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Abstract—With constant technological advances, flight
simulation has increasingly resembled a real flight. The
use of motion platforms together with a virtual simulation
is what is most recent in this field, due to its global
approach to a flight. However, these flight simulators
generate a great added value, so that for trivial trainings
and entertainment their use becomes impracticable. With
this inmind, in this work was presented a low cost project
of a new model of flight simulator containing both
simulations, visual and motion. More specifically, this
work aims to demonstrate an analytical method for
calculating the drives of the designed simulator, so that it
supportsthe loads of the structure and user, in addition to
the dynamic torque required by the simulation platform.
Furthermore, it was shown how to obtain the inertia of a
complex structure as designed using SolidWorks software
and also howto acquire magnitudes such as acceleration
and angular velocities using Flight Simulator X and
Link2FS Multi software. Finally, with the torque and
power values required to perform the pitch and roll
movements, a commercial selection of the motors was
made for platform so that these drives would supply the
demand of both torque and power.
Keywords—Analytical Calculation.Flight Simulation.
Links2FS Multi. Power. Torque.

l. INTRODUCTION
Since the dawn of aviation, pilots training has been the
subject of many studies seeing that they should achieve a
high level of efficiency without risk being taken during
the training phase. In military aviation, for example, pilot
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skill was of paramount importance, as precision in
combat maneuvers could ensure the success of the
mission [1].

Flight simulators have been developed for more than a
century, seeking to achieve the highest possible realism
and safety for the user. Currently, flight simulators have
been widely used for both professional training and
entertainment. Generally, the use of a simulator is always
superior to the use of real equipment in three aspects:
safety, cost of equipment and experimental control
[11[2]03].

According to Dourado [1], when used for training, the
flight simulator should have a reduction in the time
between land training and real flight due to mistakes
made by beginners, the simulation must be safe, cost and
pollution must also be smaller.

Many authors have discussed themes or subsystems
related to the simulation of a flight, but few have
discussed this as a whole, that is, from virtual simulation
to simulation of aircraft movements. For example, Shahal
treated only the influence of visual parameters such as
brightness and contrast on the visual simulation of a
fixed-base simulator, while Pool presented a cybernetic
approach to evaluate the flight simulator's motion fidelity
[4][5].

Due to that reason, the authors elaborated a project
considering the required subsystems in order that a
simulation with a global fidelity of a real flight can be
acquired[6]. These subsystems are a view of the
environment outside the cockpit of an airplane, a motion
system which supports the movements done by an
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aircraft, and the main controllers of an airplane, in this
case the joystick, the rudder pedals and the accelerators.
A flight simulator with 2 degrees of freedom (2DOF)
containing both the visual and control simulation made by
Flight Simulator X (FSX) software and controller replicas
of an aircraft, as well as simulation of airplane
movements, made through a motion platform composed
of structural parts and electrical drives.

However, owing to the complexity of the platformand
the calculations involved, in addition to all programmatic
control, this work aims to present the final design of the
flight simulator and the analytical procedure to calculate
the power and torque of the electric motors of the
simulator and also the computational method used to
obtain the moment of inertia of the simulation platform.
In addition, an effort has been done to select the
appropriate  commercial electric motors for each
movement.

1. METHODS

2.1 Project ofthe Flight Simulation Platform

During the initial phase of the project several factors were
defined in order to delimit the peripherals and drives to be
used. The relevant factors for this project were the final
cost, the interaction of the user with the simulator and, the
most relevant, the fidelity of the simulation provided by
the precision of the movements. For the platform
modeling, SolidWorks 2016 software was used.

2.2 Determination of the Drive type

Before determining the type of drive to be used on the
platform, the initial factors were again considered on the
choosing. The main types of drives are hydraulic,
pneumatic and electric. Pneumatic drives were the first to
be discarded because they can achieve low power and
torque, which would not match the demand of this
project. The hydraulic drive would be the one that would
present greater precision of the movements, besides high
powers that could be reached, but the needed cost would
be very high compared to the electric drives, for this
reason the hydraulic drive was also discarded [7].
Amongst the electric drives, stand out the conventional
motors AC and DC, besides the servomotors. Of these
types of electric motors, the one that fit better was the AC
motor, although this one needs an inverter of frequency
for the control of the speed, would still be a cheaper
option than the others. However, this motor has less
control accuracy when compared to the servomotor, but
by establishing a certain precision tolerance, the AC
motor would comply with the demand.

2.3 Torque Analytical Calculation

The motion platform was designed to describe the pitch
and roll movements of an aircraft, each movement being

WW\.ijaers.com

described by an electric motor. Thus, the calculation
procedure was done using the Euler equations of motion
for the dynamic torque, where each component of the
torque represents one of the movements of the aircraft.
However, if this analytical method were not used, the
computation could be done by systematic computation
using a generic technique such as Euler-Newton [8].

