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Abstract: Automotive driving simulators are widely used in driving schools and training centers,
where they help students acquire the necessary skills without risk to life and health. This paper
presents modern research in the field of creating a model and a real prototype of an automotive
driving simulator based on the Gough–Stewart platform. This investigation presents optimized
geometric parameters using the PSO algorithm. Virtual prototypes of the robotic platform were
created by MSC Adams. In turn, this made it possible to conduct the simulation of kinematic and
dynamic parameters. They represent operating conditions when exposed to workloads. This paper
shows a prototype of an automotive driving simulator and special equipment with an integrated
system of virtual 3D models of real terrain.

Keywords: virtual model; Gough–Stewart platform; optimization; simulation modeling; digital twin

1. Introduction

Professional driving simulators are widely used in driving schools and training centers,
where they help students acquire the necessary skills without risk to life and health. In
addition, driving simulators are used to train professional drivers who have to drive
complex vehicles such as trucks, buses, trams, etc. All driving simulators are classified
as professional, which are very technically complex and are used in driving schools, or
home, which can be used on a laptop. The development of professional driving simulators
is a complex task that can be solved in various ways. To create a more realistic driving
experience, virtual and augmented reality (VR) systems are often used using neural network
algorithms. With such systems, it is possible to create a fully interactive environment
that allows students to have a more realistic driving experience. For example, when
using VR, a student can see on the simulator screen not only a road and a car, but also
other vehicles, pedestrians, traffic signs, etc. Also, VR can be used to simulate different
climate conditions that can affect the driving [1–3]. Another direction is the creation of a
physical environment for the driver, which recreates the cab of a real vehicle with all of
the controls [4,5]. Driving simulator cabs can be created as both stationary and portable.
They can be installed in driving schools, training grounds, or other places where driving is
taught. One example of driving simulator cockpits is Cruden’s “Driver-in-Motion” project.
This cab is equipped with a realistic driving system that allows students to have a more
realistic driving experience. Stationary simulators cannot convey the dynamics of vehicle
movement, the absence of which leads to a misunderstanding of the principles of control
of aircraft or ground heavy vehicles for civil and military purposes. With mobile training
simulators, pilots can simulate a variety of flight scenarios, including takeoff, landing, low-
altitude flight, low-visibility flight, and other pitch, roll, and yaw situations. One example of
a mobile simulator is the “Full Flight Simulator” project by CAE. This simulator is equipped
with a realistic cockpit and can simulate flights on various types of aircraft [6–8]. One of
the means that can provide the required motion parameters is parallel mechanisms due

Machines 2023, 11, 814. https://doi.org/10.3390/machines11080814 https://www.mdpi.com/journal/machines

https://doi.org/10.3390/machines11080814
https://doi.org/10.3390/machines11080814
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0003-2934-4344
https://orcid.org/0000-0002-8856-7823
https://doi.org/10.3390/machines11080814
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines11080814?type=check_update&version=2


Machines 2023, 11, 814 2 of 18

to such advantages as high rigidity, accuracy, load capacity, and low manufacturing cost.
Parallel engines allow for more accurate and realistic flight simulations, which improves
the quality of pilot and driver training. In addition, parallel mechanisms provide high
accuracy and reliability of simulators, which reduces the likelihood of accidents. One
example of a parallel mechanism for exercise equipment is the Moog Hexapod system.
This mechanism is equipped with six hydraulic cylinders that provide the platform 6-DOF
movement. This allows you to create realistic rolling and shaking effects that occur during
flight. The described mechanism is a 6-DOF Gough–Stewart platform. There are many
configurations of the Gough–Stewart platform and mechanisms based on it. In each of the
configurations, the platform includes six rods of variable length; however, the number of
joints of the base and the mobile platform may be different. The article in [9] considers the
design of a 6-RUS configuration for a flight simulator and the optimization of geometric
parameters, taking into account the physical limitations of the mechanism [10–15].

To investigate the operation of parallel manipulators, researchers use various ap-
proaches and methods. A number of researchers use an analytical approach to solve
direct and inverse problems of kinematics [16,17]. At the same time, the direct task of
kinematics, which consists in determining the coordinates of the working body depending
on the lengths of the extension of the rods, does not have a clearly formalized solution
and requires the use of more complex mathematical methods compared with inverse
kinematics—determining the lengths of the extension of the rods according to the given
coordinates of the working body, the solution of which in the general case converges to
the solution of six nonlinear equations for 6-DOF manipulators of the Gough–Stewart
platform, type 6-6. Mathematical approaches used to solve the forward kinematics can
be conditionally divided into two groups: the use of the apparatus of vector algebra and
analytical geometry.

