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carried out under the supervision of D. van Os, who remained involved with this project as well. This
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Abstract

Preventing Loss of Control In-flight (LOC-I) in commercial and general aviation is an active research area with

numerous proposed solutions. One of these solutions aims to prevent lateral LOC-I, a special type of LOC-I, by presenting
a roll-performance based minimum lateral control speed to the pilot in roll-limited situations, such as single-engine failure
scenarios in multi-engine aircraft. This minimum lateral control speed is predicted by a system, named the V. Prediction
System (VPS), which continually predicts the minimum lateral control speed V. at which an aircraft can still obtain a
certain roll angle within a certain amount of time. It consists of three components; a linear model, a parameter estimation
method and a V. prediction model. These VPS components were designed for a simulation model of the Piper Seneca.
This study analyzes the sensitivity of the VPS design to a change in aircraft dynamics and simulation model complexity
by redesigning this system for a high-fidelity simulation model of the Fokker 50. The results show that both aircraft
favor a small linear model and the Modified Kalman Method for parameter estimation. The original V, prediction model
however gives higher V. prediction errors for the Fokker 50 than for the Piper Seneca. By simplifying the original V.
prediction model a stable, smooth and relatively accurate V. prediction for the Fokker 50 can be obtained.

Nomenclature

Abbreviations

AFM Aircraft Flight Manual

FA Forgetting Algorithm

FAD Forgetting Algorithm with Damping
FAR Federal Aviation Regulations
JAR Joint Aviation Requirements
LOC-I Loss of Control In-flight
MKM Modified Kalman Method
OEI One-engine-inoperative

OLS Ordinary Least Squares
PRESS Prediction Sum of Squares
RLS Recursive Least Squares

SD

SRS
SSE
VPS

Symbols

Standard Deviation
Simona Research Simulator
Sum of Squared Errors

V. Prediction System

Real part of a complex number

Sideslip angle, Imaginary part of a complex
number

Deflection

Roll angle
Required roll angle
Air density

Aileron, Acceleration
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Vras

Wing span

Coefficient, Correction
Constant

Discriminant

Flap

Gearing

Left

Rolling moment

Mass

Yawing moment

Constant

Roll rate

Constant

Pitch rate

Right, Constant

Rudder, Yaw rate, Constant
Wing area, Constant

Thrust, Tail, Time period
Time

Tail off

Velocity

Current air speed

Minimum lateral control speed
Minimum lateral control speed for a left roll
Minimum lateral control speed for a right roll
Minimum control speed air
True air speed

x-direction in the body axes
Sideforce

y-direction in the body axes

z-direction in the body axes

1 Introduction

Loss of Control In-flight (LOC-I) is one of the major causes
of fatal accidents in commercial aviation.[1] It occurs when
an aircraft uncontrollably deviates from its intended flight
path, which usually follows from a complex chain of events
such as structural or mechanical failures, loss of airspeed
or combinations of these causes. Due to the variety and
complexity of these causes, finding a universal solution for
preventing LOC-I is difficult. Most of the proposed solutions
in the research area of preventing LOC-I therefore focus on
a particular subset of LOC-I. Lateral LOC-I is an example
of such a subset. It typically occurs after an asymmetric air-
craft failure, such as a single-engine failure in a multi-engine
aircraft, wing damage or loss of aileron or rudder control.
One of the proposed solutions for preventing lateral LOC-I
was published by Koolstra in 2017, which aims to aid pilots
in manual recovery from roll-limited situations.[2] Koolstra
argued that, after an asymmetric aircraft failure, pilots need
an indicator of the lateral-directional control limits. Cur-
rently the only lateral-directional control limit used by pi-
lots is the minimum control speed air (Vp,eq). It is defined
in the US Electronic Code of Federal Regulations Title 14
§25.149 as the minimum velocity at which straight flight can
be maintained with a maximum roll angle of 5 degrees, when
the critical engine is inoperative and the non-critical engine
operates at full power.[3] The problem with preventing lat-
eral LOC-I using Ve, is that V., only applies after an
engine failure in a multi-engine aircraft. It does not incor-
porate other asymmetric failures. Additionally, V., does
not provide an indication of the aircraft’s manoeuvrability,
as it is determined for a static equilibrium condition. To
solve this problem Koolstra designed a system, named the
V. Prediction System (VPS), that continually predicts the
minimum lateral control speed V. of an aircraft based on
the estimated roll performance. It consists of three com-
ponents; a linear model which models the aircraft’s lateral
dynamics, a parameter estimation method which estimates
the parameters of the linear model online and a V, prediction
model which uses the estimated parameters to predict V..
Koolstra carefully designed the linear model, the parameter
estimation method and the V. prediction model based on
simulations that were done using a low-fidelity simulation
model of the Piper Seneca.[2] The suitability of Koolstra’s
VPS design for other aircraft and more complex simulation
models is currently unknown.

The aim of this study is to analyze how sensitive the Piper

Seneca VPS design is to a change in aircraft dynamics and
simulation model complexity. This is achieved by repeating



Koolstra’s VPS design process with a simulation model of
the Fokker 50 and comparing the resulting Fokker 50 VPS
design to the Piper Seneca VPS design. The main difference
between these aircraft is that the Piper Seneca is a light
aircraft mainly used in general aviation, whereas the Fokker
50 is a mid-size passenger aircraft mainly used in commercial
aviation. Furthermore, the Fokker 50 simulation model used
for this study has a higher fidelity than the Piper Seneca
simulation model used in Koolstra’s research [2], as it is
based on and validated with extensive flight test data. It is
therefore interesting to investigate if the Fokker 50 VPS can
use the same linear model, parameter estimation method
and V, prediction model as the Piper Seneca VPS to provide
an accurate prediction of V.. The VPS is redesigned for the
Fokker 50 by selecting the optimal combination of linear
model and parameter estimation method, and by evaluating
the accuracy of the V. prediction model based on 48 different
failure simulations using the Fokker 50 simulation model.
This study focuses on the sensitivity of these three VPS
components only, which means that aircraft state estimation
and presenting the predicted V. to the pilots is beyond the
scope.

This paper consists of seven sections. In Section 2 the
differences in aircraft states and control inputs between the
Piper Seneca and the Fokker 50 in a roll-limited simulation
model are identified. Following a short description of Kool-
stra’s VPS design in Section 3, the VPS is redesigned for
the Fokker 50 in Section 4 by reselecting the linear model
and the parameter estimation method, and calculating its
V. prediction error for various combinations of linear model
and parameter estimation method using Koolstra’s V, pre-
diction model. These resulting V, prediction errors for the
Fokker 50 are relatively large compared to the V, prediction
errors of the Piper Seneca. Therefore a simplified V. pre-
diction model is derived in Section 5. Section 6 discusses
the results of the redesigned VPS. Based on the differences
between the Piper Seneca VPS design and the Fokker 50
VPS design, Section 7 concludes on how sensitive the VPS
design is to a change in aircraft dynamics and simulation
model complexity.

2 Minimum control speed air

The starting point of the VPS sensitivity analysis is to iden-
tify the differences in aircraft states and control inputs be-
tween the Piper Seneca and the Fokker 50 in a roll-limited
equilibrium situation. These differences are used to pre-
dict how the change in aircraft dynamics affects the Fokker

50 VPS redesign in Section 4. For this study the most in-
teresting roll-limited situation is a single-engine failure, be-
cause Koolstra designed the VPS to replace Vi;,,cq. Therefore
the states and control inputs of the Piper Seneca and the
Fokker 50 are determined for straight flight, with the crit-
ical engine inoperative and the propeller feathered and the
non-critical engine at full throttle. This is done by solv-
ing the three lateral non-dimensional equations of motion
numerically for sideforce, rolling moment and yawing mo-
ment, in which the four independent variables are roll angle,
sideslip angle, aileron deflection and rudder deflection. To
solve three equations for four unknowns, one variable needs
to be fixed to a constant value. The flight scenario deter-
mines which variable is fixed. After a single-engine failure
in a twin-turboprop aircraft two scenarios can occur. In the
first scenario the pilot maintains a zero sideslip angle for
drag minimization, which means that the sideslip angle is
fixed at zero. In the second scenario the aircraft is flying so
slow that the pilot has to give full rudder input to maintain
a constant heading, which means that the rudder is fixed
at its maximum deflection. Koolstra determined the states
and control inputs of the Piper Seneca in the full rudder
deflection scenario, with the left engine at full throttle and
the right engine inoperative and the propeller feathered. His
most relevant results are summarized and elaborated upon
in Section 2.1. Similarly, the states and control inputs of
the Fokker 50 for the full rudder deflection scenario are de-
termined in Section 2.2.

