXZ | er appr ( )
éy lAO ’ M;B 0251 O3y 055> J €y

ABTT

where I" =[1 0 0], Mjz € R?® is a transformation matrix which converts
wp into [9s  7s]", and 4,4, € R* is the approximation error deriving from the
difference between real and approximated reference model plant dynamics.

3.4 Adaptive Augmentation of the NDI Baseline Controller

In order to deal with potential uncertainties deriving from differences between the
estimated and the real plant dynamics, the implemented baseline controller is
augmented with an adaptive element based on MRAC architecture [10]. A projec-
tion algorithm is also implemented in order to prevent the adaptive parameters
from drifting [14]. The overall control structure, including the baseline controller
and the adaptive element is shown in Figure 3.

Flight Control System

Baseline Controller

(@5)r

(wp)
2 >0 »Kp, » +

Yo Nonlinear Fighter

»| Reference - At >
K Aircraft
Model (pe)r K, N A
4l

Bl ok
—N;? > ’ » K5, +
7y - + -

K;y

Yy e, ey ey
A 4 A A\ 4
wg Adaptive Augmentation

A 4

Vip =0, e+ 0, @;(x)
07 = Proj(@%, —T,ee” PB)
01, = Proj(0}, —T,@(x)e"PB)

ECE [a] Ps

X B

x

Fig. 3 NDI Baseline Control Architecture with Adaptive Augmentation
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After the inclusion of an adaptive contribution v, and once again remember-
ing that wp = A, - up; + b, (17), the former closed-loop dynamics given by (31)
are updated as follows:

Klp ° eIp

K;y.ey+K;‘y.er +b1_b1+4w_vAD7 (33)

d.)z(l.)R+pr'ew+|:

where 4, € R3*? includes the deviation between nominal model and real plant
due to uncertainties. Taking expressions (32) and (33) into account, the closed-
loop error dynamics are given by:

[‘?w] €w I35 b,—b,+4,
elp eIp 0 0
Iélyl = Aerr- ery + Olzz “Vaa = 0,51 + Aappr G4
X
leyJ ey 02><3 AO
e Berr

with 4, € R?*1 being defined as the vector containing the outer layer unmatched
uncertainties which derive from the error dynamics.

Within the current control problem, only the matched inner loop uncertainties
A, can be dealt with by making use of adaptation. A new description of the model
uncertainty including the error b, — b; can be given by the following parameteri-
zation:

@, @(x)=b,—b, +4,, (35)

where @, and @ (x) respectively represent the ideal constant parameter matrix and
the nonlinear regressor vector. For example, the parameterization of the pitch con-
trol channel is given by the following expression:

[4 Cma - ]

ak
Lz M] vras
Iyy Iyy

(b,)q—(B,)q+Aq=[$.5.l LS 12 Cyy

q
I
yy r2

(%)q Pk " Tk

Taking reference [10] into account, a gradient based parameter update law for
the parameter matrix has been chosen.

07, = Proj(®%, —T,¢(x)e"PB) (37)

In the expression above, I, provide the constant learning rates, which describe
the growth rate of the parameter estimate ©,. The learning rates have been laid
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out by considering the physical limitations of the plant. The matrix P is simply
given by the solution of the following Lyapunov equation:

Agrr(xo) ‘P+P- Aerr(xo) =-L (33)

As the dynamics matrix A,,.-(x) varies with Mach number, aircraft altitude and
with the aerodynamic angles, it has slower dynamics than the inner and outer lay-
ers (it is assumed that the aerodynamic angles have a minor impact in the dynam-
ics matrix). Due to this fact, the matrix A,..(x) can be used to approximate
A, (x), and is thus be employed in expression (38) to compute P. Since the un-
matched uncertainties may lead to an undesired adaptive parameter growth, a pro-
jection algorithm “Proj(.)” is used by the parameter update laws to ensure that the
adaptive parameters remain within predefined bounds [14].

4 Simulation Results

This section contains the simulation results which can be used to assess the bene-
fits of the employed control strategy. In order to demonstrate the potential of the
implemented flight control system, an aggressive maneuver consisting of step
commands in the roll and pitch channels has been chosen. The fighter aircraft
must be able to track an angle of attack a, step command (corresponding to the
maximum allowable load factor n, = 9 g), followed two seconds later by a roll
rate (ps)c step command with amplitude 75 degrees per second. The sideslip an-
gle command is a constant signal - = 0°. The objective is to obtain a roll channel
response as close as possible to the one provided by a first-order linear system de-
fined by a time constant T and a pitch response as similar as possible to the one
provided by a second-order linear system defined by a natural frequency w, and
by a damping coefficient of 0.7. The desired values of Ts and w, vary with the
Calibrated Airspeed. Additionally, the static error must be kept at a minimum.

