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Abstract

Ultralight general aviation aircraft provide an accessible gateway to aviation for both manufacturers and pilots.
However, due to their reduced weight, requirements, certifications, and costs, these aircraft are more sus-
ceptible to hazardous failures than airliners. While they are equipped with a parachute, this is a last resort
that is irreversible and can result in a rough landing or the aircraft drifting off. Additionally, the relaxation of
medical requirements may result in pilot failures of severe nature. To address these concerns, we propose a
semi-electronic flight control concept with split flaps and tailored flight control laws to enable automatic flight
during abnormal situations. The simulation results indicate that the closed-loop system performs acceptably
in these scenarios. This undermines the intention to use the system in abnormal situations and possibly for
augmentation.
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1. Introduction

Ultra-light aircraft (ULs) facilitate the entry into aviation by imposing minimal hurdles on both pilots and
manufacturers. UL pilots, in particular, are often exempt from extensive training and medical fithess
requirements. The certification of a new ULs also entails fewer bureaucratic hurdles and complex
certification procedures, which makes it easier for manufacturers. As a result, ULs are becoming
increasingly popular in the aviation sports sector. However, this trend comes at the expense of the
high safety requirements typical of aviation [1]. This simplification is compensated for by the obligation
to have an emergency parachute, which represents the last resort in a critical situation, leading to the
destruction of the aircraft. However, this system has additional disadvantages. First, the aircraft is in
an uncontrolled descent when the rescue parachute is deployed and can possibly drift into dangerous
zones (e.g., high-voltage power lines) under unfavorable wind conditions. Conversely, this system
may also fail in the event of a medical emergency or cognitive overload of the pilot. Consequently,
there is still a residual risk that needs to be addressed in order to make ultralight aviation safer.

The MOREALIS [2] research project addresses this very problem by designing a combined health
monitoring and troubleshooting system for both the pilot and the aircraft. The project pursues the
goal of enhancing the safety of ultralight flights by addressing these issues in a larger group with
multiple project partners [2]. Scope of MOREALIS is the development of an automated emergency
landing system, integrated with a comprehensive monitoring system for the pilot and aircraft. The
current state of the aircraft condition and the pilot’s physiological and cognitive state are fed into an
intervention management system, that fuses these information and decides whether an emergency
landing is triggered. In this case, a vision-based obstacle detection and landing strip selection system
is triggered, which forwards the selected landing site to a trajectory planning module, which again
forwards the trajectory way-points to an autopilot system. This autopilot system and its flight control
laws are the scope of this work.
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The flight control system design, including the actuation and sensor selection, are carried out under
the strict weight limitation of this ultralight aircraft category (see [2]) and the fact that the system will
only be used in emergency situations but not in nominal flight situations. Thus, we decided on a
split-flap configuration with simplex electro-mechanical servo motors under the assumption that the
pilot can overwrite the control effect anytime through his higher authority. A more detailed description
and the analysis of the used split-flap system can be found in [3]. In this split-flap design, the classic
control surfaces (i.e., aileron, elevator, and rudder) are each split into two surfaces. One is connected
reversibly via cables and rods and used for manual (nominal) control by the pilot. The other part is
equipped with simplex electro-mechanical actuators. The control surfaces are split in such a way that
the pilot always has more authority than the electric system. This way, an erroneous behavior of the
electric system can always be compensated by the pilot. Using this simplex setup requires the flight
control laws to be robust to changes in flight dynamics and cope with actuator and sensor failures.
Thus, the secondary objective of the flight control laws is the handling of certain failures, which are
defined later in more detail.

In [4, 5], the authors present a stability augmentation system based on split control surfaces to obtain
two separate automatic and manual flight control systems with the goal of reducing pilot workload
and structural loads and improving ride quality [6]. In addition, the overall flight safety is increased.
The flight control system must handle the split-flap setup (i.e., cope with simultaneous pilot inputs
on the mechanical surfaces) and be robust to failures on the airframe, the sensor, and the actuator
system, as well as the propulsion system. This motivates the use of a hybrid nonlinear dynamic
inversion-based (hybrid NDI) control law [7) 8, [9] since it compensates for disturbances and can
handle sensor and actuator failures well. The hybrid NDI law is a combination of the classical NDI
with the sensory NDI law, similar to the incremental NDI control law. Although it requires more effort
in design, since both sensor information about the aircraft accelerations as well as an on-board model
of those dynamics are required, the advantages in minimization of structural loads, handling of (air
data) sensor failures, and actuation failures are given [9].