2.1 Piper Seneca states and control inputs

Koolstra determined the states and control inputs of the
Piper Seneca after a single-engine failure numerically by
solving the three lateral non-dimensional equations of mo-
tion for the sideslip angle, aileron deflection and roll an-
gle, assuming straight and level flight with full rudder
deflection.[2] As the Piper Seneca has counter-rotating pro-
pellers, it does not have a critical engine. The right engine
was therefore randomly selected as the inoperative engine
and the left engine was set to full throttle. The results are
plotted in Figure 1.[2] It highlights various points of interest;
point 1 where the sideslip angle is zero for drag minimiza-
tion, point 2 where maximum aileron deflection is reached,
point 3 where the fin stalls, point 4 where the roll angle is
zero for passenger comfort and point 5 where the roll angle
decreases below -5 degrees, which is defined as Vicq. It is
observed that the slopes of the required sideslip and roll an-
gles and the required aileron deflection at V,,., are steep.
At the velocity of Vi,cq, the slopes of the required sideslip
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Figure 1: Numerically determined sideslip angle, aileron de-
flection and roll angle of the Piper Seneca as a function of air
speed during straight and level flight with the left engine at
full throttle, the right engine inoperative and the propeller
feathered and full rudder deflection.[2]

angle, roll angle and aileron deflection are 4.0, 1.7 and -5.3
degrees per knot respectively. This indicates that lateral
LOC-I in the Piper Seneca occurs rapidly with respect to
air speed once V., is reached.

2.2 Fokker 50 states and control inputs

Similarly, the states and control inputs of the Fokker 50
after a single-engine failure are determined numerically for
the full rudder deflection scenario by solving the three lat-
eral non-dimensional equations of motion over a velocity
range with full rudder deflection. This approach is simi-
lar to Koolstra’s approach, but with a different model to fit
the dynamics of the Fokker 50, different lateral aerodynamic
and control coefficients and different engine data. The three
lateral non-dimensional equations of motion are derived in
Section 4-2-1 of [4], labeled as Equation 4-28. These equa-
tions are adjusted to represent steady straight flight and to
account for asymmetric thrust. Terms which contain ro-
tational rates, rotational accelerations and linear accelera-
tions are therefore assumed to be zero, and thrust terms for
each engine are added. The resulting equilibria in sideforce,
rolling moment and yawing moment, denoted by subscripts
Y, Il and n are reflected by Equations 1, 2 and 3. In these
equations the variables are roll angle ¢, sideslip angle (3,
left and right aileron deflections d,, and d,,,, rudder deflec-

tion 6, and left and right thrust coefficients Cr, and Cry.
Each of these variables has a corresponding aerodynamic or
control coefficient. Their values are determined from the
data tables documented in [5], which have been generated
from wind tunnel experiments and flight test data. These
data tables are linearized around zero to obtain constant
coefficients. Furthermore, the equations contain forces and
moments caused by the thrust forces of the left and right
engines and propellers T, and Tk to account for asymmet-
ric thrust. They are not non-dimensionalized like the other
terms, because the required engine coefficients are not avail-
able from Fokker documentation. Instead, the engine forces
and moments are identified from the Fokker 50 simulation
model at two engine settings; inoperative with the propellers
feathered and at full throttle. They are then modeled as a
function of air speed and inserted into Equations 1, 2 and
3. Please note that the engine forces and moments are not
the same as the coefficients related to the thrust coefficients
Cr, and Cr,. These coeflicients account for the propeller
slipstream effects on the fuselage and tail, while the engine
forces and moments account for the direct thrust of the pro-
peller and jet stream, and the drag of the engine inlet.
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The left and right aileron deflections §,, and d,,, are mod-
eled separately such that their corresponding control coeffi-
cients can be taken directly from [5]. Since this leads to an
extra independent variable, an extra equation is needed to
solve the three lateral non-dimensional equations of motion.
Equation 4 relates the left aileron deflection to the right
aileron deflection by the gearing GG. In reality this gear-
ing varies along the entire deflection range of the ailerons.



However, to keep the model quasi-linear, it is assumed to be
constant in each direction of deflection. Its value depends on
the sign of the deflection to ensure that a maximum upward
deflection of -33 degrees of the left aileron equals a maxi-
mum downward deflection of 22 degrees of the right aileron
and vice versa.

0a;, — G 00y =0 with G:% when 6, >=0 (4)

—-33
GZW When 6(11, <0
Geometric and mass properties of the Fokker 50 which are
required to solve the three lateral non-dimensional equations
of motion are listed in Table 1. Furthermore, the gear and
flaps are fully retracted.

Property Symbol Value Unit
Mass m 17000 kg
Wing area S 70 m?
Wing span b 29 m

Table 1: Fokker 50 properties used in the three lateral non-
dimensional equations of motion for the numerical determi-
nation of the states and control inputs after a single-engine
failure.

Using these data, the three lateral non-dimensional equa-
tions of motion are solved for the Fokker 50 with a full rud-
der deflection of -20 degrees. The left engine is inoperative
and the propeller is feathered, and the right engine is set
to full throttle, because the left engine is the critical en-
gine of the Fokker 50. The results are shown in Figure 2.
Comparing this figure to Figure 1 shows three differences.
First, the plot is mirrored around the x-axis, because for
the Fokker 50 the left engine is inoperative instead of the
right engine. Second, point 3 which indicates fin stall is
not indicated, because the drag of the vertical tail increases
the yawing moment generated by the vertical tail when the
sideslip angle increases even after the fin stalls, as shown in
Figure 7.2.3b of [5]. Third, the slopes of the required roll
and sideslip angles at V., for the Fokker 50 are a factor 10
smaller than for the Piper Seneca, with values of -0.5 and
-0.2 degrees per knot respectively. This means that lateral
LOC-I due to a single-engine failure occurs more gradually
in the Fokker 50 than in the Piper Seneca when the air speed
decreases. More importantly, the slope of the total aileron
deflection at V., is only 0.8 degrees per knot, compared

to -5.3 degrees per knot for the Piper Seneca. Since the V,
prediction model predicts the velocity at which a certain roll
performance can be achieved based on the estimated avail-
able aileron deflection, this could lead to larger V. prediction
errors for the Fokker 50.
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Figure 2: Numerically determined roll angle, sideslip angle
and control surface deflections of the Fokker 50 as a func-
tion of air speed during straight and level flight with the left
engine inoperative and the propeller feathered, the right en-
gine at full throttle and full rudder deflection.

3 Description of the VPS

A short description of Koolstra’s Piper Seneca VPS design
is given to gain a better understanding of how it was de-
signed and how it works. The VPS predicts the velocity V,
at which the aircraft can obtain a certain roll angle within a
certain amount of time during a maximum performance roll
to the left or to the right.[2] It uses three lateral equations
of motion to capture the aircraft’s roll dynamics in the lin-
ear model described in Section 3.1. The parameters of this
linear model are estimated online by one of four parameter
estimation methods listed in Section 3.2. The estimated pa-
rameters are then used by the V. prediction model described
in Section 3.3 to predict V.. The three sections below do not



only describe these three VPS components in detail, they
also explain which options were considered by Koolstra for
the design of the Piper Seneca VPS. Please refer to Chap-
ters 4, 5 and 6 of [2] for the full derivation and design of the
Piper Seneca VPS.

3.1 Linear model

The linear model was derived by Koolstra to model the
aircraft’s lateral dynamics during a maximum performance
roll.[2]. It consists of three lateral equations of motion
around an arbitrary reference point to account for an un-
known location of the center of gravity due to a structural
failure. They were derived from Newton’s second law, using
a first order Taylor expansion to model the external forces.
The entire linear model, which calculates the sideslip angle
derivative (3, the roll angular acceleration p and the yaw an-
gular acceleration 7 is stated below in Equations 5, 6 and
7 respectively. It should be noted that the terms 77 and
TR represent the torque percentages generated by the en-
gines over the third power of the true air speed. This third
power is required to obtain constant model parameters for
an aircraft with turboprop engines.[2]

b3 pb b
— =Y Y, Y, - Y, — 4+ Y5 I,
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After this linear model was derived, Koolstra’s main goal
was to select the terms which resulted in the highest pre-
diction accuracy of a maximum performance roll. Together
these selected terms would form the optimal model for the
Piper Seneca VPS. To prepare for the term selection pro-
cess, the entire linear model was split up into a basic model
containing 10 terms and 14 remaining additional terms. The
10 terms of the basic model are listed in Table 2a. Table 2b
lists the 14 additional terms.

3.2 Parameter estimation method

The parameters of the linear model are estimated by a pa-
rameter estimation method. Since the VPS requires the
parameters to be estimated online, the parameter estima-
tion method needs to be recursive. Koolstra considered
four parameter estimation methods for the Piper Seneca
VPS: Recursive Least Squares (RLS) [6], a Forgetting Algo-
rithm with Damping (FAD) with A = 0.995 and § = 200 [7],
the Modified Kalman Method (MKM) [6] and a Forgetting
Algorithm (FA) with A = 0.9975 [8][9]. Koolstra selected
one of these four parameter estimation methods by combin-
ing them with three linear model sizes and calculating the
means and standard deviations of the V. prediction errors
of each combination. Based on these values, it was con-
cluded that the combination of the basic linear model and
the MKM formed the optimal configuration of the Piper
Seneca VPS.