The functional characteristics of modern software tools open up new opportunities
for studying the issues described above. We present some of them that have been stud-
ied by the following authors: modeling the geometry and structural configuration of the
Gough–Stewart platform in the Mathcad environment [18]; optimization of the angular and
linear dimensions of parallel kinematics manipulators using the MATLAB/Simulink, the
built-in package with the SimMechanics library for visual modeling of spatial mechanisms,
and the highly efficient SQP optimization method [19]; improvement of the pneumatic con-
trol system of the Stuart platform based on the Investigation of the dynamic characteristics
of the pneumatic drive using the MATLAB/Simulink and AMESim software packages [20];
and modeling of the servo control system of the lever platform.

Stewart solved the inverse kinematics in MATLAB/Simulink using the MATLAB/Simulink
library [21], solving the direct and inverse problems of controlling the kinematics of the Stewart
platform using MATLAB [22]. As can be seen from the listing, one of the popular software
tools is MATLAB. The work presented also uses this package, with a distinctive feature
being cosimulation with Adams.

Cosimulation is a powerful tool for designing complex systems and consists in the
interconnected use of a complex of specialized software tools. As is known, one of the
significant drawbacks of parallel mechanisms is the possibility of interference (crossing) of
individual kinematic chains. Cosimulation allows you to perform a dynamic analysis of a
system, providing a visual output of the functional parameters in real time and allowing
you to check their performance in a virtual prototype.

In this paper, we consider the design of an automotive driving simulator based on the
Gough–Stewart platform. An analysis of the existing solutions for an automotive driving
simulator based on the Gough–Stewart platform revealed the following:

1. Most of them are used as flight simulators, as well as for training cosmonauts for
manned flights.

2. To train drivers of ground vehicles, simulators are used on the basis of either three-
stage platforms or a stationary platform to simulate a driver’s cab or seat with a
virtual display of the vehicle’s movement.
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In this regard, there is a problem of creating effective automotive driving simulators
that provide simulation of a vehicle in all six coordinates in space, with the possibility of
working out the required dynamics of the movement of a real vehicle, taking into account
the relief and geography of the real area in the city or beyond. The studies presented in
the article are aimed at creating methodological foundations for designing automotive
driving simulators based on the Gough–Stewart platform based on modern numerical
modeling and CAD/CAM design methods for building digital twins that adequately reflect
the properties of real prototypes, as well as designing the prototypes themselves.

2. Requirements for the Automotive Driving Simulator

To create the movement of the simulator cabin for driving a vehicle, various parameters
of the movable platform are used. They include the following:

1. Movement velocity: This parameter determines the velocity of movement of the
simulator cabin in accordance with the actions of the driver.

2. Acceleration and deceleration: These parameters determine how fast the simulator
cabin can accelerate and decelerate depending on the actions of the driver.

3. Tilt angle: This parameter determines the angle of inclination of the simulator cab
when turning and changing the direction of movement.

4. Vibration: This parameter determines the degree of vibration that the simulator cabin
experiences when driving on various surfaces.

5. Suspension height: This parameter determines the height of the treadmill cabin
suspension, which allows you to create realistic effects when riding on uneven terrain.

6. Rigidity factor: This parameter determines the stiffness of the simulator cab suspen-
sion, which allows you to create realistic effects when driving on various surfaces.

All these parameters of the moving platform are used to create the most realistic
simulation of driving a vehicle in the simulator. They allow the driver to gain experience of
riding on different types of roads and in different conditions, which improves the quality
of learning and safety on the road. One of the key parameters for the automotive driving
simulator is the angle of inclination of the surface. In most countries, it is customary to
build roads with a slope of no more than 30%, which corresponds to an angle of 17%.
This value may vary by region and rarely exceeds 20%. The feeling of acceleration and
braking is very important for the feeling in the car. Assume that the simulation vehicle
accelerates to a velocity limit of 60 km/h in 10 seconds; then, to experience smooth braking
and acceleration, the platform must provide a minimum acceleration of 1.6 m/s2. It is
known that the deceleration of modern road cars with a standard brake system with ABS is
on average 1 g or 10 m/s2 during emergency braking. Therefore, the maximum platform
acceleration must be 10 m/s2. The carrying capacity of the platform must ensure the
movement of the simulator cabin with the person in it. The final weight of the cabin may
vary depending on the type of simulator but should not exceed 500 kg without stock.
According to the given parameters, the following requirements were formulated for the
mobile platform, which are presented in Table 1:

Table 1. Technical requirements for the automotive driving simulator.