Within the scope of this study, a control law for the ultralight general aviation aircraft MOREALIS is
conceptualized, designed, and validated. The main focus is on the method of hybrid NDI and the
allocation of the control surface.

2. Flight Dynamics Model

This the UL research aircraft of MOREALIS is described in [2, [3]. Its design and the layout of the
split-flap setup is shown in fig. |1, where the ailerons are denoted as §,, the elevators as &, the rud-
der as &, and the flaps as &. The aircraft is equipped with a 33 HP motor driving a propeller. The

[ ] Mechanic Control Surfaces
[ 1 Electric Control Surfaces

[ 1 ElectricFlaps

Figure 1 — Concept of mixed flight control layout for the ultralight aircraft.
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actuators are simplex electro-mechanical servo motors. The sensor system consists of basic mea-
surements from commercially available instruments. Those cover inertial flight state measurements,
basic aerodynamic measurements, and measurements of the electric and mechanical actuators. The
flight dynamic model used in the scope of this work is briefly introduced subsequently.

2.1 Flight Dynamic Model

Let the state vector x € 2 C R™ be represented by V¥ denoting the aircraft position in the earth
frame, @ the Euler angle attitude, v# the aircraft velocity in body frame, and w? the angular rates in
the body frame. Furthermore, let Typ and Tep denote the transformation matrix from body frame to
the earth frame or the Euler angle frame, respectively, J/ the moment of inertia, m the total mass, and
8 and m® the respective forces and moments in body frame, where the index x denotes the state-
dependent quantities, and u the state- and input-dependent ones. Then, the nonlinear state space
representation of an aircraft is given as

i‘N TNB(CI) VB 0

o Top(P) @f N 0 1)
P ) - xyP wfa(x.T,8)

g J 1 (mB(x)— o xJo) JImB(x,T,8)

< f@) 8(xu)

with the smooth mappings f: R™ — R™ and g : R™ x R™ — R™, and the control actuators é and the
thrust or throttle T forming the input vector u € % C R"™. The control surfaces can be separated into
two distinct systems: the mechanical (reversible) flight controls

6me: [Sa,or 5a,ol Se,ir 66,i1 5r,1]

and electric flight controls
5elz [Sa,ir 6a,il 5f Se,or 6&:,01 6r,u]

with mechanically coupled flaps (& = &, = o). See fig. for a visualization of this setup. The main
flight mechanical parameters are stated in table (1l See [3] for a detailed explanation and discussion
of the flight dynamic model.

Table 1 — Flight mechanical aircraft data.

Parameter Value
Span width b 6.40 m
Mean chord width ¢ 0.98 m
Reference surface area S 6.71 m?
Mass m 250kg
93 0 -—-104
Moment of inertia  J 0 225 0 |kgm?
—104 O 282

Due to the simplex architecture, the failure probability of the aircraft is high. Consequently, it is
important consider those in the flight control design. The following failures are defined, implemented
in the model, and later investigated:

» Engine failure leading to an inoperative engine

* Actuator stuck: Electromechanical actuators can fail by staying stuck at their current position

* Loss of effectiveness of the control surfaces can occur due to damage

+ Airdata system is prone to failures and can fault completely, leading to an all zeros output
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3. Flight Control Law Design

The flight control law design is done for the electrical flight control system, which gets activated in
case of emergencies or abnormalities. In case of activation, the system receives flight path com-
mands or waypoint locations from the trajectory generation. The trajectory system calculates a tra-
jectory achievable with the current flight performance and circumvents any obstacles [2]. Thus, the
main task of the flight control laws is to use the available electric control surfaces and actuators and
track the commanded flight path quantities to the best extent. However, the flight control laws should
still be equipped with envelope protections. Given that the system must be capable of tracking a
trajectory in abnormal situations, it is acceptable for the system’s performance to be reduced in com-
parison to nominal situations. This especially leads to reduced requirements on flight and control
performance parameters, e.g., reduced rise times.