3.3 V., prediction model

The V. prediction model predicts at which velocity V. the
aircraft can obtain the required roll angle ¢;., within the
time period T using the estimated linear model parameters.
To obtain a V, prediction from these inputs Koolstra derived
a model which predicts the roll angle ¢ as a function of time
t during a maximum performance roll to the left and to the



ID Term Parameter
Sideslip Roll Yaw
B1 8 Ys lg ng
B2 ¢ Y¢ l¢ Ng
B3 2 Y, Iy n,
B4 2 Y, I, n,.
B5 4, Ys., ls, ns,
B6 (57« Y(;T lgr ns,
B7 TL YTL lTL nry,
B8 TR YTR lTR Nty
B9 &b Yo, lo.  7Na.
B10 4¢ Ygf l5f ns,
(a) Basic linear model terms.[2]
ID Term Parameter
Sideslip Roll Yaw
1 B o558y, - -
2 (B Y, -
3 & o058 v, - -
4 24{%22 - lq Ny
5 22 - l n
2y 2y Pq Pq
6 A d - lgr Ngr
7 % = - Lpr Ny
8 (g%ﬁ - lpg nge
9 ( QTY ) 2 - lr2 Np2
10 (3%) 2 - ly2 N2
11 3{‘;2 - laz Na,
12 53/1/2 - lay Na,
13 6a3 Y6a3 l5a3 ’I’L5a3
14 ,82 Yﬁz 152 ng2

(b) Additional linear model terms.[2]

Table 2: List of the linear model terms, including term iden-
tifiers and the corresponding model parameters.|2]

right.[2] The starting point of the derivation is Equation 6.
All but the roll rate and the aileron terms are temporarily
discarded from the right-hand side of this equation, under
the assumptions that the sideslip angle and the yaw rate
are zero, and that the load factor and the engine settings
are constant. This results in the first order linear differential
equation shown in Equation 8. To account for the discarded
model terms, the aileron deflection §, is changed to the to-
tal available aileron deflection d,,,, which is the available
aileron travel for the maximum performance roll.

b2p pb 3
2v2 P oy ®)
After solving this differential equation for the roll rate
as function of time using p(0) = 0 radians per second as
an initial condition, integrating once more using ¢(0) = ¢g
radians as an initial condition, and substituting ¢(T) = ¢;.,
+ ¢o, the total available aileron deflection d,,, is calculated
and substituted. This total available aileron deflection §,,,
is defined as the difference between the aileron limits, the
current aileron deflection d4,, and 9 corrections denoted by
C in Table 3. For the definitions and equations of these
corrections please refer to [2].

=l + l(;a (5(1%

Correction Description

Ch Roll constant at V=10

Cy Change of roll constant with Vyag
Cs Current p and p

Cy Thrust asymmetry

Chs Maximum 9,

Cs Asymmetric mass

Cy Roll coupling

Cho Maximum §,. in OEI

Ch1 Adverse yaw

Table 3: Corrections for the total available aileron deflection
da,, used in the V, prediction model.[2]

Qav

Finally the total available aileron deflection for a maxi-
mum performance left and right roll is predicted with Equa-
tions 9 and 10 respectively. The independent variables in
these equations are the predicted V. for a left roll V., and
the predicted V. for a right roll V... If valid solutions for
V., and V,, exist, a damped and limited Newton’s method
is used to determine V., and V.,. This damped and limited
Newton’s method uses the predicted V. from the previous
time step as a starting point, and does only one iteration per
time step with a maximum velocity step of 0.5 meters per
second. This is different from the regular Newton’s method,
which keeps iterating until the solution has converged to a
certain velocity error. In addition to limiting and damping
Newton’s method, the resulting values of V., and V., are
clipped between 25 meters per second and the current ve-
locity Vi + 15 meters per second to remove peaks from the
predicted V.. If no valid solution to Equations 9 or 10 ex-
ists, V., or V., is set to 25 meters per second. Finally the
output of the V. prediction model, which is the predicted
V., is found by taking the maximum value of V., and V..
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The exact same V. prediction model is used for the re-
design of the Fokker 50 VPS in Section 4, except for the
inputs ¢,¢; and T'. The Piper Seneca VPS used a required
roll angle of ¢,., = 30 degrees within a time period of T' =
1.5 seconds. Table XXVIII in Mil. Spec. 1797 prescribes
that the Fokker 50, a class II-L aircraft, in category C con-
ditions requires ¢req = 30 degrees of roll in 7" = 1.8 seconds
or less for level 1 handling qualities.[10] These values are
therefore used as inputs for Koolstra’s V. prediction model
instead.

4 Fokker 50 VPS redesign

The VPS is redesigned for the Fokker 50 by repeating Kool-
stra’s VPS design process described in Chapters 5 and 6 of
[2]. The design process consists of three steps. First, in
Section 4.1 Koolstra’s 48 hypothetical failure simulations,
on which the Fokker 50 VPS design choices are based, are
simulated using the Fokker 50 simulation model. Second, in
Section 4.2 additional terms of the linear model described in
Section 3.1 are selected, which leads to three suggested lin-
ear models. Third, in Section 4.3 these three linear models
are combined with the four parameter estimation methods
listed in Section 3.2, to determine which combination gives
the lowest V. prediction error with Koolstra’s V, prediction
model.

4.1 Failure simulations

The first step in redesigning the VPS for the Fokker 50 is
to generate data on which linear model term selection and
parameter estimation method selection is based. Koolstra
performed 48 different simulations with the Piper Seneca
simulation model controlled by an autopilot. During these
simulations the autopilot tracked altitude and velocity ref-
erence trajectories for 170 seconds. After that, the aircraft
performed a maximum performance roll. Four different vari-
ations were added to the simulations by introducing the fail-
ures listed in Table 4, switching turbulence on or off, giving
one or two sinusoidal input signals on the control surfaces
to excite the system and by performing the maximum per-
formance roll to the left or right.

Failure Roll direction Runs
No failure Left and right 8
50% loss of aileron Left and right 8
100% loss of rudder Left and right 8
Left engine failure Right 4
Right engine failure Left 4
Asymmetry left wing heavy Right 4
Asymmetry right wing heavy Left 4
Rudder hardover to the left Right 4
Rudder hardover to the right Left 4

Table 4: List of the failure types, roll direction during the
maximum performance roll and the amount of simulations
out of the total of 48 simulations.[2]

These 48 simulations are recreated with the Fokker 50
simulation model by tracking similar altitude and velocity
reference signals using a custom-made autopilot. The four
variations are replicated as well. First, the failures listed in
Table 4 are activated after 30 seconds. 50% loss of aileron
and 100% loss of rudder are simulated by fixing the right
aileron and the rudder at zero degrees deflection. Rudder
hardover is simulated by fixing the rudder at maximum de-
flection. Left wing and right wing mass asymmetries are
simulated by shifting the center of gravity 0.25 meters to
the left and right. Second, turbulence is generated using
the Joint Aviation Regulations (JAR) turbulence generator
that was included in the Fokker 50 simulation model. Third,
input signals are applied after 30 and optionally 90 seconds
to all primary lateral controls including the throttle levers as
a single sine wave with an amplitude of 10 degrees and a pe-
riod of 5 seconds. Fourth, the maximum performance rolls
are simulated by applying an instant minimum or maximum



aileron deflection after 170 seconds. To provide an example
of the trajectory of one of the 48 simulations, the velocity
and altitude of a simulation with 50% loss of aileron, no tur-
bulence, one set of control inputs and a left roll is plotted in
Figures 3a and 3b. These figures are similar to Figures 5.2b
and 5.2¢ presented in [2], which present the velocity and
altitude of the Piper Seneca during the same simulation.
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Figure 3: Trajectory of the Fokker 50 during a simulation
with 50% loss of aileron, no turbulence, one set of control
inputs and a maximum performance roll to the left.

4.2 Linear model selection

The second step in redesigning the VPS for the Fokker 50
is to reselect the linear model based on the 48 failure sim-
ulations, which is done by repeating the selection process
described in Chapter 5 of [2]. In the derivation of the V.
prediction model Koolstra obtained linear models for the
sideslip angle derivative, the roll angular acceleration and
the yaw angular acceleration. These three models contain a

total of 24 different terms, which altogether form the entire
model. To determine which of these terms are most capa-
ble of predicting the model outputs during the maximum
performance rolls, Koolstra selected 10 terms to form a ba-
sic model. The 14 additional terms were either accepted
or omitted through a selection process.

This selection process works a follows. The data from the
simulations up to the maximum performance roll were used
to estimate the parameters of the linear model offline using
an Ordinary Least Squares (OLS) estimator. With these
estimated parameters the three model outputs during the
maximum performance roll were predicted. Each of these
three model outputs were integrated once with the Runge
Kutta method, to obtain predictions of the sideslip angle,
the roll rate and the yaw rate during the maximum perfor-
mance roll. The measured sideslip angle, roll rate and yaw
rate at the start of the maximum performance roll were the
initial conditions for this integration. Next, the accuracy
of the predicted sideslip angle, roll rate and yaw rate was
evaluated with one of six term selection methods, and the
decision to accept or omit a term was made. Accepting or
omitting additional model terms was a sequential process.
Starting with the basic model, each additional model term
was sequentially added to the current model and subjected
to one of six selection methods. Based on the outcome, the
additional term was either definitely added to the current
linear model, or omitted. Therefore the order in which terms
were added to the linear model affected the decision of ac-
cepting or omitting the remaining additional model terms.
The intermediate result was a final model for each of the 48
simulations, which contained the additional terms that were
accepted for that particular simulation. The desired end re-
sult was a single optimal model, which was obtained by
composing a list of selection rates for each additional term
over all 48 simulations and selecting three terms with rel-
atively high selection rates to form the optimal model for
the Piper Seneca. Finally this optimal model was evaluated
based on its prediction errors.

