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Personal air transportation using small aircraft is a market that is expected to grow significantly in the near future.
However, seventy times more accidents occur in this segment as compared with commercial aviation. The majority of
these accidents is related to handling and control problems, which are closely linked to the experience level of the
pilots. In commercial aviation, the combination of fly-by-wire technology and flight envelope protection is used to
prevent these types of accidents. Instead of downscaling advanced and high-cost fly-by-wire platforms, a low-cost
solution should be considered for the general aviation market. This paper focuses on a flight envelope protection
system for small aircraft. Preliminary results are obtained from an empirical comparison study in the time domain
between a proportional-integral-derivative-based control limiting approach, a command limiting approach, a
constrained flight control law approach using model-based predictive control and incremental nonlinear dynamic
inversion, and a virtual control limiting approach, which also uses incremental nonlinear dynamic inversion.
Comparison is done not only using a nominal model but also in cases of parametric uncertainty, sensor noise, time
delays, wind gusts, and turbulence. Investigation of the results reveals that, for this study, control limiting should be
avoided, and for practical implementation command limiting is the best option.

Nomenclature
= wing span
roll moment coefficient
pitch moment coefficient
yaw moment coefficient
aerodynamic force coefficient
aerodynamic force coefficient
aerodynamic force coefficient
set of constraints
mean aerodynamic chord
= constraint matrix
set of state functions
set of input functions
transfer function
prediction horizon
input horizon
output function
inertia tensor, kg - m?
set of aircraft states
= differential gain
integral gain
proportional gain
discrete time
input dimension
set of mapping functions
aircraft state dimension
roll rate, rad/s
= weighing matrix
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= pitch rate, rad/s
weighing matrix

yaw rate, rad/s

convex region

time horizon, s

time, s

set of possible inputs
set of Lebesgue measurable functions
input vector

velocity, m/s

aircraft state vector
upper limit of x

lower limit of x

angle of attack, rad
angle of side-slip, rad
aileron deflection, rad
elevator deflection, rad
rudder deflection, rad
linearized system state
pitch angle, rad
linearized system input
roll angle, rad

= rotational velocity, rad/s
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N THE future airspace, a growth in small aircraft movements is to

be expected, according to the United States small aircraft
transportation system and the European personal air transportation
system programs. The main reason for this growth is due to an
increasing demand for people to reach more communities in less
time. With the introduction of improved and cost-efficient tech-
nologies, it is even expected to become an attractive alternative to
road transportation. In the general aviation segment, however, fatal
and nonfatal accidents are not rare [1,2]. Currently, an average
number of seven accidents per 100,000 flight hours dominates this
segment. As this market is expected to grow significantly in future
years, measures must be taken to guide this growth in a safe manner.

By looking more closely at accident analyses, frequent causes can
be traced back to poor aircraft handling (72%) and pilot decision-
making errors (36%) [1,2]. Simultaneously performing the tasks of
aircraft handling, communication, navigation, and planning can be
rather difficult, especially for less experienced pilots. In terms of
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aircraft handling, misjudging the coupling of aircraft states and the
effects of external disturbances can put pilots in unsafe regions of
the flight envelope. In terms of decision making, ambiguous and
conflicting information from the airborne systems can result in poor
pilot “situation awareness” (SA) and decision making [3]. To resolve
these issues, control-augmentation techniques can be used to create
easy and safe aircraft handling characteristics, and new ways of using
and presenting information on flight displays can be explored to
improve SA and decision making [4,5]. This paper, however, only
deals with improving flight safety by means of a flight envelope
protection (FEP) control system that allows for a “carefree maneu-
vering” concept for small aircraft.

Commercial aviation has a long history of using control systems to
shape ideal aircraft responses [6]. To increase safety, modern com-
mercial aircraft, such as a Boeing 777 and an Airbus A380, are also
equipped with FEP systems to protect against stall and exceeding
overspeed and to limit load factors and angle of attack. These tech-
niques have greatly reduced the handling and control accidents in the
commercial aviation sector. However, simply downscaling these
advanced fly-by-wire (FBW) platforms for general aviation aircraft is
not an option, as it would significantly increase the cost of such an
aircraft. In the small aircraft future avionics architecture (SAFAR)
program, an ongoing European project, a low-cost FBW platform
will be developed for small aircraft by using technologies originating
from the automotive industry. The work in this paper focuses on the
design of a FEP control system by trading off several control
strategies adopted by industry and academia. As such, it provides a
preliminary comparison study among these control strategies and
their implications on system requirements, performance, cost, and
certification.

This paper is structured as follows. First, a review is provided of
FEP strategies and their benefits and pitfalls. Second, the role of the
aircraft model fidelity and accuracy on the FEP design will be
described. Then, a test case will be presented using classic and
advanced control strategies on a low-fidelity aircraft model. Finally, a
discussion of the results is provided, followed by the conclusions.

II. Review of Flight Envelope Protection Strategies

Modern FBW control systems have a FEP system that prevents the
pilots from entering state and control regions outside the safe flight
regime of the aircraft. In this section, a review is provided on several
aspects of FEP. First, the determination of the safe flight regime is
investigated, both a priori and during flight. Second, four different
strategies to protect the aircraft against exceeding its safe flight
envelope will be reviewed. These strategies are control limiting,
command limiting, using a constrained flight control law (CFCL),
and virtual control limiting [7]. Third, the pilot authority at the
boundary will be discussed, with the use of soft limits and hard limits.