Furthermore, the system has 5 independent control surfaces (i.e., 2 ailerons, 2 elevators and 1
rudder). Thus, a control allocation strategy is required. An optimization-based approach, as shown
in [10, [11], is applied but extended with the option the redistribute the control surface commands in
case of failures.

Figure [2] shows the control architecture of the implemented control system.

Dwp 1% Aircraft
Awp yorh . Va | Velocity T Propeller
hwp | 4 Autoflight X Jq FF!ftzt Controller D . Flight Sensors >
Functions : ynamic | s Dynamics | |
Control Attitude |V I\ Ve ion | Actuators [+

{ﬂ Controller (+ CA)
0

d
Ba=0

Signal
Processing

Figure 2 — Control architecture for dynamic inversion-based control system.

3.1 Hybrid Nonlinear Dynamic Inversion

Let x € 2" C R™ denote the system’s state vector, u € 7 C R"™ the input vector, and y € R™ the output
vector to be inverted. Furthermore, let f : R s R™, g : R™ x R™ — R"™, and h : R"™ — R be smooth
vector fields. The index add and represent additional measurements required for, e.g. state
reconstructions. Then, a non-affine nonlinear system can be described by

X = f(x) +g(xu) (2a)
y = h(x) (2b)
Yadd = Nadd (X, 1) (2¢)

The hybrid NDI control law for a relative degree of 1 is given by [8], 9]
(Lgh) (£,u) = V — Feompl (£,%, 1) (3)

where * denotes estimated or measured quantities, (L¢h) (x) the Lie-derivative of 4 with respect to
f, and v =y. The function %,y denotes the result of a complementary filter with the high-pass
part being (L;h)(£) representing NDI, and the low-pass part being the sensory NDI approximation
y— (Lgh)(%,4). The implicit equation can either be solved analytically, by nonlinear equation
solvers, or by using local approximations. In the scope of this work, the latter is done. Therefore,
the Taylor series approximation is used on the left hand side:

9 (Lgh) (x,u)

(Leh) (8, 1) = (Lgh) (8.0) + =52

(u—a) (4)

>

This approximation is similar to the incremental NDI law [12, [13] if used with the sensory NDI law
alone. A more detailed discussion on this topic is given in [9].

4
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Hybrid NDI combines the properties of sensory NDI and NDI. This leads to a control law that performs
well in nominal situations as well as in failure situations for both, (air data) sensor and actuator failures.
In this study, an attitude control law is developed (see fig.[2). Thus, the rotational equation of motion

o =7 (mB(x) — o xJw)+J'mB(x,T,5) ()
y (th)(x) (Lgh) (x,u)

is used for the inversion. The final control law is then
5 ( 8ﬁ15(x, T,0)

u

-1
EF; > g <d’fom—%mpl—f“ﬁiB(WﬁH -

X
T
1)

(SRS

with the complementary filtered (k) function

@B —J\wB(%,T,6), low-pass
In this study, we use a first-order complementary filter with a cutoff frequency of 5rads~!.

3.2 Control Allocation Strategy

The control allocation problem becomes relevant when the number of inputs is greater than the
number of outputs intended for control (n, > n,). Moreover, assuming that actuator failures can
be detected, control allocation methods are able to further improve failure handling of an aircraft
by allowing a reconfiguration and redistribution of the current deflections. The strategy will be an
optimization-based approach as in [11, [10]. Assuming an objective function quadratic in u, L(ﬁ,S,u),
to be minimized. Then, the problem is formulated as

min  L(£,6,u) := Lo(£,8) + L1 (£,8)u—+u" Ly(£,8)u
uevY (8)

s.t. Muu:v—fcompl—J_lﬁzf()?,f",S)—i—MuS::17

where Ly(%,4) € R is a scalar, L;(%,i) € R™ is a row vector, Ly(%,4) = L,(%,4)" = 0 € R™*" is a
symmetric positive definite matrix, M, as defined in (6), and v = &2 is the virtual control input. Note
that the quadratic objective function assumption does not impose any strict limitation on this function
as it can always be approximated by a second-order Taylor series expansion to reach the form in (8).
The solution to (8) has the following form

uzM;H%(M;MM—I) Ly(%,8)7'Li(&,6)7 (9)
where M = L,(%,6)"'M” (MuLz(ﬁ,ﬁ)—lMuT)_l is the weighed pseudo-inverse of M,. As stated in
[8,[10], the first term in eq. (9) relates to the primary goal, which is the inversion of the plant dynamics.
The second term relates to the goal of minimizing the objective function L(%,8,u). In fact, as the
second term is in the null space of M,, it will not influence in anyway the primary goal.

