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AN AVIATION ACCIDENT REPORT DATA-DRIVEN
APPROACH TO SCENARIO DESIGN FOR
A CENTRIFUGE-BASED DYNAMIC
FLIGHT SIMULATOR

Podejscie oparte na danych z raportu o wypadku lotniczym
do projektowania scenariuszy dla dynamicznego symulatora
lotu bazujacego na wirdwce przecigzeniowej

Abstract: The use of flight simulators in investigating an aviation incident or accident
related to human errors has been identified as an important part of a strategy to improve
safety. This study aimed to replicate a real flight of the MiG-29 aircraft using a centrifuge-
based dynamic flight simulator and to determine the simulator’s accuracy in recreating in-
flight aircraft performance. A 60-second recording of the real flight of the MiG-29 aircraft,
captured by the flight data recorder, was chosen for replication in the HTC-07 human
training centrifuge simulator. To evaluate how accurately the simulator replicates the
performance of the aircraft, the linear accelerations and angular velocities acting on a pilot
during the real flight were compared with those during the replication of that flight in the
simulator. The fit of these parameters was assessed using the root mean square percentage
error (RMSPE) and the correlation coefficient (r). The highest replication accuracy was
achieved for the vertical component of the linear acceleration (RMSPE=2068; r=0.98),
while the worst result was obtained for the longitudinal component (RMSPE=14205;
r=0.31). Inaccuracies were much more pronounced for the angular velocity. The roll
angular velocity had the lowest replication error (RMSPE=12640). However, its
correlation with the recorded velocity during the real flight was very weak (r=-0.02).
Despite some inaccuracies in replicating other components of the acceleration and angular
velocity vectors, the HTC-07 simulator seems valuable for investigating aviation incidents
or accidents related to human factors.
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Streszczenie: Wykorzystanie symulatorow lotu w badaniach incydentu lub wypadku
lotniczego, ktorego przyczyng mogt by¢ blgd ludzki, zostato uznane za wazng czes¢ strategii
poprawy bezpieczenstwa lotow. Celem tego badania bylo odtworzenie rzeczywistego lotu
samolotu MiG-29 w dynamicznym symulatorze lotu opartym na wirowce przecigzeniowej
oraz ocena, czy symulator ten moze doktadnie odtworzy¢ osiggi samolotu podczas lotu. Do
odtworzenia w wirowce przecigzeniowej — symulatorze HTC-07 wybrano 60-sekundowe
nagranie rzeczywistego lotu samolotu MiG-29, zarejestrowane przez poktadowy rejestrator
danych lotu. W celu oceny, jak dokladnie symulator odtwarza osiggi samolotu porownano
przyspieszenia liniowe i predkosci kqtowe dzialajqce na pilota podczas rzeczywistego lotu
z przyspieszeniami dziatajgcymi podczas replikacji tego lotu w symulatorze. Dopasowanie
tych parametrow oceniono za pomocq Sredniokwadratowego bledu procentowego
(RMSPE) oraz wspotczynnika korelacji (v). Najwigkszq dokiadnosé replikacji osiggnela
sktadowa pionowa przyspieszenia liniowego (RMSPE = 2068, r = 0,98), podczas gdy
najgorszy wynik miata sktadowa podiuzna (RMSPE = 14205, r = 0,31). Niedoktadnosci
byly znacznie bardziej widoczne w przypadku predkosci kqtowej. Predkos¢ kqtowa
przechytu miata najnizszy blqd replikacji (RMSPE = 12640), jednak jej korelacja z zare-
jestrowanq predkosciq podczas rzeczywistego lotu byta bardzo staba (v = -0,02). Pomimo
niedokiadnosci w odtwarzaniu pozostalych sktadowych wektorow przyspieszenia i predko-
sci kgtowej, symulator HTC-07 wydaje si¢ cennym narzedziem do badania incydentow lub
wypadkow lotniczych zwigzanych z czynnikiem ludzkim.

Stowa kluczowe: czynnik ludzki, symulator lotu, wirbwka, bezpieczenstwo lotu, badanie
wypadku
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Nomenclature:

OnxXnYnzn — frame of reference fixed to the pilot's head

OcXeYeZe — earth-centered earth-fixed (ECEF) coordinate system

OnX0nVnZn — local North-East-Down (NED) coordinate system

OpnXanYanZan — aircraft-carried NED system

OpxpYpZzy — body frame of reference fixed to the aircraft

AXyY 42y — frame of reference fixed to the arm of the motion platform

RXRpYRrZg — frame of reference fixed to the ring of the motion platform

Cxcycze — frame of reference fixed to the simulator cabin

¢,0,¢ — Euler angles (roll, pitch and yaw, respectively)

Ay Ayiy Qi — linear acceleration vector in i-th reference system, along x-, y-,
and z-axis, respectively

i, Qi1 —roll, pitch and yaw rate of i-th frame of reference, respectively

Q; — angular velocity vector of i-th frame of reference

b — vector of actual flight parameters replicated in the simulator
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k — vector of the simulator cabin kinematics

1, — distance vector between the origins of the head-fixed and the aircraft
body frames

g — acceleration of the earth’s gravity

Superscript

htc — represents variable related to the HTC-07 simulator

ac — represents variable related to the aircraft

Subscript

n — represents coordinate vectors in the local NED coordinate system

an — represents coordinate vectors in the aircraft-carried NED coordinate
system

b — represents coordinate vectors expressed in the body frame

C — represents coordinate vectors expressed in the simulator cabin frame

h — represents coordinate vectors expressed in the head-fixed frame

e — represents coordinate vectors expressed in the ECEF coordinate system

1. Introduction

Recreating the conditions and sequence of a pilot’s actions during a critical phase of
flight is usually risky and costly when done during a real flight. As a result, various forms
of simulation play a key role in accident investigations [1], [2]. The replication of conditions
from the critical phase of flight in a flight simulator is mainly based on data from the flight
data recorder (FDR) [3]. While most flight simulators have a feature that allows data from
a simulated flight to be recorded and then played back, few are designed to play back data
recorded during a real flight [4]. In addition, due to certain limitations, such as poor motion
cueing, simulators do not always provide a high-fidelity recreation of real flight conditions.
It should also be noted that the reliability of such simulations depends mainly on whether
they are based on flight data that has been properly measured and recorded during a real
flight.