This process is repeated to obtain similar results for the
Fokker 50. The process starts by selecting the additional lin-
ear model terms using a one of Koolstra’s six term selection
methods in Section 4.2.1. Based on the resulting selection
rates of the additional terms in the final models, an optimal
model for the Fokker 50 is formed in Section 4.2.2. This
optimal model is evaluated based on its prediction errors in
Section 4.2.3.



4.2.1 Term selection method ID Term Selection rates [%]

The final models for each failure simulation of the Fokker 50 Piper Seneca Fokker 50

are found by choosing and applying one of the six selection 1 %2& — 0,5;322 0.0 18.8
methods used by Koolstra to the simulated data.[2] Initially 9 (%)2 +(£8)2 208 33.3
Koolstra considered four different statistical selection meth- 3 a b g 43.8
ods, which all had a tendency to over-fit. These methods 13 5‘/32 2V 99.9 30.6
selected too many additional terms, which increased the pre- 14 Bag 1 4: 6 4.9

diction errors of the final models. Two ’Alternate methods’

were therefore developed based on the Prediction Sum of Mean 11.7 27.9

Squares (PRESS) method, which uses one part of a data set
to train the model and the other part to quantify the pre-
diction accuracy by squaring and summing the prediction
errors.[11] The two ’Alternate methods’ do the same, using
the first part of the data set to estimate the model parame-

(a) Sideslip equation.

ID Term Selection rates [%)]
Piper Seneca Fokker 50

>

ters and the maximum performance roll to rate the increase 4 2‘1‘1; > 0.0 10.4
in prediction accuracy based on five evaluation steps. In 5 5717 % 12.5 10.4
these five steps, each additional term is judged on three cri- 6 qf‘g T 0.0 2.1
teria. The first criterion is that the additional term must 7 % 2% 6.3 91
have a collinearity lower than 95% with other terms that g 5&2)2 2'1 8.3
have already been selected. The second criterion is that the 9 (%)2 8' 3 6' 3
improvement in the Sum of Squared Errors (SSE) of the pre- 2% o ) :
dicted sideslip angle, roll rate or yaw rate must be higher 10 (57) 31.3 18.8
ba,

than the prediction uncertainty originating from the uncer- 1 %VI? 4.2 6.3
tainty of the OLS parameter estimate. The third criterion is 12 2% 4.2 2.1
that the increased prediction accuracy must be significant, 13 6, 21 47.9
with a margin of at least one percent improvement of the 14 p? 4.2 22.9
SSE. The difference between the two ’Alternate methods’ is Mean 6.8 12.5
that the regular ’Alternate method’ selects terms based on
the sideslip, roll and yaw equations, whereas the ’Alternate (b) Roll equation.
method - ¢’ selects terms based on the roll equation only.
Koolstra decided to select the model terms with the reg- ID Term Selection rates [%]
ular ’'Alternate method’, because the ’Alternate method - Piper Seneca Fokker 50
¢’ might give inaccurate predictions for sideslip and yawing 4 b 10.4 0.0
motion. Therefore the regular ’Alternate method’ is used to 5 ﬁ2 b 37' 5 6.3
select the terms of the optimal model for the Fokker 50 as 2(1\5 2y : )

| . s 3
4.2.2 Optimal model selection 9 (%)2 99.9 6.3
Using Koolstra’s regular ’Alternate method’ as a selection 10 (5’—1’)2 41.7 12.5
method the selection rates of the additional terms in the 11 b% 0.0 4.2
final models are found, which finally leads to the optimal 192 2&142 8.3 21
model containing the most relevant additional terms. The 13 5,3 18.8 22.9
selection rates for the additional terms in the final models 14 B2 20.8 12.5
are shown in Table 5, along with the selection rates found
by Koolstra for the additional terms of the Piper Seneca.|2] Mean 20.3 8.0
Two differences between the selection rates for Piper Seneca (¢) Yaw equati

. . quation.

and the Fokker 50 are observed. First, the mean selection
rate for additional terms of the yaw equation is more than Table 5: Selection rates for the additional model terms.
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twice as small for the Fokker 50, which means that the addi-
tional yaw terms do not improve the yaw rate prediction for
the Fokker 50 as much as for the Piper Seneca. The opposite
is true for the sideslip and roll equations. Second, term 13,
which is the term that represents non-linear aileron effects,
is an important term for the roll equation of the Fokker 50.
Since the output of VPS is based on the predicted roll per-
formance, this term is included in the optimal model for the
Fokker 50, whereas Koolstra selected terms 2, 5 and 10 for
the optimal model of the Piper Seneca. In short, the opti-
mal model for the Fokker 50 is a combination of the basic
model and additional term 13.

4.2.3 Optimal model evaluation

The prediction errors of this newly found optimal model are
compared to the prediction errors of the basic model, the
final models and the entire model to evaluate the perfor-
mance of the optimal model. These prediction errors are
obtained by taking the mean SSE of the sideslip angle, roll
rate and yaw rate over all 48 simulations. The results for
the Piper Seneca in Table 6a show that the final models
have a lower prediction error than the basic model, which
means that the term selection process improved the overall
prediction accuracy.[2] Also, the optimal model has a higher
prediction error than the basic model, which was described
by Koolstra as over-fitting. Similar results are obtained for
the Fokker 50 in Table 6b. The final models have a lower
prediction error than the basic model, while the optimal
model shows mixed results.

Variable Unit Model

Basic Final Optimal
Sideslip angle rad? 0.4453 0.3494 1.0528
Roll rate (rad/s)? 0.0226 0.0160 0.0719
Yaw rate (rad/s)?  0.0127 0.0077 0.0211

(a) Piper Seneca.[2]

Variable Unit Model

Basic Final Optimal
Sideslip angle rad? 0.0334 0.0104 0.0166
Roll rate (rad/s)?  0.2497 0.1215 0.5014
Yaw rate (rad/s)? 0.1127 0.0591 0.2556

(b) Fokker 50.

Table 6: Sum of the squared prediction errors for the three
model equations of the basic model, the final models and
the optimal model for the Fokker 50.
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To obtain a more visual representation of the prediction
errors of the linear model, the model outputs during the
maximum performance roll of one of the 48 simulations are
plotted next to the measured values. The predicted sideslip
angle, roll rate and yaw rate during the maximum perfor-
mance roll of the simulation with mass asymmetry with a
heavy right wing, no turbulence, one set of control inputs
and a maximum performance roll to the left are plotted in
Figure 4. This figure is comparable to Figure 5.7 in [2],
which shows the predicted sideslip angle and roll rate dur-
ing the same simulation. The figure shows that the basic
and final models are able to predict the roll rate relatively
accurately, the optimal model over-estimates the roll rate
and the entire model even diverges. At this stage the basic
model therefore seems to be the most suitable for predict-
ing a maximum performance roll of the Fokker 50. Following
Koolstra’s VPS design process however, the basic model, the
optimal model and the entire model are all considered for
the selection of the optimal configuration of the Fokker 50
VPS in Section 4.3.

4.3 Parameter estimation method selection

The third step in redesigning the VPS for the Fokker 50
is to choose a configuration of linear model and parameter
estimation method which gives the lowest V. prediction er-
ror. Koolstra analyzed a total of 48 configurations for the
VPS; three model sizes, four parameter estimation meth-
ods, two normalization options of the engine model and two
initial velocities of 80 and 120 knots.[2] This study limits
itself to 12 configurations; three linear model sizes and four
parameter estimation methods. The normalization option
is not considered, because it hardly affected the V. predic-
tion error of the VPS for the Piper Seneca. Furthermore,
only the initial velocity of 120 knots is used, because the
initial velocity of 80 knots is lower than the stall speed of
the Fokker 50. The 12 combinations of linear model and
parameter estimation method therefore consist of three lin-
ear models; the basic model, the optimal model and the
entire model, and the four parameter estimation methods
described in Section 3.2. These 12 configurations are all re-
implemented in the Fokker 50 VPS, and they are used to
calculate estimates of the linear model parameters online in
each of the 48 simulations. With these estimated model pa-
rameters the V. prediction model predicts V. for each of the
12 configurations in each of the 48 simulations based on the
maximum performance rolls. The final result is the mean
and standard deviation of the V. prediction error for each
of the 12 configurations over the 48 simulations, from which
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Figure 4: Outputs of the linear models during a maximum
performance roll with mass asymmetry with a heavy right
wing, no turbulence, one set of control inputs and a maxi-
mum performance roll to the left.
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the optimal VPS configuration is selected.

To calculate the V. prediction error, the predicted V.,
which is the output of the VPS, needs to be compared with
the actual V., which is the actual velocity at which the re-
quired roll angle of 30 degrees is reached within precisely 1.8
seconds during a maximum performance roll. The problem
however, is that it would require a sequence of maximum
performance rolls at a range of air speeds to the determine
the actual V. numerically. Koolstra found a solution by re-
versing the problem, using the measured change in roll angle
achieved within the time period 7" during the maximum per-
formance roll in each of the 48 simulations as input for the
V. prediction model, defining the resulting V. as the pre-
dicted V., and defining the true air speed 0.5 seconds before
the maximum performance roll as the actual V.. Through
this reversal, the predicted V. can be compared directly to
the actual V.. This results in the mean and standard devi-
ation of the V, prediction error over each of the 48 simula-
tions for each VPS configuration. Koolstra’s results for the
Piper Seneca in Table 7a show that four linear model and
parameter estimation method combinations give a mean V.
prediction error of nearly 2.0 meters per second.[2] Koolstra
decided to select the MKM and the basic linear model as
the optimal configuration. The results for the Fokker 50 in
Table 7b however show that the V. prediction error is almost
an order of magnitude larger for all configurations.