In order to improve failure handling, it is first assumed that actuator failures can be detected instanta-
neously. Modifications to the theory will be made to better handle these failures when they happen.
The common failure case that will be considered is when actuators get stuck at a certain deflection.
Let S be the set of indexes of the stuck actuators, S = {s1,...,s,5} where 0 < ng < n, is the num-
ber of stuck actuators and each s; € {0,1,...,n,} represents the index of a stuck actuator. Similarly,
W = {s1,...,8n,} \ S corresponds to the complementary set of the indexes S, which corresponds to
the working actuators. With these definitions, ug becomes the vector of stuck elements. In the same
way, uy becomes the vector of working actuators. Moreover, MMS‘ becomes the control effectiveness

matrix with only the columns corresponding to the stuck actuator indexes, and Muw‘ vice versa. Note
that the constraint equation in (8) must still hold to correctly invert the plant. The constraint equation
can be rewritten by separating M, and « with the new quantities defined

5
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Muw|uW =V _fcompl _J_lﬁ'lg(an T, 3) —i—M”S _Mus‘uS (10)
=V — feomp —J ' (£,T,8) + My, Ow

where, for simplification, it was noted that ug = 35.

The optimization problem presented in (8) corresponds to an aircraft flying free of failures. However,
when certain actuators get stuck, us becomes fixed and the subset for the minimization variable u is
no longer % . Thus, the formulation of problem (8) needs to be slightly altered by replacing uy as the
minimization variable.

By making use of the row vectors L, (£,8) and Ly, (£,8), which represent the parts of L; corre-
sponding to the stuck and working actuators, respectively. Additionally, letting Ly, (£,6), ngs()?,S),
Lo, (£,8) and Ly (%,8) represent the parts of L, corresponding to the subset of working or stuck
actuators., and noting that L, (%, ) = LZTWS(X, 8), the objective function can be written as

L()?, 3,85,uw) = L()(XA, 3, 35) —I—zl] ()?, 8, Ss)uw +u‘§/l—,2(x’\, 8, SS)MW (1 1)
where
Lo(£,8,85) =Lo(£,8) + L1, (%,8)8s + 81 Ly (£, 6) s (12a)
Li(%,6,65) =Ly, (£,6) +26! Ly, (£,6) (12b)
Ly(%,6,65) =Ly, (£,6) (12¢)

Let %y C % denote the working subset of . Then, the optimization problem that includes actuator
failure compensation is given as

min L(XA?67$SaMW) = LO()@S?SS) +I‘1(XA787SS)MW +M€VI‘2(XA787SS)MW
uy € Yy (13)
S.t. MMW‘MW =V _fcompl _J_lmzlj(xA7 T ) MW\SW =1

This problem can be solved similar to the original one in (8), leading to an allocation of uy, i.e.,

. 1 e
uW—Mj‘f—i—E(M* M,

_ A A ~ _ A A -1
where M} =L,(%,8,85)'M! (M Lr(%,8,65)'M" ) .

Mw‘

3.3 Attitude Controller

The attitude controller is implemented as shown in [14} [15] [16].
The attitude controller tracks the Euler angle attitude @ via the body angular accelerations @, which
are inverted in the hybrid NDI core. The angular accelerations are tracked through the dynamic
inversion with the virtual control inputs v, and ve, which are the Euler accelerations and transformed
into v, and v, via kinematic relations, and v,. The control law is given as

¢

() (BB (b)) e]) o

= (55 o =

with the notation [p q r] " — ® and controller gains K. The desired roll and pitch angles and deriva-
tives are calculated through a second-order reference model as shown in Figure [3| with the damping
¢ and frequency ay. The reference model includes the option for Pseudo Control Hedging (PCH) [17]

through the input [¢ 6]hdg
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Figure 3 — Second-order reference model architecture

