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Abstract. An approach for the application of differential game theory
to control a realistic flight simulator model is presented. In the context of
aircraft control safe operation must be ensured particularly under exter-
nal disturbances (e.g. wind). The application of viability theory enables
a determination of envelopes (viability kernels) in which safe operation
is guaranteed. Here, a state-feedback control law can be derived based
on a viability kernel which keeps the dynamic system within a set of safe
states. So far, our solver implementation on a supercomputer allows us
to compute viability kernels for general nonlinear dynamic systems in
up to seven state dimensions. Unfortunately, the mathematical model of
the flight simulator consists of about one hundred differential equations.
Therefore, the following procedure is used to enable the application of
the viability kernel based control. First, a reduced model of the flight
simulator model is derived for the calculation of the viability kernel in
up to seven state dimensions. Then, the optimal controls are determined
through the evaluation of the precomputed viability kernel using the
reduced model. In order to apply the optimal controls to the flight sim-
ulator model a Nonlinear Dynamic Inversion (NDI) control architecture
is used. This NDI controller contains two cascaded control loops with
modified reference models of relative degree one. Numerical experiments
in a cruise flight condition using different wind disturbances suggest that
the proposed control procedure keeps the considered states of the flight
simulator model within the viability kernel.

Keywords: Aircraft control - Differential games - Viability kernel -
Flight simulator - Reduced model - Nonlinear dynamic inversion.

* This work has been supported by the DFG grant TU427/2-2, HO4190/8-2, and the
LRZ supercomputing grant pr74lu.

** Copyright (©2020 for this paper by its authors. Use permitted under Creative Com-
mons License Attribution 4.0 International (CC BY 4.0).



Viability kernel based control approach for a flight simulator model 69

1 Introduction

Wind is a common and unforeseeable disturbance, which has a strong effect on
the aerodynamic forces, and thus, flight dynamics. Therefore, a robust perfor-
mance of flight control systems regarding wind disturbances is of paramount
importance to ensure safe aircraft operation. In this paper, the application of
viability theory is investigated for this purpose in which the viability kernel takes
a central role. This viability kernel is the largest subset of the state constraints
in which a system can remain arbitrarily long for all admissible disturbances
if an appropriate feedback control is used [4]. It is remarkable that an optimal
feedback control which ensures safe aircraft operation can be constructed if the
viability kernel is known. The viability approach has already been successfully
applied in a similar context to a simplified aircraft model [8].

The notion of viability kernel is clarified in [1] for control systems and in
[3,4] for conflict control problems. It should be emphasized that the notion of
viability kernel is more appropriate for control systems (without disturbances).
In the case of differential games, the terms discriminating and leadership kernels
are more suitable, see e.g. [6]. The discriminating kernel corresponds to the
case where the first player (pilot) can exactly measure current wind components
to use counter feedback strategies. In contrast, the leadership kernel assumes
that the second player (wind) knows the current controls of the pilot and uses
feedback counter-strategies, which is rather realistic in the context of computing
guaranteeing controls. If the saddle point condition (2) holds, then discriminating
and leadership kernels coincide. It is shown that for the application considered
in this paper the saddle point condition (2) holds, and, therefore, we will keep
the term viability kernel also in the case of differential games.

The numerical computation of viability kernels, using a highly parallelized
implementation on dozens of compute nodes for a supercomputer, is currently
possible, with reasonable effort, for dynamic systems containing up to seven state
variables. However, as the realistic flight simulator model considered in this study
consists of about one hundred state variables it is unrealistic to directly apply the
viability kernel based control. Therefore, our approach considers the computation
of the viability kernel only for a reduced model. Clearly, this reduced model
should, on the one hand, allow us to compute the viability kernel (i.e. not contain
more than seven states) and, on the other hand, reflect the behavior (considered
dynamics) of the flight simulator model as well as possible. For a formulation of
such a model, we use a first-order reference model (RM) prescribing the attitude
dynamics, which yields an eight-state self-contained model together with the
altitude, translational, and thrust dynamics. Assuming one state variable to be
constant, a seven-dimensional model is obtained, which meets the requirements
regarding the numerical computation of the viability kernel. This allows us to
construct a feedback strategy that keeps all seven state variables of the reduced
model inside the viability kernel. It is shown that applying the same feedback
strategy to the flight simulator model, which uses the same RM for the attitude
loop, makes it possible to keep the states of the flight simulator model within
the viability kernel.
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The paper is organized as follows: Section 2 describes the numerical method
for computing viability kernels regarding conflict control problems. The flight
simulator model is briefly described in Section 3. The reduced model is outlined
in Section 4 and Section 5 presents the control architecture based on Nonlinear
Dynamic Inversion (NDI). Finally, Section 6 demonstrates the application to
simulated cruise flight trajectories of a flight simulator model for different wind
disturbances. A concluding discussion is given in Section 7.

