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The object of the study is a six degrees-of-freedom motion sys­
tem of the synergistic type of a flight simulator. The latter is the 
main technical means for training pilots and means of research 
and development of aircraft. The task of optimal utilization of its 
structural resources was solved, which provides an opportuni­
ty to improve the quality of motion cueing. The result is the deve­
loped method, which ensures optimal use of structural resources of 
motion systems of flight simulators. This is explained, first of all, 
by the use of the developed simplified operator for converting the 
movements of jacks into the movement of a motion system along 
individual degrees of freedom on the basis of quadratic approxi­
mation. Given this, it became possible to describe the coordinates 
of the centers of the axes of rotation of the motion system by cubic 
spline functions. Secondly, the solution of the task of estimating 
the structural resources of the motion system along linear degrees 
of freedom on the basis of the developed criterion was carried out 
by an effective modified method of the deformed polyhedron. This 
method combines the random search method in the first steps of the 
search and the gradient method in determining the global extremum. 
Thirdly, the problem of determining the dependence of the coordi­
nates of the pitch and yaw axes along the pitch angle was stated and 
solved. Owing to the optimal utilization of the structural resources 
of motion systems, the coordinates of the axis of their rotation along 
pitch are as close as possible to the coordinate of the axis of the air­
craft. Thus, the quality of motion cueing on the flight simulator is 
significantly increased and it is possible to use motion systems with 
shorter lengths of jacks, and therefore, to reduce the cost of their 
manufacture and operation
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1. Introduction 

Flight simulation can be defined as the creation in real 
time, under non-flight conditions, of the characteristics and 
operation of a specific aircraft. It also creates an environment 
that reacts with the necessary accuracy to detect the behavior 
of the pilot as if the flight is carried out in a real aircraft. Flight 
simulators are used mainly for two tasks: aircraft research and 
development, and crew training.

Full flight simulator (FFS) is a term used to denote a flight 
simulator of a higher technical level. FFS provides feedback to 
the crew about the movement through the six degrees-of-free-
dom motion system (DOF6), on which the simulator cabin 
is installed and the movement of which creates motion cues. 
DOF6 is one of the most important components of FFS (Fig. 1).

Scientific research on DOF6 is important because it ex-
pands knowledge about its capabilities. The results of such 
studies are needed in practice because there is an opportunity 
to improve the quality of motion cueing and the efficiency of 
using FFS for research and development of aircraft, as well 
as crew training.

The relevance of research into the optimization of the use 
of structural resources of DOF6 is due to the fact that, in ad-
dition to increasing the efficiency of the use of FFS, there is an 
opportunity to use DOF6 with jacks of a shorter length, and 
therefore to reduce the cost of its manufacture and operation.

 
Fig. 1. Full flight simulator with a six degrees-of-freedom 

motion system

2. Literature review and problem statement

The design of modern DOF6 flight simulators is based on 
the structure described in [1]. The article describes the DOF6 
mechanism, which has six degrees of freedom, controlled in any 
combination by six jacks, each of which is grounded. Due to its  
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special design, this mechanism can form an elegant structure to 
simulate flight conditions during pilot training. Optimum use 
of structural resources of the Stewart platform will contribute 
to improving the quality of simulation of flight conditions.

In [2], the equation of the dynamics of the Stewart plat-
form under the action of the forces applied to the rods of the 
jacks was derived. Direct and inverse dynamics problems 
are solved. To solve the inverse problem of dynamics, which 
is unstable, feedback is introduced. The control of displace-
ments and velocities of jack rods, which leads to steady mo-
tion, is considered. Without accounting for the use of struc-
tural resources, the Stewart platform dynamics equation is 
incomplete and of limited use.

Paper [3] discusses the design of a flight simulator with vari-
able stability. The simulator also provides a platform for resear
chers to understand the dynamics of the aircraft. The simulator 
is supplemented with optimization methods to adjust the control 
characteristics. Without solving the issue of optimal use of struc-
tural resources DOF6, the simulator has limited capabilities.

Study [4] reports an innovative architectural and structur-
al application of the Stewart-Hoff platform. For each telescopic 
rack, the stability of various configurations was investigated. 
Self-collision of rack-rack, rack-roof, and roof-floor was inves-
tigated using physical and computational models. The path tra-
jectory of the kinematic structure was studied from the point of 
view of the magnitude and type of motion. The final choice of 
the telescopic rack was based on the conclusions of parametric 
architectural and structural studies. Taking into account the 
issue of optimal use of structural resources DOF6 makes it pos-
sible to make a more optimal choice of a telescopic rack.

In [5], various options for the structural implementation 
of robotic motion platforms are considered and analyzed. On 
the basis of a parameterized simulation model, a study was 
conducted on the optimal location of the attachment points 
of the hinge joints in the upper motion platform. At the same 
time, minimization of power pairs of meters in the reactions of 
the corresponding resistances was chosen as an optimization 
criterion. Taking into account the criteria for optimizing the 
design resources of motion platforms can improve the efficien-
cy of the location of the points of attachment of hinged joints 
in the upper motion platform.

In study [6], mathematical modeling of the AS-532 Cou-
gar helicopter was performed using the Newton-Euler equa-
tion. The mathematical model uses force and torque equations 
that take into account the inertial properties of the system. 
The use of the motion system with the optimal use of DOF6 
structural resources makes it possible to significantly improve 
the quality of modeling.