Model Size RLS FAD MKM FA
Basic 10 Mean 2.1 3.0 2.2 2.8
SD 2.3 3.3 2.3 2.7
Optimal 13 Mean 2.0 3.0 2.2 2.9
SD 2.1 3.3 2.3 2.5
Entire 22 Mean 5.6 15.0 5.4 7.9
SD 7.4 8.2 6.3 10.8
(a) Piper Seneca.[2]
Model Size RLS FAD MKM FA
Basic 10 Mean 11.7 9.6 14.4 10.5
SD 10.7 16.0 17.4 11.1
Optimal 11 Mean 12.7 26.3 15.6 13.3
SD 11.4 17.4 17.6 16.2
Entire 24 Mean 12.6 31.2 18.4 13.1
SD 10.6 11.6 21.0 16.2

(b) Fokker 50.

Table 7: Means and standard deviations of the V. prediction
errors for each VPS configuration in meters per second.



The cause of these disappointing results for the V, pre-
diction errors of the Fokker 50 is found by plotting the pre-
dicted V. during the left engine failure simulation with one
set of control inputs, turbulence on and the maximum per-
formance roll to the right. Figure 5, which is comparable
to Figure 6.9 in [2], plots the values of V., and V., as a
function of time, as well as the true air speed using the ba-
sic model, the MKM and Koolstra’s V. prediction model.
It clearly shows that the V. prediction model struggles to
find a stable solution. The V, prediction model clips the V,
predictions to values between 25 and the true air speed plus
15 meters per second. Since Section 4.2.3 showed that the
basic model accurately predicts the maximum performance
roll, these large prediction errors must be caused by the
V. prediction model. Variations to Koolstra’s V. prediction
model were therefore applied, such as setting all corrections
and the current aileron deflection in Equations 9 and 10 to
zero. This led to a mean prediction error of 5.2 meters per
second with a standard deviation of 7.3 meters per second
for the combination of basic model and MKM, hinting that
Koolstra’s V. prediction model might be too complex for
the Fokker 50 VPS. Therefore a new, simplified V. predic-
tion model was derived.
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Figure 5: Predicted V., and V., during the left engine fail-
ure simulation with one set of control inputs, turbulence
on and a maximum performance roll to the right using the
basic model, the MKM and Koolstra’s V. prediction model.
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5 Simplified V, prediction model

A simplified V, prediction model is derived to decrease the
V. prediction errors of the redesigned Fokker 50 VPS. The
starting point of the derivation is the same as for Koolstra’s
V. prediction model; Equation 6. Koolstra’s approach to
solving this equation was to substitute the total available
aileron deflection J,,, for most of the right-hand terms, solv-
ing the resulting first order linear differential equation alge-
braically, and applying corrections for the available aileron
travel later on. For simplification purposes however, this
derivation solves Equation 6 directly for the roll angle ¢ as
a function of time ¢ without substituting 4,,,, such that no
corrections are required. All aircraft states, control inputs
and air path variables which are not derivatives of the roll
angle are assumed to be constant during a maximum perfor-
mance roll of 1.8 seconds. As a result, this equation can be
re-written in the form of Equation 11 with the current roll
angle and roll rate as initial conditions and the constants P,
@, R and S defined in Equations 12 to 15.

Po(t) + Qd(t) + Rp(t) = S with ¢(0) = ¢g )
(/5(0) = Po
b2
=572 (12)
Q=1 (13)
Tooy?
R=—1l4 (14)
rb
S =B+ 1, - =~ + 15,00 + 15,6+
lTLTL + lTRTR + lazT;’? + l(;f(Sf

This equation is a second order non-homogeneous lin-
ear differential equation with initial conditions p(0)=py and
?(0)=¢o. It can have three different algebraic solutions,
depending on the value of the discriminant D in Equation
16.]12].

D =Q?—4PR (16)

When D > 0 the roots of the auxiliary equation are real
and distinct, which means that the general solution is given
by Equation 17 with the constants defined in Equations 18
to 21. Substituting ¢(T") = ¢o + ¢req leads to Equation 22.
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T2 —T1
€1 =¢o — E — Co (21)
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When D = 0 the auxiliary equation has only one real root,
which means that the general solution is given by Equation
23 with the constants defined in Equations 24 to 26. Sub-
stituting ¢(T') = ¢o + dreq leads to Equation 27.

o(t) =cre™t + cote™! + % (23)
-Q
P 24
" Tap (24)
S
C1 :¢0 - E (25)
C2 =po —Tic1 (26)
S
0=- ((1)0 + d)req) + ClerlT + CQTeTlT + E (27)

When D < 0 the roots of the auxiliary equation (o — i
and « + (1) lie in the complex plane, which means that the
general solution is given by Equation 28 with the constants
defined in Equations 29 to 32. Substituting ¢(T") = ¢o+@req
leads to Equation 33.

d(t) =" - [crcos(Bt) + casin(Bt)] + % (28)
—Q

o =2p (29)

==L (30)

C1 :¢() — % (31)

e :’% (32)
0=- (¢0 + ¢req)+

(33)

e“T . [¢1cos(BT) + cosin(BT)] + %
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Depending on the value of the discriminant, Equation 22,
27 or 33 is solved for V., and V,,, with the bisection method.
For a left roll ¢, is equal to -30 degrees and J, is equal to
the minimum aileron deflection. For a right roll ¢, is equal
to 30 degrees and J, is equal to the maximum aileron de-
flection. For all other aircraft states and control inputs the
currently measured values are used. The bisection method
has velocity bounds of 30 to 300 meters per second and a
convergence error of 0.1 meters per second. The reason why
the lower velocity bound is not 0 meters per second, is that
these equations can have two solutions between 0 and 300
meters per second, the first of which usually lies between
0 and 30 meters per second. Additionally, these equations
are undefined for V.= 0. By using the bisection method
instead of Newtons method, there is no need to calculate
any function derivatives.

With this simplified V. prediction model the mean V, pre-
diction errors are re-evaluated for the basic linear model and
each of the four parameter estimation methods. The results
in Table 8 show an improved V. prediction accuracy for the
MKM. The forgetting algorithms on the other hand perform
worse. In an effort to improve their performance their for-
getting factors are changed to 0.9 and 1.0. As a result, the
mean V, prediction error of the FAD changes to 193.5 and
22.9 meters per second respectively. The mean V, predic-
tion error of the FA is much less sensitive to these changes,
with 100.5 and 95.8 meters per second respectively.

Model Size RLS FAD MKM FA
Basic 10 Mean 15.8 152.7 5.2 95.8
SD 14.0 92.3 6.4 82.8

Table 8: Means and standard deviations of the V, prediction
errors for each VPS configuration of the Fokker 50 in meters
per second using the simplified V. prediction model.

These results show that the optimal configuration for the
Fokker 50 VPS is the basic model, the MKM and the sim-
plified V; prediction model. The values of V., and V., pre-
dicted by this VPS configuration during the left engine fail-
ure simulation with one set of control inputs, turbulence on
and a maximum performance roll to the right is plotted in
Figure 6. The MKM needs the first five seconds to find
realistic parameter estimates. After that, the predicted V,
settles around 120 knots. This plot shows that the simpli-
fied V. prediction model provides a more stable V. predic-
tion for the Fokker 50 than the V. prediction model of the
Piper Seneca VPS. Also, the mean V, prediction error of 5.2
meters per second is better than the V. prediction errors us-



ing Koolstra’s V. prediction model from Table 7b, but still
twice as large as the smallest mean V. prediction error for
the Piper Seneca from Table 7a.
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Figure 6: Predicted V., and V., during the left engine fail-
ure simulation with one set of control inputs, turbulence on
and a maximum performance roll to the right using the basic
model, the MKM and the simplified V. prediction model.

6 Discussion

The final step in the sensitivity analysis is to discuss what
the results from the redesign of the Fokker 50 VPS mean for
the sensitivity of the VPS to a change in aircraft dynamics
and simulation model complexity. Since the VPS consists
of three components, the sensitivity of each of these compo-
nents is discussed separately below. It should be noted that
this discussion is only based on two data points; the Piper
Seneca VPS design and the Fokker 50 VPS design.

In Section 4.2 it was found that both the Piper Seneca
and the Fokker 50 favor the basic linear model. The ba-
sic linear model is able to accurately predict the roll rate
of both the Piper Seneca and the Fokker 50 during a max-
imum performance roll. Even though the used Fokker 50
simulation model is more complex than the Piper Seneca
simulation model, adding additional terms did not improve
the prediction accuracy but led to over-fitting. The linear
model of the VPS is therefore not sensitive to a change in

aircraft dynamics and simulation model complexity.