2 Computation of the Viability Kernel

In the following, a numerical method for the computation of viability kernels will
be outlined. Details regarding the theoretical background and implementation
can be found in [3] and [4]. See also [12] for methods and techniques of differential
game theory.
Consider a general state constrained conflict control problem with the dy-
namics
x =f(x,u,v), (1)

where x = [21,...,2,]" € R" represents the states, and u = [u1,...,u,,] €

P C R and v = [v1,...,v,,] € Q C R™ stand for controls of the first and
second player, respectively. Here and in what follows, the symbol “’” denotes
transposition.

Assume, that the Isaacs saddle point condition holds:

. ) o . / n
min max Uf(x,u,v) = max iy f(x,u,v), £,x € R". (2)
This saddle point condition is fulfilled for right-hand sides with additively sep-
arable controls

f(x,u,v) =f,(x,u) +f,(x,v) (3)

which is the case for our application (see Section 4).

The objective of the first player (aircraft commands) is to stay within the
state constraint, whereas the objective of the second player (wind) is the oppo-
site. The state constraints and the bounds on the control variables of the first
and second players are defined as:

. b ub .

Go: Tivigy STi S Tivig, 1 =11, (4)
) o ub .

P Ui, Viab Sup < Wi Viabs ¥ = L., Np, (5)
. b ub .

Q Y Ui Viab <wv; < Vi Viabs * = 1,..., Ng. (6)

The viability kernel represents the largest subset of the state constraint in which
the system trajectory can be kept arbitrarily long if the first player employs an
appropriate state feedback law u(x).
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Assume that the state constraint, Gy, is included into the family of sets
Gy ={x € R", g(x) < A}, (7)

where g is a suitable continuous function. The viability kernels, Viab(G)), of the
state constraints (7) can be represented as level sets of an appropriate function V:

Viab(Gy) = {x € R",V(x) < A} (8)

The required function V' can be found as a grid approximation of a limiting
solution (¢ — —oo) of an appropriate Hamilton-Jacobi equation, which arises
from the conflict control problem (1), see [2].

The numerical solution requires a discretization in space, with some step sizes
h:= (hi,...,h,), and in time, with a step length ¢ > 0. The grid scheme

Vi =max {I[V}:6,0]. "}, Vi = ¢, ©)
with g" being the grid restriction of g, yields a sequence V}', £ = 0,1,..., that
monotonically and point-wise converges (see [3] and references [1] and [12] cited

there) to a grid function V", which is an approximation of the function V intro-
duced in (8). The operator IT in (9) is defined as

uel v

I[¢; 0, hl(x) = ¢p(x) + 6 mi}r)l meaé{ ;(pffj' + péfi_)’ (10)

with

f:r :max{fi70}7 f; :min{fi>0}>
s (@, i Ry ) — AT, Ty T)

p; = h; ) (11)
1 0@y, e Ty ey ) — DXy Ty — Ry ey Ty)
b = h )

where f; is the i-th component of f from (1). The implementation of such a
method is feasible for up to seven dimensions, see [4] and [8], because of com-
puter memory and performance requirements. For this implementation we have
to use a highly parallelized solver tailored to a large computer grid such as
the SuperMUC system at the Leibniz Supercomputing Centre of the Bavarian
Academy of Sciences and Humanities.

The state feedback controls u(x) and v(x) of the first and second players,
respectively, can be computed as solutions of the following minimax and maximin
problems:

u(x) = min masx £ V] (x + 7£(x, u, v)), (12)
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. phy)h
— f 1
v(x) max Iunelgﬁ V] (x4 rf(x,u,v)), (13)
where £" is an interpolation operator, and 7 is a small extrapolation step length.
It should be noted that 7 > ¢ for stability. In practice, 7 ~ 104.

3 Flight Simulator

The control scheme outlined in Section 2 is implemented on a flight simulator
model at the Institute of Flight System Dynamics of the Technical University of
Munich. The flight simulator model represents a modern transport aircraft with
realistic dynamics, which includes rigid body motion, high fidelity aerodynamics,
and engine industry data [11]. Furthermore, the simulator model has second-
order transfer functions for the dynamics of elevators, rudders, ailerons, and
other actuators. In total, the number of state variables is about one hundred.
Additionally, inexact measurements of the states through noisy sensor models
are considered for the feedback control using an Extended Kalman Filter (EKF).