Paper [7] describes several basic elements of Stewart’s plat-
forms, presents an accurate original method of analytical geo
metry for determining the kinematic and dynamic parameters of 
a parallel motion structure. The method has a great advantage in 
that it is an accurate analytical method of calculation, and not 
an iterative-approximate one. But when using it, it is useful to 
take into account the structural resources of Stewart’s platforms.

In [8], various options for the structural implementation 
of robotic motion platforms are considered and analyzed. On 
the basis of a parameterized simulation model, a study was 
conducted on the optimal location of the attachment points 
of the hinge joints in the upper motion platform. At the same 
time, minimization of power parameters in the reactions of 
the corresponding resistances was chosen as an optimization 
criterion. This criterion is partial due to the lack of conside
ration of the optimal utilization of structural resources.

In [9], a stability control system was designed for a medi-
um-range jet using nonlinear dynamic inversion. The aircraft’s 
control system is based on the existing autopilot, inheriting 
limited performance and safety protection. The simulator ex-
periment showed the differences between the control qualities 
of the reference model and the designed controller in combi-
nation with the aircraft dynamics. Overcoming this difference 
is possible under the condition of using a motion system with 
optimal use of DOF6 structural resources.

Paper [10] reports a study of motion control automation 
of Stewart platforms. First, the design, kinematic modeling, 
and trajectory generation of the Stewart platform robot are 
analyzed, and direct kinematics and motion automation are 
considered. The effective calculation of direct kinematics in 
real time has been studied. This opens up the possibility of 
closing the positioning loop on the controller or implement-
ing supervisors such as «tracking error». Further research 
could examine the impact of sequence planning to avoid 
collisions with objects within the workspace, taking into 
account tracking error feedback and optimal use of DOF6 
structural resources.

The authors of [11] report a new controller intended for in-
dustrial areas, which improves the characteristics and accuracy 
of positioning systems based on Stewart platforms. The paper 
presents and experimentally validates sliding mode control for 
precise positioning of a Stewart platform. The precise platform 
positioning operation requires the coordinated control of six 
electromechanical jacks. The trajectory of the platform and 
the length of the jacks were calculated using the forward and 
inverse kinematics of the Stewart platform. A sliding mode 
control strategy is proposed for accurate positioning of the 
platform. This requires a priori knowledge of system uncertain-
ty limits and system stability analysis. Taking into account the 
structural resources can contribute to a more accurate position-
ing of the Stewart platform.

Paper [12] describes a geometric approach for real-time 
direct kinematics of a general Stewart platform, which 
consists of two rigid bodies connected by six general serial 
manipulators. A very neat and simple differential relation-
ship between the space of tasks and the space of connections 
is established. The proposed algorithm is accurate, reliable, 
and fast. Taking into account the structural resources of the 
Stewart platform in the proposed geometric approach can 
improve the accuracy of calculations.

It can be concluded that to date, the issue of optimizing 
the utilization of DOF6 structural resources has not been 
given enough attention. The reason for this may be that 
DOF6 has found wide application in various branches of 
mechanical engineering, in particular in robotics, and it is the 
application in these branches, and not in flight simulators, 
which is given the greatest attention.

The design of DOF6 is widely used in flight simulators, in 
particular in FFS. This application was developed by Redifon. 
In Ukraine, DOF6 are used on An-74TK-200 and An-148 
flight simulators, and their use in flight simulators under 
construction is expected. Therefore, it can be stated that it 
is expedient to conduct a study on the optimization of the 
utilization of structural resources of DOF6 flight simulators.

3. The aim and objectives of the study 

The purpose of this study is to determine ways to opti-
mize the use of structural resources of DOF6. This makes it 
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possible to increase the efficiency of using FFS for training 
pilots, it becomes possible to use DOF6 with jacks of a shor
ter length, and therefore to reduce the cost of their manufac-
ture and operation.

To achieve the goal, the following tasks were solved:
– to determine the movement of jacks depending on the 

required movements of DOF6 along degrees of freedom,
– to determine the coordinates of the point O of the be-

ginning of the connected coordinate system OXYZ along the 
longitudinal axis OX,

– to determine the permissible movements of DOF6,
– to determine the maximum working ranges of DOF6 

movements,
– to build the objective function and determine the opti-

mal coordinates of the pitch and yaw axes.

4. The study materials and methods

4. 1. The object and hypothesis of the study 
The object of our research is a six degrees-of-freedom 

motion system of the synergistic type.
Research based on the principles of 

theoretical mechanics showed the inad-
missibility of using DOF6 with jacks 2 m 
long to motion cueing. Therefore, the main 
hypothesis of the study was to take into 
account the peculiarities of the pilot’s 
perception of motion cues and their simu-
lation on FFS.

In the study, the hypothesis was ac-
cepted that with more complex move-
ments of jacks, necessary for the effective 
use of DOF6 structural resources, false 
motion cues would not occur.

In the study, the hypothesis of simpli-
fying the operator of the transformation of 
the movement of DOF6 along individual 
degrees of freedom into the movement of 
jacks was adopted. Owing to this, it be-
came possible to describe the coordinates 
of the pitch and yaw rotation axes with 
cubic spline functions.

Calculations were carried out using 
programs that we developed and writ-
ten in the C programming language. Ob-
jective function minimization tasks were 
performed using the modified Nelder- 
Mead method.

