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Hardware-in-the-Loop Simulation System Based on Unity3D for Winding Machine
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Abstract: Research and development of mechatronic
products generally face the problems of large workload,
long cycle and high cost of on-site debugging, and the
current mainstream simulation software has a single
function. Thus, a set of hardware-in-the-loop simulation
(HILS) system with both real time and a three-dimensional
(3D) display effect is designed, and can be connected to the
mechatronic software. The winding machine is taken as the
simulation object, a virtual simulation platform using
Unity3D is built, and the real-time interaction of data
between the virtual simulation platform and the control
system is realized through the circuit board. The feasibility
of the process simulation of the electromechanical system in
the winding machine is verified by outputting the motion
timing and spatial trajectory diagrams of the key structures
in the winding process. The results show that the system can
replace part of the on-site debugging work and improve the
efficiency of research and development.
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0 Introduction

Hardware-in-the-loop simulation ( HILS) refers to a
simulation technology that introduces part of the physical
products into the simulation loop'" , and usually consists
of physical components, a signal conditioning unit, an
emulation computer and an upper computer, as shown in
Fig. 1. The digital models run on the emulation computer
in the form of software, the emulation computer
communicates with the physical components through a
signal conditioning unit, and the upper computer is used
to manage the operation of the emulation computer.

Early HILS was mainly applied in the field of
defense and aerospace. With the development of
computer control technology and its integration into
electromechanical systems'>', the application of HILS is
more and more extensive. In the automotive field, Chung
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et al. " applied dynamic path planning and model
predictive control techniques to simulate the parking and
autonomous driving of an electric truck, and verified the
feasibility of shifting from manual to autonomous
driving, dynamic route planning, obstacle avoidance and
automatic parking through HILS. In the field of robotics,
Sahoo et al. "' designed and developed HILS for an
omnidirectional mobile robot, and the control inputs of
the simulation model were transmitted to the robot
hardware through an Arduino microcontroller input
board, which verified the validity of the method in the
robot planarity control system. In the field of unmanned
aircraft, Omar'® developed HILS for a quadrotor
suspended load system using Gazebo, and based on the
dynamics of the system, an anti-swing controller was
designed, which achieved good results. In the field of
mechanical engineering, Kim et al.'” proposed a method
for evaluating the performance of machine tool feed drive
position control and assessing the accuracy of the
proposed method through HILS. In addition, nowadays
HILS is widely used in other fields' ™, such as engines
and electronic power. At present, the commonly used
HILS is more or less deficient, such as the dSPACE
system and mathematical modeling with Simulink,
although there is a strong real-time effect, but also lacks
a better three-dimensional (3D) effect, and the cost is
very expensive.

_________ Signal
conditioning
unit

Emulation computer

Fig.1 HILS system composition

In order to realize the function of the simulation
system, the selected virtual platform not only needs good
3D display, but also must ensure sufficient real-time
effect, and can connect to the external hardware system
for hardware and software debugging work. Therefore,
this paper chooses Unity3D, a virtual reality engine"’
to build the platform.
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In addition, for the development and design of the
winding machine, most manufacturers believe that the
main problem is the gap between the mechanical structure
and manufacturing precision of domestic and foreign
winding machines. In fact, most of the manufacturers have
purchased and assembled the foreign winding machine, and
the results of the winding are still unsatisfactory, which
means that there are obvious differences in the control
program of the winding. Thus, it is especially important to
design and develop a set of the HILS system to verify the
control program of the winding machine nowadays.

This paper proposes the method of using Unity3D to
connect the hardware electronic system to debug the
control program, taking the winding machine as the
research object, and designing a set of the HILS system.
For the winding process, programmable logic controller

Virtual simulation platform

| Serial
port |

(PLC) signals are used as the driver and the winding
machine in Unity3D is used as the executing part to
simulate the real winding situation and study the real time
and accuracy of the simulation system. The research
results would be of great significance in solving the
problems of textile machinery development and
debugging, and process design verification.