Based on this mathematical flight simulator model, a model of forces for
gravity, aerodynamics, and thrust, as well as the gains of reference models for
attitude dynamics, and the rotational dynamics are derived for the reduced
model. Moreover, in order to realize the viability kernel based control approach,
the flight simulator model is extended by a control architecture for transforming
the optimal attitude commands to actuator deflections of the flight simulator
model.

4 Reduced Model

The main requirement for the reduced model is that a maximum number of
seven states can be used for the dynamics in order to calculate the viability
kernel. Considering the altitude, thrust, translation, and attitude of the aircraft,
a reduced model with eight states can be derived. The corresponding state vector
x of the reduced model comprises the altitude h, the kinematic velocity Vi, the
kinematic climb angle vk, the kinematic course angle y g, and the states of
the attitude reference model (32), i.e. the kinematic angle of attack ax ras, the
kinematic sideslip angle Sk, ras, the kinematic bank angle p1x rar, and the thrust
level d7. Thus,

x = [h, Vi, Vi, X Ok, kM Bi,RM 1K R M O7) - (14)

For the conflict control problem under consideration the first player u utilizes
the attitude and thrust commands:

u = [OZK,mBK,chK,m(ST,C]I- (15)

The opposing player v controls wind velocity components in the body fixed frame
(B), i.e.
I
v=[(uw)p,(vw)p, (ww)p] - (16)
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Observe that the wind velocities are directly used as the disturbance inputs to
the reduced model and no states for the wind dynamics are introduced in the
model. The reasoning behind this modeling choice is the following: First, the
additional states for the wind model would further augment the state vector,
rendering the computation of the viability kernel infeasible. Second, all states of
the reduced model need to be measured for the viability kernel based control.
Thus, if the wind states are included in the set of states of the reduced model an
accurate measurement of the current wind velocity is required for the controller
implementation in the flight simulator which for realistic applications is typically
difficult to obtain. Obviously, this modeling choice is highly conservative as it
allows the wind to change its velocity instantaneously. However, as shown for
the illustrative example in Section 6, even if the viability kernel is computed
for maximum (optimal) wind velocities considerably below the wind velocities
which typically occur in aircraft operation, the viability based controller is able
to withstand much higher (suboptimal) wind velocities in realistic simulations.

The dynamic equations for this model are detailed in the following. Simpli-
fying assumptions for the derivation of this model are:

— Only gravity, aerodynamic, and engine forces in the cruise flight condition
are considered.

Constant gravity and mass are assumed.

The effect of control surface deflections on the aerodynamic forces is ne-
glected.

— The same power setting for left and right wing engine is used.

— A flat and non-rotating earth is supposed.

— The wind velocity is the only disturbance.

Moreover, recall that for the calculation of the viability kernel and the evaluation
of the viability kernel based control, we require a model with at most seven
states. In order to arrive at this number of states, we further reduce the model
by setting the angle of side-slip command Sg . to zero which directly implies
Br,rm = 0°. Thus, this state may be removed from the model and we arrive at
the desired number of seven states.
The altitude propagation for the reduced model is obtained from the following
relation:
h = sin(vx ) V. (17)
The translational dynamics, assuming flat and non-rotating earth, can be deter-
mined using the aircraft mass m and total force (Fr), = [ X7, Y7, ZT]/K acting
on the aircraft. In the kinematic frame (K), the corresponding equations read:

VK Vi (XT)K

. _ 1

>.<K N mVg cos(vk) (YT)K : (18)
YK —(Zr)k

The total force (Fr), comprises the aerodynamic force (F ), the propulsion
force (Fp), and the gravitation force (Fg), i.e.:

(Fr)g = (Fa)g + (Fp)g + (Fa)g - (19)
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In (19), the aerodynamic force (F ) is defined as:

(Fa)g =Rka(Fa)y, (20)

where R 4 is the transformation matrix between the aerodynamic frame (A)
and the kinematic frame (K'). The aerodynamic force model for (F ), is de-
rived from the mathematical model of the flight simulator and, besides the tab-
ulated aerodynamic coefficients, depends on quantities such as the aerodynamic
angle of attack a4, the aerodynamic sideslip angle 84, the air density p, the
wing reference area S, the Mach number Ma = V4/a with the speed of sound
a = vVKRTg4: and the ratio of specific heat k = 1.4, the specific gas constant
R =287.05J/(kg-K), and the static temperature of air Ts;;. The atmospheric
quantities are determined based on the international standard atmosphere (ISA)
model according to DIN ISO2533. The following equations are valid up to an
altitude of 11000 m:

Tstat = Ts +yrrHa, (21)
1

P = ps (1 + 'YTT: HG> e ) (22)
ey

Dstat = Ds (1 + ’Y£r HG> " (23)

In these equations, T, = 288.15 K is the reference temperature, p; = 1.225kg/m3
the reference density, p, = 1.01325 N/m? the reference pressure,
yrr = —6.51073 K/m the temperature gradient of the troposphere, nr, = 1.235
the exponent of the troposphere, and Hg the geopotential altitude calculated as

’I“Eh
Hg = 24
G TE“r‘h/’ ( )

with the earth radius rg = 6356766 m. The aerodynamic quantities such as the
aerodynamic velocity V4, the aerodynamic angle of attack a4, and the aerody-
namic angle of sideslip 84 are derived from the vectorial wind relation denoted
in the body-fixed frame (B)

(VA)B =Rpxk (VK)K - (VW)B ) (25>

with the wind velocity vector (Vw)g = v (see equation (16)) and the trans-
formation matrix Rpx between the kinematic frame (K) and the body-fixed
frame (B). From the components of (V.a)p = [(ua)g,(va)g, (wa)gl, we can
compute the aerodynamic quantities as follows:

Va= \/(UA)2B + (va)g + (wa)p, (26)
o4 = arctan (wa)p
At [(UA)B] 7 )
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(UA)B

(ua)h + (wa)%

Ba = arctan (28)

Regarding the modeling of the forces, the propulsion force in body-fixed frame
(Fp)p derived from the mathematical model of the flight simulator provides
with a transformation matrix Ry = [Rpx] the following equation:

(FP)K =Rks (FP)B : (29)

The propulsion force depends on the thrust d7, the aerodynamic angle of attack
a4, the aerodynamic sideslip angle 84, the Mach number Ma, the static tem-
perature Ts;q; and the static pressure pgq; of air. For the gravitational forces, we
assume a constant gravitational acceleration vector (g)o and a constant mass
m of the aircraft. Using the transformation matrix Rxo = [Rox]  we obtain:

(Fa)r =Rrko (Fg)p =Rkxom(g), - (30)

Finally, it should be mentioned that the dynamics regarding the thrust state
07 depends on the thrust command dr ., the thrust state itself, and the atmo-
spheric quantities M a, Tgiqr as well as pgsiq:. Note that the Mach number depends
on the aerodynamic velocity which represents the disturbance in our conflict con-
trol problem. However, the dynamic model of the thrust can be written in the
form

5T = fp,u (X7 5T,c) + fp,v (Xa V) ) (31)

meaning that the right-hand side is additively separable regarding the thrust
command and the disturbances (cf. (3)).

One of the key concepts for the reduced model is the use of a first-order ref-
erence model (32) for the description of attitude dynamics. This reference model
essentially defines an interface between the reduced model and the closed-loop
flight simulator model as the same reference model is used in the NDI controller
of the flight simulator described in the following Section 5. For the attitude
states in the reference model we use the kinematic angle of attack ax ras, the
kinematic sideslip angle Sk rar, and the kinematic bank angle px ras. It is im-
portant to mention that besides this choice of the reference model states also
Euler angles @, ©, and ¥ have been considered for the attitude loop. However,
the performance of this modeling alternative showed considerably inferior re-
sults. A possible explanation may be a too conservative design regarding the
performance of the reference model. Due to the rather high computational bur-
den associated with the calculation of the viability kernel an extensive study for
the determination of the exact root cause was outside the scope of this study.
As such, the following reference dynamics are used for the attitude:

0K, RM Ko(h,Vk) (ak,c— ax rMm)
Br.rv | = | Kg(h, Vi) (Br,c — Br,rM) (32)
[LK, RM K, (h, Vi) (1bK,c — Ii,RM)
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The commands ok ., Bk,c, and jix . represent the controls of the reduced model
and the gains K, (h, Vi), Kg(h, Vi), and K, (h,Vk) depend on the altitude h
as well as the kinematic velocity Vi (see Fig. 1).

=

180 0.95 4
x10
Vi [%] 09 h [m]

180 0o 095 <10*

1.1

200 1 1.05
180 0.95 4
x10
Vic [2] 09 h [m]

Fig. 1. Gain coefficients Kq(h,Vk), Kg(h,Vk), and K, (h,Vk) for the attitude dy-
namics (32) and (34).