4. 2. Determination of movements 
of jacks depending on the required 
movements of DOF6 along degrees of  
freedom

All six jacks are involved in the move-
ment of DOF6 (Fig. 2) along any degree 
of freedom (except for roll movement, in 
which four jacks are involved). This leads 
to a strong interdependence of DOF6 
movements along different degrees of free-
dom: movement along any of the degrees 
of freedom leads to a decrease in permis-
sible movements along other degrees of 
freedom. The need to ensure the simulta-

neous 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 freedom.

L W Sm u= ⋅ ; 

S S∈ *,	 (1)

where Lm is the length vector of jacks L l km k= ={ , , };1 6   
Wu is the operator for converting the movement of DOF6 
along individual degrees of freedom into the movement of 
jacks; S is the vector of necessary displacements of DOF6 
along individual degrees of freedom S = [x, y, z, γ, θ, ψ]T, 
where x, y, z, γ, θ, ψ are, respectively, displacements of 
DOF6 along longitudinal, vertical, and lateral degrees free-
dom, roll, yaw and pitch; S* is a vector of working ranges 
of DOF6 movements along individual degrees of freedom 
S* = [x*, y*, z*, γ*, θ*, ψ*]T, where x*, y*, z*, γ*, θ*, ψ* are,  
respectively, the operating ranges of DOF6 movements 
along longitudinal, vertical, lateral degrees of freedom, roll, 
yaw and pitch.
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Fig. 2. Kinematic scheme of DOF6
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To form the transformation operator Wu, we intro-
duce (Fig. 2) the right-hand coordinate system OXYZ con-
nected to DOF6. The origin of OXYZ, point O is in the plane 
of the centers of rotation of the upper hinges K1K2K3, and the 
axes OX, OY and OZ are parallel to the corresponding axes 
of the plane. We also introduce the normal Earth coordinate 
system OgXgYgZg. The OgXgYgZg beginning point Og coincides 
with the projection of point O onto the plane of the cen-
ters of rotation of the lower hinges of DOF6 J1 J2 J3 J4 J5 J6.  
The condition is that the movements of DOF6 jacks are 
equal, and the OgXg, OgYg and OgZg axes are parallel to the 
axes OX, OY, and OZ, respectively. The angular orientation of 
the connected coordinate system OXYZ is determined by the 
angles of roll γ, yaw ψ, and pitch θ.

The vectors of the coordinates of the centers of rotation 
of the upper hinges of the jacks in the Earth coordinate 
system OgXgYgZg along the axes OgXg, OgYg and OgZg 
xv = {xvk}, yv = {yvk}, zv = {zvk}, where xvk, yvk, zvk are, respective-
ly, the coordinates of the centers of rotation of k-th upper 
hinges of jacks in the Earth coordinate system OgXgYgZg 
along the OgXg, OgYg and OgZg axes are described by the  
expression:

x

y

z

x

y

z

x

y

z

v

v

v

tm

vo

vo

vo

= +A ,	 (2)

where xvo, yvo, zvo are, respectively, the vectors of the centers 
of rotation of the upper hinges of jacks in the connected coor-
dinate system OXYZ along the axes OX, OY and OZ xvo = {xvok}, 
yvo = {yvok}, zvo = {zvok}, where xvok, yvok, zvok are, respectively, the 
coordinates of the centers of rotation of the k-th upper hinges 
of jacks in the connected coordinate system OXYZ along the 
OX, OY and OZ axes; Atm is the transformation matrix from 
the connected coordinate system OXYZ to the Earth coordi-
nate system OgXgYgZg [13]:

Quadratic approximation implies replacing the trigono-
metric functions of the angles with the angles themselves and 
preserving in (3) the values of only the first and second order 
of smallness. Considering the angles to be small and taking 
into account the small range of their change, in the scalar 
form the coordinates of the centers of rotation of the upper 
hinges of jacks in the Earth coordinate system OgXgYgZg (3) 
are described by the equations:

xvk = x+xvk[1–0.5(ψ2+θ2)]+zvk(θy+ψ);

yvk = y+xvkθ–zvkγ+Yvp;	 (4)

zvk = z–xvokψ+zvok[1–0.5(ψ2+γ 2)], k = 1 6. ,

where Yvp is the coordinate of the centers of rotation of the 
upper hinges of the jacks along the vertical axis OY in the 
initial position of DOF6, xnk, znk are the coordinates of the 
centers of rotation of the k-th lower hinges of the jacks in the 
Earth coordinate system OgXgYgZg along the OgXg and OgZg 
axes; lvp is the average length of the jacks, which corresponds 
to the initial position of DOF6 and is equal to half the work-

ing stroke of the rods of the jacks lvp = (lmax–lmin)/2. In the 
last equation, lmax, lmin are, respectively, the length of the rods 
of jacks with the rod maximally extended and maximally 
retracted. These lengths are defined as the distances between 
the upper and lower centers of rotation of the hinges of jacks 
along the direction of the jack when the rod is fully extended 
and fully retracted.

The coordinates of the centers of rotation of the lower 
hinges of jacks in the Earth coordinate system OgXgYgZg and 
the coordinates of the centers of rotation of the upper hinges 
of jacks in the connected coordinate system OXYZ are deter-
mined by two variables (Fig. 2):

– the side of the triangle between the lower and upper 
supports Sn = Sv;

– the distance between the supports of the lower hinges 
dn and using the formulas:
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Movements of jacks are calcu-
lated by the formula:

(4) to (6) is a system of nonlinear equations that fully 
determines the dependence of the movements of jacks on the 
movement of DOF6 along individual degrees of freedom (1).