R

The sideslip controller implements the following law
2 K, A A
l?ﬁ
=B (%2 (Ba=5) - Koo ) (17)
with the estimated sideslip angle derivative B using v, & Vs a:

B . ~NOAp— R OP— = (18)

The turn coordination v,,. that corrects v, with the rotation generated by a roll maneuver is given as

t c ~
vr,tczl;l'[czz(g a‘;lq) _llj) (19)

3.4 Flight Path Controller

Aim of the flight path controller is the tracking of altitude 4 or the flight path angle y through the
pitch angle 0, the course yx via the roll angle ¢, while keeping B = 0, and the airspeed V,, via the
autothrottle.

The commanded roll angle ¢. needed to track the desired course x4 can be calculated as

A

\%
¢c :Kx

e (Xa—2%) (20)

with K, ~ 0.05.
The commanded flight path angle y. that allows tracking the desired altitude 4 can be calculated as

1 N
Y = =Kn (hd—h) (21)
\%
This flight path angle can be tracked by an pitch angle command 6., given as
K/y N 1 A
BC*T(’YC_Y)_%?/ (22)

with Ky ~ 0.4 and - ~0.7.

3.4.1 Autothrottle

The autothrottle tracks a velocity command by adjusting the engine throttle. It is mainly feedback
controller on airspeed, but can optionally use an additional feedforward input from flight path angle

commands. Figure 4] shows the block diagram of the used auto-throttle function. The gains are
chosen as Ky ~ 0.15, Ky, ~ 0.3, and Ky ~ 0.7.
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Figure 4 — Block diagram of the autothrottle control law.
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Figure 5 — System structures for robust control design.

3.5 Robust Control

As the controller has to cope with limited authority, model uncertainties, disturbances, or failures,
robust control design and analysis is employed. Figure shows the classical APK structure of a
robust system with uncertainties A, where ||A|| < 1, the controller K and the plant P.

The measurements y and control inputs u are pulled to have the controller K as a separate block.
Moreover, the disturbances w and performance signals z are chosen and scaled appropriately so that
robustness can be checked. It is convenient for the closed-loop system analysis to combine P and K
to form the NA-structure, as it can be seen in fig. [5b, with

[yZA ] - [x; ﬁiﬂ m (23)
N

where y, is the input to the uncertainty scaling and u, the output.
Before presenting the requirements for stability and performance, the Structured Singular Value, u,
needs to be defined:

pa(N) ™1 :=min{&(A) : det(I — NA) = 0 for structured A} (24)

This can be thought as the reciprocal of how big that structured uncertainty A can be before the matrix
I — NA becomes singular. Note that ua(N) is a function of the system M, the structured uncertainty A,
and the frequency o.
As explained more thoroughly in [18], the requirements for stability and performance are:

* Nominal Stability: N is internally stable

* Nominal Performance: ||Nx||- < 1 and nominal stability

* Robust Stability: ua(Ni1) < 1, Yo and nominal stability

« Robust Performance: u;(N) < 1, Vo, A = {A and nominal stability

0 AP]

where Ap is a n,, x n, complex uncertainty.
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The computation of the structured singular values can be inefficient, since it is necessary to search
through all possible A. Therefore, a tight upper bound for u is used to detect the requirements [18,[19]

- < min 6 -1
Hz(N) < Snin G(DND™) (25)
where 75 :={D: DA = AD}.

3.5.1 Robustness Design

This robust design was done for the linearized model of the system with the same controller structure
as presented in Section The linearized model P can be seen in fig. [f]

[‘;ref érﬂf
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Wy B
wp T scaled . .
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Figure 6 — Interconnection structure of liner system P used for u—synthesis.