Options Values

Range of motion:
Roll ±20◦

Pitch ±20◦

Z-axis ±150 mm
X and Y-axis ±150 mm

Linear acceleration left-right, up-down: 5 m/s2

Forward-backward: 10 m/s2

Angular velocity 1.5 rad/s
Load capacity 300 kg
Type of drive Electromechanical

Positioning accuracy 1 mm
Number of dynamic platform drives 6
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3. Mathematical Model of the Platform

The 6-6 UPU (universal–prismatic–universal) platform is a 6-DOF parallel mechanism.
The mechanism itself has 6 kinematic chains (Figure 1), which connect the fixed base to
the movable platform through linear actuators (Li) and universal joints at the bases (Ai Bi).
The base and the movable platform are hexagonal figures (in particular cases, a triangle).
The required position and orientation of the mobile platform is achieved by changing the
length of six rods [23].

Figure 1. Design scheme of the 6-6 UPU platform.

The solution of the 6-6 UPU inverse kinematics for the input coordinate L1 is written as

L1 =
(
(A1x − B1x)

2 +
(

A1y − B1y
)2

+ (A1z − B1z)
2
)1/2

(1)

where B1x, B1y, B1z is the coordinate of point B1 in the coordinate system X1 Y1 Z1 of the
fixed platform. The values of the other input coordinates are determined similarly. The
coordinates of points Bi are defined as

Bi = (Bix Biy Biz 1)T = M · (Bix(2) Biy(2) Biz(2) 1)T , (2)

where B(2)
1x , B(2)

1y , B(2)
1z are the coordinates of Bi points in the X2 Y2 Z2 coordinate system of

the moving platform, and M is the transformation matrix for the transition from a moving
to a fixed coordinate system.

It is also necessary to take into account the possibility of singularities. J.P. Merlet, in
his work in [24], noted that such a platform occurs when the axis of any of the drive rods
hits the plane of the movable platform. From this, it follows that a singularity arises when
at least one of the points Ai belongs to the plane of the moving platform. The condition for
the occurrence of a singularity can be written in the following form

aAix + bAiy + cAiz + d = 0 (3)

where a, b, c, d are the coefficients of the moving platform plane equation, which are defined as

a = kx, b = ky, c = kz, d = kxO2x + kyO2y + kzO2z, (4)

Getting into a singularity occurs when the sign of the left side of Equation (3) is
changed; therefore, it is necessary to add the condition of its sign constancy

aAix + bAiy + cAiz + d > 0 (5)

Let us perform the formulation of the optimization problem for the platform, tak-
ing into account the condition of providing the required workspace and minimizing the
maximum forces that occur in the drives.



Machines 2023, 11, 814 5 of 18

4. Setting the Optimization Problem
4.1. Optimization Parameters

As optimization parameters, we use platform radii R1 and R2, angles of mutual
arrangement of joints ψ and ω, and the limit values of rod lengths Lmin and Lmax.

4.2. Criteria

As a result of optimization, it is necessary to determine the geometric parameters that
ensure the compactness of the structure, the forces in the actuators are reduced, and the
required workspace is provided. Thus, the objective function can be written as

F = FS + FW + FA (6)

where FS is a component of the criterion that takes into account the compactness of the
design, FW is a component of the criterion that takes into account the restriction on the
required workspace, FA is a component of the criterion that takes into account the maximum
efforts in the actuators.

4.3. Compact Design

Let us write down the component FS taking into account the compactness of the design as

FS = R1 + R2 + Lmin + Lmax + p1ϑ1

(
kl Lmax

Lmin

)
+ p2

((
kRR1

R2

)2ϑ2−1
− 1

)
→min (7)

where R1 is the radius of the fixed platform, R2 is the radius of the fixed platform, Lmin and
Lmax are the limit values for changing the lengths of the rods, pi are the given penalty factors,
kL = 0.6 is the minimum recommended ratio of the minimum and maximum lengths of
the rods to ensure sufficient space inside the rod to accommodate the ball–screw pairs,
and kR = 0.7 is the ratio of platform radii R2/R1, ϑi recommended according to [25]—the
Heaviside functions:

ϑ1 =

{
1, if Lmin

Lmax
< 0.6

0 − otherwise
, ϑ2 =

{
1, if R2

R1
< 0.7

0 − otherwise
(8)

4.4. Workspace

The set A describing the workspace of the platform for the selected parameter values
must be guaranteed to include some given area or trajectory in order to ensure the functional
purpose of the robot. The required area B can be specified as a 3D geometric figure, such
as a box. In this case, we write the component FW , taking into account the required
workspace, as

FW = |ϑ3 − 1|( fV + 1)p3 + ϑ3(p3 + p4)→ min (9)

where, pi are the specified penalty coefficients, fV is the estimate of the proportion of the
required area that cannot be provided by the platform ( fV ∈ [0, 1); if the overall dimensions
of the required area do not exceed the overall dimensions of the workspace of the platform
for each of the measurements, fV > 1 otherwise), ϑ3 is the Heaviside function:

ϑ3 =

{
1, if A = ∅
0 − otherwise

(10)

The algorithm for determining the estimation of the fV fraction of the required area
that cannot be provided by the platform, as well as the optimization of the platform 6-6
UPU platform for arbitrary parameters, excluding force characteristics considered earlier
in the paper [26].
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4.5. Force in Actuators

The component FA corresponds to the maximum of the forces arising in the actuators
during the movement of the platform when working out trajectories. To determine the
forces in the actuators, we use cosimulation. Cosimulation is carried out using Adams View
Student Edition 2022.1, MATLAB R2020a, which makes it possible to compare and analyze
various design variants of the manipulator in terms of the possibilities of working out the
given trajectories of the movement of the working body, the investigation of force–torque
characteristics that occur during movement [27].