4. 3. Determination of the coordinates of the point O of 
the beginning of the connected coordinate system OXYZ 
along the longitudinal axis OX

The effectiveness of the use of structural resources of 
DOF6 is determined by the degree of use of its permissible 
movements along degrees of freedom. It depends on many 
factors, including the initial position O of the connected co-
ordinate system OXYZ and the direction of the longitudinal 
axis OX. These values are determined by the coordinates 
of the centers of rotation of the lower and upper hinges 
of jacks (5). The selection criterion is the best position of 
point O of the critical jack, that is, a jack whose rod is in 
the maximum extended or maximum retracted position. For 
this purpose, the relative movement of the critical jack is 
estimated along the j-th degree of freedom:

Atm =
−

− +
cos cos sin cos sin

sin cos cos sin sin cos cos cos

ψ θ θ θ ψ
θ ψ γ ψ γ θ γ ψψ γ θ ψ γ

θ ψ γ ψ γ θ γ ψ γ
sin sin sin cos

sin cos sin sin cos cos sin cos cos

+
+ − − ssin sin sin

.

θ ψ γ













   (3)

l x x y z z l kk vk nk vk vk nk vp= −( ) + + −( ) − =2 2 2
1 6, , .	 (6)
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1 6 1 6
θ
θ

	 (7)

where x0 is the coordinate of the point O of the beginning of 
the connected coordinate system OXYZ along the longitudi-
nal axis OX. x0 solves the minimax problem.

4. 4. Determination of permissible movements of DOF6
When the limit position is reached by at least one jack, 

movement of DOF6 along this degree of freedom is impossible 
without movement in the opposite direction or along another 
degree of freedom. However, during angular movements of 
DOF6, the axis of rotation can be brought closer to the jack, 
which will reach the limit position first. This makes it possible 
to reduce the movement of this jack or even eliminate it if the 
axis of rotation is located in the center of rotation of the hinge. 
It is important to note that in this case the jacks perform 
a more complex movement than with the traditional approach.

The axis of rotation of the aircraft is located in the center 
of gravity, which is at a considerable distance from the cabin. 
Motion cues on flight simulators do not reach the values of 
real motion cues. The displacement of coordinates of the 
pitch and yaw axes along the direction of the center of gra
vity of the aircraft provides an increase in the linear motion 
cues of DOF6 due to angular movements. Therefore, if the 
jacks have not reached their limits, it is possible to shift the 
coordinates of the pitch and yaw axes along the longitudinal 
axis OX in such a way that they approach the coordinate of 
the center of gravity of the aircraft xg:

x xgθ → ; x xgψ → .	 (8)

To this end, the coordinates of the pitch and yaw axes 
along the longitudinal axis OX are set by linear dependences:

x

x

x
x x

x

ϑ

ϑ

ϑ
ϑ ϑ

ϑ

ϑ ϑ

ϑ
ϑ ϑ ϑ ϑ ϑ

ϑ ϑ

=

≤ −

+
−

+( ) − < <

≥











−

−
+ −

+

*

*
* * *

*

;

;

,
2

x

x

x
x x

x

ψ

ψ

ψ
ψ ψ

ψ

ϑ ϑ

ϑ
ϑ ϑ ϑ ϑ ϑ

ϑ ϑ

=

≤ −

+
−

+( ) − < <

≥













−

−
+ −

+

*

*
* * *

*

;

;

,
2

	 (9)

where –θ, θ are, respectively, the maximum negative and 
positive value of the operating pitch range of DOF6; xϑ

− , xϑ
+ ,  

xψ
− , xψ

+ are, respectively, the coordinates of the pitch and yaw 
axes of DOF6 along the longitudinal axis OX, which cor-
respond to the extreme negative and positive values of the 
operating range of the DOF6 pitch.

In (9), the movement of DOF6 along pitch and yaw are 
connected linearly. This makes it possible to calculate the co-
ordinates of the centers of rotation of the hinges of the upper 
jacks according to the formulas:

x x x
x x

x x
zvk vok

vok

vok

vok= + −
−( )

+ −













+ +( )
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( )0 5
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y y x x z Yvk vok vok vp= + −( ) − +θ θ γ ;	 (10)

z x x zzvk vok vok= − − +−( ) + ( ) ψ ψ ψ γ1 0 5 2 2. , k = 1 6. .

The problem of determining the permissible movements 
of DOF6 is reduced to extreme:

s s= max ,

Lm l∈Ω ,	 (11)

where s , s are the permissible displacement and displacement 
of DOF6, respectively; Ωl is area of determination of the 
lengths of jacks.