A. Safe Flight Envelope Definition

The safe flight regime is commonly described in terms of limi-
tations on airspeed, pitch and roll angles, angle of attack, and load
factor. Predefining this regime has the advantage that the limits can
easily be interpreted and pose little or no sensor requirements.
Consider the dynamic aircraft model:

X = f(x,u) 0]

in which x € R"” denotes the state variables of the aircraft and
u € R™ the input to the aircraft model. The fixed flight envelope
limits (i.e., limitations on the aircraft state) can be written as

x<x(t)<x Vrel0,T] 2)

inwhich T > 0is some time horizon. The largest drawback of using a
predefined flight envelope is that in case of failures the limits are not
accurate anymore. Because of a failure (e.g., actuator hardover,
structural damage of the aircraft, etc.), the safe flight envelope will
shrink and limits will narrow. When the old boundaries are still used,
it cannot be guaranteed that the FEP system will keep the aircraft
within the safe flight regime. Tang et al. suggest that it should be

possible to use multiple predefined flight envelope sets and let the
sensor information determine which set is currently used by the FEP
system [8]. The flight envelope limits then become a function of time:

x(t) <x(1) <x(1) Y tel0,T] (3)

Tang et al. also use a different approach, in which the safe flight
envelope is not defined beforehand but online through reachability
and viability calculations [8]. First, an aircraft model is identified
online. This model can be used to predict the effects of control
surface deflections on state variations [9]. Then, the flight envelope is
determined as follows. Let U,,; denote the set of Lebesgue mea-
surable functions from the interval [z, #'] to the set of possible inputs
U € R™. Given the set of states K € R”, the safe flight envelope can
be estimated by gathering the initial states for which the following
hold:

1) There exists au(-) € Uy,r for which the trajectory x(-) satisfies
x() e KVrel0,T].

2) There exists a u(-) € Uy and a t € [0,T] such that the
trajectory satisfies x(7) € K.

The constraints calculated from the reachable set are then used in
the protection system.

B. Flight Envelope Protection

When the flight envelope limits are known, either through online
or offline determination, the flight control law (FCL) can be changed
and/or extended in order to ensure that the aircraft stays within these
boundaries. This section provides details on the four possibilities of
FEP shown in Fig. 1: control limiting, command limiting, using a
CFCL, and virtual control limiting.

1. Control Limiting

In a control limiting setup, an additional block is placed between
the FCL and the aircraft, as shown in Fig. la. It performs two tasks.
First, the envelope limits are mapped onto control surface deflection
limits. This mapping is nontrivial and can be done in many ways: by
inverting the input—output relation, by using physical functions such
as a force equilibrium function, or by approximating the control
surface deflection limits by using safe flight envelope margins (i.e.,
when the aircraft is far away from its limits, large control surface
deflections are allowed, and, when close to the limits, control surface
deflections are restricted). An advantage of control limiting is that
only one set of mapping functions is required for all FCLs, i.e., only
from the state limits onto control surface deflection limits, irre-
spective of which FCL is selected. The second task of the FEP
module is to keep the output of the FCL between the calculated
control surface deflection limits:

u(®) <u@ <u@) Vrelo,7] )

in which [u()u ()" = my-y 3_u.a(X, X, X, 1), with m; denoting a set
of mapping functions from state constraints onto input constraints.
Reaching these control surface deflection limits is similar to reaching
actuator limitations and should be included in integrator antiwindup
schemes or pseudocontrol hedging [10] schemes of the FCL.

2. Command Limiting

In a command limiting setup, an additional block is placed
between the stick and the FCL, as shown in Fig. 1b. The FEP block
basically performs the same tasks as for control limiting. First, the
flight envelope limits are mapped onto command limits. For each
control mode, a different set of mapping functions is needed, because
different commands will be used for each control mode. This is a
drawback of command limiting. The mapping functions themselves
tend to be simpler, however. For example, mapping an altitude limit
onto an altitude command limit for an altitude hold control law can be
done straightforwardly with input saturation. Second, the stick
commands are limited before they are fed to the FCL. This has the
advantage that no additional integrator windups will occur in the
FCLs.
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Fig. 1 Different strategies for keeping the aircraft within the safe flight envelope.

3. Constrained Flight Control Law

A third way to keep the aircraft within the safe flight envelope is to
use a (state) constrained FCL, as shown in Fig. 1¢c. Model predictive
control (MPC) is a perfect candidate for this task, due to its explicit
constraint-handling capabilities [11]. Originating from the process
industry, MPC is capable of keeping multivariable systems within
explicitly defined boundaries while tracking a desired trajectory with
high performance [12]. MPC is a collective term for several control
algorithms in which a dynamic model of the system is used to predict
and optimize future states and needed inputs of the system. At each
control interval, the MPC algorithm computes an open-loop se-
quence of the manipulated variables in such a way that the future
behavior of the system is optimal. The first value in this optimal
sequence is applied as an input to the system, and the optimization
process is repeated at the subsequent control intervals [11]. This
principle is called the receding horizon principle and is presented
graphically in Fig. 2. Attime k, an optimal control sequence u,. ; is
calculated over a prediction horizon H,, in which the control is
assumed to be constant after the input horizon H,, as shown in
Fig. 2a. Only the first element of this sequence is used as an input to
the system. Then, the horizon is receded over one sample to k + 1,
and the optimization is repeated with new measurements from the
system, giving a new and probably different optimal control
sequence as shown in Fig. 2b.