Figure 2 presents an example of a digital layout. The digital layout has the properties
of a parameterized model for the purpose of automated changes in design parameters
during simulation.

Figure 2. Digital layout.

The management of a parameterized model during its automated rebuilding in MSC
Adams is implemented through the use of the interface of the high-level general-purpose
object-oriented programming language Python, which is used as an alternative to the
internal Adams View command language for creating and iteratively changing modeling
objects in Adams. The Adams View Student Edition 2022.1, Python 3.8 object-oriented
interaction framework is coordinated by mapping each individual entity in Adams to a
class in Python that has properties and methods. The use of Python allows you to automate
the execution of a series of computational experiments, which consist in sequential multiple
changes in geometric parameters, as well as subsequent simulation of the model and
analysis of the results in order to find the best design options according to specified criteria.
The use of Python significantly increases the efficiency of constructive analysis by reducing
labor intensity, increasing the arbitrariness of the enumeration process and the number of
possible computational simulations.

For Adams–Python interaction, special procedures and functions have been developed
that solve the following main tasks: determining the coordinates of the junction points
of electric cylinders with the base and table; creating a hexapod model in AdamsView;
changing the geometric parameters of the model; and analyzing the results of a computa-
tional experiment and the search for simulations corresponding to the studied geometric
parameters of the model according to the specified optimality criteria. To simulate real
constructive interfaces of RPP, the following special software operators of the Adams appli-
cation were used: the base is fixed to ground using FixedJoint, the sleeve is attached to the
base using SphericalJoint, and the EC rods are similarly paired with the working surface
of the platform. To simulate the movement of an electric cylinder, the sleeve and the rod
are connected to each other at the points of contact by a TranslationalJoint interface. As
external forces, the force of gravity directed vertically downwards (in the direction of the
axis—OY) and the payload applied at the point of the center of mass, which is specified in
accordance with the requirements of the designed RPP industrial design, are set.
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Figure 3 shows the Simulink scheme used to simulate the investigated manipulator:
the set of Euler angles is converted into the corresponding rotation matrix in the Euler
X, Y, Z block; the inverse kinematics is solved by the block Inverse Kinematics Module,
and the required extension lengths of the rods are generated at the output; and in the
Saturation block, physical restrictions on the movement of electric cylinders are worked out.
A feature of this scheme is the Adams_sub block, exported to MATLAB from Adams, which
determines the physical and mechanical parameters of the manipulator through a digital
layout created in Adams. The integration of this block provides the Adams View-MATLAB
Simulink cosimulation process; for this, the coordinates of the specified trajectory of the
movement of the working body, which change in time, are used as input parameters. The
point located in the center of the movable platform is taken as the coordinate of the working
body. At the output of the Adams_sub block, the actual coordinates of the working body
are generated, taking into account the design parameters of the mechanism and its physical
and mechanical properties.

Figure 3. Simulink scheme for working out the trajectory of the movement of the working body of a
parallel manipulator.

When implementing the simulation, two coordinate systems were used: a global
Cartesian coordinate system with the origin at the geometric center of the base and a local
relative Cartesian coordinate system with the origin at the geometric center of the working
body (movable platform). The input parameters of the system are given by the coordinate
vector of the points of the trajectory being worked out as an increment (change) relative to
the zero (initial position); that is, a local relative coordinate system is used. The coordinates
of the base joints and the coordinates of the initial positions of the joints of the movable
platform are given in the global coordinate system. In the initial position, the directions of
the axes of the global and local coordinate systems coincide. When the working body moves
along a given trajectory, the local coordinate system can turn at certain angles with respect
to the global coordinate system. To take this circumstance into account, a generalized
rotation (transformation) matrix is used:

Rj =

 cos β j cos γj − cos β j sin γj sin β j
cos γj sin β j sin αj + cos αj sin γj cos αj cos γj − sin αj sin β j sin γj − sin αj cos β j
sin αj sin γj − cos αj cos γj sin β j cos γj sin αj + cos αj sin β j sin γj cos αj cos β j

 (11)

where α, β, γ are the Euler angles, respectively, the angles between the abscissa, ordinate,
and applicate axes of the two accepted coordinate systems; j is the number of points of the
investigated trajectory of the movement of the working body. Cartesian coordinates of the
trajectory of the movement of the working body are given in the local system by the vector

dj =
[

dxj dyj dzj
]

