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ANGULAR MOTION CUEING

3anporoHOBaHO METOJ] BHPIIICHHS MPOOJEeMH ONTHUMAIBHOTO BHUKOPHCTAHHS
KOHCTPYKTUBHUX PECYpCIB MIECTHUCTENIEHEBOIO AMHAMIYHOTO CTEHAY OIIOPHOTO
THUITY aBialiifHOrO TpeHaKepa, M0 HAJAE MOMIIMBICTh TOJIIIICHHS SIKOCTI iMiTaIlii
KyTOBUX aKcejepauiiiaux aii. OntumanbHe BUKOPUCTAHHS KOHCTPYKTUBHUX pe-
CypciB 3a0e3leuyeThCsi BUKOPUCTAHHAM PO3POOJIEHOI0 CHPOILEHOr0 OmepaTopa
NEPETBOPEHHS MePEeMIleHb T1IPOUMIIHAPIB Y NEPEMILIEHHS TUHAMIYHOTO CTCHIY
32 OKpEeMHMH CTENEHSMH BIJIBHOCTI Ha 3acajax KBaJpaTU4HOI allpoKcuMallii, pos-
poOsieHOMYy KpUTEpil OLIHKA KOHCTPYKTUBHUX PECypCIB AWHAMIYHOTO CTEHIY 3a
KYTOBUMH CTETIEHSIMH BUIBHOCTI, c(hOpMyIbOBaHii i po3B'A3aHill 3a/1a4i BH3HA-
YEeHHS 3aJISKHOCTEH KOOPJIMHAT OCEH TaHTaXy W PUCKaHHA BiJ KyTa TaHTaXy Ta
3aJISKHOCTI KOOPIMHAT OCeH KpeHy BiJ KyTa KpeHy. 3aBIsSKHA ONTHMAJIbHOMY BH-
KOPUCTAHHIO KOHCTPYKTHBHHMX PECYpCIB TUHAMIYHUX CTEH/IB KOOPJIUHATU OCi iX-
HbOI'0 OOEpTaHHS 3a TAHTAKEM MaKCUMAaJbHO MOXJIMBO HAOIMKAIOTHCS 10 KOOp-
JMHATHU OCi JiTaka. TakuM YMHOM, CYTTEBO 30UIBIIYEThCS SKICTh IMiTalii akcene-
pariitHuX il 32 KyTOBUMU CTETIEHSIMHU BUTHHOCTI.

A method for solving the problem of optimal use of constructive resources of
six degrees-of-freedom synergistic motion system of flight simulator is proposed,
which provides an opportunity to improve the quality of angular motion cueing.
Optimal use of constructive resources is ensured by using the developed simplified
operator for transforming jack movements into motion system movements along
individual degrees of freedom on the basis of quadratic approximation, the devel-
oped criterion for assessing constructive resources of motion system along angular
degrees of freedom, the formulated and solved problem of determining the coordi-
nate dependences both pitch and yaw axes coordinates from the pitch angle and
the coordinate dependences of roll axes coordinates from the roll angle. Due to the
optimal use of constructive resources of motion systems, the coordinates of the ax-
is of their rotation along pitch are as close as possible to the coordinates of the air-
craft axis. Thus, the quality of motion cueing along angular degrees of freedom is
significantly increased.
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Introduction

Flight simulators have been applied principally to two applications: air-
craft research and development and aircrew training. Motion cueing along angu-
lar degrees of freedom on flight simulators is of great importance, first of all, for
pilot training. All the early pilot training devices from the Wright Brothers' sim-
ulator to Link's «blue box» tried to simulate airplane angular movements. Cur-
rently, motion cueing along angular degrees of freedom is a mandatory compo-
nent of all full flight simulators [1]. The importance of motion cueing along an-
gular degrees of freedom is due to the problem faced by the first pilots: the need
to respond adequately to the atmospheric turbulence that caused aircraft angular
movements.

Motion cueing along angular degrees of freedom is of great importance
for maneuvering aircraft and modeling of critical flight modes (for example,
stall mode and movements in a spin). The relevance of simulation of critical
flight modes is confirmed by aircraft disasters that occurred recent years and
were caused by inability of crew to recover aircraft from stall due to the lack of
piloting skills in critical flight modes. One of the factors for insufficiently ade-
quate simulation of aircraft critical flight modes on flight simulator is the lack of
high-quality motion cueing along angular degrees of freedom. To solve this
problem, the task of developing an effective motion cueing simultaneously
along all angular degrees of freedom was set and solved. Thanks to its use, it is
possible to significantly increase the operating ranges of motion system move-
ments along angular degrees of freedom.