It is important to mention that it would be preferable to formulate the depen-
dencies of these gains on aerodynamic quantities, i.e. the aerodynamic velocity
V4 or similar quantities such as the dynamic pressure. Here, we deliberately
do not follow this approach and only consider the kinematic velocity Vi for
scheduling purposes in order to decouple the wind velocities (disturbance, sec-
ond player) from the aircraft commands (controls, first player) in the reference
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model. This allows us to separate the dynamics in the form of (3). As the same
form holds as well for the thrust control (cf. (31)) the saddle point condition (2)
is automatically fulfilled for the reduced model under consideration.

At this point it should be mentioned that for the translation of the optimal
attitude commands calculated in the viability kernel based control to the corre-
sponding actuator deflections the flight simulator model is extended by a NDI
control architecture. This controller features first-order reference models for the
attitude and rotation dynamics. It is particularly noteworthy that the reference
model for the middle loop in the NDI controller shares the same structure and
gains as the reference dynamics (32) but is modified by hedging signals and error
controllers. The inner loop for the rotation dynamics shares a similar structure
with its gains scheduled over the same quantities (Vi and h). Details regarding
the controller implementation are provided in Section 5.

The gain coefficients presented in Fig. 1 for the attitude reference model (32)
and the rotation reference model in the innermost loop of the NDI controller
described in the following Section are determined for a trim grid over different
altitudes and kinematic velocities. For this procedure a time-scale separation
factor of ten between the attitude and the rotation loop is used. A detailed de-
scription regarding the calculation of these gains can be found in [9]. Intermediate
values of the gain coefficients are obtained based on a multi-linear interpolation.

5 Control Architecture

The main task of the control architecture described in the following is to trans-
late the optimal controls obtained from the viability kernel (cf. (12)) to surface
deflection increments for the flight simulator model. For this purpose, two cas-
caded control loops with modified reference models of relative degree one (34)
and (42), and a NDI in each loop are applied. The basic idea of NDI is to de-
fine an appropriate nonlinear feedback law that linearizes the plant. This can
be achieved by computing the Lie-Derivative [13] of the output equations until
the control input appears explicitly. Inversion of the resulting equation yields
the nonlinear control feedback law. Using this approach, smooth reference tra-
jectories can be followed by the plant. In the control concept presented here,
two modified reference models of relative degree one (34) and (42) are used for
the attitude dynamics (middle loop) and the rotation dynamics (inner loop).
Further details regarding this control architecture can be found in [5] and [10].
The considered reference models are modified by hedging signals and PI error
controllers. The attitude reference

QK ¢
oy = /BK,C ) (33)

MK,
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found from the reduced model using the feedback (12), is first propagated through
the attitude equation

VRM,a Ko(h, Vi) (ak.c — & rM)
VRMapp = | Vrig | = | Kp(h, Vi) (/BK,C - BK,RM) . (34)
VRM u Ku(h7VK) (/LK,C - ﬂK,RM)

with the states of the modified reference model & ras, BK,RM, and [ix ru,
as well as the same gains K, (h, Vk), Kg(h,Vk) and K, (h, Vi) used for the
attitude dynamics (32). The state derivatives of the modified reference model
are then obtained as:

QK RM
Br.ru | = VRM,afu — Vh,abus (35)

QK RM

with the hedging signal v, o,

Vh,a QK RM,e — OK
Vhaopu = |Vhp | = | Br,rRMe — B | 5 (36)
Vh,u K RM,e — [LK

defined as the expected reaction deficit between the pseudo commands &k r e,
ﬂK RM,e; [, RMm,e and the expected system reactions d, BK and [t . Note that
éx, Bre, and [1x are the time derivatives of the corresponding states of the flight
simulator model. The pseudo command of the attitude dynamics (middle loop)
is defined as
QK ,RM,e
Vi = | Br,RM,e | = VRM,aBu t Ve,afus (37)

(VK RM, e

! . .
where Ve oy = [Ve,as Ve, s Ve,u] 18 Obtained from the error controller

cha (OAéK,RM — OZK) + Kel’a f (@K,RM — O[K) dt
Veapp = | K5 (ﬂK,RM - 51{) + Kl 5[ (BK,RM - ﬂK) dt (38)

Kff” (Ax.rv — pi) + KL, [ (e e — i) dt
consisting of proportional (K7 K ! )
parts.

In this way, equations (33)—(38) describe the modified reference model for
the attitude dynamics (middle loop). The described reference model structure is
illustrated in Fig. 2 for the kinematic angle of attack.