The inputs are denoted as ux,, wp and up, and the outputs as ya,, zp and yp. The signals ua, and ya,
correspond to the output and input of the unitary uncertainty block A. Taking into account where these
signals enter and leave the system P, the uncertainty is an additive uncertainty on the input side of
the actuator. Moreover, the uncertainty block A is a diagonal block with unitary complex uncertainties
xifori=1,...,5.

x 0 0 0 0
0 x» 0 0 0
A=[0 0 xy3 0 O0|; xeC:|ul<l,fori=1,..,5 (26)

0 0 0 x4 O
0 0 0 0 ys

With this uncertainty modeling, the uncertainty would be propagated through the system and it can
be argued that no other uncertainty is required. Moreover, adding more uncertainties had the disad-
vantage of making the overall linear system more complex leading to a harder u—synthesis problem
to solve. Regarding the input up and the output yp, these connect to the controller K.

For the disturbances wp and the performance signals zp, only relevant quantities were considered
in order to have suitable results while not making the problem too complex. Starting with the first
disturbance, it can be seen from the diagram in fig. [6] that noise was modeled to enter the output
that goes to the controller. The corresponding weight W,, goes to 0 for small frequencies and is big
for higher frequencies than the bandwidth of the reference model, similar to a high-pass filter. The
magnitude plots of this and the rest of the weights that are not constant are presented in fig. |7l This
weight had the importance of making K ineffective at high frequencies. The reference commands
were also considered as a disturbance, in this way, the aircraft achieves performance for multiple
reference signals. The last disturbance considered is wind gusts. Wind gusts are typically very slow
disturbances as stated in [20], therefore, a low pass filter was chosen with a low crossover frequency.
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Figure 7 — Magnitude plot of the weights used for u—synthesis.

Having shown the disturbances considered, the performance signals zp describe the intended be-
havior for the aircraft. The first grabs the three angle errors of roll, pitch and sideslip, and weights
them with a low-pass filter W,. This was done to relieve this objective past the system’s reference
bandwidth. For the roll and pitch angular rates, the constant weight
[ 57 ' 51 “]
W, =

96~ 180 180

was chosen. For the controller deflections § and rates &, constant weights

wg::§[5*1 Bt Bt Ot S|

2 | “@irmax “ailmax ~€:0Mmax ~e,0lmax " T5UPmax

and |
o lrey - <1 - <y
W5 - 2 |:5a7irmax 5a,ilmax Se,ormax Se,olmax 5’7’4Pmaxi|

were used. Regarding the weight W, involved with the uncertainties, this one was set to around 0.1
for low frequencies while being around 0.4 for high frequencies.

4. Results

Subsequently, the performance of the proposed controller and flight control concept is evaluated by
means of performance, failure handling, robustness to uncertainties, and disturbance rejection. The
analyses are carried out on the nonlinear 6-DoF model [3].

4.1 Robust Performance and Stability

From the linear analysis results of the system, the controller achieves nominal stability by design.
Furthermore, nominal performance is achieved as ||Nx ||~ = 0.666 < 1. Figure [8al shows the corre-
sponding singular values: The highest singular value is still below 1 for all frequencies. Figure
shows the frequency plot for ua(N;;) indicating robust stability as it is always below 1, and in fact
max (ua(N11)) < 0.630. Finally, robust performance is also achieved, max (u;(N)) < 0.922. The corre-
sponding frequency plot is depicted in fig. [8c} Robust performance is achieved since ux(N)(jo) <1
for all . The iteratively determined values for the uncertainties are: For low frequencies, 10% of
uncertainty for all actuator inputs and they rose to 40% for high frequencies.

Additionally, for comparison reasons, an unstructured controller K,,; was considered. To do this, the
output was modified to only include the error for roll, pitch and the angular rate r, and the input to
only have the corresponding virtual inputs. The sideslip error and its corresponding virtual control
was removed because there are some redundancies between them. This comes from the fact that
rrer, Which belonged to the output of the controller is a function of vg, which was part of the inputs.
Moreover, the sideslip controller structure is something that is used commonly. After doing again

10
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Figure 8 — Nominal and robust performance and robust stability plots.

the u—synthesis, this time the system was able to achieve lower values for the structured singular
value. After using Hankel model reduction to remove weakly controllable/observable states, the total
number of states went from 90 to 30 and the new value for the strucutred singular value was found to
be max (uz(N)) <0.717, which is around 0.2 less than the structured approach