So, the minimum torque required by the motors can be
calculated as proposed, analytically, by equation 1:
Mmin = Mdynamic +Mstatic
@)

Where Maynamic can be calculated by Euler equations
from 2 to 4[9]:

Mx = Ixxax + wywz(lzz - Iyy) (2)
My = Iyy(ly + wzwx(lxx - Izz) (3)
Mz = Izzaz+wxwy(lyy_1xx) (4)

Where | is the inertia for the part of the motion
platform and a and ® are respectively the maximum
angular acceleration and velocity described by the
structure.

Using the parallel-axis theorem, also called the
Steiner's theorem, the rotational inertia of a body with
respect to an axis parallel to the center of mass axis can
be calculated by equation 5 [10]:

I=1,+Md? ®)

Where | is the inertia about to the center of mass and
d is the distance between the parallel axes.

However, this inertia calculation is usually done
manually for bodies with simple geometry as shown by
Abdulghany [10]. Therefore, to calculate the inertia of
three-dimensional bodies and complexes, software is
commonly used to this calculation and it express the
result as an inertia tensor as shown in equation 6 [10]:

Ixx Ixy Ixz
I = Iyx Iyy Iyz (6)
sz Izy Izz

Where the elements of the diagonal refer to the
moments of inertia on the three orthogonal axes x, y and
z

In order to obtain this tensor a tool of the software
SolidWorks 2016 was used, which shows the mass
properties of the selected bodies in the project, so that
inertia can be obtained for both pitch and roll.

The angular acceleration was obtained empirically
using two programs, Flight Simulator X (FSX) and
Link2FS Multi. A flight simulation was done using the
FSX with Cessna 172 model as aircraft, one of the most
used aircraft for pilot training. During the simulation,
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forced maneuvers were made to simulate extreme flight
situations, where critical accelerations would be imposed
on the aircraft. Using the Link2FS Multi software, the
critical accelerations imposed on the aircraft were
collected and the maximum acceleration obtained was
used for the calculation, as this would be the situation
where a higher torque would be required. Then, the
dynamic torque was calculated using the Euler equations.
As well as the minimum torque, the dynamic torque
could have been computationally calculated according to
the dynamic analysis done by Herrero [11] for a
mechanism with 3DOF. But, as a simplification to
calculate the static torque, the equation 5 [12] was used.

M,

static =7 X F =

)

oo e JREN
SR -
NNy X

Where ry, 1y and r; represent the orthogonal distances,
according to the coordinate system, up to the axis of
rotation and Fx, Fy e F: represent the force vectors
according to the coordinate system.

However, for this calculation both mass and distance
were obtained using SolidWorks 2016 software to
evaluate these quantities, where m would be the mass of
the selected platform part added to an arbitrary mass
given to the user which multiplied by gravity would
promote the force weight would generate the static torque
considering a r that would be the orthogonal distance
from the center of mass to the axis of rotation of the
motors. Then, the static torque was calculated,
disregarding its sense since at times the torque would be
favorable to the movement and now would be contrary.
Finally, the minimum torque required for each of the
motors can be calculated.

2.4 Power Analytical Calculation

The motors are commercially found according to their

power and in their datasheet can be found the value of the

nominal torque. The electric motor must suplly both the

required power and torque. Thus, the analytical power

calculation was done using equation 8[13]]:

P = Mmin *w (8)
Where Mmin was previously calculated and o is the

maximum angular velocity achieved by the Cessna 172

aircraft during the simulated flight in FSX. As well as the

angular acceleration, the maximum angular velocity was

obtained using Link2FS Multi.

2.5 Selection of motors and gear units

The selection of suitable motors was consulted catalogs

from one of the largest electric motor companies, the

WEG [14]. In addition, catalogs of gears were also

consulted, so that the drives meet the required torque[15].
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Another necessity was that the drive presented
irreversibility, something that only the AC motors are not
able to guarantee, being thus in analyzing the reducers
this factor was also considered for choice.

1. RESULTS
3.1 FlightSimulator Platform

Fig.1: Motion Flight Simulator Platformshows the
isometric view of the finished and rendered project. The
platform was designed in an attempt to obtain the
maximum possible structural symmetry. As seen in Fig.1:
Motion Flight Simulator Platform, the roll is described by
the internal structure, the gear and motor assembly being
located on a support in the outer ring, where movement
would be imposed on the structure by a coupling. In the
meantime, the pitch movement would be imposed on the
structure as a whole by means of the gear and motor
assembly arranged in one of the support tripods of the
structure. The platform is designed to describe angles of
maximum 40°, and in commercial flights the maximum
pitch and roll values are 15 °. In this way, the platform
would attend both for pilot training and entertainment.

Fig.1: Motion Flight Simulator Platform
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Fig.2: Other view of the Fligh Simulator shows
another view of the simulation platform, which can be
seen interface devices with a replica of the joystick used
in the Cessna 172 as well as accelerators, in addition to a
32 "TV for visual simulation.

Fig.2: Other view of the Fligh Simulator

3.2 Torque Analytical Calculation

Fig.3: Internal Structure and its Mass Centershows an
image of the selected platform parts to obtain their mass
properties, and with the inertial tensor calculated by the
software, the inertia for the roll was obtained. The mass
of the user was simulated by a thin plate positioned on the
seat with a mass of 100kg.