Often, MPC is based on a discrete linear system. For these kinds of
systems, future predictions can easily be made by simple matrix
multiplications and additions. Consider the discrete linear system:

X1 = A(k)x; + B(k)u, (©)

Predictions of this system can be written as

§k+1\k
=Ux, + Tx,_, + OAU, (6)
ﬁIH»Hp\k
in which
A B
v=| |, T= : :
AP i AT
(@)
B 0
0= : :
Y AB Y AlB

The optimal sequence of manipulated variables can be found by
solving the quadratic programming (QP) problem:

minAUT(©TQ0 + R)AU, — 20T QE;)T AU,
AL ®)
subjectto FAU, < ¢

in which Q and R are weighing matrices, E(k) = T, — Wx; — Yuy_,
represents the tracking error, and F and ¢ describe the state, input,
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Fig. 2 The receding horizon principle of MPC.

and incremental input constraints on the system. The outcome of the
QP solver is either infeasibility or the optimal sequence of manip-
ulated variables of which the first element can be applied to the
system. Depending on the number of states of the system and the
number of prediction steps used, the matrices may become very
large, and solving the QP problem could be time-consuming.

Because of the nonlinearities at the boundaries of the flight
envelope, the predictions made using such a linear model are most
likely incorrect. Nonlinear MPC exists, but unfortunately it is
currently too slow for application in aircraft control [13,14]. An alter-
native approach often taken is nonlinear dynamic inversion [15,16]
(NDI), to obtain almost full linearity of the controllable system, on
which a MPC controller can then be applied. NDI is a type of
feedback linearization that continuously linearizes the aircraft model
by inverting the nonlinear dynamics. The combination of NDI and
aircraft dynamics then results in a mere chain of integrators. For
demonstration purposes, suppose a nonlinear single input/single
output system can be described by

x=f(x) +gXu  y=h(x) ©)

The control variable y is differentiated with respect to time until it
becomes an explicit function of the input. Thus,

. _0h, 0h oh
_B_XX —B—Xf(x) +8—Xg(x)u (10)

Feedback linearization is achieved using the control input:
u=M7"'v-1) (11)

in which M = (0h/dx)g(x) and [ = (dh/dx)f(x). Application of

this input to the system results in the output y becoming the integral

of the virtual control input v. The linear system y = v can easily be
discretized and then used to predict the future behavior of the system

Linearized system |

M~(2) H Aircraft %

Fig. 3 Feedback linearization using NDI.

in the MPC controller. Figure 3 shows the principle of NDI'in a block
diagram.

For a low-fidelity aircraft model, the nonlinear dynamics are not
known very accurately, and, therefore, inversion may be problematic.
Using NDI with a linear fractional representation of the uncertainty
shows that modeling errors can result in incomplete linearization [17]
and, therefore, poor performance of the MPC controller. When NDI
on the incremental input of the system is used, a large part of the
uncertain parameters drop out. This method, also known as incre-
mental nonlinear dynamic inversion (INDI), thereby decreases the
sensitivity to parametric uncertainty [18]. Consider the moment
equation:

M, +M,=Jo+oxJo (12)

in which M, represents the aerodynamic moment, M, the
aerodynamic moment due to control surface deflections, J the inertia
tensor, and o the rotational velocity of the aircraft. Suppose that a
change in control moment has a far greater effect on the angular
acceleration than on the angular rate or, in other words, that time scale
separation may be applied [19]. The incremental moment equation
can then be written as

aMc = J(d)new - Cz)cur) (13)

In this equation, the parametric uncertain M, has dropped out. Using
Eq. (13) as a basis for NDI will, therefore, result in a control law that
is less sensitive to parametric uncertainty. Equation (13) also shows
that application of INDI requires knowledge on the angular accel-
erations of the aircraft w. There are devices on the market that can
measure the angular acceleration, but these are costly. An alternative
approach is to use the angular rates available from inertial mea-
surement units and differentiate this signal. This procedure will put
requirements on the noise level of that signal, however.

4. Virtual Control Limiting

Application of a feedback linearizing control scheme such as NDI
allows for the definition of a fourth FEP strategy, virtual control
limiting. In this setup, limitations are not applied on the control
surface deflections but on the virtual control input v of the linearized
system, as shown in Fig. 1d. In this way, only one set of mapping
functions is needed, i.e., from state constraints onto virtual control
input constraints, irrespective of the outer-loop control law used.
These functions are likely to be simpler than the mapping functions
needed for control limiting and can be written as
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v(@®) =v(@) <) Vtel0,T)] (14)

in which (N P()]" = M5, 5(X, X, X, ).

C. Pilot Authority at the Boundary

Irrespective of the methods used for determining and protecting
the flight envelope, control authority at the boundary must be
defined. In commercial aviation control systems, there is a very
important distinction between the approaches to FEP being taken by
Boeing and Airbus. The Boeing 777 has so-called soft protections,
meaning that the crew can override them by using excess force on the
control column. Thus, the protection system will make it more
difficult to do something it thinks should not be done but will always
leave the final decision to the crew. The main advantage of soft limits
is that pilots can always operate the aircraft at its full capability
whenever required. The disadvantage is that less experienced pilots
can always control the aircraft into unsafe flight conditions. In other
words, pilots have to be fully aware of the aircraft limitations. Other-
wise, they still have the authority to make things worse.