Kf@, KF,) and integral (K!,, K!

e,a e, e,
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Modified Reference Model
Middle Loop x A

Hedging

Reference Model
K, c
G RSN

P -

0K, RM

PI Error Controller

P+ >
0K N K., +

Fig. 2. Structure of the modified reference model for the middle loop.

Um

79

Continuing to the inner loop, the reference command of the rotational dy-

namics is computed from

De
Tpgr = |4¢c| = Rbr [(""’OK)K + (""fB)K] )
el 5
with explicit inversions
— Xk sin(Vk)
(""OK)K = YK

Xk cos(Vx) |
and
Lo, RM,e + O, RM,e SIN(BK)
(wa)K = |G pare cos(Br) cos(pr ) + B rm.esin(ux)
e re cos(Bre) sin(pr) — Bre ri.e cos(pi) X

From the commands p., ¢., and r, using

VRM,p Ky (h, Vi) (pe — Prar)
VRMpqr = | VRM,q | = | Kq(h, Vi) (¢c — drm) | 5
VRM,r K, (h, Vi) (re — TrM)

(39)

(40)

(42)
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with the states of the modified reference model pryr, Grar, and 7rps, the gain
coefficients K, (h, Vi), Kq(h,Vk), and K,(h,Vk) depicted in Fig. 3 and the

180 0o 095 <104

180 0o 095 x10%

1.1

200 1 1.05

180 0o 095 < 10*

Fig. 3. Gain coefficients K,(h, Vi), Kq(h, Vi), and K, (h, Vi) for the modified refer-
ence model of the rotational dynamics (42).

hedging signal v, ,qr, we obtain the modified rotation reference model:

PRM
QRM = VRM,pqr — Vh,pqr- (43)

PrRM
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Herein, the hedging signal, ¥j pgr = [Vh.ps Vh.g» Vhr] , is defined as the expected
reaction deficit between the pseudo commands prase, GrM,e; TRM,e and the
expected reactions p, ¢ and 7 of the system, i.e.

PRM,e — P
Vhper = |qRM,e — 4 (44)
TRM,e — T

Note that, the hedging signal in the rotation dynamics accounts for the actuator
dynamics, which are not included in the inversion. The pseudo command for the
rotation dynamics is defined as

DRM,e
Vi = | {RM,e| = VRMpgr T Ve,pqrs (45)

TRM,e

. . . li
where the error controller signal for the rotation dynamics ve pgr = [Ve,p, Ve,q; Ve,r)
is defined as

KL, (bras —p) + K., [ (Dras — p) dt
Ve,pgr = Kﬁq (Grv —q) + KeI,q J (Grae — q) dt (46)
K(f,r (fRM — 7") + KEI’T f (fRM — 7‘) dt
consisting of proportional (K[, K, KI\) and integral (K! ,, K! , K!) parts
as for the middle loop. Note that, the modified reference model of the rotation
loop share the same structure as the modified reference model of the attitude
loop. This structure is visualized in Fig. 4 for the pitch rate.
The actuator command increment vector

0§
du, = |dn (47)

¢

containing the aileron increment 6¢, elevator increment 67, and rudder increment
6¢ is obtained from the inversion of the rotational dynamics. For this purpose,
the control effectiveness matrix B collecting the derivatives of the total moments
Mr)p =L, M, N’ with respect to the actuator positions &, 17 and ¢ is defined

as:
dL 9L L
9 oy aC
_ | oM oM oM
B= 5 I B¢ | - (48)
ON 9N 8N
9 oy aC

The desired moments (M) ; are computed from the angular body rates (w%B ) B
the inertia tensor (I) 55, and the pseudo command of the rotation dynamics (in-
ner loop) v; from (45):

(Mr)g = (“"?{B)B x (Dpp (‘*’?{B)B + (D) pp Vi- (49)
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Modified Reference Model Hedging
Inner Loop x q ‘
Reference Model Vh,q
qdc
G |»f: :
qRM
()
Ly
qrRM [ Van.q
PI Error Controller
| +
K, f q +
AL pl- ’
K, | P+

Fig. 4. Structure of the modified reference model for the inner loop.

Subtracting the estimated moment (MT)  from the desired moment (49) corre-
sponds to the product of the control effectiveness (48) and the actuator command
increments (47):

Béu, = (Mr); — (Mr) . (50)

Finally, we get the actuator command increments du, by solving the control
allocation problem (50). Thus, the actuator controls u, result from adding the
actuator increments to the current actuator surface deflections x, = [€,7,¢]'.
The actuator controls and the thrust control d7 . yield the controls uys for the
flight simulator model. The information flow in the control architecture from
the viability kernel based control to the control surface and thrust command are
illustrated in Fig. 5.