Data from various sources, including an FDR, a cockpit voice recorder, and eyewitness
information, are collected [5], [6] to reconstruct the real flight. Although these data are often
crucial to explain the sequence of events leading up to the accident, they do not always
provide an explanation of a pilot’s behavior. Only a thorough analysis of the flight and the
conditions in which it took place will allow us to assess the pilot’s behavior and identify the
cause of the pilot’s error. Therefore, one of the strategies used to tackle accident rates is
a data-driven approach that enhances the quantity and quality of information gathered
during accident investigations [7]-[9].
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The use of simulators is an important part of a strategy aimed at improving flight
safety, particularly in the use of modelling and simulation to support training that reduces
accidents, and research to support the analysis of aviation mishaps [3]. However, not every
simulator can assist in investigating an accident where a pilot has flown with high and
sustained accelerations (G-forces). Indeed, G-forces, affecting the pilot mainly in fast-jet
aircraft, are an important flight safety issue. In-flight accelerations can cause visual
disturbances (e.g., tunnel vision or blackout) in a pilot, which result from a shifting of blood
from the head to the lower limbs and are a symptom of approaching loss of consciousness.
The studies [10] and [11] indicated that acceleration not only adversely affected retinal
oxygenation but also impaired the functioning of the central nervous system. The effects of
these disturbances include increased reaction time to a light stimulus [12], [13], increased
color perception threshold [14]-[16], altered perception of the critical fusion frequency of
the light stimulus [17], [18], cognitive functions [19], and night vision [20]. In extreme
cases, the pilot may experience G-force-induced loss of consciousness (G-LOC) or almost
loss of consciousness (A-LOC), a condition insufficient to cause G-LOC but involves a
significant reduction in a pilot’s cognitive and/or physiological functions [21]. They may
occur due to reduced pilot tolerance to acceleration (influenced by a wide variety of factors
[22]-[24]) or poor Anti-G Straining Maneuver (AGSM) performance.

A specialized centrifuge-based flight simulator can be used to investigate the accident
of a fast jet aircraft and to determine the cause of a possible pilot error. This so-called human
training centrifuge (HTC) is a dynamic flight simulator that provides high, rapid onset, and
sustained accelerations similar to those experienced by pilots in real flight [25]. In recent
studies, the use of the HTC to recreate real in-flight conditions was shown to be a unique
way to support an incident investigation [26] or pilot training [25]. The study [26] found
that the HTC is capable of replicating quite accurately the +Gz acceleration experienced by
a pilot during a real flight in the F-16 aircraft. Based on the results of previous research [26]
and the fact that the HTC is also equipped with a replica of the cockpit of a MiG-29 aircraft,
this paper presents the method of replicating the actual flight of this type of aircraft.

1.1. The aim of the study

The presented study aimed to replicate the real flight of the MiG-29 aircraft in the
human training centrifuge (HTC) — a dynamic flight simulator - and assess quantitatively
and qualitatively whether the simulator can accurately recreate in-flight aircraft
performance.

This study addressed the problem associated with the real flight replication in the HTC,
using data from a flight data recorder (FDR). The proposed approach can provide new
insights into the flight data and determine whether the in-flight acceleration (G-forces) may
have contributed to, e.g., a pilot’s visual disturbance. Therefore, the results of this study
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may be useful in the applying the HTC to aircraft accident investigations, especially by
those who use simulators with a similar design and control system.

2. Methods

2.1. Flight simulator

The human training centrifuge HTC-07 (AMST-Systemtechnik GmbH, Austria)
(Fig. 1) located at the Military Institute of Aviation Medicine (WIML, Poland) was used to
recreate a real flight of the MiG-29 aircraft. This dynamic flight simulator combines the
functions of a flight simulator and a centrifuge, which is used both for pilot training and
assessing how pilots tolerate high and sustained accelerations (G-forces).

Fig. 1. Dynamic flight simulator —- HTC-07

The simulator cockpit can replicate the cockpit of F-16 Block 52+ and MiG-29 aircraft.
This option allows the pilot to perform tasks currently available in a traditional flight
simulator, including pre-flight procedures, instrument and navigation flight as well as
approaches to landing according to VOR, VOR/DME, NDB, ILS and TACAN, operation
of communications equipment, night flight procedures, group flying and navigation in
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adverse weather conditions. In addition, the simulator provides upset prevention and
recovery training, emergency training (engine fire, control system failure) and combat
applications training (interception of airborne targets, defensive maneuvers, use of
weapons) [27].

The motion system of the HTC-07 simulator has 3 degrees of freedom with the cabin
mounted on an 8-metre arm. The motion system design allows linear accelerations to be
generated simultaneously in three axes. The range of acceleration generated and the
limitations of the simulator kinematics are shown in Table 1.

Table 1
Kinematics parameters of the HTC-07 simulator motion system [28]
Parameter Ocx* 0.y.* 0.z *
Range of motion in relation to axis [deg] - +360 +360
Maximum linear acceleration [G] 16/-3 +6 + 10
Maximum linear acceleration onset rate [G/s] 14.5 6 10
Maximum angular acceleration onset rate [rad/s?] 2.82 8 5

* — axis of the coordinate frame associated with the simulator cabin (frame defined in the next section
of the paper)

G — the resultant inertial forces; its magnitude is equal to the earth’s gravitational acceleration
(g=1G~9.81 m/s?)

The HTC-07 simulator allows the replication of any MiG-29 and F-16 aircraft flight
scenarios, but the simulator’s manufacturer has not provided data to confirm the accuracy
of this replication. The HTC-07 simulator user manual [28] defines 10 parameters (Tab. 2),
the minimum data set required to recreate flight in the simulator. These data are separated
by semicolons and stored in American Standard Code for Information Interchange (ASCII)
format.