1 Simulation System Design

1.1 Overall scheme

The overall scheme of the simulation system is
shown in Fig. 2. It consists of two subsystems, which are
the virtual simulation platform and the real hardware
control system. The real hardware control system includes
the circuit board, PLC and the user host.

Real hardware control system

Fig.2 Overall scheme of simulation system

The virtual simulation platform is built through
Unity3D, and the serial port is used to receive PLC
signals collected by the circuit board, and control the
winding machine model in the virtual simulation platform
in real time. At the same time, the virtual sensor signals
generated during the movement of the winding machine
('signals from the ray detection function triggered by the
Unity3D physics engine) can be fed back to PLC through
the circuit board. The whole simulation process can be
monitored and controlled by the user host.

1.2 Construction of virtual simulation platform
Environment configuration and script design are two
key parts of the virtual simulation platform construction,
as shown in Fig. 3. The environment configuration
includes scene setting and model import. Since Unity3D
only supports FBX and OBJ formats, the model needs to

Environment

be converted into a supportable file using 3dsMax ( or
modeling directly in 3dsMax ), and then the simulation
process can be clearly demonstrated in multiple directions
by setting the light source parameters and the camera
position in Unity3D, as shown in Fig. 4.

However, when the model is imported into
Unity3D, because the Unity3D model only has a parent-
child relationship, the model will lose the original
mechanical fit, so the geometric constraint relationship of
the key mechanism must be restored. To this end, two
methods are designed: using 3dsMax to reselect the
parent-child relationship; expanding the inspector panel
parameters of Unity3D and selecting the target parts for
constraint fit. As shown in Fig. 5, the expanded inspector
panel parameters can be set according to the specific
mechanical constraint relationship.

| Setting the basic parameters

Model import | Adding constraint relationships

| Signal correspondence |

configuration
Setting the light source parameters
Scene setting
Virtual simulation Selecting the camera position

platform _|

Motion control functions ‘

L Script design 74{

Data interaction functions ‘

4

4

Spatial trajectory data output
SQL database record
Motion beat data output

SQL

structured query language.

Fig.3 Construction of virtual simulation platform
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Fig.4 Scene views in Unity3D

In order to realize the various functions of the virtual
simulation platform, script design is required. Unity3D
supports script editing in C#, and by writing specific
function codes, the motion control functions and data
interaction functions of the platform can be easily
realized. Combined with the SQL database, Unity3D can
also realize the output of spatial trajectory and motion
beat data.

When the hardware control system runs the actual
program, the real control signals are collected through the
data interaction functions to control the real-time motion
of the winding machine model, and the winding machine
model will feed back the interference information to the
hardware control system at the same time. Thus, the
motion information during the simulation is recorded
through the SQL database which can help users to verify
whether the control program logic is consistent with the

B v Test_face_l (Script)

Speed parameters

Fig. 5 Inspector panel

conception.

1.3 Design of hardware control system
1.3.1 Hardware design

Mitsubishi ( Japan ) FX5U-PLC is used as the
hardware controller, because the PLC-related control
interface is simple, and has a high degree of integration
and easy maintenance. While C# WinForm is used as the
programming software for the user host.

The circuit board is the hub connecting PLC and the
virtual simulation platform, whose main roles are;
collecting the signals output (level signals, pulse signals,
data signals transmitted through Modbus, etc. ) from
PLC and sending them to the virtual simulation platform;
receiving the virtual sensor signals output from the virtual
simulation platform and feedbacking to PLC.

According to the role of the circuit board, its overall
architecture is designed as shown in Fig. 6.