4. 5. Determination of the maximum operating ranges 
of DOF6 movement

An important component for the maximum utilization 
of DOF6 structural resources is task of determining the ma
ximum working ranges of DOF6 movement. In general, this 
comes down to an extreme problem:

si
i

* max,→
=
∑

1

7

 

Lm l∈Ω , 

− ≤ ≤s s si i i
* *, 

where si
*, si, are, respectively, the i-th operating range and 

the i-th displacement of DOF6 along individual degrees of 
freedom { } [ , , , , , ],* * * * * * *s x y zi = γ θ ψ  {si} = [x, y, z, γ, θ, ψ], where 
x*, y*, z*, γ*, θ*, ψ*, x, y, z, γ, θ, ψ are, respectively, working 
ranges of movement and movement of DOF6 for motion 
cueing along the longitudinal, vertical, and lateral degrees 
of freedom, roll, yaw; γ Σ

* , γ Σ  are, respectively, the operating 
range and displacement of DOF6 for the motion cueing 
along roll and static motion cueing along the lateral degree 
of freedom; θ*, θ are, respectively, the operating range and 
displacement of DOF6 for the motion cueing along the 
pitch and the static motion cueing along the longitudinal 
degree of freedom.

The set of kinematically possible displacements of DOF6 
is given in the form of a region of possible positions in an 
n-dimensional space of n composite coordinates. The deve
loped method of motion cueing requires the following min-
imum ranges of DOF6 movements (when using traditional 
methods of motion cueing, much larger ranges of DOF6 
movements are required):

– to motion cueing along the longitudinal, vertical, and 
lateral degrees of freedom  xmin = ymin = zmin = 0.4 m;

– to motion cueing along roll γmin = 5 degrees;
– for motion cueing along roll and static motion cueing 

along the lateral degree of freedom γΣmin = 10 degrees;
– to motion cueing along yaw ψmin = 4 degrees;
– for modeling aircraft pitch and static motion cueing 

along the longitudinal degree of freedom θmin = 9 degrees.
To effectively solve the problem of determining the work-

ing ranges of movement of DOF6, it is necessary to take into 
account the peculiarities of piloting and perception of motion 
cues along the degree of freedom. The geometric meaning 
of this problem consists in fitting into the five-dimensional 
domain the possible positions of DOF6  in turn of three 
parallelepipeds, namely:

– parallelepiped Ps1, the length of one edge of which is 
equal to the minimum necessary range of movement of DOF6 
along yaw, and the length of the other two edges is not less 
than the minimum necessary ranges of movement of DOF6 
along pitch and longitudinal degrees of freedom:
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P y x xs1 = ( ) ≥ ≥ − ≤ ≤{ }, , , , ;*
min

*
min min minθ ψ θ θ ψ ψ ψ

– parallelepiped Ps2, the length of one edge of which is 
equal to the minimum necessary range of movement of DOF6 
along roll, and the length of the other two edges is not less 
than the minimum necessary ranges of movement of DOF6 
along pitch and vertical degrees of freedom:

P y y ys2 = ( ) ≥ ≥ − ≤ ≤{ }, , , , ;*
min

*
min min minθ γ θ θ γ γ γ

– a hyper parallelepiped, the lengths of the two edges of 
which are equal to the minimum necessary ranges of movement 
of DOF6, along roll and yaw. And the lengths of its other two 
edges are not less than the minimum necessary ranges of move-
ment of DOF6 along pitch and lateral degrees of freedom:
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y z z
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The minimum necessary ranges of movements of DOF6 
along roll and yaw are sufficient for a high-quality motion 
cueing of a non-maneuverable aircraft. Therefore, the work-
ing ranges of movements of DOF6 along pitch, longitudinal, 
lateral, and vertical degrees of freedom are sought:

x y z* * * * max,+ + + →θ

 P Us1 ⊂ ,  P Us2 ⊂ ,  P Us3 ⊂ .	 (12)

Criterion (12) guarantees that the sum of the operating 
ranges of DOF6 movements along pitch, longitudinal, lateral, 
and vertical degrees of freedom will be maximal.

4. 6. Construction of the objective function and determi­
nation of the optimal coordinates of the pitch and yaw axes

With the maximum use of the structural resources of 
DOF6, when the coordinates of the pitch and yaw axes are 
shifted in such a way as to ensure the maximum working 
ranges of movements of DOF6, the task of their determina-
tion is reduced to an extreme problem:

x y z* * * * max,+ + + →θ

 P Us1 ⊂ ,  P Us2 ⊂ ,  P Us3 ⊂ , x xgθ → , x xgψ → .	 (13)

It is obvious that the structural resources of DOF6 are 
determined by the discrepancy between the permissible 
movement and the working range of movements. It is desir-
able that the structural resource of DOF6 is fully used and 
the values of permissible movements of DOF6 are equal to 
the values of the corresponding working ranges of move-
ments. The criteria for evaluating the structural resources of 
DOF6 along the longitudinal, vertical, and lateral degrees of 
freedom are calculated according to the formulas:
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d

To improve the quality of motion cueing and the efficien-
cy of using the structural resource of DOF6, the working 
range of movements of DOF6 along the pitch is divided into 
subintervals, the coordinates of the pitch and yaw axes are 
described by cubic spline functions:
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i n= −1 1, ,ψ 	 (14)

where θθi, θψi is, respectively, the i-th point of division of the 
working pitch range of DOF6 into subintervals і[θψi;θψ(i+1)], 
i n= −1 1, ;ψ  i is the index of the dividing point of the working 
pitch range of DOF6; nθ, nψ are, respectively, the number of 
points of division of the working pitch range of DOF6 into 
subintervals [θψi;θψ(i+1)], i n= −1 1, ;ψ  xψi, xθi are respectively, 
the coordinates of the pitch and 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 [θψi;θψ(i+1)], 
i n= −1 1, ;ψ  M xi iψ ψ ψθ= ( ) , M xi iθ θ θθ= ( )  are constant coeffi-
cients; hθi = θθ(i+1)–θθi, hψi = θψ(i+1)–θψi are partition steps, and 
shifted along the direction of the center of gravity of the air-
craft (6). The values of the coordinates of the pitch and yaw 
axes along the longitudinal axis ОХ at the points of division 
of DOF6 operating range {xθ} and {xψ} and the constant coef-
ficients of the cubic spline functions {Mθ} and {Mψ} are found.