In Ukraine, there is a need to design flight simulators for designed aircraft
and upgrading of existing flight simulators, which should meet modern require-
ments. So, problem of motion cueing along angular degrees of freedom is actual.

An interesting approach based on theoretical mechanics is proposed in the
work [2]. However, it turned out to be ineffective. The calculations showed that
for motion cueing along six degrees of freedom the 2-meter length jacks of mo-
tion system are insufficient.

An advanced design process applicable to motion cueing is presented in
the paper [3]. This process is based on the analysis of the pilot-vehicle control
loop by using a pilot model incorporating both visual and vestibular feedback,
and the aircraft dynamics. After substituting the model for the simulated aircratft,
the analysis tools are used to adjust the washout filter parameters with the goal
of restoring pilot control behavior. The motion-base geometry is established
based on practical limitations, as well as criteria for the stability of the platform
with respect to singular conditions.

A set of experiments were conducted on the UTIAS flight research simu-
lator [4] to determine the effects of translational and yaw motion on pilot per-
formance, workload, fidelity, pilot compensation, and motion perception for hel-
icopter yaw control tasks. The study found that yaw motion increased perfor-
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mance for the yaw capture and disturbance rejection tasks. Finally, the addition
of yaw motion usually provided little benefit to performance, workload, com-
pensation or fidelity, for all tasks.

The work [5] considers a wide range of issues related to training on flight
simulators. Both the flight simulator itself and its systems, including motion
cueing, are considered. The contribution of motion cueing to pilot training on
simulators is given, as well as historical information and the main features of
motion cue perception and simulation.

The paper [6] describes the process of designing an electromechanical ac-
tuator which can be used as a suitable replacement for jacks in simulation tech-
nology applications using six-degree-of-freedom motion platforms. The paper
compares the operational and dynamic properties of hydraulic and electrome-
chanical systems, proving that the latter can achieve better dynamics results.
However, one has to take into consideration a decrease in the lifetime of the de-
vice as a consequence of increased wear and tear resulting from mechanical fric-
tion. Current trends and customer demand show that electromechanical motion
platforms will gradually replace current hydraulic systems, the main reasons,
apart from better dynamic properties, being significantly lower noise, increased
ease of installation and better energy efficiency.

The results of research projects on pilot motion perception [7] have not
only improved the knowledge on pilot's aircraft motion perception, but also ini-
tiated a reconsideration of motion feedback in flight simulation. Full flight simu-
lation is meant to integrate the pilot's skill-based, rule-based and knowledge-
based behavior in his control of the total aircraft system. Distinguishing the con-
tribution of motion feedback to these three levels of behavior provides the tool
to discriminate the impact of motion feedback on these levels of the resulting pi-
lot behavior. The paper reviews the major results of the motion perception re-
search and shows the impact on motion-base drive algorithm design.

The paper [8] presents state of the art motion cueing algorithms for a six
degree of freedom driving simulator. Different types of algorithms are described
and an appropriate choice is made taking in to account different criterions which
are discussed subsequently. To ensure a proper implementation in the physical
simulator of the algorithm selected, several simulations were carried out result-
ing in the simulator platform displacement.

The application of optimal control to simulator motion cueing is exam-
ined [9]. Existing motion cueing algorithms are hampered by the fact that they
do not consider explicitly the optimal usage of simulator workspace. Numerical
optimal control is used to minimize simulator platform acceleration errors, while
explicitly recognizing the confines of the workspace.

The proposed method [10] ensures the optimal use of structural resources
of flight simulator motion systems. On the basis of quadratic approximation, a
simplified operator for converting jack movements into motion system move-
ments along separate degrees of freedom was developed. The problem of deter-
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mining both permissible movements and working movement ranges of motion
system along linear degrees of freedom was formulated and solved. The criteri-
on for evaluating motion system structural resources along linear degrees of
freedom was developed. The problem of determining of dependence of both
pitch and yaw axes coordinates from the pitch angle was formulated and solved.

The paper [11] analyzes the available mathematical models of flight simu-
lator based on Stewart platform. The systems of equations obtained within
framework of model connect both physical and geometric parameters of the
Stewart platform; make it possible to determine reactions in upper hinges of
platform mount, limiting values of angles of location in space of base of mount
of the Stewart platform, under which condition of stable equilibrium operation
of the Stewart platform is met.