‘ Virtual simulation platform ‘

I Communication module }~—|

| Acquisition module
T

[ I I
[ | STM32F105 || STM32F105 || STM32F105 H STM32F105 H STM32F105 || STM32F105 | I STM32F105 |
[ [ [

Modbus communication |

| Motor pulse-direction signal

‘ General-purpose
inputs and outputs

PLC

Fig. 6 Overall architecture of circuit board



Hardware-in-the-Loop Simulation System Based on Unity3D for Winding Machine 301

The circuit board is mainly divided into the
acquisition module and the communication module, and
both modules use the STM32F105RBT6 chip based on
the cortexM3 core.

1) Acquisition module. In order to simplify the
procedure, one acquisition chip only acquires the signal
of one motor, and the input and output (IO) signal of
PLC is also acquired by a separate chip. During the
operation of the winding machine, the output signals of
PLC control a total of six motors. Among them, the two
spindle axis motors and the contact roller motor are
Modbus controllers, and the turntable motor and traverse
motors are controlled by servos. Therefore, the
acquisition module has seven STM32F105RBT6
acquisition chips, including three Modbus slaves, three
motor pulse-direction signal acquisition and one general-
purpose 10 acquisition.

2) Communication module. The communication
module also takes STM32F105RBT6 as the main control
chip, the IIC communication is adopted between the main
chip and each acquisition chip, and the communication
between the main chip and the virtual simulation platform
is through the serial port.

1.3.2 Software design
The data transmitted from the circuit board to the

virtual simulation platform include Modbus frequency
signals, pulse and direction signals and other switching
input signals. The data received by the circuit board from
the virtual simulation platform are servo motor origin
signals, servo motor limit signals and virtual sensor
signals. For these different signals, it is necessary to
design the data storage and transmission methods.

The rotational speeds of the spindle and contact
roller motors are sent from PLC to the circuit board, and
in order to facilitate data transmission, the frequency data
is sent directly to the circuit board. Thus, the frequency
data of each motor is stored as a 16-bit variable. The
pulse number of the traverse motor is converted to a
rotational speed signal at the time of acquisition, and its
data type is the float type, so it is stored in a 32-bit
variable. For the contact roller and the turntable motor,
the number of pulses is stored in a 32-bit variable due to
the high frequency of pulse sending.

Because of the different data types, a structure is
defined to store each motor and input signal. As shown in
Table 1, when being sent to the virtual simulation
platform, it needs to be unpacked and reloaded, that is, a
corresponding size of the uint8_t type of array used to
load the structure split out of the elements and sent
sequentially through the serial port.

Table 1 Input data storage unit planning table

Data type and data name Description Byte
Short SSA Motor frequency of spindle A 2
Short SSB Motor frequency of spindle B 2
Short SC Motor frequency of contact roller 2
Float ST Traverse motor speed 4
Int PR Number of pulses in turntable motor 4
Int PL Number of pulses in lift motor 4

Uint8_t input

Solenoid valve input signal

—

The output signals include motor limit signal and
cylinder limit signal, so two 8-bit variables are used to
store the output signal data as shown in Table 2.

Table 2 Output data storage unit planning table

Data type Description Byte
Uint_8 limit Motor limit signal 1
Uint_8 output Cylinder limit signal 1

1.3.3 Winding control algorithm

The winding control algorithm used is the layered
precision winding method. It is mainly based on the
winding angle and the winding ratio ( the number of
revolutions of the spindle spools that the transverse wire
guide reciprocates once ) , and is a more popular method.
If the winding ratio is a positive integer, it is the stacking
point of spinning. When the winding ratio is unchanged
during the winding process, the winding angle will

gradually increase as the diameter increases, but the
winding angle has a minimum value limitation. If the
winding angle is too small, it will lead to an increase in
the number of yarns at the ends of the filament cake,
which will lead to the phenomenon of convex edges.
Therefore, when the winding angle is less than a certain
value, it is necessary to recalculate the winding ratio. A
fixed winding ratio is used within each layer, which
varies from layer to layer, and precision winding is
performed within each layer.