Moreover, step responses for the same trim conditions used in the simulation
in Section 6 are shown in Fig. 6. For the step responses presented here perfect
measurements of states are assumed.
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Fig. 5. Schematic overview of the control implementation in the flight simulator model.
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Fig. 6. Step response of the modified reference model &k ras, BK,RM, and fix,rRM
without hedging signal, (dash-dotted line) and the following behavior of the flight
simulator states ak, Bk, and px (solid line) in response to the step controls ak e,
Bk,c, and pi . (dashed line).

Figure 6 suggests a good following behavior of the modified reference models
for the attitude dynamics by the flight simulator model, even without using the
hedging signal. Note that using the hedging signal, the step responses of the
modified reference models coincides with the behavior of the flight simulator.
This also holds for larger step responses as can be seen in Fig. 7.
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BK,c, and px . (dashed line).

6 Calculation and Simulation Results

In this section, the calculation of the viability kernel, simulation aspects, and
numerical results of the flight simulations in the cruise flight condition are pre-
sented.

6.1 Calculation of the Viability Kernel

The calculation was performed on a grid with 9-107 nodes according to Section 2.
A resolution of 30 nodes both for the altitude and kinematic velocity, as well as
ten nodes for the other states were used.

Recall, that due to the computer resource limitation, the kinematic sideslip
angle is neglected (set to zero) which reduces the dimension of the reduced model
to seven states. The state constraints are chosen according to Table 1 and the
bounds imposed on control and disturbance variables are presented in Tables 2
and 3.
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Table 1. State constraints for the calculation of the viability kernel.

7 T xé{)vmb x?f{/iab Unit
1 h 9955 10045 m
2 Vi 170 230 %
3 VK -5.2 5.2 °
4 YK 1.5 1.5 °
5  axamm 3.9 14.9 °
6 Br,rM 0 0 °
7 WK, RM -13 13 °
8 or 70 110 %

Table 2. Control bounds for the calculation of the viability kernel.

i Ui Uviay Uity Unit
1 axe -3 115 °

2 Br,c 0 0 °

3 UK c -10 10 °©

4 br. 80 100 %

Table 3. Disturbance bounds for the calculation of the viability kernel.

7 Vi Ué?vmb sz’{/iab Unit
1 (uw)g -3 3 -
2 (vw) g -3 3 -
3 (ww)p -3 3 =
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Note that, the control bounds for the calculation of viability kernel (Table 2)
are not the same as for the simulation controls (compare Table 4) because the
viability kernel disappears in the case of the same bounds. The calculation of the
viability kernel was performed with a step length § = 0.01 s until the functions
produced by the formula (9) converge to a precision of 107°.

A visualization of the seven-dimensional viability kernel is not useful for
checking whether some point belongs to it. Instead of that the limiting value
function produced by (9) can be used. If the value function is non-positive at a
point, this point lies in the viability kernel, and vise versa.

6.2 Simulation Aspects

For the initial values of the simulation, we use a trim condition of the flight
simulator which is obtained through the optimal values for the altitude and
the kinematic velocity from the viability kernel. Depending on these values we
determine the relative angle of attack, elevator deflection, and thrust level by
trimming the model of the flight simulator. Thus, it is ensured that the simulation
starts from a trim condition inside the viability kernel.

It is noteworthy that the simulation shows a sensitive behavior with respect to
the control variables and the length of the extrapolation step 7 (see (12)). If the
controls are too large, the reduced model does not accurately reflect the aircraft
dynamics. If the controls are too small, the disturbance cannot be sufficiently
compensated. The low resolution of the control can be partly compensated by the
extrapolation step length 7. If the time step is too small, the faster dynamics are
weighted more, which may lead to an unfavorable control if the model deviates.
If the time step is too large, the predictive shift can aim near to or beyond the
boundary of the viability kernel leading to a higher cost function value. Thus,
the bounds on the control variables and the predictive simulation time step
7 (extrapolation step) need to be selected carefully for the application under
consideration.

In our simulation, we evaluate the min max-operator in (12) using control

values u = [uq, ... ,’U,4]/ according to Table 4 and disturbance values according
to Table 3. Note that w,;, ¢« = 1,...,4 represent the lower thresholds of the
control, and u;, ¢ = 1,...,4 the upper thresholds. Moreover %;, ¢« = 1,...,4

are the current values of the corresponding flight simulator model states, i.e. iy
corresponds to the kinematic angle of attack ak, @z to the kinematic angle of
sideslip Sk, 13 to the kinematic bank angle pug, and @4 to the thurst state .
During the whole simulation, the control variable of the kinematic sideslip angle
BK ¢ is kept at zero.