In contrast, the protections on the A320 are so-called hard limits
that cannot be overridden. That is, you either get switched into an
alternate control mode or your inputs will be ignored. The advantage
of hard limits is that the protection system will always keep the
aircraft in safe flight regimes and, therefore, controllable, irre-
spective of pilot control actions. The main disadvantage is that it
prevents the aircraft from being operated at its full capacity, which
can also have some serious consequences. For example, in the China
Airlines B 747 incident 300 n miles northwest of San Francisco, in
1985 [20], the crew was forced to overstress (and structurally
damage) the horizontal tail surfaces to recover from a roll and near-
vertical dive following an automatic disconnect of the autopilot. At
the time of disconnect, full rudder was engaged to one side, and the
crew was unaware of this. The crew recovered control with about
10,000 ft of altitude left from an original high-altitude cruise. It is
very likely that, if the aircraft had prevented the crew from initiating
control commands that would lead to aircraft damage, the aircraft
(and passengers) would have been lost.

III. Aircraft Model Requirements

This section provides some remarks on aircraft model
requirements related to FEP system design. First, the necessity of a
nonlinear model is explained, followed by a brief description on how
such a model may be obtained. The last part of this section shows the
influence of the mapping functions on the required model accuracy.

A. Importance of Modeling Nonlinearities

In general, much effort is directed into creating an aircraft model
suitable for controller design. This is quite logical, because a good
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aircraft model will require a less robust control law and may, there-
fore, lead to a better performing controller. It is common practice that
controller design is done using linearized aircraft models and
classical control theory. Several operating points are selected within
the flight envelope, around which the linear approximation is valid.
These linearized models are then used in analysis and design tools,
such as Root Locus, Bode, Nyquist, etc. For the design of a FEP
system, this procedure will probably fail to provide satisfactory
results. FEP plays its role at the limits of the flight envelope, where
most nonlinear effects are present. Therefore, a full nonlinear model
is highly preferred.

B. Obtaining a Nonlinear Model

Linear parameters of a Piper Seneca 2 model, obtained using flight
tests during the cruise phase, were available during this study. To
create a nonlinear model, different methods may be applied, for
example, wind-tunnel tests, computational fluid dynamics compu-
tations, or handbook methods based on empirical data. In the 1970s,
the United States Air Force combined many handbook methods into
adata companion called DATCOM. Using this program, the stability
and control derivatives can be estimated based solely on the geo-
metric data of the aircraft. Many small aircraft have quite conven-
tional shapes and fly at low (subsonic) velocities. These are precisely
the conditions for which DATCOM is known to have good results
[21]. After conversion to the body fixed reference frame, DATCOM
provides the parameters for the following aerodynamic model:

CX = CXO + Cxaa + CXse 8e + CX&[ 8f

rb

Cy=Cy,+ CY’ZV

, é
Cr=Cry+Cra+Cra+ Cr I 4 €y, 8,4C, 6

_ pb rb
C,—C,ﬂﬂ-i—C,p 2V+Cl'2V+C1)’ 5
Cm=Cm0+cmua+cmdd+cm 2V+Cm,3 8 +Cmb 8/
pb rb
c,=C, C C C, $ 15
n IB+ ”2V+ ,2V+ ns, “a ( )

Note that the rudder influence onroll C;; and yaw motion C,,,
not provided by DATCOM and should be added from an alternatlve
source. Figure 4 shows a comparison between the DATCOM results
and the linear parameters obtained from flight tests, for a selection of
important aerodynamic model parameters. Apparently, most param-
eters match very well; only C,, and C,,% differ, by about 50%. To
model the nonlinearities at the limits of the flight envelope, the

— DATCOM
- Flight tests

—10 0 10 20
a [deg]

=10 0 10 20 T 0 10 20
a [deg] [deg/s]

10 0 0 20 10 0 0 20
q [deg/s] de [deg]

Fig. 4 Comparison of important aerodynamic model parameters for a Piper Seneca 2.
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parameters obtained from DATCOM are, therefore, used in the Piper
Seneca 2 model.

C. Mapping Functions and Aircraft Model Fidelity

Another requirement on the aircraft model is posed by the choice
in mapping functions used in the FEP system. High model accuracy
is required when physical functions, or inversed input—output
relations, are used as mapping functions. For example, consider the
transfer function from elevator deflection angle to pitch angle:

0(s)

H& =5

16)

This relation calculates the elevator deflection corresponding to the
upper pitch angle limit:

8.(s) = H™'(5)0(s) (17)

Clearly, H should be invertible, and it should also be accurate,
because there is no correctional term present in the equation. If an
inaccurate model is used, the mapping may become inexact, leading
to the possibility of exceeding the safe flight envelope.

Using approximation functions, the mapping is more likely to be
robust against small model uncertainties, and, therefore, the fidelity
of the aircraft model may be lower. For example, suppose an elevator
deflection limit can be related to the upper pitch angle limit, as
follows:

8, =8,uim + K,(0—0) (18)

in which K, is a proportional gain. This relation is not dependent on
model information and is, therefore, less sensitive to model
uncertainty. However, the amount of freedom the pilot has within the
safe flight envelope may be restricted unnecessarily, because the
limits are not determined accurately.