2 Winding Machine Working Principle

2.1 Workflow

The main structures of the winding machine system
are the raw head, the winding device, the traverse device
and the automatic change device. A typical winding
machine structure is shown in Fig. 7.
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1— spindle B; 2— wire cutter; 3— spindle A;

4— traverse toggle; 5— contact roller; 6— package; 7— turntable.
Fig. 7 Main structure of winding machine

A complete winding cycle needs to go through
five phases as shown in Fig. 8 a quick start phase, a
top-speed holding phase, a winding phase, a
deceleration phase and an unwinding phase. The raw
head operation is generally carried out in the top-speed
holding phase.

‘ Quick start phase ‘

‘ Unwinding phase ‘Cycle work ‘ Top-speed holding phase ‘

‘ Deceleration phase H Winding phase ‘

Fig. 8 A complete winding cycle

In order to ensure constant linear-speed winding, the
spindle speed varies non-linearly during the winding
phase. At the same time, the position change between the
spindle and the contact roller in this phase is also more
complicated. Therefore, this paper mainly focuses on the
change of the spindle rotational speed and the position
change between the spindle shaft and the contact roller in
the winding phase.

2.2 Mathematical modeling

In the process of filament winding, the contact
pressure between the contact roller and packages is an
important factor affecting the forming of the winding.
Nowadays, most winding machines use the triangle
switching technology, that is, by slowly controlling the
rotation of the turntable to regulate the contact pressure
between the contact roller and packages. Figure 9 shows
the schematic diagram of the contact between the contact
roller and the packages.

In Fig. 9, B is defined as the contact pressure angle,
indicating the angle between the vertical straight line

through the center of the contact roll and the line joining
the contact roll and the center of the package.

1—spindle B; 2—spindle A ( packages) ; 3—turntable; 4—frame;
5—contact roller cylinder ;6—smooth column; 7—yarn;
8—traverse box; 9—contact roller.
Fig.9 Schematic diagram of contact between contact roller and packages

During the actual winding process, a displacement is
generated when the diameter of packages increases and
the turntable is rotated by a certain angle to counteract
this displacement. This control principle is used in the
simulation system and it is necessary to clarify the relative
position change between the contact roller and packages.
Therefore, the mathematical model is established among
the contact roller, packages and the turntable.

2.2.1 Relative position change model of contact
roller and packages

In the stage of the filament winding process, the
relative position change between the contact roller and
packages can be divided into four stages, as shown in
Fig. 10. The symbols in Fig. 10 are described in Table 3.

1) After the paper tube on the spindle A is wound
around the filament raw head, the turntable is
immediately turned to the initial position, and the contact
roller is in contact with the paper tube on the spindle A,
as shown in Fig. 10(a).

2) As the diameter of the packages continues to
increase until the thickness of the filament layer of the
packages reaches about 20 mm'*', the normal contact
pressure is applied, and the contact roller remains fixed
relative to the frame thereafter, as shown in Fig. 10(b).

3) As the winding continues, the diameter of the
packages continues to increase, and the turntable slowly
rotates at a certain angle to maintain a constant contact
pressure. When the center of the contact roller and the
center of the packages are located in the same vertical
straight line, the angle of the contact pressure is zero, as
shown in Fig. 10(c).

4) Packages increase to full roll, and the turntable
switches to the next winding cycle, as shown in
Fig. 10(d).
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(d)

Fig. 10 Variation of relative positions between contact roller and packages: (a) initial winding; (b) h,,,= H; (¢) B= 0; (d) d,,,= D