Fig.3: Internal Structure and its Mass Center
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The relevant properties for the torque calculation are
the distance from the center of mass to the center of
rotation of the roll motor and the inertia of the structure
relative to the axis of rotation. Equation 9 shows the
inertia tensor of the selected bodies and shown in Fig. 3:

51.55 5.25 -0,59
I = ( 5.25 73.27 —0.47> 9

—0.59 -0.47 106.95

The units of the inertias shown in equation 9 are in
kg.m2. Fig.3: Internal Structure and its Mass Centershows
that the dynamic torque for the roll is the My, so the
inertia to be considered for the calculation should be the
« which is equal to 5155 kg.m?. The acceleration
obtained using the software FSX and Link2FS was 0.5
rad/s2. From this data can be calculated the dynamic
torque using the equation 2 and considering that there is
no initial velocity, because the motor would have
interrupted cycles, that is, with each movement that was
carried out, soon after if it was not necessary to continue
the movement, the motor would stop the movement. In
this way, the second part of equation 2 would be null.
Thus, the dynamic torque obtained was 17.44 N.m.

The orthogonal distances from the center of mass to
the axis of rotation were also obtained through the mass
properties in order to calculate the static torque. Table.1:
Mass Center from Internal Structure shows the data from
the center of mass to the internal structure.

Table.1: Mass Center from Internal Structure

Mass Center (m)

X -0.08
Y -0.13
z 0.01

Therefore, the distance considered for the calculation
of the torque was the distance in Z, since this is
perpendicular both the force weight (Fy) and the axis X,
already the distance ry although it is orthogonal to the X
axis at the same time is parallel the force weight, for this
reason does not generate a static torque. Using equation 7,
the static torque was calculated. The mass of the internal
structure considering the mass of a user of 100 kg was
284 kg. The static torque for distance Z was 27.8604 N.m.
Thus, using equation 1, the minimumtorque for the motor
running the roll was 45.3 N.m.

The same procedure was used to calculate static and
dynamic torques for pitch motion. Equation 10 below
shows the inertial tensor for the platform considering the
internal and external structures.
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55.05 4.59  1.16
I=1{ 459 93.25 —0.55 (10)

1.16 —0.55 123.62

The coordinate axis was maintained for this
calculation, so the pitch motion is executed around the Z
axis. In this way, the inertia used to calculate the dynamic
torque (Mz) was the I which is equivalent to 123.62
kg.n?. Using the equation 4 and the same consideration
which was done for roll, the dynamic torque for the pitch
was realized and this obtained a value of 61.81 N.m.

Another time, the displacement of the center of mass
in relation to the axis of rotation was considered to
calculated the static torque. Table.2: Mass Center from
the Whole Motion Structureshows the values of the
displacements of the center of mass on the axis of rotation
about to the orthogonal axes.

Table.2: Mass Center from the Whole Motion Structure

Mass Center (m)

X -0.03
Y -0.12
z 0.01

From these values were made the same calculations as
previously performed for the roll. But for the pitch we
considered the distance rx as this is orthogonalto the force
weight and the Z axis. This time, the mass found for the
whole structure was 305 kg. From these values, the static
torque found was 89.76 N.m. Therefore, the minimum
torque for pitch execution was 151.57 N.m.

3.3 Power Analytical Calculation

Once the pitch and roll torques have been determined, the
power calculation becomes trivial. Using equation 6 and a
maximum angular velocity for a structure of 0.42 rad/s,
the powers for pitch and roll were respectively 63.66 W
and 19.03 W.

Table.3: General Results for Torque and Powershows
the final results obtained for torque and power.

Table.3: General Results for Torque and Power

Pitch Roll
Torque (N.m) 151.57 453
Power (W) 63.66 19.03

3.4 Selection of motor and gear units

As seen in Table 3, the powers found were very low, but
in other hand the required torque was very high.
Therefore, it was proposed to use motors with low power
with high reductions to withstand the torques at the
output. Table.4: Reducer and its output propertiesshows
the selected gear units and their respective output torques
and powers. The values shown in the table refer to
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reductions rates in 1 stage and motors with 1750 rpm of
nominal speed.

Table.4: Reducer and its output properties

Reduction Power (hp) Torque (N.m)
Pitch 1:80 0.65 208
Roll 1:60 0.40 96

For the selected reduction and to obtain these values
of torque and output power, the electric motors required
for pitch and roll were respectively 2 hp and 1 hp.
According to the gearbox catalog of WEG-Cestari,
MAGMA type gear units for pitch and roll were size 7
and 5 respectively.

(AVA CONCLUSION
From the analysis of the results, it can be concluded that

the flight simulation platform, despite having a high
torque demand, at the same time showed a low power
requirement due to the low displacement velocity. It may
also be noted that as proposed, the analytical method of
calculating dynamic quantities was very simple, even for
a complex structure as projected.

Finally, it is possible to simply specify the torque and
power calculation to specify commercial devices that
would support with a certain safety factor the torque and
power values found.

In future works, this article will be compared an another
approach calculation which will be done using an
assistance of software like Adams and Ansys.
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