Therefore, the task of maximum use of structural resour
ces of DOF6 is reduced to an extreme problem:
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where Lm, x , y, z ,  хθ, хψ, γ, γΣ, ψ are variables whose change 
solves the optimization problem.

The above criterion takes into account the peculiarities 
of motion cueing and solves the problem of maximum utiliza-
tion of structural resources of DOF6.

5. Results of investigating the optimal utilization  
of DOF6 structural resources

5. 1. Determination of movements of jacks depending 
on the required movements of DOF6 along degrees of 
freedom

The calculated values of the coordinates of the lower and up-
per hinges of jacks of DOF6 with a length of 1.5 m (DOF6-1.5)  
are given in Table 1.

Table 2 gives the results of calculations according to for-
mula (7) of the relative displacements of the critical jacks of the 
DOF6 with the length of the jack rods of 1.5 m (DOF6-1.5)  
at the location of the point O of the beginning of the connec
ted coordinate system.

Table 2

The relative displacement of the critical 	
jack DOF6-1.5

Center 
of gra

vity
l krx l kry l krz

l krγ ,  
degree/m

l krψ ,  
degree/m

l krθ ,  
degree/m

hn/2 0.532 0.830 0.665 0.0306 0.0321 0.0281

hn/3 0.532 0.830 0.665 0.0306 0.0260 0.0333

These calculation results show the influence of the po-
sition of the beginning point O of the connected coordinate 
system on the relative displacement of the critical jack 
during DOF6 movements along linear and angular degrees 
of freedom.

5. 2. Determination of the coordinates of the point O of 
the beginning of the connected coordinate system OXYZ 
along the longitudinal axis OX

The calculation of permissible movements of DOF6-1.5 
at the positions of the beginning point O of the connected 
coordinate system OXYZ at 1/2 and 1/3 of the height of the 
triangle of DOF6 (Fig. 2) is given in Table 3.

Table 3

Permissible movements of DOF6

Degree of freedom
DOF6

hn/3 hn/2

x, m –1.09; 1.40 –1.09; 1.40

y, m –1.05; 0.91 –1.05; 0.91

z , m –1.12; 1.12 –1.12; 1.12

γ , degree –25.3; 25.3 –25.3; 25.3

ψ, degree –29.7; 29.7 –23.8; 23.8

ϑ, degree –24.1; 23.2 –27.4; 27.5

The values of permissible displacements 
of DOF6 serve as a basis for choosing the 
best position of the beginning point O of 
the connected coordinate system DOF6-1.5: 
the greater the permissible movement of 
DOF6 along degrees of freedom, the better 
the position of the beginning point O of the 
connected coordinate system.

5. 3. Determination of permissible mo­
vements of DOF6

The results of calculations of the work-
ing ranges of displacements of DOF6 (12) 
with the traditional approach, which were 
carried out by the modified method of the 
deformable polyhedron, are given in Table 4.

Table 4

Operating ranges of movement DOF6 	
(traditional approach)

Degree of freedom DOF6-1 DOF6-1 (II) DOF6-1.5

x, m 0.52 0.52 0.76

y, m 0.27 0.29 0.38

z , m 0.33 0.33 0.44

θ, degree 11.4 11.4 12

The results of the calculations, which are given in Table 4, 
show the sufficiency or insufficiency of the operating ranges 
of DOF6 movements along individual degrees of freedom for 
motion cueing.

5. 4. Determination of the maximum operating ranges 
of DOF6 movement

A search was performed for the working ranges of DOF6 
movements along pitch, longitudinal, vertical, and lateral 
degrees of freedom, the dependence of the coordinates of 
the pitch and yaw axes along the pitch angle. The results of 
solving problem (13) are given in Table 5.

Table 5
Operating ranges of DOF6 movement

Degrees of freedom Traditional approach Developed approach

x, m 0.76 0.78

y, m 0.38 0.49

z , m 0.44 0.55

θ, degree 12 12

Table 1

Coordinates of the centers of rotation 	
of the joints of jacks DOF6-1.5

Degrees of 
freedom

Jacks

1 2 3 4 5 6

zvo, m 0 0 2.062 2.062 –2.062 –2.062

xvo, m 1.785744 1.785744 –1.785744 –1.785744 –1.785744 –1.785744

zn, m –2.062 2.062 2.444 0.382 –0.382 –2.444

xn, m 1.036344 1.036344 0.3747 –3.196789 –3.196789 0.3747

Yvp, m 2.790888

lvp, m 3.55
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Thus, with the traditional approach, the permissible posi-
tive vertical displacement of DOF6 y+ −( )ϑ  is less than the other 
permissible vertical displacement of DOF6. This determines 
the working range of movement of DOF6 along the vertical 
degree of freedom. Similar ratios hold for other degrees of  
freedom. In particular, the working range of DOF6 displace-
ment along the pitch in the traditional approach is determined 
by the allowable displacements of DOF6 along the lateral de-
gree of freedom, and there is an unused structural resource of 
DOF6 along the longitudinal and vertical degrees of freedom.