The four parameter estimation methods showed similar
V. prediction errors for the Fokker 50 when they were used
in combination with Koolstra’s V. prediction model in Ta-
ble 7b. The same is true for the V, prediction errors of the
Piper Seneca in Table 7a. Comparing these two tables shows
that the relative differences between the four parameter es-
timation methods are small for both aircraft. When these
four parameter estimation methods were combined with the
simplified V. prediction model however in Table 8, the two
forgetting algorithms caused diverging V. predictions. This
means that the simplified V. prediction model favors pa-
rameter estimation methods with covariance matrix resets
after failure detection such as RLS and MKM, because they
provide stable and steady parameter estimates. This com-
parison however analyzes the sensitivity of the parameter
estimation methods to a change in V, prediction model. The
sensitivity of the parameter estimation method to a change
in aircraft dynamics and simulation model complexity is dis-
played in relative differences in Tables 7a and 7b, and the
fact that the MKM was selected for the VPS of both air-
craft. The parameter estimation methods are therefore not
sensitive to a change in aircraft dynamics and simulation
model complexity either.

The V, prediction model from the Piper Seneca VPS how-
ever is very sensitive to a change in aircraft dynamics and
simulation model complexity, as it struggled to find a sta-
ble and accurate V. prediction when it was implemented in
the Fokker 50 VPS. Especially the corrections in Equations
9 and 10 seemed to suit the dynamics of the Piper Seneca
only. Even after deriving a simplified V. prediction model,
the mean V, prediction error for the Fokker 50 was still more
than twice as large as the mean V, prediction error for the
Piper Seneca. This was already expected after analyzing the
states and control inputs of the two aircraft in a roll-limited
situation in Section 2, but based on only two data points it
is uncertain whether this is the only reason for the decrease
in V, prediction accuracy.

7 Conclusion

In this paper the sensitivity of the Piper Seneca VPS de-
sign to a change in aircraft dynamics and simulation model
complexity has been analyzed using a Fokker 50 simulation
model. By repeating Koolstra’s VPS design process for the
Fokker 50 it was shown that no changes to the linear model
are required, since the basic linear model accurately predicts
a maximum performance roll for both aircraft. Also, the
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MKM was selected for both aircraft, because this parame-
ter estimation method gives the lowest V. prediction errors.
The V. prediction model is very sensitive to a change in air-
craft dynamics and simulation model complexity. Whether
this high sensitivity can be attributed to the change in air-
craft dynamics, the change in simulation model complexity
or both, can not be concluded based on the results from
this study. This study has however provided a first indica-
tion that the Piper Seneca VPS is not generally applicable
to all aircraft types and/or simulation models. It is only
a first indication, because this sensitivity analysis is only
based on two data points; the Piper Seneca VPS design and
the Fokker 50 VPS design.

For further research it is therefore recommended to im-
plement the VPS in the simulation model of another aircraft
type, such as a long-range passenger jet or a large transport
aircraft. If the results show that the VPS consisting of the
basic linear model, the MKM and the simplified V. predic-
tion model is the optimal VPS configuration for this new
aircraft type as well, this would indicate that the simplifi-
cation of the V. prediction model has made the VPS more
applicable to a wider range of aircraft dynamics. Otherwise
it should be investigated which specific dynamic features
of an aircraft determine the applicability the V. prediction
model.
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Aerodynamic and control coefficients

Solving the non-dimensional equations of motion in Section 2.2 of the paper requires the values of the
lateral aerodynamic and control coefficients of the Fokker 50. They are determined from the data tables
documented in [2]. These data tables have been generated by Fokker through wind tunnel experiments
and flight tests. The Cy, C; and C,, coefficients are listed in Tables A.1a, A.1b and A.1c along with their
corresponding values. These tables also show the names of the data tables and the figure numbers
in [2] from which the coefficients were determined. Ranges for which the coefficients are valid and the
conditions at which the data tables were generated are listed as well.

Coefficient Value Valid range Conditions Table name Figure number
Cyﬁm -0.3645 -20<=p<=20deg &6,=0deg CYTODB 71.1a
a =2.7deg
CYBT -0.6356 -20<=p<=20deg &r=0deg CYTDB 713 a
a =2.7 deg
CyaaL 0 - - - -
Cy 0 - - - -
aR
Cysr 0.2762 -20<=4,<=20deg &r=0deg CYDR 7.1.12
a =3 deg
CYCT 0.0122 -10<=p<=10deg 4,=0deg CYDTCL 71.7b
L
a=12deg
CYCT -0.0200 -10<=p<=10deg &r=0deg CYDTCR 7.18b
R
a =12 deg

(a) Cy coefficients.
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A. Aerodynamic and control coefficients

Coefficient Value Valid range Conditions Table name Figure number
Cle -0.0643 -20<=pB <=20deg 6, =0deg CRTODB 7.31a
a =2.7 deg
ClBT -0.0422 -20<=pB <=20deg 0;=0deg CRTDB 7.33a
a =2.7 deg
Cis 0.0647 -33<=§a; <=22deg a=7deg CRDDAL 7.38a
aj,
Cis -0.0647 -33<=dag <=22deg a=8deg CRDDAR 7.38b
aRr
Cis, 0.0195 -20 <=4, <=20deg 6 =0deg CRDR 7.3.10
a =3 deg
ley 0.0018 -10<=p8<=10deg 0 =0deg CRDTCL 736D
L
a = 8.7 deg
ley -0.0035 -10<=p8<=10deg 0;=0deg CRDTCR 7.3.7b
R
a = 8.7 deg
(b) ¢, coefficients.
Coefficient Value Valid range Conditions Table name Figure number
ro -0.0511 -20 <=8 <=20deg 0;=0deg CNTODB 7.21a
a =2.7 deg
Crg., 0.1763 -20 <=8 <=20deg 0;=0deg CNTDB 7.23a
a =2.7deg
Cns -0.0047 -33<=dap <=22deg 46y =0deg CNDDAL 7.28a
a,
a =8deg
g 0.0047 -33<=6agp<=22deg 6y=0deg CNDDAR 7.28¢c
ar
a =8 deg
Crs, -0.1152 -20<=4,<=20 6;=0deg CNDR 7.2.9
a =3 deg
Cre, -0.0010 -10<=pB<=10deg 6, =0deg CNDTCL 726D
L
a = 8.7 deg
Cre, -0.0025 -10<=pB<=10deg 6;=0deg CNDTCR 7.2.7b
R
a = 8.7 deg

(c) ¢, coefficients.

Table A.1: Values, ranges and sources of the aerodynamic and control coefficients of the Fokker 50.[2]



Engine data

Models of the lateral forces and moments caused by the propeller, the engine inlet and the engine jet
stream are required to solve the non-dimensional equations of motion in Section 2.2 of the paper. The
Fokker 50 simulation model is used to acquire data on the combined forces and moments generated by
the two Pratt & Whitney PW125B turboplants and the six-bladed Dowty Rotol propellers. These data
are gathered by doing three runs with the simulation model controlled by a joystick. The first run is a
symmetric flight, to serve as a baseline for the other runs. The second and third runs are wings-level
sideslipping flights with minimum and maximum rudder input, to investigate the effect of a change in
sideslip angle. During these runs gradual variations in flight path angle are applied to obtain data over
a large velocity range. The three runs listed above are carried out twice; once with both engines idling
and feathered propellers and once with both engines set to full throttle. Since V;,,., is calculated with
the critical engine inoperative, the interesting results are the data of the critical engine with the propeller
feathered and the other engine at full throttle. The critical engine of the Fokker 50 is the left engine.
Therefore, the results for the left engine inoperative with the propeller feathered and the right engine
set to full throttle are shown in Sections B.1 and B.2 respectively.

B.1. Left engine shut and propellers feathered

The values of the thrust coefficients, sideforces, rolling moments and yawing moments of the left engine
with the propeller feathered as a function of velocity are shown in Figures B.1a, B.1b, B.1c and B.1d
respectively. The data in these plots represent the drag from the feathered propeller and the engine
inlet. Two interesting observations are made. The first observation is that the thrust coefficient, the
sideforce and the rolling moment are relatively small compared to an engine at full throttle, as shown
in the next section. The second observation is that the sideforce largely depends on the sideslip angle
as shown in Figure B.1b.
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20 B. Engine data

OLS approximation
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Figure B.1: Forces and moments of the left engine with the propeller feathered caused by the propeller thrust, inlet drag and the
engine jet forces excluding slipstream effects on the fuselage and tail.

The data for the left engine with the propeller feathered are used to create models of the thrust coef-
ficient, sideforce, rolling moment and yawing moment as a function of air speed. The thrust coefficient
and the sideforce of an engine with the propeller feathered are more than a factor 10 smaller than the
thrust coefficient and the sideforce of an engine at full throttle, as shown in the next section. They are
therefore considered neglectable, which leads to Equations B.1 to B.2. Aerodynamic drag from the
propeller and the engine inlet are the main causes of the rolling moment and yawing moment of the
left engine with the propeller feathered. As a result, they follow a second order relation with air speed,
which leads to equations B.3 and B.4.

Cr, =0 (B.1)
Y, =0 (B.2)
lr, =1.74+0.21-V + —9.63-1073 - V2 (B.3)
ny, = —806 + 254 -V + —0.51-V? (B.4)

B.2. Right engine at full throttle

The values of the thrust coefficients, sideforces, rolling moments and yawing moments of the right
engine at full throttle as a function of velocity are shown in Figures B.2a, B.2b, B.2c and B.2d respec-
tively. Again, two interesting observations are made. First, the magnitude of the forces and moments
are linearly related to velocity. Second, the sideforce largely depends on the sideslip angle as shown
in Figure B.2b.
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Figure B.2: Forces and moments of the right engine at full throttle caused by the propeller thrust, inlet drag and the engine jet
forces excluding slipstream effects on the fuselage and tail.