(12)
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where j is the number of points of the investigated trajectory of the movement of the
working body; the initial coordinates of the joints fixed on the movable platform are given
by the matrix

P =

 P1x P2x P3x P4x P5x P6x
P1y P2y P3y P4y P5y P6y
P1z P2z P3z P4z P5z P6z

 (13)

where Pix, Piy, Piz are the Cartesian coordinates of the i-th joint in the global coordinate
system; the coordinates of the joints fixed on the base are given by the matrix

B =

 B1x B2x B3x B4x B5x B6x
B1y B2y B3y B4y B5y B6y
B1z B2z B3z B4z B5z B6z

 (14)

where Bix, Biy, Biz are the Cartesian coordinates of the i-th joint in the global coordinate
system; the coordinates of the joints fixed on the movable platform, when working out a
given trajectory of the working body, are given by the matrix

Al =

 A1xj A2xj A3xj A4xj A5xj A6xj
A1yj A2yj A3yj A4yj A5yj A6yj
A1zj A2zj A3zj A4zj A5zj A6zj

 (15)

where Aixj, Aiyj, Aizj are the Cartesian coordinates of the i-th joint for the j-th point of the
investigated trajectory of the movement of the working body.

When solving the inverse kinematics problem to determine the required values for
the extension of the rods corresponding to the given coordinate of the working body when
moving along the required trajectory, the required coordinates of the joints of the movable
platform are first determined:

Aj = Dj + Rj · P− B (16)

where the matrix Dj is obtained by concatenating the vector dj to reduce it to [3× 6]. The
matrix Aj is inversely concatenated to obtain six[1× 3] vectors containing the Cartesian
coordinates of the joint positions. For each vector, the scalar product operation is performed

‖vi‖ =
√
~vi ·~vi (17)

The obtained values ‖vi‖ are written by concatenation into the matrix JP (Joint Posi-
tion) with dimension [1× 6] The Repmat built-in function creates a [1× 6] NL (Nominal
Length) matrix: repmat (A, n) returns an array containing n copies of A in row and column
dimensions, using the initial height of the platform you specify. At the final step, we obtain
the NP (New Position) extension length matrix by subtracting NL from JP:

NP = NL− JP (18)

The Adams_sub block includes the MSC Software block, in the settings of which it is
possible to change the simulation type: from usual calculated to interactive (Figures 4 and 5).
In this case, when the simulation starts, the Adams window opens and the motion of the
system is visualized in the simulation time mode.

4.6. Optimization Software Package

The particle swarm algorithm is used as an optimization method. Particle swarm
optimization (PSO) is a widely used two-component method of evolutionary optimization
based on swarm [28]. The particle swarm algorithm solves the problem by having a set
of potential solutions, called particles, and moving these particles in the search space
according to a simple mathematical formula depending on the position and velocity of the
particle. The movement of each particle depends on its local best-known position but is
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also directed to the best-known positions in the search space, which are updated as other
particles find better positions. It is expected that this will lead to the transition of the swarm
to better solutions.

The optimization algorithm using the PSO method is implemented in the C++ program-
ming language. To integrate the developed software package with the calculation module of
the FA component using ADAMS, data exchange modules via JSON files are implemented:

- Flag file that takes three values: 0 (Optimization Software package is waiting, Adams
is running), 1 (Adams is waiting, optimization software package is running), and
2 (optimization is completed).

- A file with parameters to which the optimization software package writes and from
which Adams reads data for simulation.

- A file with the Adams simulation results.

Let us perform a computational experiment in accordance with the requirements for
the training complex (Table 1).

5. Optimization Results

Assign the initial platform data and algorithm optimization parameters. Working area
approximation accuracy δ = 50 mm. Platform orientation ii angle range α ∈ [−20◦; 20◦],
β ∈ [−20◦; 20◦], γ ∈ [−20◦; 20◦]. Ranges of optimization parameters: ψ ∈ [10◦; 110◦],
ω ∈ [10◦; 110◦], R1 ∈ [300; 1000], R2 ∈ [300; 800], Lmin ∈ [500; 1500], Lmax ∈ [800; 2000],
p1 = 10000, p2 = 3000, p3 = 5000, p4 = 10000. The dimensions of the required area are
300 × 300 × 300 mm. The parameters of the PSO algorithm: number of individuals in the
initial population H = 40, number of generations W = 10, number of groups G = 2, and
values of free parameters αPSO = 0.7, βPSO = 1.4, γPSO = 1.4. The simulation results are
presented in Table 2.

Table 2. Optimization results.