A set of characteristic attributes of perception of motion cues is deter-
mined [12]. Based on the system approach principles, the mathematical formula-
tion of the motion cueing problem along angular degrees of freedom on flight
simulators of non-maneuvering aircraft is substantiated. This set-up guarantees
motion cueing as close as possible to real ones based on the set of characteristic
attributes of motion cue perception: character and direction fully correspond to
the real ones, difference between perception time of motion cues on airplane and
simulator is minimal and meets the current requirements, duration and intensity
of motion cue perception on simulator are proportional duration and intensity of
motion cue perception on airplane.

Problem statement

The purpose of this study is to determine ways to optimize the use of
structural resources of six degrees-of-freedom synergistic motion system
(DOF®6) (Fig. 1) along angular degrees of freedom. This makes it possible to in-
crease the efficiency of flight simulators for training pilots, it becomes possible
to use DOF6 with jacks of a shorter length, and therefore to reduce the cost of
their manufacture and operation.

Presentation of basic material

The object of this research is DOF6. All six jacks are involved in the
movement of DOF6 along any degree of freedom (except roll movement, in
which four jacks are involved). This leads to a strong interdependence of DOF6
movements along different degrees of freedom: movement along any degrees of
freedom leads to a decrease in permissible movements along other degrees of
freedom. The need to ensure the simultaneous movement of DOF6 along several
degrees of freedom requires solving the problem of determining the movements
of jacks depending on the necessary movements of DOF6 along degrees of free-
dom.



38

Mexanika 2ipocKoniunux cucmeum

The transformation matrix from the connected coordinate system OXYZ to
the Earth coordinate system OgXyYZg [13] A iS:

cosycosf sinf -cosOsiny
A, =| -SinBcosycosy+sinysiny cosBcosy cosysiny+sinBsinycosy (1)

sinBcosysiny+simycosy -cosOsiny  cosycosy-sinfsinysiny

Quadratic approximation implies replacing the trigonometric functions of
angles with angles themselves and preserving in (1) the values of only the first
and second order of smallness. Considering the angles to be small and taking in-
to account the small range of their change, in the scalar form the coordinates of
rotation centers of jack upper hinges in the Earth coordinate system OgX,Y¢Zq (1)
are described by the equations:

X, :x+ka[1—0,5(\|/2+92)] +2,(0+y);

yvk = y + Xvke o kay +va ; (2)

Ly =L =X W+ Ly |:1_0’5(\V2 +y2):|’ K :1161

where Y, is the coordinate of rotation centers of jack upper hinges along the
vertical axis QY in the initial position of DOF6, X,k Znk are the coordinates of

the rotation centers of the k—th jack lower hinges in the Earth coordinate system
OgXyY¢Zg along the OyX, and OyZ, axes;

., is the average length of the jacks, which corresponds to the initial posi-
tion of DOF6 and is equal to half the working stroke of jack rods

lp =(lnax —1nin )/2 - In the last equation, lna, Imin are, respectively, the length of

jack rods with the rod maximally extended and maximally retracted. These
lengths are defined as the distances between the upper and lower rotation centers
of the jack hinges along the direction of jack when rod is fully extended and ful-
ly retracted.

By approaching the roll axis closer to the jack that may become critical
first (a jack whose rod is in the extreme extended or retracted position is called
critical), it is possible to increase the working ranges of motion system move-
ments along angular degrees of freedom. In addition, there is a possibility, de-
pending on the specific needs of motion cueing, to increase to one degree or an-
other the working range of motion system movements along a given angular de-
gree of freedom. Thus, one of the most important tasks is to expand the operat-
ing ranges of motion system movements along the roll and pitch while ensuring
the minimum required range of motion system movements along the yaw.

To achieve this goal, the coordinates of the roll and yaw axes were de-
scribed by cubic spline functions [14].
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Z, (Y)= +(6Zvi - Mvihvzi)(yy(m) —V)-i-

sign(v9)z, [y <v, =v*
Sign(v\‘})[l\/lyi (Y =7) + My (v =74) +
Vi <Y S0
i:1,ny—1;

#(62,4,) =M, )(v=7,) /6N,
Snsz‘(}*;

where 0, is the i-th point of division of the working pitch range of DOF6 into

subintervals [ 0,; 0,4y |, i=1n, -1

I is the index of the dividing point of the working pitch range of DOF6;

n, is the number of points of division of the working pitch range of DOF6
into subintervals [ 0,,; 0, |.i=1n, -1