Table 3 Symbol description

Symbol Description
D, Diameter of the contact roller ( constant value)
D, Diameter of the virtual circle centered on the turntable center over the spindle center (constant value)
L Horizontal distance between the contact roller center and the turntable center ( constant value)
d Diameter of the package
o' Angle of spindle axis A with respect to the turntable center
0% Angle of the spindle center with respect to the line between the turntable center and the contact roller center
h Vertical distance between the contact roller center and the turntable center
[, Horizontal distance between the spindle center and the turntable center
Ly Vertical distance between the contact roller center and the spindle center
Ly Vertical distance between the spindle center and the turntable center
L Distance between the contact roller center and the turntable center
2.2.2 Mathematical model solution Set the ith moment of winding as o = ¢; and d = d,
According to the model of the relative position (i=0,1, -, p, =, q, ,r).
change between the contact roller and packages, the 1) At winding moments in 0 < : < p (Figs. 10(a)-
corresponding displacement of the cylinder of the contact 10(b) ), the contact roller cylinder moves, the turntable
roller Ah or the rotation angle of the turntable Aa can be does not move, and then

found when the diameter of the packages increases.
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) L _ . (2L = D sin o
SlnBi_<Da+di>/2 ’ Bg_dI‘CSln W s (1)
. I, = C[2L - (D, +d,)sin B,
sin @, = ——, a; = arcsin )
D /2 D,
L,
cosﬁ—m, (D, +d,)cos B, + D,cos
. = h, :l'l +l.2 = s
lﬂ i y Y 2
cos oy = —— |
D2
1
=Ah =h,, —h :?[(Da + di+])COSBi+1 - (Da + di)cos '81] ’ (2)
Aa=a,, —a, =0. (3)

2) At winding moments in p < i < ¢ (Figs. 10(b) -10(c) ), the contact roller cylinder does not move, the
turntable moves, and then

[(D,+d)/2]* +12-(D/2)°

, L
2/ +H [(D, +d)/2] =B = arctan(g) - arcco{
tan (y +f)=L/H,

cos y =

(D, +d.)> +4L + 4H - D’ (4)
, (4
4(D, +d,) /L' + H

Ah =0, (5)

2L - (D, +di+1)sin,3,.+l:| ) |:2L— (D, +d’.)sinﬁi:|
5 — arcsin 5 .

v

(6)

Aa = arcsin|:

3) At winding moments in ¢ < i < r (Figs. 10(c)-10(d) ), the contact roller cylinder does not move, the
turntable moves, and then

[(D, +d)/2]" +12-(D/2)°

2.JI% + ]{2[(1)u +d,)/2] ’ =0, = arccos|:
tan (y -B)=L/H,

cos y =

(D, +d)> +4L’ + 4H° - D’ I
4D, +d) JIE+H | amtan(*) - (D

Ah =0, (8)
2L+ (D, +d,,,)sin B, | 2L+ (D, +d;)sin B,
Aa = arcsin ' — arcsin . (9)
D, D,
2.2.3 Mathematical model implementation in Unity3D displacement of the contact roller cylinder and the angle
The package diameter is changed according to the of the turntable rotation according to Egs. (1) —(9) in
rotational speed of the spindle motor, and the scale of the Subsection 2.2.2, as shown in Fig. 11. During the
package model along the z-axis direction is used to winding process, if there is a collision or interference,
simulate the package diameter in Unity3D. A fixed step names, coordinates and time of the colliding object will
is set, and when the model scale changes and the scale be displayed on the window interface of Unity3D and
difference reaches the fixed step, it is converted into the recorded in SQL, as shown in Fig. 12.
’ Triggering the collision
v function
| Setting fixed step size | | Calculated by Eqs.(1)-(9) | ‘
—— Getting collision object
Calculating proportional move or tllrntgble ¢
differences sz i) syt Displaying on the console
(saved in SQL)
T -
size? End

Fig. 11 Motion matching flowchart Fig. 12 Interference detection flowchart
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3 Simulation System Verification

3.1 Simulation system construction

According to the overall scheme design of the
simulation system, with the winding machine as the
simulation object, the HILS system is constructed as
shown in Fig. 13. In order to simplify the simulation of
the control system, the main simulation is carried out on
the motion coordination and the change of the spindle
speed during the winding stage.