The data for the right engine at full throttle are used to create models of the thrust coefficient,
sideforce, rolling moment and yawing moment as a function of air speed. The effects of sideslip angle
are neglected under the assumption that the sideslip angle is small during the determination of 1},,.,. A
third order polynomial is fit to the thrust coefficient, leading to Equation B.5. A linear relation is assumed
for the forces and moments, leading to Equations B.6, B.7 and B.8.

Cr, =805—0.21-V +1.87-1073 V2 + -570-107° - V3 (B.5)
Yy, = —815+0.34-V (B.6)
I, = —4.16-10% +16.8 -V (B.7)
nr, = —119-103 +580 - V (B.8)






Zero sideslip scenario

In addition to the analysis of the full rudder deflection scenario in Section 2.2 of the paper, the three
lateral non-dimensional equations of motion are solved for the zero sideslip scenario. The reason for
this is that even though all the states in Figure 2 are achievable, the section of this plot where the sideslip
angle is smaller than zero does not portray a realistic aircraft state. It does not make sense to use a full
rudder input in combination with a negative sideslip angle, because there the rudder is effective enough
to counteract the yawing moment from the engine, without requiring an additional yawing moment from
the weathervane effect of the vertical tail. A more realistic plot is shown in Figure C.1, which combines
the solution of the full rudder deflection scenario with the solution of the zero sideslip scenario. The
result of the zero sideslip scenario is plotted between the velocity range of 90.4 to 120 knots. It shows
how a negative rudder deflection is required to counteract the yawing moment of the right engine and
that a positive roll angle counteracts the sideforce of the rudder. It also visualizes how the effectiveness
of the aileron and rudder decreases when the velocity decreases. When the rudder limit is hit at 90.4
knots, the required roll angle is slightly smaller than 5 degrees. This means that a small sideslip angle
can be induced to generate an additional yawing moment with the vertical tail, while staying below the
maximum roll angle of 5 degrees for .., defined by Federal Aviation Regulations (FAR). This principle
is shown by the full rudder deflection scenario, which is plotted between the velocity range of 63.0 to
90.4 knots. It shows how a non-zero sideslip angle is required to counteract the yawing moment from
the engine using the additional yawing moment from the weathervane effect of the vertical tail. At 87.9
knots the required roll angle is larger than 5 degrees. This is the point of V,,., as defined by FAR. It
should be noted that this value should not be compared to the value of 1., of 87.0 knots indicated air
speed from the Aircraft Flight Manual (AFM) of the Fokker 50. That value was determined for a flap
setting of 5 degrees, while this numerical solution was determined for a flap setting of 0 degrees.
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C. Zero sideslip scenario
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Figure C.1: Numerically determined roll angle, sideslip angle and control surface deflections of the Fokker 50 during straight and
level flight with the left engine inoperative and the propeller feathered and the right engine at full throttle.



Autopilot

An autopilot is designed from scratch to control the trajectory of the Fokker 50 during the simulations
in Section 4.1 of the paper. The original Fokker 50 simulation model contains feedback loops for pitch
hold, altitude hold and roll angle hold modes, but it is not capable of tracking a trajectory. Therefore
this newly designed autopilot can track velocity, heading, altitude and sideslip reference signals using
the controllers depicted in Sections D.1, D.2, D.3 and D.4 respectively.

D.1. Velocity controller

The velocity is controlled by the velocity controller depicted in Figure D.1, which generates a reference
angle for the throttle levers from the measured velocity. The controller consists of a single feedback loop
with PID gains. Their values are listed in Table D.1. The differentiator is used to make the transient
response of the engines more aggressive, while the integrator is used to amplify any steady state
velocity errors.

s Ko AIC »

3 S I{\,J."-J

Figure D.1: Diagram of the velocity controller, which generates a throttle lever angle command from the measured velocity.

Gain Value

K,, 0.1
K,  0.01
K, 005

Table D.1: Gains of the velocity controller.

D.2. Heading controller

The heading is controlled by the heading controller depicted in Figure D.2, which generates an aileron
deflection command from the measured roll rate, roll angle and heading angle. The controller consists
of three nested feedback loops. The two inner loops have proportional gains. The outer loop which
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26 D. Autopilot

controls the heading has a more complex PID controller with the gains listed in Table D.2. The differen-
tiator gain is relatively large compared to the proportional gain to avoid dangerously large bank angles
during large heading reference errors. For the same reason the integrator gain is kept relatively small,
even though steady state heading errors are difficult to eliminate.

— Kﬂ
» 15 Ky K, » AIC _;‘;wx
Hraf Ae . G3 » p
—» 5K

Figure D.2: Diagram of the heading controller, which generates an aileron deflection command from the measured roll rate, roll
angle and heading angle.

Gain Value

K, -3.0
Ky 1.0
K, 1.0
K, 0.5
Ky, 1.0

Table D.2: Gains of the heading controller.

D.3. Altitude controller

The altitude is controlled by the altitude controller depicted in Figure D.3, which generates an elevator
deflection command from the measured pitch rate, pitch angle and altitude. The controller consists
of three nested feedback loops. The two inner loops have proportional gains. The outer loop which
controls the altitude has a more complex PID controller with the gains listed in Table D.3. Each of the
PID gains are relatively small, because large linear control gains can pull the aircraft into a stall during
large altitude reference errors.

K1
15 K, K » AIC "':E' "
5 KP'E;

Figure D.3: Diagram of the altitude controller, which generates an elevator deflection command from the measured pitch rate,
pitch angle and altitude.
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Gain Value

K, -30
Ky 1.0
Kn,  0.01
Kn,  0.002
K,  0.003

Table D.3: Gains of the altitude controller.

D.4. Sideslip controller

The sideslip angle is controlled by the sideslip controller depicted in Figure D.4, which generates a
rudder deflection command from the measured yaw rate and sideslip angle. The controller consists
of two nested feedback loops. The inner loop has a proportional gain. The outer loop which controls
the sideslip angle has a PI controller with the gains listed in Table D.4. Under normal operation a
simple proportional controller would suffice, but for special circumstances such as asymmetric thrust
an integrator is needed to reduce the steady-state sideslip error.

v

s Kgo K,

(i

AIC

Y

Figure D.4: Diagram of the sideslip controller, which generates a rudder deflection command from the measured yaw rate and
sideslip angle.

Gain Value

K, 30
Kp, 1.5
Kg, -0.7

Table D.4: Gains of the sideslip controller.






Raw V. prediction data

Tables 7b and 8 of the paper present the means and standard deviations of the V. prediction errors. In
this appendix the raw data which were used to compute the means for the VPS configurations with the
basic model are presented. Tables E.2 and E.3 show the raw data corresponding to Tables 7b and 8
in the paper, but first the mean V. prediction errors per failure are listed in Tables E.1a and E.1b.

Failure Mean prediction error [m/s]
No failure 14.4

50% loss of aileron 171

100% loss of rudder 29

Left engine failure 11.5

Right engine failure 9.8

Asymmetry left wing heavy 14.4
Asymmetry right wing heavy 15.4
Rudder hardover to the left 19.9
Rudder hardover to the right 30.4

(a) Combination of the basic model, the MKM and Koolstra’s V.. prediction model.

Failure Mean prediction error [m/s]
No failure 6.7

50% loss of aileron 13.3

100% loss of rudder 1.8

Left engine failure 2.3

Right engine failure 3.1

Asymmetry left wing heavy 5.3
Asymmetry right wing heavy 3.4
Rudder hardover to the left 1.6
Rudder hardover to the right 2.9

(b) Combination of the basic model, the MKM and the simplified V, prediction model.