Xyi 1S the coordinates of the yaw axis of DOF6 along the longitudinal axis
OX at the i-th point of division of the working range of DOF6 pitch into

subintervals | v, 7,y | i=11n,—1;

z,, zy are respectively, the coordinates of motion system roll axis along
the longitudinal axis OZ, corresponding to the limiting negative —y* and
positive +y* values of motion system roll operating range;

z,; is the coordinate of the roll axis along the longitudinal axis OZ at the
I-th point of division of motion system roll operating range [—y*; +Y*] in-
to subintervals [ v,;; v, |, i =11, -1,

n, is the number of points of division of motion system roll operating
range [—y"; +y"] into subintervals | v,; v,y |, i=1n, -1

Yyi is the i-th point of division of motion system roll operating range
[—y"; +y'] into subintervals | v,;; v,y | i=1n, -1

hyi =7, — Vyare steps of division;

M, =Xy (0,:), M, =2,(0,; )are constant coefficients;
h,i=0.+1)— Oy IS partition steps.
The values of the pitch and yaw axes along the longitudinal axis OX at the

points of division of DOF6 operating range {z,} and {x,} and the constant coef-
ficients of the cubic spline functions {M,} and {M,,} were found.

The geometric meaning of the problem of determining the working ranges

of motion system movements along angular degrees of freedom is reduced to fit-

~

ting into the region of possible motion system positions U a parallelepiped
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ISWS, the length of one edge of which is equal to the minimum required range of
motion system movements along yaw, and the lengths of the other two edges are
not less than the minimum required ranges of motion system movements along

roll and pitch
PYWS = {(X’W’S)‘ Y* 2 Ymin+ ™ Wmin S\V < Wmin’g* 2 8'min} .

The cubic spline functions of the dependences of the coordinates of the
yaw axes along the pitch angle, the cubic spline function of the dependence of
the roll axis coordinate along the roll angle, the working ranges of motion sys-
tem movements along roll and pitch were searched. The sum of the working
ranges of motion system movements along these degrees of freedom should be
maximal

Y +9 >max, P cU..

The basis for assessing the use of structural resources of motion system

along angular degrees of freedom is the dependence of the permissible dis-

placements of motion system along the pitch angle y(9):

7(8)—> Lo (Lja €eQ; -9 <9<9; -y S\VS\V*).

The unused structural resource of motion system along angular degrees of
freedom is determined by the discrepancy between the permissible displacement
of motion system and the working range of displacement along roll. Ideally, the
structural resource of motion system should be used in full and the permissible
displacement of motion system along roll should be equal to the working range
of motion system displacement. To assess the use of structural resources of mo-
tion system along angular degrees of freedom, it is necessary to use the criterion

The problem of effective use of structural resources of motion system is
reduced to an extreme problem:

_ « h h
Lja eQ,;y(S)—y ;_ESZY SE;

(4)

max
JY - Lja,?,\uvs’

~97 <99y <y Y Sy <y

Research results

The results of calculations (4) show (fig. 2) significant advantages of
maximum use of the structural resource DOF6. Thus, with the traditional ap-
proach, the operating ranges of motion system movements along yaw ¢* = 4 de-
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grees, along pitch 9* = 12 degrees and along roll y* = 10,4 degrees, and with the
maximum use of the structural resources of DOF®6, the operating ranges of mo-
tion system movements along yaw " = 4 degrees, along pitch 9* = 12 degrees
and along roll y* = 19.2 degrees. That is, the operating range of motion system
movements along roll has almost doubled. The calculated dependencies of the
roll axis coordinate from the roll angle and the yaw and pitch axis coordinates
from the pitch angle (a modified deformable polyhedron method was used) are
shown in fig. 3.

Fig. 2. Permissible roll movements with the developed (1) and tradi-
tional approach (2)

Conclusion

Proposed method for solving the problem of optimal use of constructive
resources of six degrees-of-freedom synergistic motion system of flight simula-
tor improves the quality of angular motion cueing. This was achieved thanks to
developed simplified operator for transforming jack movements into motion sys-
tem movements along individual degrees of freedom on the basis of quadratic
approximation, the developed criterion for assessing constructive resources of
motion system along angular degrees of freedom, the formulated and solved
problem of determining the coordinate dependences both pitch and yaw axes
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coordinates from the pitch angle and the coordinate dependences of roll axes co-
ordinates from the roll angle, the optimal use of constructive resources of mo-
tion systems, the coordinates of the axis of their rotation along pitch are as close
as possible to the coordinates of the aircraft axis. Thus, the quality of motion
cueing along angular degrees of freedom is significantly increased.

-10 0 10 6e.°

Fig. 3. Calculated dependencies of the roll axis coordinates from the roll
and yaw and pitch axes from the pitch
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