With the maximum utilization of DOF6 structural resour
ces (Fig. 3, 4, curve 1), positive and negative displacements 
of DOF6 vertically, corresponding to the extreme negative 
and positive values of the working range of DOF6 pitch, are 

practically the same. Almost the same negative and positive 
permissible movements of DOF6 along the lateral degree of 
freedom correspond to negative and positive values of the 
working range of DOF6 pitch. 

Thus, with the maximum utilization of the structural re-
sources of DOF6, it is possible to obtain larger working ranges 
of DOF6 movements (Fig. 3, 4, curves 3).

5. 5. Determination of optimal coordinates of the pitch 
and yaw axes

Analysis of the coordinates of the pitch and yaw axes, calcu-
lated when determining the operating ranges of DOF6 move-
ments (Fig. 5, curve 2), shows that they differ significantly from 
the coordinates of similar aircraft axes (curve 1). 

Fig. 3. Movement along the vertical degree of freedom: a – DOF6-1.5; b – DOF6-1; 1 – permissible movements with the 
developed approach; 2 – permissible movements with the traditional approach; 3 – maximum working ranges of movements

 
 

 

a b

 
 

  
 

 

Fig. 4. Movement along the lateral degree of freedom: a – DOF6-1.5; b – DOF6-1; 1 – permissible movements with the 
developed approach; 2 – permissible movements with the traditional approach; 3 – maximum working ranges of movements

a b 
 

  

 
 

  

Fig. 5. Coordinates: a – DOF6-1.5; b – DOF6-1; 1 – center of gravity of the aircraft; 2 – linear dependences of pitch axis 
coordinates; 3 – dependences of pitch axis coordinates are described by cubic spline functions
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On the other hand, as can be seen from Fig. 3, 4, the 
structural resource of DOF6 is not fully used.

The results of calculations (15) carried out by the 
deformation polyhedron method are shown in Fig. 5–8 
(curves 2).

The movements of the most characteristic 2nd and 3rd jacks 
of DOF6-1.5 with a sinusoidal program signal with an ampli-
tude of 14 degrees and a frequency of 0.2 Hz are shown in Fig. 9.

Fig. 9 shows the change in the nature of the movement of 
jacks with the developed approach.

 
 

  

 
 

  a b

Fig. 6. Movement along the longitudinal degree of freedom: 	
a – DOF6-1.5; b – DOF6-1; 1 – permissible movements with linear dependence of coordinates of pitch and yaw axes; 	

2 – permissible displacements with cubic spline functions of coordinates of the pitch and yaw axes; 	
3 – maximum working ranges of movements

Fig. 7. Movement along the vertical degree of freedom: 	
a – DOF6-1.5; b – DOF6-1; 1 – permissible movements with linear dependence of coordinates of pitch and yaw axes; 	

2 – permissible displacements with cubic spline functions of coordinates of the pitch and yaw axes; 	
3 – maximum working ranges of movements

 
 

  

 
 

  
a b

Fig. 8. Movement along the lateral degree of freedom: 	
a – DOF6-1.5; b – DOF6-1; 1 – permissible movements with linear dependence of coordinates of pitch and yaw axes; 	

2 – permissible displacements with cubic spline functions of coordinates of the pitch and yaw axes; 	
3 – maximum working ranges of movements
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6. Discussion of results of the study on determining  
the optimal utilization of DOF6 structural  

resources

– the position of the beginning point O of the connected 
coordinate system OXYZ does not affect the relative move-
ment of the critical jack during the movements of DOF6 
along the linear degrees of freedom;

– due to the symmetry of DOF6 relative to the longi-
tudinal axis, the position of the point O of the beginning of 
the connected coordinate system OXYZ does not affect the 
relative movement of the critical jack during the movements 
of DOF6 along roll;

– when DOF6 yaws, the best position is the position of 
the point O of the beginning of the connected coordinate 
system OXYZ at 1/3 of the height of the DOF6 triangle 
K1K2K3  (Fig. 5), and when DOF6 pitches – at 1/2 the height 
of the DOF6 triangle K1K2K3.

Since pitch movement is more informative for the pilot 
than yaw movement, the best position of the point O of the 
beginning of the connected OXYZ coordinate system for 
DOF6 movements along individual degrees of freedom is  
1/2 the height of the triangle K1K2K3 (Fig. 2).

The results of calculations, which are given in Table. 4, show:
– only along the longitudinal degree of freedom, the  

operating ranges of DOF6 movements are sufficient for mo-
tion cueing;

– only DOF6-1.5 has a sufficient working range of DOF6 
movements along the lateral degree of freedom, and for 
DOF6-1 it is necessary to abandon the static motion cues;

– no DOF6 has a sufficient working range of movement 
along the vertical degree of freedom;

– in order to improve the quality of motion cueing along 
the lateral degree of freedom, it is necessary to slightly re-
duce the working range of DOF6 movement along the pitch;

– when changing the direction of the longitudinal axis to 
the opposite (DOF6-1 (II)), the operating ranges of DOF6 
movements along all degrees of freedom, except for the vertical, 
remain unchanged, and along the vertical – slightly increased.