For the purposes of this research, to recreate a real flight in the HTC-07 simulator, the
set of parameters shown in Table 2 has been chosen. These parameters define a vector that
generates physical linear acceleration and the flight scenery imagery. To illustrate changes
in the flight instruments, e.g. indicated airspeed, it is possible to include additional data
beyond those listed in Table 2.
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Table 2

The minimum data set required to replicate a flight in the HTC-07 simulator

Parameter Unit Range Data format Name in the source file
Time (time step 5 ms) ms - double Header.Timestamp

altte +6 float MSlout.Motion.f x_b*
Linear acceleration a§g° m/s? +10 float MSIout.Motion.f y b*
components

aftc -6;+16  float MSlout.Motion.f z_b*
Altitude m - float MSIout.OTW.h_eye
Latitude deg, -90;90 double MSIout.OTW.Lat_eye
Longitude ISI:CH’ -180;180 double MSIout.OTW.Lon_eye
Time of day h 0:24 float MSIout.OTW.ToD
Roll angle +n float MSIout.OTW.phi
Pitch angle rad +n/2 float MSIout.OTW.theta
Yaw angle +n float MSIout.OTW.psi

* in the Cx;ycz reference frame related to the simulator cab (frame defined later in the article)

2.2. Study design

Replication of a real flight of the MiG-29 aircraft in the HTC-07 simulator was
performed in three stages (Fig. 2). Stage 1 involved the preparation and adjustment of data
from the S2-3a flight data recorder (FDR) of the MiG-29 aircraft. The next step was to
replicate the developed flight scenario of the MiG-29 aircraft in the HTC-07 simulator and
to record the kinematics of the simulator’s motion system. In the final third stage of the
study, the linear acceleration components experienced by the pilot during the real flight
were compared with the corresponding accelerations recorded during the replication of that
flight in the HTC-07 simulator.

Preparation of the actual flight data for the replication in the HTC-07 simulator
(stage 1) was carried out according to the following procedure (Fig. 2):

— selection of parameters recorded during the real flight of the MiG-29 aircraft,

— calculation of the linear acceleration and angular velocity that acted on the pilot’s

head in the real flight,

— substitution of selected parameters from the real flight and calculated linear

acceleration into the source file generated in the HTC-07 simulator system,

— validation of the modified data file (format, parameter values) extended to offline

validation of HTC-07 simulator operation (no cab motion).

167



Rafal Lewkowicz

Real flight of the MiG-29
aircraft

,/‘.I_ .
— e

~ =

data from the 52-3a
flight datarecorder (FDR)

Processing data from
Saget the FDR
flight parameters
(vector b)
/ \
Recreatlng\“
Stage 2 the flight

motion system
kinematics
(vector k)

Comparison of vectors
Stage 3 b&k -

(RMSPE & r-Pearson) | vectorb

Fig. 2. Scheme of the replication of a real flight of a MiG-29 aircraft in the HTC-07 simulator.
(FDR - flight data recorder; RMSPE — root mean square percentage error)

Replication of the MiG-29 aircraft’s developed flight scenario and recording
kinematics of the simulator’s motion system (stage 2) was carried out using the simulator-
embedded software. To compare the linear acceleration and angular velocity components
experienced by the pilot in the real flight with the corresponding components recorded
during the replication of this flight in the HTC-07 simulator (stage 3), two measures were
used: the root mean square percentage error (RMSPE) and the r-Pearson correlation
coefficient (Fig. 2).

2.3. A vector of parameters from an actual flight of the MiG-29
aircraft

A 60-second real flight of the MiG-29 aircraft, recorded in the memory of the S2-3a
flight data recorder, was selected for replication in the HTC-07 dynamic flight simulator.
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The data file chosen for an analysis contained 10 parameters, recorded at a frequency of
1 Hz. Nine parameters, shown in Table 3, were selected to create vector b of the real flight
parameters replicated in the HTC-07 simulator.

Table 3
Flight parameters stored in the memory of the S2-3a FDR
. Reference Component Name in the source
Parameter Unit
system of vectorb file

Euler roll angle ¢, deg OnXnYnz, ** bv/m Gamma (+RWD)
Euler pitch angle 6, Op/n Theta (+RWD)
Euler yaw angle ¥, Yypm  Psi

Linear Ay, g OpxpYp2zp ** apc* Nx

acceleration

com ay, Ny

ponents

ab kkk azb NZ

Altitude h, ft OnXnVnZn ** Xn Hbar

True VelOCity VXT knots Obxbybzb** - Vrz

Angle of attack a deg OpxpYpzp** - a

* — in the pilot’s head-fixed coordinate system (system defined in the following subsection)
**  — coordinate system defined in the following subsection and in Fig. 5

***  _ without gravitational acceleration component

g — the earth’s gravitational acceleration (~ 9.81 m/s?)

RWD - right wing down, an indicator of which direction is considered positive (+)

Figure 3 shows the aircraft angular orientation and acceleration vector components that
were recorded during the actual flight of the MiG-29 aircraft (Tab. 3). The 60-second flight
phase taken for the analysis included a right turn maneuvers with a roll of up to 90 degrees
and the acceleration of up to +4 Gz (acceleration acting along the longitudinal axis of the
pilot’s body, with the direction to the lower limbs) and a left turn (from 11 seconds onwards)
performed with a roll of up to 90 degrees and the acceleration of up to +7 Gz.