Furthermore, to check if the unstructured controller had cross coupling terms, input to output peak
gains were checked. This can be seen in table 2|

Table 2 — Input to output peak gains of unstructured robust controller

‘ ey eg e,
ve | 96.4 079 11.7
ve | 136 77 0.2
v, | 304 05 176

4.2 Nominal Performance, Transients and Control Allocation

As the system will likely engage during maneuvers or non-trimmed conditions, a flight state with non-
zero mechanical surface deflections is present at the start. For the first experiment, a turn maneuver
is assumed, whereas for the second experiment a climb maneuver is flown by the pilot. After S,
the autopilot system is triggered, which upon enabling should keep the current flight state in order to
avoid hard maneuvers.
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Figure 9 — Lateral experiment for nominal performance, transients, and control reallocation.

Simultaneously, the trajectory planning is triggered but is expected to take 5s in this experiment
until an optimal trajectory is found. During this time (at 65s), the pilot releases the stick and the
mechanic control surfaces converges to zero deflection (until 7s). After a trajectory is found (at
105s), the controller is expected to performs a change in course (x = 0°) or a change in flight level
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(h=400m). During the maneuver (at 20s) the right aileron or the right elevator fails and gets stuck.
This is detected by a FDIR algorithm and instantaneously compensated in the control allocation,
which performs a reconfiguration of the control surfaces to cope with the failure. The results of the
lateral experiment are depicted in fig. [9] and the results of the longitudinal experiment are shown in

fig.
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Figure 10 — Longitudinal experiment for nominal performance, transients, and control reallocation.

4.3 Robustness to Model Uncertainties

In order to evaluate the robustness to model uncertainties, the following experiment is conducted:
First steps in the roll angle (30° at 10s and 0° at 30s) are tracked and afterward steps in pitch angle
(from the trimmed state to 10° at 50s and 0° at 70s) are tracked. This experiment is done in a monte-
carlo simulation and repeated several times with randomly sampled model uncertainties according
to table 3 In the table, .4 (1, o) denotes a normal probability distribution with mean p and standard
deviation o. The results are depicted in fig. The figures show the nominal response with the
standard error of the monte-carlo results compared to the nominal response.
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Figure 11 — Monte-carlo simulation of lateral and longitudinal maneuvers with sampled uncertainties.
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Table 3 — Uncertainties used in the monte-carlo simulation.

Probability Probability
Name Symbol Distribution Name Symbol Distribution
Multiplicative ACp | A(1,0.1) o Axee | A47(0,0.1)
aerodynamic force ACy | H(1,0.1) Ag‘yitt'viﬁsg:gir?tf Avee | 4(0,0.05)
uncertainty ACy A(1,0.1) gravity y Azeg 4(0,0.05)
Additive ACp | 4(0,0.05) Add. mass unc. Am A4(0,0.1)
aerodynamic force ACy A4(0,0) Al A(1,0.1)
uncertainty ACp | #(0,0.05) TP, Al | A(1,0.1)
Multiplicative AC; A(1,0.1) uMnucizFr)tI;Cii':lve inertia AL, A(1,0.1)
aerodynamic AC, | A (1,0.1) y ALy, | A (1,0.1)
moment uncertainty AC, A(1,0.1) Al A(1,0.1)

4.4 Disturbances from Turbulence

This experiment evaluates the disturbance rejection characteristics of the proposed control system.
Therefore, disturbances in the form of wind velocities dys are considered. The wind field is repre-
sented by a Dryden continuous turbulence according to MIL-STD-1797A with a frequency of 10Hz
and a probability of exceedance of 102 and increasing (every 20s) wind speeds from Oms~' to
10ms~!. The results are shown in fig. The figures show the nominal response with the standard
error of the monte-carlo results compared to the nominal response.
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Figure 12 — Monte-carlo simulation of steady flight under increasing Dryden continuous turbulences.