The results given in Table 5 show that the maximum uti-
lization of DOF6 structural resources significantly expanded 
its working range of movements:

– vertical movement of DOF6 increased by 29 %,
– lateral movement of DOF6 increased by 28 %,
– longitudinal movement of DOF6 increased by 3 %.
Fig. 5–7 (curves 2) show that:
– active restrictions along vertical and lateral degrees  

of freedom;
– due to a significant structural resource, DOF6-1.5 pitch 

axis is shifted to the center of gravity of the aircraft in the 
entire range of angles. Moreover, in the range of angles of  
2 degrees, it practically coincides with the center of gravity of 
the plane, which significantly brings the perception of move-
ment on the simulator and the plane closer.

Fig. 8 shows that:
– the maximum displacements of jacks changed slightly: 

the maximum displacements of the 2nd jack increased by 
18 %, and the 3rd jack decreased by 19 %;

– the nature of the movements of jacks changed signifi-
cantly: shelves appeared when the 2nd jack moved, and the 
directions of its movement changed when the 3rd jack moved.

The leading simulator-building companies CAE Elec-
tronics and Thales Training & Simulation use DOF6 with  
a length of jack rods of 2 m. Our solutions close the prob-
lematic part of the optimal utilization of DOF6 structural 
resources owing to results obtained. First, it is the operator 
of the movement of jacks depending on the required move-
ments of DOF6 along the degrees of freedom determined 
by the permissible and maximum working ranges of DOF6 
movements. These results made it possible to determine 
the structural resources of DOF6. Secondly, it is the use 
of the determined optimal coordinate of the point O of the 
beginning of the connected coordinate system OXYZ along 
the longitudinal axis OX and the described coordinates of 
the centers of the axes of rotation of the motion system by 
cubic spline functions. Owing to this, it became possible to 
optimally use the specified design resources of DOF6-1.5 
and to use these motion systems as part of flight simulators 

Fig. 9. Movement and speed of jacks: a – movement with the traditional approach; 	
b – speed with the traditional approach; c –movement with the developed approach; d – speed with the developed approach; 

2 – 2nd jack; 3 – 3rd jack

   
 

   

a b
   
 

   c d
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to motion cueing (instead of DOF6 with the length of the 
jack rods of 2 m).

The limitations of this study include the need to control 
the characteristics of jacks and DOF6 to avoid the appea
rance of false motion cues. They must be taken into account 
when trying to apply it in practice, as well as in further theo
retical studies.

The disadvantages of the study are the lack of consider-
ation of the real characteristics of jacks and DOF6. There-
fore, consideration of such characteristics may be chosen as  
a possible direction for further research.

7. Conclusions

1. The dependence of the coordinates of the centers of 
rotation of the upper hinges of jacks in the Earth’s coordi-
nate system OgXgYgZg has been constructed. The coordinates 
of the centers of rotation of the lower hinges of jacks in the 
Earth coordinate system OgXgYgZg and the coordinates of 
the centers of rotation of the upper hinges of jacks in the 
connected coordinate system OXYZ have been determined. 
A system of nonlinear equations has been built that fully 
determines the dependence of the movements of jacks on the 
movement of DOF6 along individual degrees of freedom.

2. The coordinate of the point O of the beginning of the 
connected coordinate system OXYZ along the longitudinal 
axis OX on DOF6 can be chosen arbitrarily. And the stated 
problem of choosing this point made it possible to select its 
coordinate that improves the motion cueing on DOF6.

3. Displacement of the coordinates of the pitch and yaw 
axes along the direction of the center of gravity of the aircraft 
provides an increase in linear accelerations of DOF6 due 
to angular movements, i.e., it improves the motion cueing. 
Reducing the problem to an extreme one makes it possible to 
determine the permissible displacements of DOF6.

4. Using the known minimum ranges of DOF6 movement 
along individual degrees of freedom to motion cueing, the 
problem of determining the maximum working ranges of the 
movement of DOF6 was stated and solved. The geometric 
meaning of this problem implies fitting three parallelepi-
peds one after the other into the area of possible positions  
of DOF6, namely:

– a parallelepiped, the length of one edge of which is 
equal to the minimum necessary range of DOF6 movement 

along the yaw, and the length of the other two edges is not 
less than the minimum necessary ranges of DOF6 movement 
along the pitch and longitudinal degrees of freedom;

– a parallelepiped, the length of one edge of which is 
equal to the minimum necessary range of DOF6 movement 
along roll, and the length of the other two edges is not less 
than the minimum necessary ranges of DOF6 movement 
along the pitch and vertical degrees of freedom;

– a hyper parallelepiped, the lengths of two edges of 
which are equal to the minimum necessary ranges of DOF6 
movement, along roll and yaw, and the lengths of its other 
two edges are not less than the minimum necessary ranges of 
DOF6 movement along pitch and lateral degrees of freedom.

5. In order to improve the quality of motion cueing and 
the efficiency of using the structural resource, the working 
range of DOF6 pitch movements is divided into subintervals, 
and the coordinates of the pitch and yaw axes are described 
by cubic spline functions. On the basis of the discrepancy 
between the permissible and working range of DOF6 move-
ments, a criterion for evaluating the structural resources of 
DOF6 was developed based on linear degrees of freedom, 
taking into account the peculiarities of piloting a non-ma-
neuverable aircraft and the perception of motion cues. We 
have stated and solved an extreme problem of determining 
the dependence of the coordinates of the pitch and roll axes 
along the pitch angle, taking into account the maximum use 
of the structural resources of DOF6.
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