- — — o

1— virtual simulation platform; 2— switching power supply ;
3— user host; 4— simulation circuit board; 5— FX5U PLC.
Fig. 13 Physical connection diagram of HILS system

3.2 Real-time performance index of simulation
system

In order to ensure the reliability of the simulation
system, it is necessary to carry out the study of the real-
time performance index. The real-time performance is
mainly determined by the sampling frequency of external
signals, the polling time of Modbus RTU
communication, the frequency of IIC communication and
serial port communication, and the number of refresh
frames of the virtual simulation platform. Through the
test of FX5U PLC, it can be seen that the highest
acquisition pulse frequency of the simulation system can
be up to 1 MHz, the Modbus RTU communication
polling time is about 120 ms, the IIC communication and
serial port communication frequency are 12 500 Hz and
115 200 bit/s, respectively, the number of refresh frames
of the virtual simulation platform is 2 000 frame/s, and
the variable-speed interval needs to be greater than 1 s.
Thus the communication speed meets requirements.
3.3 Analysis of simulation results

The hardware control system controls the movement
of the winding machine model in the virtual simulation
platform through the real control procedure, and the
movement beats and the position of the winding machine
model are recorded in real time during the simulation
process to generate the movement timing. After the
simulation system runs, the spindle A/B speed, the
contact roller speed, the transverse blade speed, the
contact roller cylinder displacement, and the turntable
rotation angle are shown in Fig. 14.

12000 _
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6 000

3000

Spindle speed/(r/min)

0
20 000

15 000

10000

Contact roller
speed/(r/min)

5000 |

0
4000
3 000
2000 |

1000

Transverse
blade speed/(r/min)

30

20

displacement/mm

180
135

90 [

Turntable rotation ~ Contact roller cylinder
angle/(°)
o

45

L
0 5000 10 000 15 000

Time/s

Fig. 14 Timing diagram of motion of a complete winding cycle

At first, the contact roller, the traverse blade and the
spindle A start quickly, and the spindle A is accelerated
to the N, position and holds for a period of time to the N,
position for raw-head operation. Then the contact roller
cylinder is prepared for action and is raised as the
thickness of the filament layer of the package increases,
from the N, position to the N, position. The N, position
indicates that the contact roller cylinder has risen to the
maximum height and is held fixed, and that the contact
roller can apply the normal pressure to the package.
Thereafter, the contact pressure is maintained constant by
rotating the turntable, which rotates from the N, position
to the N, position; when the spindle speed decreases
nonlinearly to the N, position, the full package is
reached, and the turntable rotates considerably, from the
N, position to the N, position. At this time, the drop
phase begins, the spindle B switches to the upper, the
cutter on the back plate carries out the action, and finally
waiting for the spindle A to stop rotating, the pusher
cylinder unloads the full package from the spindle A, and
it is carried by the handling robot to the shelving area.

In Subsection 2.2.2, the changes among contact
rollers, packages and turntables during the winding stage
are analyzed, and the function scripts are mounted on the
corresponding objects. Figure 15 shows the 3D effect of
contact rollers, packages and turntables in Unity3D
during the winding stage in the simulation run.
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1—winding moment in 0 < i < p ; 2—winding moment inp < i < q.
Fig. 15 Changes during winding stage

By observing and analyzing the motion timing output
from the simulation system, it can be verified that the
system control program is written without error and
conforms to the workflow.

4 Conclusions

This paper develops and designs a set of the HILS
system with the winding machine as the simulation
object, which can simultaneously meet the requirements
of a better 3D display effect, and a real-time and
connecting mechatronic software for comprehensive
simulation. After the simulation operation, the main
conclusions are obtained.

1) By observing the movement of the winding
machine in Unity3D, it is verified that the system has a
good real-time and 3D display effect.

2) The functionality and the effectiveness of the
system are verified by analyzing the timing of key actions
during the operation of the winding machine.

In summary, the application of semi-physical
simulation technology in the winding machine allows
developers to complete the debugging of the control
program in the laboratory, which is of great significance
for the subsequent debugging of other textile machinery
research and development, optimization of program
logic, system design and process development.
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