IV. Test Case Definition

The remainder of this paper contains a comparison study. The
performance, defined as the ability to keep the aircraft within the safe
flight envelope, of four different FEP systems will be compared in the
time domain. In this study, knowledge of the aircraft model and of the
benefits and pitfalls of FEP strategies will be used to find the FEP
system best suited for the test case presented in this section. First, the
method of this test case is described. Second, the four FEP options are
presented. Third, the results of the test case are given.

A. Method
1. Aircraft Model

The aircraft used in the test case is a Piper Seneca 2. The dynamic
behavior of a Piper Seneca 2 is captured in a multimodel six-degree-
of-freedom nonlinear mathematical model. The aerodynamic model
of the aircraft is created using DATCOM+, as mentioned in the
previous section. The aerodynamic model is combined with a mass
model and a thrust model, supplied by the manufacturer. The aircraft
will be trimmed at cruise condition: 120 kt and 6000 ft. Cruise
condition is, partly, selected because of the available data but also
because most fatal accidents related to handling and control of the
aircraft occur during the cruise and maneuvering phase [1]. The
majority of all accidents occurs during the landing phase, but,
because the energy state of the aircraft (both potential and kinetic) is
quite low during landing, many of those accidents are nonfatal.

2. Flight Control Law

Direct control of this model (and the aircraft) is not very easy. Part
of this is caused by the coupling of aircraft states; for example,
banking to the left will also pitch down the nose of the aircraft. An
attitude rate command attitude hold (RCAH) control law, as shown in

1
CO— 7 p:

Fig. 5 Attitude RCAH control law.

Fig. 5, will be used as FCL to control the deflection of the elevator and
the ailerons. The stick position provides an attitude-rate command to
the control law. This command is integrated and then used as a
reference. When the attitude is disturbed, e.g., due to turbulence, the
reference will not change, and the control law will cancel the
disturbance. Turbulence rejection is a very important property of this
FCL. A stick displacement in y-direction results in a roll rate
command. The pitch rate command will remain zero, however. The
change in pitch angle caused by the rolling motion of the aircraft is,
therefore, also canceled. In other words, control of the aircraft
becomes decoupled. These two properties allow for easy aircraft
handling and may be suitable for less experienced pilots. Thorough
investigation of the handling qualities is not treated in this text,
because the focus here lies on the FEP system. More information on
this topic can be found in the work of Mulder et al. [22].

The drawback of a RCAH FCL is that it is not inherently stable.
This means that keeping a certain stick deflection will not result in a
new equilibrium situation but a constantly changing attitude angle.
Even keeping the stick centered is not necessarily safe, because speed
stability is removed from the dynamic behavior of the aircraft.
Without application of FEP, this behavior is very dangerous. It
should, therefore, be a good FCL for this test case.

The rudder deflection and throttle setting are controlled by an
autopilot in this test case. The rudder controller will try to minimize
the side-slip angle by directly reacting to 8, and an autothrottle will
try to keep the speed constant by directly reacting to Vyus.

3. Input Signal

To test the performance of the FEP systems, a sufficiently large
step is given as pitch rate command. This will cause a sharp pull-up
maneuver, during which the angle of attack limit is reached, followed
by a pitch angle limit. The aircraft will decelerate in this condition
until the stall speed limitis reached. After 20 s, the input is reversed to
check for integrator windups of the control system.

4. Flight Envelope Determination

The selected control law requires the use of FEP for safe flying.
However, before the flight envelope can be protected, it must be
defined. Restriction to low-cost sensors limits the usefulness of
online model identification. The noise of the sensors will lead to
uncertainty in the model parameters, resulting in a conservative
definition of the flight envelope. Moreover, determination of the
flight envelope through reachability and viability calculations is
currently too slow for online application. A predefined flight
envelope limit set will, therefore, be used in the test case.

5. Available Mapping Functions

The four FEP strategies to compare are control limiting, command
limiting, replacing the FCL by a CFCL, and virtual control limiting.
For all these strategies, a mapping of the state constraints is required.
Restriction to low-cost sensors also affects the choice in mapping
functions that can be used. The use of physical functions, such as a
force equilibrium or an energy conservation function, requires much
knowledge of the aircraft state and would, therefore, pose consid-
erable sensor requirements. Mapping functions that use inverted
input—output relations are also less useful, because the fidelity of the
model used in this test case is not very high. The only mapping
functions that can be used are, therefore, approximate mapping
functions.
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6. Authority at the Boundary

The pilot authority at the envelope boundary is defined using hard
limits. In this way, the system is usable for less experienced pilots,
because they are not able to structurally damage the aircraft. Further-
more, the use of soft limits would require a force or force-feedback
stick, which is more expensive and uses more space in the often
already cramped cockpit.

7. Conditions

The goal of this paper is the investigation of practical FEP systems.
To increase the practical use of these systems, several off-nominal
conditions need to be added to the test case. Because of the low
fidelity of the model, robustness to parameter changes is very
important. As the input in the test case is a longitudinal one, only
longitudinal model parameters need to be altered. To investigate the
robustness of the FEP systems to parameter uncertainty, the basic
longitudinal force coefficient Cy, is increased by 10%, whereas the
influence of the angle of attack on the vertical force coefficient C, is
decreased by 10%. From the comparison between DATCOM and
flight-test data, it appears that the elevator effectiveness C,, is
somewhat underestimated by DATCOM. Therefore, this parameter
is increased by 40%. Mass m and longitudinal center-of-gravity
position x., are also subject to change during flight and have,
therefore, been increased by 10 and 5%, respectively.