No R1 R2 ψ ω Lmin Lmax F ′

1 410.83 300.00 31.021 102.3954 816.81 1437.46 4407.519
2 427.95 300.00 88.1646 59.8646 582.24 1187.50 5165.164
3 422.33 300.00 64.4136 110 841.56 1485.99 4705.601
4 428.18 300.00 45.7356 10 918.67 1566.89 4810.621
5 432.33 300.00 95.2828 43.5364 703.86 1318.03 4541.053
6 422.00 300.00 110 61.2266 606.11 1239.60 4707.358
7 427.36 300.00 95.9836 10.47626 892.48 1537.11 4463.11
8 397.77 300.00 110 58.4352 690.26 1313.59 4813.845
9 428.35 300.00 10 66.5934 829.66 1475.83 4481.593

10 412.22 300.00 10 106.0262 946.21 1581.95 4483.961
Average 420.9305 300 66.06012 62.85541 782.7866 1414.395 4593.186

The best value of the criterion function was obtained as a result of test No. 1. Typical
platform movements were used as variants of the specified types of movement: translational
vertical, translational longitudinal, translational lateral, rotational relative to the vertical
axis (yaw), rotational relative to the horizontal axis (roll), and rotational movement—pitch.
When performing a computational simulation of typical movements, the periodic sine
function was adopted as a function characterizing the trajectory in time. Table 3 presents
the average values of the forces in the actuators for six typical movements for ten design
variants of the manipulator and Table 4 the maximum values in the actuators for the same
driving conditions and design options.
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Table 3. Averaged forces in actuators for configuration.

Typical Platform Movements
No Vertical Longitudinal Lateral Pitch Yaw Roll

1 1113.913519 1118.200734 1118.200734 1122.228604 1090.06293 1068.616117
2 1137.968532 1612.597737 1612.597737 1459.223941 1432.369034 2004.973753
3 1101.38261 1323.772902 1323.772902 1277.481789 1221.862417 1409.361263
4 1090.1399 1511.971489 1511.971489 1486.820184 1387.518486 1482.974767
5 1124.21538 1193.578113 1193.578113 1134.89315 1147.098345 1364.713017
6 1137.840009 1208.075118 1208.075118 1131.688866 1152.748025 1426.677757
7 1111.120241 1091.807567 1091.807567 1061.394061 1067.360589 1181.28907
8 1121.668392 1208.29001 1208.29001 1130.325378 1156.116529 1432.795168
9 1105.119262 1188.758689 1188.758689 1219.172991 1142.618837 1026.333806

10 1113.390974 1062.198385 1062.198385 1073.171068 1056.825495 1000.901359

Table 4. Maximum forces in actuators for configuration.

Typical Platform Movements
No Vertical Longitudinal Lateral Pitch Yaw Roll

1 528.0477209 215,246.3 215,246.3 229,930.7 - 110,809.63
2 2922.76 215,246.3 215,246.3 229,930.7 - 110,809.63
3 26,913.48 39,645.25 39,645.25 37,349.03 35,797.46 39,331.24
4 2911.03 50,185.8 50,185.8 45,937.64 49,663.82 55,609.32
5 2922.05 9708.06 9708.06 7891.6 7482.27 14,725.25
6 2915.309 15,763.83 15,763.83 17,191.68 13,502.57 7291.54
7 2918.39 56,005.47 56,005.47 38,043.6 40,718.09 146,270.99
8 2911.91 - - - - -
9 2921.28 13,227.64 13,227.64 11,008.51 10,148.6 18,925.54

10 2920.09 25,488.29 25,488.29 28,657.46 23,560.66 8027.51

The graphical dependences of force characteristics for typical movements are shown
in Figures 4–9.

Figure 4. Graphical dependences of forces in actuators during vertical movement of the manipulator.

Figure 5. Graphical dependences of the forces in the actuators during vertical movement of
the manipulator.
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Figure 6. Graphical dependences of the forces in the actuators during lateral movement of the
manipulator.

Figure 7. Graphical dependences of the forces in the actuators when the manipulator moves—pitch.

Figure 8. Graphical dependences of the forces in the actuators when the manipulator moves—yaw.

Figure 9. Graphical dependences of the forces in the actuators when the manipulator moves—roll.

The above-described cosimulation tools are used for a comparative analysis of alterna-
tive design parameters of the manipulator (Table 1), taking into account the minimization
of maximum and average efforts. Typical platform movements were used as variants of the
specified types of movement: translational vertical, translational longitudinal, translational
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lateral, rotational relative to the vertical axis (yaw), rotational relative to the horizontal axis
(roll), and rotational movement—pitch. When performing a computational simulation of
typical movements, the periodic sine function was used as a function that characterizes
the trajectory in time. The averaged and maximum values of the forces in the actuators
needed to carry out movement under load were analyzed. All force characteristics were
determined for individual typical movements, as well as for each actuator in this movement.
When simulating a certain movement, the forces in the actuators were determined in time
increments in the period of one complete cycle, the values obtained were averaged for each
actuator separately; then, the averaged values obtained for the actuators were averaged for
the entire construction. This algorithm was performed for all design options and allowed
for a qualitative comparative assessment. For a more complete comparative analysis, the
maximum forces arising in the actuators during the development of typical movements
were also determined. The maximum values of the forces arising in individual actuators
were averaged for the investigation design variant. Tables 5 and 6 show the amplitude
velocities and accelerations.