Figure 4 contains the baseline controller response after carrying out the afore-
mentioned maneuver under nominal conditions at four different flight envelope
points. Like all figures comprised in this chapter, it also depicts the different con-
trol surface deflections and its respective rates. It can be assessed that, for each
considered flight envelope point, the implemented baseline controller is able to
successfully track the demanded signals with relatively short rise and settling
times, as well as minimum static error. Additionally, it has been verified that the
control surfaces only hit their physical limits during the transient behavior. How-
ever, the response in the pitch channel corresponding to the most demanding flight
condition (low altitude, low speed — blue line) is not well damped.

In order to investigate the FCS performance in the case where deviations be-
tween the real and the estimated model exist, four uncertainty combinations have
been chosen. These can be seen on Table 1.
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Table 1. Uncertainty Combinations Applied During the Simulation Runs.

Variable UC1 UC 2 UC3 UC 4
m -2000 kg +2000 kg +2000 kg -2000 kg
x¢ 2% +2% +2% 2%
Cya -0.05 rad”! +0.05 rad’ +0.05 rad’ +0.05 rad’
Cup: Cnp -0.05 rad” -0.05 rad” +0.05 rad”! +0.05 rad”!
Cusy, -30% -30% -30% -30%
Crsy Croy Cnsyy Cnsy -30% -30% +30% +30%
Lex -20% -20% +20% +20%
Ly -20% -20% +20% -20%
1,, +20% -20% +20% -20%

For each of the abovementioned uncertainty combinations, a simulation run us-
ing the combined maneuver comprising lateral and longitudinal commands has
been performed at flight condition z§ = 10 km and Ma = 0.7. Moreover, strong
turbulence effects (simultaneous wind gusts from all directions) have been taken
into account during the simulation runs. With the purpose of assessing the benefits
of the adaptive augmentation, the uncertainty combinations and the turbulence ef-
fects have also been applied to the baseline controller.

Figure 5 depicts the simulation results for the case when only the baseline con-
troller is active (adaptation switched off), whereas Figure 6 shows the perfor-
mance of the augmented baseline controller. Even though the baseline architecture
(Figure 5) leads to a stable closed-loop behavior for every considered uncertainty
combination, its tracking capabilities are insufficient when compared to the de-
sired system response (e.g. in terms of static error and overshoot in a).

As seen in Figure 6, a superior tracking performance and a better match to the
desired system response is obtained when the adaptive augmented controller is
employed. In this case, the static error and overshoot have been reduced at each
uncertainty combination. Additionally, it can be seen that the control surfaces sel-
dom reach their physical limits.
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Fig. 4 Baseline Controller Performance for a Combined Longitudinal and Lateral Maneuver at
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1480

FrBT1.4



18

[=+= Nominal —UC1 —UC2 —UC3 —UC4

30

ay in [deg]

tin [s]
® —.m“ﬁ
=
@so
=
o 40
g‘ 20 L
0 M
0 5 10 15
tin [s]
Ererer=r=a I TT ST = T T s
- = ST T
5 R L
i T
e e e Y s
~ o+ g
B e SR ereRreere T ) O R LA
0 5 10 15 0 5 10 15
tin [s] tin [s]
a Y S 50 T T T

& in [dfg]
gﬂ
(t(
&p in [deg/s|

¢ in [deg]
)
¢ in [deg/s]

Fig. 6 Combined Longitudinal and Lateral Maneuver Obtained with the Adaptive Augmented
Baseline Controller at h = 10 km & Ma = 0.7 for the Selected Four Uncertainty Combinations
and in Presence of Strong Turbulence

1481

FrBT1.4



19

5 Conclusion

In this document, the adaptive augmentation of a modern fighter aircraft autopilot
has been considered. The NDI baseline controller makes use of a nonlinear refer-
ence model which includes the main plant nonlinearities and an estimation of the
actuator dynamics, thus better representing the real plant dynamics. Such a refer-
ence model allows the control designer to shape the command signals in a physi-
cal way, therefore ensuring that the chosen requirements are met.

Since the baseline controller presents an almost linear behavior, the require-
ments for using MRAC augmentation are fulfilled. In order to prevent parameter
drift caused by unmodeled dynamics, a projection algorithm has been used.

The designed flight control system is able to successfully perform a demanding
maneuver, tracking the commanded signals in the presence of large uncertainties
and strong turbulence.
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