5. Discussion

The goal of this work is developing a flight control system for automated flight of an ultralight aircraft
in case of medical or aircraft emergencies. Thus, the requirements do not focus on achieving a
flight control system with the performance and robustness of a full fly-by-wire system, but to achieve
enough performance to fly maneuvers necessary to automatically land the aircraft. Therefore, we
applied a hybrid NDI control law with optimization-based control allocation and reconfiguration in
case of control surface failures. Furthermore, robust control design is used to tune controller gains
appropriately. The finally proposed control law is analyzed by means of robust performance and
stability analysis as well as time-domain simulations.
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Section shows the result of the robust performance and stability analysis. The results indicate
that nominal performance and stability are achieved and that the system can handle disturbances
and uncertainties in the model while still maintaining performance. Robust stability and performance
is achieved within the determined ranges of uncertainties. Those are, however, narrow in the low-
frequency domain. This is an issue for a nominal configuration, and also this configuration. The
comparably low uncertainties that can be handled with sufficient margin can be explained by the
limited authority of the electronic control system, as only a small part of the control surfaces are
available. Thus, the issue lies on the aircraft design side which needs to come up with either larger
control surfaces or more powerful actuators to achieve higher robustness. Nevertheless, for the
conceptual study and an emergency landing system, these margins could be sufficient but need to
undergo further and more detailed investigations.

Furthermore, the unstructured p-synthesis yields interesting results that can be used in a further
iteration of the control design. Even though it is hard to reduce the number of internal states of
the unstructured controller to arrive at a simple linear control law for each virtual control, Table
indicates that there are cross coupling terms. In fact, these results indicate that v, should be a
function of ey and e,, vg should be a function of ¢; and eg, and v, should be a function of ¢y and e,.
Those can be explained by both already proposed and implemented functions and physical relations.
vy should include a turn compensation term, which compensated the reduced projected lift in a turn.
Furthermore, v, should include a turn coordination term as shown in (19).

Section[4.p shows the nominal performance of the controller. It can be seen that the transient behavior
is smooth and does not pose any unwanted bumps and maneuvers to the aircraft. Instead, the results
indicate that enabling the electronic flight control system is a smooth process. Furthermore, after the
emergency trajectory is planned, the aircraft is capable of tracking it. Additionally, redistribution of
control surface deflections in case of an actuator failure works well and smooth and seems to be only
limited by actuator limits and the fault detection performance. However, the results are limited by the
assumption of an existing instantaneous fault detection module.

Although section 4.[1already looks at robust performance and stability, the analysis is done by means
of linearized systems of the plant and the controller. However, this only allows an indication on the
behavior of the nonlinear system but no definite statement. Thus, section [4.3shows the response of
the nonlinear system under the presence of model uncertainties. The values chosen are motivated
physically instead of systemic. Again, the results indicate that the controller can handle the exposed
uncertainties sufficiently well. However, the uncertainties chosen are smaller than usual for flight
control design (see, e.g., [15]). Still, the results indicate that the controller has certain margins against
model uncertainties. It is to be determined if these margins are sufficient for the final design of the
aircraft and if a model accuracy within these uncertainty ranges can be achieved.

Section 4.4 investigates the disturbance rejection capabilities of the implemented flight control system
and the proposed flight control laws. In the monte-carlo simulation, the aircraft is exposed to contin-
uous wind turbulence with increasing wind speeds. The results suggest that starting from the lowest
turbulences (at 20s), the turbulence noise is fed through to the actuation and flight state. However,
the results indicate further, that the control laws are capable of limiting the effect of the disturbances.
It can also be seen, that the aircraft behaves stable in all experiments and turbulence magnitudes.
However, higher frequency control activity is required to do so.

6. Conclusion

This study shows the application of a hybrid NDI control law with optimization-based control allocation
and failure handling to a semi-electrical split-flap configuration. The proposed control system is ana-
lyzed with respect to nominal and robust performance and stability with methods from robust control.
Afterward, nonlinear time-domain simulations are used to show the performance of the system in
nominal, failure, disturbance, or uncertainty conditions by using monte-carlo simulations. The system
evaluation is used to draw conclusions about the applicability of a semi-electrical split-flap system
to support general aviation emergency handling. The results indicate that the configuration under
investigation is capable of handling the analyzed scenarios. However, the stability and performance
margins are rather small due to the limited authority of the split control surfaces. However, since
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this system will only be engaged in abnormal conditions, this may still be an acceptable trade-off.
Nevertheless, further work is needed in order to address the open issues and questions.
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