The in-flight recorded parameters (Fig. 3) were assumed to represent accelerations and
angular velocities relative to the aircraft’s center of gravity (the origin of the reference
system associated with the aircraft, the system defined in the following subsection).
Furthermore, despite the measurement and processing errors of the flight data recorder
(S2-3a) [29], [30], the accuracy of the flight data was assumed to be sufficient to replicate
in the HTC-07 simulator.
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Fig. 3. Data from S2-3a flight data recorder (see Tab. 3 for an explanation of the data)

Taking into account the minimum data set required to replicate the real flight in the
HTC-07 simulator (Tab. 2) and the parameters recorded in the real flight (Tab. 3), the vector
b of the real flight parameters replicated in the HTC-07 simulator has the following

components:
— ac ac ac ac ,ac ac .,,ac ,ac ,.ac T
b = by, Op/n Wb/ Axpr Ay Az i Gi TR @5 4 Ry, (D

Although the components [pg¢, ¢, 3] of the vector b (1), which represent the
angular velocity of the MiG-29 aircraft, are not required to be replicated in the simulator
(Tab. 2), they were included due to the need for comparison with the angular velocity
components affecting the pilot in the HTC simulator cabin.

2.4. Linear acceleration and angular velocity acting on the MiG-29
pilot

Since the linear acceleration generated in the HTC-07 simulator is described in a frame
related to the pilot’s head (Tab. 2) and the acceleration recorded in the real flight is
described in a frame related to the aircraft (Tab. 3), there is a need to transform the aircraft
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flight data from the body coordinate system to a pilot head-fixed coordinate system. To
describe the linear accelerations acting on the pilot’s head in the aircraft, the following
rectangular and right-handed coordinate systems are defined (Fig. 4):

the local North-East-Down (NED) coordinate system (denoted by 0, x,y,Z,) is a
coordinate frame with the origin (denoted by 0,,) fixed to a point on the earth’s
surface (Fig. 5 and Fig. 4). Its axes are defined as the following (based on the WGS
84 ellipsoid model): the X-axis and Y-axis point toward the ellipsoid north
(geodetic north) and the ellipsoid east (geodetic east), respectively. The Z-axis
points downward along the ellipsoid normal. Coordinate vectors expressed in the
local NED coordinate system are appended with a subscript n;

the aircraft-carried  North-East-Down  coordinate  system (denoted by
OunXanYanZan) 18 associated with the aircraft with origin (denoted by O,,,) located
at the center of gravity (CG) of the aircraft. Its axes are given by the following
(Fig. 5 and Fig. 4): the X-axis and Y-axis point toward the ellipsoid north (geodetic
north) and the ellipsoid east (geodetic east), respectively. The Z-axis points
downward along the ellipsoid normal. Coordinate vectors in the aircraft-carried
NED system are denoted by a subscript an;

body coordinate system (denoted by Oy x,y,2;,) is directly defined on the body of
the aircraft with the origin (denoted by 0y) located at the CG (Fig. 4). The X-axis
points forward, lying in the symmetric plane of the aircraft. The Y-axis points
forward to the right side of the aircraft. The Z-axis points downward to comply with
the right-hand rule. Coordinate vectors expressed in the body frame are described
with a subscript b;

the head-fixed coordinate system (denoted by Oy x,, v, 2;) is a frame with the origin
(denoted by 0y,) fixed to the center of the head. The axes are defined through the
coordinates of anatomical landmarks on the head: the Nasion (NAS), and the left
and right preauricular points (LPA and RPA). The positive axes were directed
nasally (xj), toward the right ear (y;), and toward the base of the skull (z).
Coordinate vectors expressed in the head frame are described with a subscript h.

The distance of the origin of the head-fixed frame (0, x,y;z,) relative to the origin of

the body frame (0, x,V,2p) is determined by the vector 1, (Fig. 4). This vector has two
components I, = [lyy,,0, lHZb]T in the Opx; Y, zZ;, reference system.

171



Rafal Lewkowicz

Fig. 4. The coordinate systems and the rotation angles

In addition to the linear acceleration of the aircraft recorded in the memory of the S2-3a
FDR (Tab. 2), there may be additional centripetal and tangential components of linear
acceleration acting on the pilot’s head during an aircraft rotation (,). The resultant
acceleration is therefore the sum of the three accelerations:

ag° =a,+a.+a, 2)

where
- a = [ay,,ay,, azb]T is the absolute acceleration of the aircraft’s CG as recorded

by the S2-3a FDR (Tab. 2).
— a, = €, X1}, is the tangential acceleration, whose components are as follows:

Aexy, = dp - lhzb —Tp- lhyb
Aey, = Ty lhxb —Dp- lhzb 3)

Aezyy = 2 lhyb —qp- lhxb
- ag = Qp X (Qp X 1) is a centripetal acceleration with components:

Aox, = Po @b * lhxy + Qb * lhyy, + 7o lnzy) — 25 * lng,
Aoxy = Ao Db * lhxy + b Ly, + 75 * lnzy) — 05 lny, 4

Aoxy = To@b * lnxy + A * lhyy + 7 lhzy) = 05 * lngy
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in which the components of the pilot's head position vector are equal to 1, = [1.35 0 4.25]7
(Fig. 4). The vector 1, takes into account the translational displacement of the head resulting
from the inclination of the seat backrest by an angle of 18 deg.

As a result, the acceleration af® (2) acting on the pilot’s head in the aircraft has the
following components in the Oy, x,Vp,Z), System:

age = ay, + dplaz, = Tolny, + Do @olhx, + Aolny, + Tolnz,) — Lilnx,
ayy = ay, + Tplpx, — Polazy, + 9o @olax, T olny, + Tolhzy) — Ql%lhyb ()

agé = az, + Polny, = dolhx, + 7 @olnx, + Aolny, + Tolnz,) — il

Due to the lack of data on the angular position of the pilot’s head during the actual
flight, it was assumed that he/she did not make head movements, then: ¢/ = ¢/, On/m
= eb/ns 1/Jh/n = lpb/n and Qp° = Q,, (Tab. 3).