Table 5. Amplitude velocities.

Typical Platform Movements
No Vertical Longitudinal Lateral Pitch Yaw Roll

1 1398.272 65,402.05 65,402.05 60,881.23 0 38,692.51432
2 1398.272 65,402.05 65,402.05 60,881.23 0 38,692.51432
3 1389.804 16,680.74 16,680.74 15,222.49 19,062.21 16,061.29617
4 1387.645 20,962.21 20,962.21 18,788.36 25,937.13 21,784.07242
5 1396.642 3483.912 3483.912 2679.171 3042.115 5419.357397
6 1391.116 5942.986 5942.986 6412.494 6532.407 2506.663968
7 1394.234 21,047.49 21,047.49 14,520.02 21,821.75 38,185.18225
8 1388.601 0 0 0 0 0
9 1396.331 5042.327 5042.327 3902.939 4578.547 7269.384542

10 1395.657 10,219.02 10,219.02 11,438.46 12,393.76 2817.450833

Table 6. Amplitude accelerations.

Typical Platform Movements
No Vertical Longitudinal Lateral Pitch Yaw Roll

1 0.277199 0.354188 0.373028 0.373073 0 0.222893066
2 0.277199 0.354188 0.373028 0.373073 0 0.222893066
3 0.276564 0.202464 0.192726 0.177762 0.068666 0.202065984
4 0.276405 0.203079 0.203079 0.197338 0.087215 0.202128609
5 0.277 0.098859 0.080875 0.054904 0.009659 0.159716237
6 0.276636 0.113755 0.113755 0.120003 0.018689 0.072813739
7 0.276894 0.207743 0.195081 0.159134 0.077596 0.398102111
8 0.276489 0 0 0 0 0
9 0.277007 0.099436 0.099436 0.073949 0.013535 0.174604933

10 0.27699 0.144958 0.144958 0.160646 0.04601 0.058034849

Based on the results obtained, digital twin and a prototype simulator are developed.

6. Digital Twin of the Automotive Driving Simulator

Detailed design was carried out for the selected configuration option (Figure 10). In
accordance with ISO 15241-2014, universal joint bearings were selected, and their digital
twins were built in accordance with the presented dimensions. Using the obtained limit
load data, standard actuators with a power of 1.6 kW each were selected [29]. Detailed digi-
tal models of the actuators were obtained from the manufacturer. Thus, in accordance with
the optimization performed, the mounting points of the actuators were determined and the
platform frame was built. The design of the automotive driving simulator cabin was devel-
oped on the basis of the existing design solutions of the proposed prototype manufacturer.

The automotive driving simulator consists of an upper platform 1 and a base 2, which
are connected by translational electric drives 3. Each of the translational electric drives 3
is connected to the upper platform 1 and base 2 by cardan joints 4, which are used in the
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automotive industry and have specifications describing the maximum load. The base has
six additional stops 5, each of which is equipped with a vibration support 6. The user’s cab
has controls that repeat the controls of the car.

Figure 10. Digital twin of the automotive driving simulator.

The basis for fixing all the elements is the cab body 7, on which the steering wheel
8 and pedals 9 are fixed, which are a commercially available attachment with a USB
connection interface. The digital instrument panel 9 displays information such as RPM,
speed, turn signals, and “Check Engine”, the presence of which allows you to determine
that the machine is muffled or malfunctioning. Gear shifting is carried out by the electronic
selector of the gearbox 10. The simulation image is displayed on the installed monitors
11, which can be performed as a single screen or a series of screens of a smaller diagonal.
The landing of the user is carried out due to the adjustable seat 12 with a built-in seat belt,
which is necessary to simulate the operating conditions of the car and for safety when
driving the simulator.

The control is carried out from the platform control unit containing six frequency
converters and six inverter control panels. The platform control unit is connected to the
computer via a USB-to-CAN converter. To unblock the platform and block it (including
emergency), the platform blocking panel located on the platform operator’s table is used.
For the interaction and immersion of the driver in the simulation environment, the software
and hardware system “Route” was developed with the following functionality:

- Automated formation of a digital terrain model (including areas of urban development)
based on electronic topographic maps, libraries of three-dimensional objects, results
of laser scanning of real terrain, and data from mobile complexes with precision
navigation equipment;

- Creation of new three-dimensional objects;
- Setting up a behavioral model of dynamic objects (intelligent agents), developed using

the principles of multiagent systems;
- Creation of sets of exercises with various emergency situations for trainees.