The use of low-cost sensors brings about the necessity to deal with
noisy signals. Investigating the sensitivity to sensor noise is, there-
fore, crucial. The output of the aircraft is modified using first- or
second-order sensor dynamics, an appropriate level of filtered zero
mean white noise, and a constant bias. The output of this sensor block
is fed to the control system.

Besides sensor noise, time delays of the signals can have a severe
impact on the performance of the FEP systems. Sensitivity to these
delays is investigated using transport delays of 50, 100, and 150 ms.

The final off-nominal condition examined in this paper is flying
through turbulence and wind gusts. This condition causes distur-
bances on the input, as seen from the controller. It is, therefore,
similar to the condition with sensor dynamics; however, the fre-
quency and amplitude of the disturbance are completely different.
Because the effect of turbulence on small aircraft is profound, this
condition could have a large impact on the FEP system. The effects of
turbulence have been modeled according to the mathematical
representation in Sec. 3.7 of the military specification MIL-F-8785C
[23]. The intensity of the applied turbulence is labeled as “moderate”
by MIL-F-8785C. This means that, at an altitude of 6000 ft, the root
mean square of the turbulence intensity is 3 m/s. Accounting for the
turbulence scale length of 533.4 m and the aircraft velocity of
62 m/s, the amplitude of the vertical turbulence component is
around wy,p, = +3./533.4/(627r) = £5 m/s. A rough approxima-
tion of the maximum change in angle of attack caused by this
turbulence, neglecting the horizontal turbulence component and
assuming u & V, is, therefore, o, = arctan(5/62) = 0.08 rad or
4.6 deg. The wind gust used in this condition is defined by MIL-F-
8785C as a “l-cosine” shape. It starts after 10 s, at which time
V =50 m/s and has a buildup length of 120 m and an amplitude of
3.5 m/s, in Xp-direction, and 3.0 m/s, in Zg-direction. The change
in angle of attack due to this gust is approximately o =
arctan(3/(50 — 3.5)) = 0.063 rad or 3.6 deg.

B. Flight Envelope Protection Strategies
1. Control Limiting

In the control limiting setup, multiple parallel proportional-
integral-derivative (PID) controllers, one for each flight envelope
limit, can be used for the mapping of state constraints onto control
surface deflection constraint, as shown in Fig. 6. The output of each
PID controller is interpreted as a control surface limit. For example,

S = buain + K, 0 -0 + K, [0-Dar+ K, 19

FE limits

PID for

PID for 6

RCAH b“i‘;;’_lil(}ng H Aircraft %

T [

‘&

<

Fig. 6 Control limiting using multiple PID controllers.

in which K, K;, and K, are gains. Note that in order to prevent
“suction” toward the limit while being in the safe flight envelope, the
integral should be kept zero until the limit is reached. When the
output of the currently selected FCL exceeds a control surface limit,
control is switched to that limit hold controller. Additional switching
logic is used to return control authority to the pilot on input reversal
and prevent integrator windups in the FCL and in the parallel PID
controllers.

2. Command Limiting

The second candidate is the command limiting setup, shown in
Fig. 7. In this setup, the FEP controller will limit the attitude-rate
commands fed to the FCL. The pitch angle limits are mapped onto
pitch rate command limits, using parameter projection [24]. Let S be
a convex region defined as

S 2{yeRr|g(y) <0} (20)

in which g:RP» — R is a smooth function. Parameter projection
provides that the parameter y will remain in S when

y if ye&°
y= orif y € S and VgTy <0 @D
y—T vvg gTvrg;g y otherwise

in which S is the interior of S, §S is the boundary of S, Vg=
dg/dy, and I' is a design parameter. In the case of mapping the pitch
angle limit onto a pitch rate constraint, the following relations can be
used. Because g is a scalar function per parameter, first the upper and
lower limits need to be captured in a single function:

g=0—0+60)/2>— (- (0+06)/2)?

_ (22)
Vg=2(0-(0+0)/2)

The pitch angle limits can then be mapped onto pitch rate constraints
using

Gemd if 8 = 0
Gemd = orif g=0and Vggey <0 23)
0 otherwise
FE limits
/_y Command RCAH Aircraft
limiter

]

A

Fig. 7 Command Limiting.
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To prevent the aircraft from stalling, the upper pitch angle limit can be
decreased on approaching the stall speed V. This may be done using a
hyperbolic tangent function:

5= é-tanh(cl + V‘Z) (24)

C2

in which ¢, is a tuning parameter that influences the highest pitch
angle allowed at the stall speed limit, and ¢, is a tuning parameter that
influences the aggressiveness of the FEP controller on reaching the
stall speed limit. Similar constructions are possible for the overspeed,
angle of attack, and load factor limits.

3. Constrained Flight Control Law

In the third candidate, the PID FCL is replaced by a MPC
controller combined with INDI. This candidate is referred to as
CFCL, hereafter. The INDI control variables have to be chosen care-
fully, because they affect the required mapping of the flight envelope
limits onto the controller constraints. Here, the state and input vectors
of the linear system used by the MPC controller are chosen as

follows:
[} -

In this way, the pitch and bank angle limits can be fed straight to the
MPC as state constraints. The other aircraft state limits can be
protected using the same construction as used in the command
limiting setup, i.e., hyperbolic tangent functions. Figure § shows the
CFCL in a block diagram.