2.5. The geodetic coordinates of the aircraft position

According to vector b (1), to recreate the flight scenery (out of the window) in the
HTC-07 simulator, the geodetic coordinates of the aircraft position are required (Table 2).
This data is not recorded in the memory of the FDR (S2-3a) of the MiG-29 aircraft, but it
can be determined by transforming the coordinates of the aircraft’s position, described in
the aircraft-carried NED coordinate system O, Xqn VanZan (Fig. 5 and Fig. 4) to the geodetic
coordinate system. To describe this transformation, the following rectangular and right-
handed coordinate systems are defined (Fig. 5):

— the geodetic coordinate system — the frame that characterizes a coordinate point

near the earth’s surface in terms of longitude, latitude, and height (or altitude),
which are respectively denoted by A, ¢, and h, see Fig. 5);

— the earth-centered earth-fixed (ECEF) coordinate system (0,X.Y.Z.) with the
origin (denoted by O,) located at the center of the earth (Fig. 5). The ECEF
coordinate system rotates with the earth around its spin axis. The axes of the system
are defined as follows: the X-axis coincides with the prime meridian (Greenwich
meridian), the Z-axis is along the spin axis of the earth, pointing to the north pole,
and the Y-axis is orthogonal to the Z- and X-axes with the right-hand rule (passes
through the equator 90 degrees east of the prime meridian). Coordinate vectors in
the ECEF frame is denoted by a subscript e.
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Ze“ X, (North) k

Fig. 5. Geodetic, ECEF 0,x,Y,z,., and local NED 0,,x,,y,,Z,, coordinate systems

The missing components (¢, ) of vector b (1) can be determined by knowing the
initial geodetic position (¢g, 4) and the change in this position over time. The derivative
of the geodetic position can be expressed in terms of the velocity vector V,,,= [Uny» Vny»
Wy, ] in the local NED 0,,x,,y,,z, coordinate system as follows [31], [32]:

dA _ Vnv

de (Ng+h) cos @ (6)
dp _ upy
dt ~ Mg+h Q)
dh
- W (®

where

@ — geodetic latitude (positive north);

A — geodetic longitude (measured from the Greenwich meridian);
h — altitude normal to ellipsoid;

N, = —Rea  ihe prime vertical radius of curvature;

J1-e?sinZ ¢
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Me _ REA(I—EZ)

~ (1-e2sin2 ¢)3/2

R.q = 6,378,137.0 m — the semi-major axis (ellipsoidal equatorial radius);

— the meridian radius of curvature;

R,p = 6,356,752.0 m — the semi-minor axis;
e = 0.08181919 — the first eccentricity of ellipsoid;

The above mentioned parameters (and Fig. 5) are either defined or derived based on
the WGS 84 (world geodetic system 84) ellipsoid model.
Unys> Vnys Wyy — velocities in the aircraft-carried NED 0,,x,,y,z, system, for which the
derivatives are determined by [32]:

duny viysing UnvWny
= — +a 9
dat (No+th)cos@ | Mg+h xb/an ©)
dvny UnpVny SiN @ UnyWny
— = +a 10
dt (Ne+h) cos @ Ne+h yb/an (10)
AWy _ _ iy Ui 4 g4 g (11)
dt Neth | Mg+h zb/an

where g is the gravitational acceleration, and ay;q, = is the

[axb/an aYb/an azb/an:|
projection of vector a,, (the proper acceleration measured on the body 0y, x;, v}z, frame and
recorded in the FDR, Tab. 3) onto the aircraft-carried NED Oy, X 40 VanZan System. In the

above equations (6-11), terms related to the earth’s self-rotation were omitted.

The transformation of the acceleration vector between the aircraft-carried NED
OunXanYanZan System and the body frame is as follows:

axan
[aYbl = Lb/an [ l (12)
azan

where Ly, /4y is the rotation matrix from the aircraft-carried NED Oy XqnYanZgn frame to
the body 0, x,,y), 2z, frame and is given by:

C0b * Cl/)b C0b * Slpb _Sgb
Lpjan = |S®p - SOp - Yy — by - SYp Sy - SOy - SPp + oy - Yy, Sy, - €O, (13)
CPhp - SOp - CPp + 5Py - s, Py - SO, - SYy —SPy - cPp,  cPy, - O,

where s and ¢ denote sin() and cos(), respectively.

The inverse matrix L;}an = Lgyn,p provides a transformation of the acceleration vector from

the body O,x,y,z, frame to the aircraft-carried NED Oy, X4nYVanZan coordinate frame
(9-11).
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2.6. Flight data processing

Due to the fact that the data recording in the S2-3a recorder of the MiG-29 aircraft took
place at a frequency of 1 Hz (Tab. 3), which is lower than the frequency required for
replication in the HTC-07 simulator (Tab. 2, frequency of 200 Hz), the data from the actual
flight was linearly interpolated (function interpl() from the MATLAB package
(MathWorks Inc., USA)). In addition, unit conversions were carried out, as listed in Table 2.
A list of these conversions is shown in Table 4.

Table 4
List of unit conversions of the actual flight data of the MiG-29 aircraft
Name in the source file
Parameter
MiG-29 Conversion type HTC-07
altc  Nx g — m/s? MSIlout.Motion.f x_b
Linear acceleration a’;fc Ny MSlout.Motion.f y b
aftc Nz MSlout.Motion.f z b
Altitude Hbar feet — meters MSIout.OTW.h_eye
Roll angle Gamma MSIout.OTW.phi
Pitch angle Theta degree — radian MSIout.OTW.theta
Yaw angle Psi MSIout.OTW.psi

2.7. Flight parameter vector recreated in the simulator

The final step of the actual flight replication was preceded by checking the procedure
for recreating the vector b (1) in the HTC-07 simulator offline (with the motion system
deactivated). Successful completion of this procedure, confirmed by correctly displaying
the flight scenery and flight parameters indicators, was a prerequisite for a full (with active
the motion system) replication of the actual flight. In the case of failure, the recheck of the
format data and range of values of the components of vector b (1) were performed.