7. Laboratory Testing of the Prototype

In accordance with the digital twin of the platform, a prototype of the automotive
driving simulator with an integrated system of virtual 3D models of real terrain was built.
The prototype of the automotive driving simulator consists of a simulator and an operator
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console. The operator’s console allows you to launch a dynamic platform, set a map of the
area, install a virtual driver’s car at a given point on the map, and track violations when
passing a section.

To test the simulator, several tracks with different surface slopes were selected. In
accordance with the inclination of the virtual model, the roll and pitch changes of the
dynamic platform were compared. Figure 11 shows the passage of a railway crossing with
the display of the car on the operator’s console and the movement of the simulator complex
at the same time. The turn of the platform is comparable to the movement of the car in the
simulation, while for greater realism, there is a linear movement back when entering and
forward when exiting.

Figure 11. Positions: (a) A car in the simulation and (b) an automotive driving simulator.

There are situations in the simulation where movement involves more inclination
than the platform specifications allow. This may be dangerous to the operator and cause
damage to the equipment. Therefore, the coordinates and rotation angles transmitted to the
control module are limited in accordance with the technical requirements of the platform.
If the vehicle leans more than 20 degrees in the simulation, the control algorithms limit
the platform rotation to a maximum of 20 degrees. Other tests of the platform were aimed
at achieving the maximum speed of the platform. To perform this, with the help of the
instructor’s console, a simulation of the fall of the car from a state of rest was made. As a
result, the platform actuators reached their maximum speed. It is impossible to achieve
high speed with the help of simulation due to the established limitation.

Test drives were carried out in the simulation of the polygon, in which there are
obstacles of varying complexity, such as a slide (Figure 12a,b). Figure 12c,d shows the test
drives on the road in the city simulation. A simulation of the flow of traffic is played in
the city, in which the movement of cars occurs at different speeds. If the vehicle remains
stationary, other road users will try to avoid the obstacle. Installed traffic lights regulate the
order of passage of the intersection. If you violate the rules of the road, the car may get into
a traffic accident.

On the first screen (Figure 13a), the instructor displays information about the trainee’s
movement with a third-person view; on the second screen (Figure 13b), the testee’s dash-
board, route map, and platform control window are displayed.

Figures 14 and 15 show the accelerations that occur when testing test trajectories on an
experimental sample. The data are taken from a three-axis accelerometer and a three-axis
gyroscope. The accelerations obtained on the experimental sample are comparable to the
accelerations obtained as a result of modeling in the Adams environment.
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Figure 12. Test rides on the range and in urban areas: (a) Third-person view, slide exercise; (b) View
on the student’s screen, slide exercise; (c) Third-person view, movement in an urban area; (d) Third-
person view, exercise movement in the stream.

Figure 13. Displaying information on the instructor’s screen: (a) Third person view of the student’s
car; (b) A map of the area with an established route.

Figure 14. Projections of accelerations of the experimental sample on the X, Y, Z axis when running
the trajectory.
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Figure 15. Acceleration of the experimental sample when running the trajectory.

8. Conclusions

The resulting mathematical model, created on the basis of evolutionary algorithms
(PSO algorithm), allowed us to solve the problem of optimizing the geometric parameters
of the Gough–Stewart platform, taking into account the minimization of dimensions and
restrictions on the required workspace and singularities of the platform. The presented
technique of the cosimulation of the movement of a parallel manipulator through the
integrated application of MATLAB Simulink and Adams View in order to analyze the
design options of the manipulator when moving along a given trajectory shows good
results and can be used when performing kinematic, dynamic, and force analysis of the
mechanism, taking into account its design features through the use of a virtual prototype.
This technique allows you to analyze the constructive possibility of working out a given
trajectory, evaluating the force characteristics. The presented approach is applicable in the
framework of the development, modernization, and optimization of structural elements of
parallel manipulators and the definition of the working area, as well as the development of
motion control systems. A digital twin of the simulator complex of vehicle management
training based on the Gough–Stewart platform with the help of computer-aided design
systems has been created. A prototype of the automotive driving simulator was made and
tests were carried out. The complex is equipped with a system of virtual 3D models of
real terrain using the software and hardware complex “Route”. The experimental studies
of the prototype allowed us to evaluate its capabilities and characteristics and adjust the
algorithms. Training inexperienced drivers to drive on high-traffic roads is a difficult and
dangerous task; in large cities, trainers often resort to using simulators. This allows you to
gain basic knowledge of the behavior of various road situations without risking your life.
In this light, the development of high-tech robotic devices, such as an automotive driving
simulator for vehicle management based on the Gough–Stewart platform, is more relevant
than ever.
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