4. Virtual Control Limiting

In the fourth and last candidate, the RCAH FCL is combined with
INDI. Again, INDI linearizes the system using differentiated angular
rate feedback. The linearized system has the virtual-input variables
v=[p ¢]". Adaptation of the gains of the FCL is needed, because
the output of the FCL changes from §, to ¢, but the structure remains
the same. FEP is achieved by mapping the state constraints onto
angular acceleration constraints, using parameter projection and
hyperbolic tangent functions. The control-authority switching logic
is copied from the control limiting FEP strategy. Figure 9 shows the
FEP strategy in a block diagram.

FE limits| _ _ _ _ __ __ ___ _____ ____
: Linearized system

1

I - !

MPC M Y(z) Aircraft ‘ :
I

I

. ¢ I

“ l

I

Fig. 8 Replacing the FCL by MPC plus INDIL.

FE limits| _ _ _ _ _ _ _ _ _ _ _ _________
: Linearized systcm:
I

RCAH H FEP
1

Fig. 9 Virtual control limiting.

C. Results

The performance of the multiple PID control limiting, the
command limiting, the CFCL, and the virtual control limiting FEP
systems is shown in Fig. 10. This figure also shows the input signal in
a solid light grey line and the safe flight envelope limits in a solid
black line. Figure 11 shows the performance of the same systems, but
now using altered aircraft model parameters. Figure 12 shows the
effect of sensor noise, and Fig. 13 shows that of time delays.
Figures 14 and 15 show the aircraft response in the presence of wind
gusts and turbulence. The results are discussed in detail in the
following section.

V. Discussion
A. Performance

The aircraft response to the earlier defined input, using the
different FEP systems, is shown in Fig. 10. It should be noted that the
PID control limiting setup slightly overshoots the envelope limits.
This is quite logical, because each controller activates after the limit
has been reached and acts only as a hold controller. When using
control limiting, the safe flight envelope must, therefore, be chosen
conservatively. In the command limiting setup, the controllers are
already active when approaching the limit, and they prevent over-
shoot. This results in a very smooth interception of the limits, which
is preferable for ride comfort and pilot awareness of approaching
flight envelope limits. There is barely any difference between the
command limiting setup and CFCL setup. Using the virtual control
limiting strategy, the pitch angle also overshoots its limit. However,
the overshoot is smaller, compared with normal control limiting,
because the limit mapping functions are more exact. The response
clearly shows that the velocity limit is handled using the same
hyperbolic tangent functions used in the command limiting and
CFCL setup. All four controllers do not suffer from integrator
windups, and control is returned to the pilot immediately after input
reversal.

B. Sensitivity to Parametric Uncertainty

Not only is good performance required, but also robustness against
modeling errors is crucial for practical use of the FEP system.
Figure 11 shows the performance of the controllers in the presence of
modeling errors. The control limiting setup is reasonably robust but
does getinfluenced by the uncertainties. Limits are exceeded slightly
further, and limit transitions, such as from pitch limit to stall speed
limit, oscillate more. This fact can be explained, by realizing that the
mapping from state limits onto control surface deflection limits is
largely dependent on the control surface effectiveness. Modifying
the control surface effectiveness alters the state change caused by a
control surface deflection and would, therefore, require a change in
mapping. The command limiting, CFCL, and virtual control limiting
setups are not sensitive to the changes in the altered parameters. For
these setups, the control laws handle the parameter changes, and the
mapping functions are not influenced. Because the aircraft was not
retrimmed after the model changes, some initial movement can be
seen in the first 2 s for all FEP strategies.

C. Sensitivity to Sensor Noise and Bias

A low-cost system implies using low-cost hardware. Unfortu-
nately, low-cost hardware is likely to have much sensor noise and
bias. Figure 12 shows the performance of the controllers in the
presence of these disturbances. Clearly, the performance of the
control limiting FEP system is unsatisfactory. The reason for this lies
in the mapping of the velocity constraint onto the elevator deflection
limit. The differential term of this hold controller is quite large, and in
the presence of sensor noise this signal blows up. Figure 12b shows
the aircraft response when stall speed protection is disabled for the
control limiting FEP system. The result is considerably better. For the
command limiting setup, the added sensor noise and bias hardly
influence the response of the aircraft. Although sensitivity to noise on
the angular rate measurements was expected for the setups using
INDIL, the figure does not reflect this. Because the actuator dynamics
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Fig. 10 Aircraft response using different FEP strategies.

act as a low-pass filter, the level of noise applied in this test case does
not lead to significant problems.

D. Sensitivity to Time Delays

Besides sensor noise and bias, time delays play a significant role in
a low-cost general aviation FBW system. The influence of time
delays on aircraft responses is shown in Fig. 13. Figure 13a shows
that all systems are hardly influenced by time delays smaller than
50 ms. In the presence of 100 and 150 ms time delays, problems arise,
as can be seen in Figs. 13b and 13c, respectively. Both the control
limiting system and the CFCL system show rapid oscillations in the
pitch angle. The virtual control limiting setup causes an even more
sluggish response to the input. All systems do succeed at keeping the
aircraft within the safe flight envelope, but ride comfort may be
affected. Command limiting is the only FEP system that is influenced
only a little in the presence of time delays.