As a result of replicating the real flight (vector b) in the HTC-07 simulator, the vector
k, which describes the kinematics of the simulator cabin, was created. This vector has the
following components in the pilot’s head-fixed Oy x},V}, z;, coordinate frame:

— htc phtc htc htc ,htc ,htc ,,htc ,htc ,.htc1T
K = [®n/m Onjm Chyn Q' Ay Az, PR TR (14)

A detailed description of these components is given in Table 5.
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Table 5
Kinematics parameters of the HTC-07 simulator (see Fig. 6)
Parametr Unit Reference  Component Name in the source file
frame of vector k
Ring roll angle ¢pRt¢ (M{% general.SysInput. DPLCout.Alpha.alpha
Cabin pitch angle htc
0
phee tad  OpXpynZn h/n general.SysInput. DPLCout.Beta.beta
22;2 yaw angle 4 general.SysInput. DPLCout.Phi.phi
a;gc general.SysInput. DPLCout.Indications.Gx
Linear htc ht icati
a * ¢
acceleration ¢ g Cxcyczc a, general.SysInput. DPLCout.Indications.Gy
agfc general.SysInput. DPLCout.Indications.Gz
ring ppte Rxpypzg * general.SysInput. DPLCout.Alpha.dalpha
3;5211?; cabin g€ rad/s Cxcyczc * QR ** general. SysInput. DPLCout.Beta.dbeta
arm rj¢ AXyyazy * general.SysInput. DPLCout.Phi.dphi

* — coordinate system defined in the following subsection and in Fig. 6
** — vector calculated using the relationships presented in the following subsection

Given the influence of aircraft angular velocities on the pilot’s ability to maintain
spatial orientation, and linear acceleration, high fidelity of the angular velocities generated
in the HTC-07 simulator is also expected. The angular velocity vector acting on the pilot’s
head in the simulator QR¢ = [plte, ghte, rAe]T (14) is the sum of the angular velocity of
the arm 7)'¢, the ring p*¢, and the cabin q/**¢ (Tab. 5), transformed to the simulator cabin-
fixed coordinate system (the system defined below). To derive these angular velocity vector
components, the following right-handed, orthogonal coordinate systems are applied
(Fig. 6):

— the local North-East-Down (NED) coordinate system (OpxpynZ,) — previously
defined in Fig. 5 and Fig. 4, with the origin fixed to a point on the earth’s surface,
in the rotation axis of the simulator arm,

— the arm-fixed coordinate system (denoted by Ax,y,2z,) with the origin (denoted by
A) of the intersection of the rotation axis of the ring and the simulator cabin. The
values expressed in this system are indicated by the subscript A,

— the ring-fixed coordinate system (denoted by RxgYgZg) With the origin (denoted by
R) that aligns with the origin of the Ax,y,z, system. The Rxy axis aligns with the
Ax, axis of the arm-fixed frame, while the Ryj axis is the rotation axis of the cabin.
The values expressed in the ring-fixed frame are distinguished by the subscript R,
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— the cabin-fixed coordinate system (denoted by Cx.y.z:) with the origin (denoted
by C) that aligns with the origin of the Ax,V,2z, system. The Cy axis is the rotation
axis of the cabin and aligns with the Ry, axis of the system associated with the
ring. The values expressed in this system are marked with the subscript C,

— the head-fixed coordinate system (Onx,ypzy) previously defined in Fig. 4, with the
origin (denoted by 0y,) is fixed to the center of the head and aligned with the origin

of the cabin-fixed coordinate system. The axes of the O, x;, y,, Z,, axes align with the
axes of the Cx.y -z, system.

_—
.

s z
X, =X, ®

Fig. 6. Coordinate systems of the HTC-07 simulator and the transition angles between them [26]

The pilot’s seat in the simulator cabin at a backrest tilt angle of 8, = 0 degrees allows
the origin of the head-fixed coordinate system (Opx, Y, zy) to be aligned with the origin of
the cabin-fixed system (Cx.y.z.). To replicate the flight of the MiG-29 aircraft in the
HTC-07 simulator, it is required to set the backrest at a backward tilt angle of 8, = 18
degrees. With this seat configuration, there is an offset between the above-mentioned
coordinate system origins. However, the design of the seat provides allows to change its
forward-backward and upward-backward position, and eliminate this offset, which was
done in the presented calculations.

Assuming, as in a real flight, that the pilot does not move his head (either linear or
angular) relative to the cabin during flight in the simulator, then @, = Q.. Thus, the
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components of the angular velocity vector acting on the pilot’s head in the cockpit of the
HTC-07 simulator are described by the relations [26] and [33]:

PICT  [B1 - cos 87 e - cos e - sin g
qnte| = GILC 4 ghhtc . sin phec (15)
npe] L ghee . sin gnte 1 ajnte . cos ghee . cos phic

where

@™, B¢ are roll and pitch angle, respectively (Fig. 6);

Phte phte and §MC are the angular velocities of the arm, the ring and the cab of the
simulator, respectively.

2.8. Quality indicators for replicating a real flight in the simulator

The root mean square percentage error (RMSPE) and the Pearson’s type correlation
coefficient ry, were used to compare the components of the k (14) and b (1) vectors and
calculate replication accuracy. The RMSPE is a measure of the average deviation of an
observation (the real flight) to its replicated value (in the simulator). It was used to aggregate
the deviations (error values between the component of vector b and the corresponding
component of vector k) into a single measure of compliance power. The smaller the
deviations, the smaller the RMSPE and, thus, the more accurate the simulator’s
representation of the parameter being compared. The RMSPE was calculated using the
following equation:

1 bi(m)—ki(n)\?
RMSE; = \/ﬁ *Zn-1 (W) -100% (16)
where
i — component of the vector
N — number of data samples of the vector component

ki(n) —i-th component of the simulator cabin kinematics vector
b;(n) —i-th component of the actual flight vector

The correlation coefficient 1y, shows the shape dependency of two signals (the
analyzed components of vectors b and k) regardless of their magnitude. This coefficient
was calculated as follows:

Y= [bi(m)=bi]-[ki(m)-Ki]

(17)
\/Z§=1[bi(n)_5i]2 : \/Z§=1[ki(n)—ﬁi]2

Tpki =

where
i — component of the vector
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N — number of data samples of the vector component
b;, k;j — i-th component of the vector of the actual flight and the simulator cabin kinematics,
respectively

b;, k; — mean value of the i-th component of the vector.