Table E.1: Mean V, prediction errors per failure for the Fokker 50.
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30 E. Raw V. prediction data

#  Failure Inputs Turb. Roll RLS FAD MKM FA

1 No failure No Left -11.3 0.3 15.1 15.1
2 No failure No Right -11.2 0.3 15.1 15.1
3 No failure Yes Left 9.6 -36.7 155 125
4 No failure Yes Right 10.0 -344 8.9 7.3

5 No failure No Left 151 46 152 152
6  Nofailure No Right 150 3.6 152 15.2
7 No failure Yes Left 144 1.2 14.4 14.4
8 No failure Yes Right 155 6.5 155 9.2

9 50% loss of aileron No Left -9.0 1.3 -20.1 151

10 50% loss of aileron

11 50% loss of aileron

12 50% loss of aileron
13 50% loss of aileron
14  50% loss of aileron
15 50% loss of aileron
16 50% loss of aileron
17 100% loss of rudder
18 100% loss of rudder
19 100% loss of rudder
20 100% loss of rudder
21  100% loss of rudder
22 100% loss of rudder
23 100% loss of rudder
24 100% loss of rudder
25 Left engine

26 Left engine

27 Left engine

28 Left engine

29 Right engine

30 Right engine

31 Right engine

32 Right engine

33  Asymmetry left

34 Asymmetry left

35 Asymmetry left

36 Asymmetry left

37 Asymmetry right

38 Asymmetry right

39 Asymmetry right

40 Asymmetry right

41  Rudder hardover left
42 Rudder hardover left
43 Rudder hardover left
44 Rudder hardover left
45 Rudder hardover right
46 Rudder hardover right
47 Rudder hardover right
48 Rudder hardover right

No Right 5.8 -0.5 -29 15.1
Yes Left 153 -339 153 10.0
Yes Right 3.7 -36.3 -22.7 22
No Left 151 -36.8 151 -10.1
No Right 151 -36.9 -9.5 15.1
Yes Left 149 -383 -383 149
Yes Right 14.0 -374 -125 140
No Left 8.2 0.3 5.3 15.2
No Right 5.0 0.2 1.1 15.1
Yes Left 1.1 -07 6.5 13.9
Yes Right 5.8 0.4 0.3 14.8
No Left 7.6 0.8 5.3 15.2
No Right 4.2 0.6 0.8 15.1
Yes Left 7.0 1.0 1.9 15.3
Yes Right 7.4 1.5 2.1 14.7
No Right -59 0.5 15.0 -36.6
Yes Right 14.0 -02 -124 -31.2
No Right -151 -14 150 11.9
Yes Right 156 -206 156 15.6
No Left -182 0.2 150 -1.0
Yes Left 16.3 1.8 4.5 16.3
No Left 150 04 8.9 12.3
Yes Left 151 -379 1.0 150
No Right 11.1 0.2 151 3.6
Yes Right 144 -06 144 838
No Right 152 0.5 152 45
Yes Right 13.0 -17 130 34
No Left 7.1 0.3 -0.1 1.0
Yes Left 8.1 -36.6 152 37
No Left 118 0.6 -36.2 1.0
Yes Left 136 24 10.1 04
No Right -14.3 0.3 227 1.2
Yes Right -15.6 0.1 -194 14
No Right -14.9 0.3 -19.8  -5.1
Yes Right -7.2 0.8 -17.6 0.7
No Left 150 -36.8 -36.8 0.7
Yes Left 5.3 0.1 13.3 -0.5
No Left 149 -08 -36.8 -02
Yes Left 150 -1.0 -349 -76

NN LA N AN, AN, AN NN, AN, AN MNNDNND DA aNDDNDMNDPNN D NDDDDINNDNIDN A,

Table E.2: V. prediction errors for each simulation using the basic linear model and Koolstra’s V.. prediction model.



#  Failure Inputs Turb. Roll RLS FAD MKM FA

1 No failure No Left 16.3 154.2 8.9 238.3
2 No failure No Right 17.2 156.0 9.9 238.3
3 No failure Yes Left 10.5 238.3 538 138.6
4 No failure Yes Right 13.1 2406 4.7 80.4
5 No failure No Left 12.0 2382 7.7 238.2
6 No failure No Right 12.3 2382 6.4 238.2
7 No failure Yes Left 14.0 2379 3.6 401
8 No failure Yes Right 16.0 239.0 6.8 62.7
9 50% loss of aileron No Left 36.9 238.2 28.8 238.2

10 50% loss of aileron

11 50% loss of aileron

12  50% loss of aileron

13  50% loss of aileron

14 50% loss of aileron

15 50% loss of aileron

16  50% loss of aileron

17 100% loss of rudder
18 100% loss of rudder
19 100% loss of rudder
20 100% loss of rudder
21  100% loss of rudder
22 100% loss of rudder
23 100% loss of rudder
24  100% loss of rudder
25 Left engine

26 Left engine

27 Left engine

28 Left engine

29 Right engine

30 Right engine

31 Right engine

32 Right engine

33  Asymmetry left

34 Asymmetry left

35 Asymmetry left

36 Asymmetry left

37 Asymmetry right

38 Asymmetry right

39 Asymmetry right

40 Asymmetry right

41 Rudder hardover left
42 Rudder hardover left
43 Rudder hardover left
44  Rudder hardover left
45 Rudder hardover right
46 Rudder hardover right
47 Rudder hardover right
48 Rudder hardover right

No Right 224 238.2 127 238.2
Yes Left 510 2411 189 864
Yes Right 58 238.7 -1.1 31.8
No Left 28.3 238.2 155 238.2
No Right 152 238.1 3.9 238.1
Yes Left 16.6 236.7 23.8 60.5
Yes Right 5.7 2376 -1.9 76.4
No Left 94 358 26 72.7
No Right 59 324 -11 66.1
Yes Left 14.0 1208 3.4 43.6
Yes Right 7.7 977 -1.7 53.7
No Left 8.1 36.5 27 53.7
No Right 45 363 -1.1 324
Yes Left 84 238.0 -0.5 31.4
Yes Right 8.3 146.8 -1.2 33.1
No Right 242 2384 23 31.7
Yes Right 824 165.8 2.5 234.0
No Right 219 2384 1.5 91.1
Yes Right 179 2376 2.9 23.9
No Left 84 2290 32 238.4
Yes Left 10.2 2399 3.3 239.9
No Left 94 929 35 35.8
Yes Left 80 355 23 30.1
No Right 301 626 49 99.7
Yes Right 26.0 421 6.3 70.7
No Right 215 543 27 28.6
Yes Right 151 424 7.2 18.8
No Left 243 2383 -04 771
Yes Left 18.2 2384 99 79.4
No Left 19.3 238.2 31 55.7
Yes Left 10.7 2401 -04 15.4
No Right 6.7 418 2.0 90.0
Yes Right 4.2 54.6 1.9 92.9
No Right 56 218 23 2.8
Yes Right 7.7 258 0.0 26.4
No Left 77 625 35 58.0
Yes Left 4.2 451 -0.2 3.1
No Left 6.5 233 338 18.7
Yes Left 6.7 266 4.3 68.1

NN -2 AN N AN AN NN A NN A NN A iNNDNNAE A A A iNNDPNNAE A A aAaAaNDNNDNNNA,A A A A

Table E.3: V, prediction errors for each simulation using the basic linear model and the simplified V. prediction model.






Cockpit displays

At the start of this project the outputs of the Fokker 50 simulation model were displayed to the pilots
through the two standard instrument panels that were originally built for the Cessna Citation simulation
model. These instrument panels had a different configuration than the instrument panels of a Fokker
50 cockpit, and they were not capable of displaying all the outputs of the Fokker 50 simulation model.
To increase physical fidelity, the two main instrument panels of the Fokker 50, the primary flight display
and the engine display, were rebuilt in C++ using OpenGL based on instrument system descriptions in
the Aircraft Operating Manual of the Fokker 50.[1] They are shown in Figures F.1 and F.2. Especially
for this project a sideslip indicator is added to the PFD, which is mainly used to accurately present the
sideslip angle during asymmetric thrust conditions.

Figure F.1: Primary flight display of the Fokker 50 including an added sideslip indicator.
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F. Cockpit displays

Figure F.2: Engine display of the Fokker 50.
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Status Fokker 50 simulation model

The Fokker 50 simulation model that was used for this study is still a work in progress. Therefore the
following four tasks still need to be carried out after this project.

« A few ADA files still need to be implemented in C++. Figure G.1 shows the files which have
already been implemented in green, the files which have been partially implemented in orange
and the files which have not been implemented in red. The most important files which still need
to be implemented are the windfields and microbursts in the ’Atmosphere’ block, the ’sched-
uler__stop.a’ file in "Host main’ block, and the files in the 'Forward main’ block which need to be
combined with the Control Loading System files of the SRS Control Loading module that read the
QFeel channel.

« All properties of the classes in each header file should be made private instead of public. When
the ADA files were converted to C++, there was the problem that in ADA a class property can
have the same name as a class method, while this is not possible in C++. The original Fokker 50
simulation model in ADA contains many public class methods which return the value of a private
class property, to give other objects read access to these private class properties. The pack-
age 'AIRCRAFT_MOTION'’ defined in the ADA file ’acft_mot_b.a’ for example, contains a public
class method named ’euler_angles()’, which returns the value of the private class property 'eu-
ler_angles’. To solve the conversion problem to C++, such public class methods were removed
and the corresponding private class property was made public in the C++ header file. The dan-
ger of this is that it gives other objects read and write access to these class properties, instead
of read access only. Therefore it would be better to make the class property ’euler_angles’ pri-
vate again, to implement the public class method 'euler_angles()’ with a different name such as
‘get_euler_angles()’, and to change the instances in other classes in which this method is called
from ’euler_angles’ to 'get_euler_angles()'.

* The feedback forces which the 'FCS Adapter’ module sends to the QFeel channel need to be read
by the Control Loading System of the SRS Control Loading module. Currently control loading is
simulated by linear springs, and elevator trimming is done by moving the elevator itself instead of
the elevator trim tab in the 'FCS Adapter’. When the Control Loading Module of the SRS reads
the force offsets and gradients from the gfeel channel, the aerodynamic forces on the control
system will feel more realistic and longitudinal trimming can be done with the elevator trim tab
instead of the elevator.

» Even though the original simulation model of the Fokker 50 has been validated by Fokker Aircraft,
the simulation model in DUECA still needs to be verified to confirm that no conversion errors have
been made.
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G. Status Fokker 50 simulation model
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Figure G.1: Implemented files of the Fokker 50 simulation model.
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