E. Sensitivity to Wind Gusts and Turbulence

Figure 14 shows the influence of wind gusts on the aircraft
responses. The angle of attack buildup after 10 s, due to the wind
gust, is clearly shown in the response. The FEP controllers prevent
the aircraft from exceeding the angle of attack limit, by lowering the
nose of the aircraft. The CFCL performs best for this test case, by
lowering the nose such that the angle of attack limit is not reached.
The command limiting and virtual control limiting controllers push
the nose less far down, and this results in a slight overshoot of the
angle of attack limit. This behavior comes from a tuning choice, in
which a tradeoff is made between the allowance of rapid aircraft
responses and strict enforcement of the limitations. The control
limiting FEP system reacts after the limit has been exceeded, but it
does push the nose down as far as the CFCL controller.

Figure 15 shows the influence of turbulence on the aircraft
responses. The influence of turbulence on the angle of attack is
attenuated by deflections of the elevator. The RCAH FCL clearly
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Fig. 12 Aircraft response using different FEP strategies, sensitivity to sensor noise.

rejects the turbulence, as the response of the aircraft is highly similar
to the nominal case. All FEP controllers are able to keep the aircraft
within the flight envelope limits.

F. Implications for Small Aircraft

The cost of a FEP system is largely determined by sensor require-
ments and certification costs. Using predefined flight envelope limits
and approximate mapping functions results in low sensor require-
ments and, therefore, potential cost savings. In terms of certification,
predefined limits increase the functional visibility of the control
system and are, therefore, also advisable. The choice between appli-
cation of control limiting, command limiting, CFCL, and virtual
control limiting is influenced by certification considerations, as well.
CFCL has lower functional visibility, mainly due to the use of a QP
solver in the MPC controller, and, therefore, requires a more exten-
sive certification procedure than the other controllers [25]. In both
INDI setups, matrix inversion is required, which is potentially unsta-
ble. However, in the presented test case the matrix inverse always
exists, because a linear relation is assumed between the aerodynamic
moments and the control surface deflections, and cruise condition is

selected as the operating point. A smaller part of the total cost is
determined by flight control system hardware. Using CFCL poses a
much higher demand on processing power than using PID con-
trollers, which means that more expensive hardware is needed.

G. Scope of the Test Case

The ultimate goal of a practical FEP system is, of course, to be used
inreal flight. In the SAFAR project, the objective is to install low-cost
FBW technology in a Diamond DA42 demonstrator aircraft. As a
first step, the FBW system will be switched on during cruise flight,
and a conservative set of limits will be used. On this platform, a
RCAH FCL combined with a FEP system will aim to make flying this
small aircraft easier and safer. This paper contributes to the selection
of that FEP system.

The test case presented in this paper, therefore, suits the needs of
the project. If the FBW system is used for full flight, additional
requirements are posed on the FCL, and RCAH may not be a good
choice anymore. This will have an impact on the mapping functions
used in the FEP systems and may lead to different results. Also, the
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Fig. 13 Aircraft response using different FEP strategies, sensitivity to time delay.

degree of nonlinearity of the model will increase, making the INDI-
based systems potentially much more beneficial.

H. Future Investigations

Ifinstallment of FBW and FEP contributes to decreasing the rate of
handling and control accidents in cruise flight, focus can be diverted
to the next major source of accidents. In general aviation, as well as
commercial aviation, planning and decision errors are responsible for
alarge part of the accidents. Much attention is already paid to solving
these issues for civil aircraft, and future investigations are needed into
the applicability of these solutions to the small aircraft market.

On the other hand, many nonfatal accidents occur during the
landing phase. Before personal air transportation is a viable option,
this figure must also be reduced drastically. In commercial aviation,
autoland systems are installed to prevent landing phase accidents.
This solution requires the support of costly airport services, however.
A typical airport at which a general aviation aircraft will land prob-
ably lacks this support. Therefore, future investigations are needed
into landing aid systems to support landing on airports without
an instrument landing system. Perhaps, renewed research into
global-navigation-satellite-system-based landing systems [26] and/

or research into display enhancements [27] can lead to landing aid
systems for these situations.

VI. Conclusions

This paper presents a study of FEP techniques for small aircraft. A
comparison is made between a PID-based control limiting approach,
a command limiting approach, a CFCL approach using MPC
combined with INDI, and a virtual control limiting approach using
INDI. All four controllers perform well, when there are no model
uncertainties present. However, full certainty is hardly the case when
a low-cost system is considered. Model parameters are altered up to
40%, and the test case is rerun without adapting the controllers.
Command limiting, CFCL, and virtual control limiting proved far
less sensitive to parametric changes than the control limiting setup.
Similar results are obtained, when sensor noise and bias are con-
sidered. Especially, the stall speed protection of the control limiting
system proved highly sensitive to sensor noise and bias. In the pres-
ence of time delays, only command limiting keeps performing well.
The FEP controllers are all able to deal with atmospheric conditions,
such as wind gusts and turbulence. Robustness against off-nominal
conditions is not the only prerequisite for a well-functioning low-cost
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FEP system, however. CFCL and virtual control limiting have lower
functional visibility. Therefore, they are harder to certify and will be
more expensive than the command and control limiting setups. Also,
the hardware requirements of the CFCL are higher, due to the QP
solver used in MPC, making this setup slightly more expensive.
Weighing all these considerations leads to the conclusion that
command limiting is the preferred option for the chosen test case.
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