The correlation coefficient reaches values ranging from -1 to 1. An increased
correlation coefficient indicates the HTC-generated signal to follow the real signal shape
more accurately. When 1y, = 1 or -1, it means that two signals are completely following
each other.

3. Results and discussion

All calculations, including the creation of the b and k vector components and the data
file replicated in the HTC-07 simulator, were performed using MATLAB software
(MathWorks Inc., US). The pretests confirmed the correct structure and format of vector b
and that its components did not exceed the range of acceptable values for the HTC-07
simulator.

The results of comparing components of the vector k with vector b (RMSPE and
correlation coefficient ry,, calculated using equations (16) and (17), respectively) are
shown in Table 6. These results are discussed later in this chapter in the description of the
analyzed parameters.

Table 6

Results of quantitative evaluation of the replication of selected parameters of the real
flight in the HTC-07 simulator

Parameter e RsPE Coetrtent
Linear acceleration Ay, 14 205 0.31
(m/s?) ay, 10 889 -0.02

a, 2 068 0.98
Angular velocity Pn 12 640 -0.02
(deg/s) an 383 386 0.83

T 267956 -0.31

RMSPE - root mean square percentage error; r — Pearson’s correlation coefficient
As aresult of replicating the real flight of the MiG-29 aircraft in the HTC-07 simulator,

the linear acceleration and angular velocity (calculated from the recorded angular velocities
of the arm, ring and cabin as well as their orientation Eq. (15)) acting on the pilot’s head
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were recorded, and together with corresponding the real flight parameters are shown in
Figs. 7 and 8. The components of the vector b (1) of the real flight parameters are shown
in blue. In contrast, the components of the vector k (14), which describes the kinematics of
the simulator cabin during the replication of this flight, are shown in red.

3.1. Recreation of the linear acceleration

The components of the linear acceleration vector acting on the pilot’s head in the actual
flight and during the replication of this flight in the HTC-07 simulator are shown in Fig. 7
in blue and red lines, respectively. These accelerations do not include the gravitational
acceleration component.

— HTC-07 (simulator) MiG-29 (aircraft)

% ° w
“
E 0
KJ: _5 -
]
710 Il 1 1 1 1 1
10 20 30 40 50 60
4 =
o
£ M
= A i
&0 1r %Vﬁvﬁvwvwv |
_2 Il 1 1 1 1 1
0 10 20 30 40 50 60
O -
01‘-2 201
£
._.J: A0+
N
0]
-60
1 1 1 1 1 1
0 10 20 30 40 50 60
time [s]

Fig.7. The linear acceleration vector components acting on the pilot’s head in the real flight and
during the replication of this flight in the HTC-07 simulator (vector in the head-fixed
coordinate system)

A clear match of the acceleration signals can be seen in the a,, component which, as
in an aircraft flight, is the linear acceleration component that dominates in the simulator

[34], [35]. This is confirmed by quantitative accuracy indicators (Table 6). The component
a,, achieved the lowest RMSPE and the highest value of correlation coefficient 13;,, = 0.98

among the analyzed acceleration components.
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The largest differences in the replication of linear acceleration occurred for the ay,
component (Table 6). These differences (around the 5th, 15th and 40th second of the
analyzed flight profile, Fig. 7) relate to the method used to compensate for unwanted
tangential acceleration in the simulator motion system control algorithm. The tangential

acceleration occurs when the rotational velocity of the simulator arm changes
(ax = €4 dy); therefore when the generated G-force (a,,) changes (Fig. 7), the pitch angle

6™t¢ of the cabin is applied to reduce this tangential acceleration. As a result, artefacts also

occurred in the vertical component a,, of the generated linear acceleration (Fig. 7).

In the case of the a,, components the largest differences occurred around the 5th, 10th
and 40th second of the analyzed flight profile (Fig. 7). The reason for these differences can
be attributed to the turn maneuver which, as can be seen in Fig. 8, was performed with a
roll rate p,, that reached 60 deg/s. According to the signal shown in Fig. 3, this turn was
maintained until the 5th second of the flight with a roll angle ¢, close to 90 deg. At about
10th second, there was a change in the roll angle, of almost 180 degrees, to a turn to the
other side. During roll angle change, the linear acceleration replicated in the simulator (red
line) compared to the acceleration recorded during the real flight (blue line) shows a clear
difference for the components a,, and a,, .

Although all components of linear acceleration generated in the simulator do not
exactly match the signals recorded in the real flight (Fig. 7), the maximum values of these
accelerations and their change rate are particularly relevant for assessing a pilot’s in-flight
behavior. Lambert [36], [37] found that visual disturbances in flight occur at higher
acceleration values than during training in centrifuges. This difference is about 0.7 G and,
according to the author, depends on the difference in the level of emotional tension in the
two situations and on the flight conditions (active mode, when a pilot controls a flight vs
passive mode when a pilot has no influence on the flight and the generated acceleration).

3.2. Recreation of the angular velocity

The components of the angular velocity vector acting on the pilot’s head in a real flight
of the MiG-29 aircraft and during the replication of this flight in the HTC-07 simulator are
shown in Fig. 8 in blue and red lines, respectively.

Comparing the angular velocity components replicated in the simulator with the data
recorded during the real flight (Fig. 8), it is evident that the roll angular velocity p;, exhibits
no significant difference. This observation was confirmed by the RMSPE value (Table 6).
In the case of the other two components (pitch g, and yaw 1y, rates), a large difference can
be seen (Fig. 8, blue vs. red line). These components of angular velocity constantly act on
the pilot’s head. Their occurrence is related to the rotation of the simulator arm and the
cabin roll angle ¢"*¢. The latter has the task of bringing the centripetal and gravitational
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accelerations to the resultant acceleration. For example, for the +2 Gz acceleration
generated in the simulator, the cabin roll angle is set to ¢"**¢ = 58 deg.