It is noteworthy that the use of current states as control variables (see Ta-
ble 4) shows a positive influence on the simulation results. Computational ex-
perience suggests that, on the one side, this strategy is less likely to lead to
fast control chattering as in many cases the current state is preferred over large
corrective actions. On the other side, the low number of controls to be evaluated
(min, max, current state), compared to an otherwise potentially fine resolution
of the control, has a positive effect on the simulation time.
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Table 4. Control values for simulations.

7 Uj gi ﬁi ﬂi Unit
QK c 0 (077¢ 6 o
Bre 0O 0 0 o

MK, c -7.5 MK 7.5 o
O7,c 80 or 100 %

[ R

In our experiments, we achieved good results using the extrapolation step 7 =
0.2s in (12). In addition to the case of optimal wind and the case without wind,
we considered a suboptimal wind generated by the Dryden turbulence model [7].
The simulation was performed for 100 s using the Euler forward method with the
step size d; = 0.0001s. The optimal control variables are determined with the
step size 6, = 0.02s. Moreover, noisy measurement from the sensor models are
assumed and the measured quantities for the control architecture are estimated
using an EKF implementation.

6.3 Simulation Results

The flight simulator model was initialized in a cruise flight condition with the
kinematic angle of attack o trim = 2.36°, elevator deflection n¢pip = —1.13°,
and thrust level 07 ¢im = 84,36 % at the kinematic velocity Vx = 186m/s and
altitude of A = 9980 m.

Figures 10—13 show eight states of the flight simulator model (the same as
in the reduced model) for the optimal, suboptimal, and without wind distur-
bances, see Fig. 8. Recall that only seven states of the viability kernel are used
to calculate optimal controls and disturbances. The corresponding control vari-
ables are depicted in Fig. 14. Figure 9 illustrates the value function along the
trajectories. Here it should be mentioned that the negative values indicate that
the trajectories remain within the viability kernel during the whole simulation
time. It is seen that the trajectories corresponding to lower values of the value
function are obtained for the case without and suboptimal (Dryden) wind.

In addition, simulation results for the Dryden suboptimal wind with an am-
plitude of 12m/s are shown in Fig. 15. For this case, Figure 16 shows the value
function along the trajectory. Since the value function remains negative, the
whole trajectory lies inside the viability kernel in this case. It should be noted
that 12m/s is four times larger than the wind disturbance bounds used for the
construction of the viability kernel.
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Fig. 8. Wind disturbance (uw)s, (vw)p and (ww)p for optimal (thin black line),
suboptimal (thick black line), and no wind (grey line) disturbance.
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Fig. 9. Value function for optimal (thin black line), suboptimal (thick black line), and
no wind (grey line) disturbance.
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Fig. 11. Trajectory for the flight simulator states yx and xx for optimal (thin black
line), suboptimal (thick black line), and no wind (grey line) disturbance.
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Fig. 12. Trajectory for the flight simulator states ax and Sk for optimal (thin black
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Fig. 13. Trajectory for the flight simulator states ux and ér for optimal (thin black
line), suboptimal (thick black line), and no wind (grey line) disturbance.
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suboptimal (thick black line), and no wind (grey line) disturbance.
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Fig. 16. Value function for suboptimal wind disturbance of 12m/s.

7 Conclusions and Future Perspective

The current investigation shows that the model of a flight simulator with about
a hundred state variables can be controlled by applying viability theory on a
reduced problem having few (seven) states. The reduced model enables the com-
putation of the viability kernels, which allows designing a feedback control for
keeping the state vector of the reduced model inside the viability kernel. This
feedback control, using a control architecture based on NDI, can be applied to
the flight simulation model in such a way that the seven state variables (the
same as in the reduced model) remain in the viability kernel.

It should be stressed that the reduced model has to reflect the flight simulator
dynamics as well as possible. If the rates produced by the reduced model (32) are
too high, the flight simulator dynamics can not follow it. If the rates are too low,
the viability kernel can not exist. As such, the design of an appropriate reduced
model is a key ingredient in the control approach presented in this paper.

For future research the idea to include unmodeled parts (such as the control
surface deflections in the aerodynamic forces) in the reduced model as distur-
bances seems appealing.
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