— HTC-07 (simulator)

MiG-29 (aircraft)

p,, [deg/s]

q,, [deg/s]

" [deg/s]

time [s]

Fig. 8. The angular velocity vector components recorded in a real flight and during the reproduction
of this flight in the HTC-07 simulator (vector in the head-fixed coordinate system)

The observed differences in the angular velocity components (Fig. 8, Table 6)
replicated in the HTC-07 simulator are due to the fact that these parameters are not required
to recreate the flight (Table 3). The angular velocity generated by the simulator is a side-
effect of how the simulator’s motion system generates linear acceleration. However, taking
into account the physiology of the human vestibular system, with the receptor responsible
for detecting angular acceleration, the differences observed between the angular velocities
in the real flight and those replicated in the simulator (Fig. 8) may not be perceived by the
pilot. For a constant angular velocity, the vestibular system gives a misleading sensation of
diminishing rotational motion [38]. Therefore, since the angular velocity of the simulator
arm, the cabin’s roll angle and the pilot’s head are all constant, the pilot should not perceive
the sensation of rotation. The change in angular velocity of the arm only appears when the
linear acceleration generated by the simulator is suddenly increased or decreased (see Fig. 8
in the 5th, 10th, 17th and 39th second). In such cases, the pilot may perceive a rotational
motion that would not occur during the real flight.
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Although none of the linear acceleration components were replicated with a high level
of fidelity, the acceleration a,, is the closest to the results from the real flight (Fig. 7,
Table 6). For the angular velocities, the HTC-07 simulator showed low-fidelity replication
(Fig. 8, Table 6). Although the simulator can replicate the linear acceleration, it generates
additional motion stimuli (e.g. pitch and yaw rates, Fig. 8), giving the pilot sensations that
he or she would not have experienced in the real flight. If the simulator could replicate the
angular velocity more precisely, it could be utilized to investigate aviation accidents where
the pilot’s perceptual errors may have contributed to spatial disorientation during flight [39].

However, the HTC-07 simulator’s low level of fidelity in replicating the other
components of linear acceleration and angular velocity does not disqualify its use in aircraft

accident investigations. This is because the pilot’s visual disturbances and G-LOC are
primarily influenced by the vertical component of the linear acceleration a,, .

3.3. The simulator limitations

This study highlights several concerns that indicate a limited capacity for a centrifuge-
based flight simulator to recreate real-world flight scenarios. Specifically, a core contrast
exists between a real flight with six degrees of freedom and the three degrees of freedom
environment available in a centrifuge simulator. While the main purpose of this simulator
is to generate linear accelerations that mimic those experienced during flight, its accuracy
in replication is not optimized. This limitation primarily relates to the technique of
simulating flight conditions with accelerations below +1.4 Gz.

Another imperfection of centrifuge-based simulators are artefacts in the form of
motion stimuli that do not occur in simulated real flight. The assumption made in this study
that the pilot does not make any head movements during the simulated flight in the
centrifuge should exclude at least one group of these stimuli.

This is a simplifying assumption since head movements are common during flight,
particularly when engaging in dogfights in the MiG-29 fast-jet. When simulating flight in a
centrifuge, the movement of the head during the rotation of the simulator’s arm stimulates
all three semicircular canals of the vestibular system simultaneously, leading to unpleasant
motion sensations in pilots. These sensations can trigger motion sickness, commonly
referred to as simulator sickness in simulator environments.

4. Conclusions and summary
This study aimed to replicate the real flight of the MiG-29 aircraft using a centrifuge-

based dynamic flight simulator and to determine the simulator’s accuracy in recreating in-
flight aircraft performance.
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The study demonstrated that replicating the actual flight in the HTC simulator is not
challenging. The presented method of flight replication could prove to be a valuable tool to
support future accident investigations. The HTC-07 simulator is able to accurately replicate
the aircraft in-flight performance with respect to the vertical component of the linear
acceleration (a,,). Unfortunately, the anticipated high fidelity was not achieved in
replicating any of the angular velocity components. Nevertheless, the inaccuracy in
replicating the other components of this acceleration and the angular velocity does not
exclude the use of the simulator in the investigation of events related to human factors. It is
mainly due to the pilot’s visual disturbance and loss of consciousness, which are related to
the vertical component of the linear acceleration (a;,, ).

A data-driven approach to investigating aviation accidents, as demonstrated in this
study, can provide valuable insight into the cause of an accident and hence may contribute
to reducing the number of accidents. The replication of the MiG-29 aircraft flight in the
HTC-07 simulator was based on data from the S2-3a flight data recorder. This particular
recorder is not only used in MiG-29 aircraft but also in various other types of aircraft, such
as TS-11 ISKRA, PZL-130 TC-IT ORLIK, M-28 BRYZA, Su-22 and rotary-wing Mi-§,
Mi-14, Mi-17, Mi-24, W-3 SOKOL, and SW-4 [40]. It means that the method used for
processing data from this recorder can also be applied to analyze the flight performance of
these aircraft.

When investigating accidents using a dynamic centrifuge-based flight simulator, it is
essential to consider potential challenges in analyzing the effects of acceleration on a pilot.
These challenges may be due to limited information about the anti-G straining maneuver.
Delayed maneuver initiation, insufficient lower body muscle tension, or improper breathing
techniques can decrease acceleration tolerance and increase the likelihood of experiencing
G-LOC.

Based on data and lessons learned from past flight incidents and accidents, the HTC-07
simulator capability can provide a training environment for pilots. To enhance training and
reduce aircraft accident rates, the requirements for such a simulation must be based on a
clear specification of training needs.

Finally, the presented method for replicating the real flight in the HTC-07 simulator
can be applied to centrifuge-based flight simulators used by other countries, such as the
Indian Air Force, the Republic of Singapore Air Force, the German Air Force, and the UK
Royal Air Force [41]. It should be noted that while dynamic flight simulators are recognized
as valuable tools in aviation accident investigation, the limitations of these devices and their
seemingly high level of fidelity in replicating the flight environment may lead an
inexperienced investigator to draw erroneous conclusions.
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