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Abstract

This paper outlines the design, development, and practical implementation of a rubber belt-
driven dual cone continuously variable transmission (CVT) model. This model enables a
demonstration of stepless changes in the transmission ratio between input and output shafts.
Although the model can be operated manually via a control panel, enhanced functionality,
such as automated measurement, proportional-integral-derivative (PID) speed control,
and data measurement and storage, is achieved through a control application created
within the LabVIEW virtual instrument environment. This work also includes a partial
comparison between the practical implementation and its simulation model created in
MATLAB-Simulink.

Keywords: continuously variable transmission; transmission ratio; cone CVT; model;
LabVIEW; MATLAB-Simulink; PID control; VISA

1. Introduction

Continuously variable transmission systems provide significant advantages in both
automotive and machine tool applications, enabling infinitely adjustable and seamless
transfer of power while enhancing efficiency compared to traditional geared mechanical
transmissions [1]. Furthermore, CVT technology can contribute to improved fuel efficiency
and a reduction in emissions in vehicles equipped with internal combustion engines [2,3].
Numerous scientific publications, monographs, and dissertations [1-6] have examined the
broader challenges associated with CVT systems, analyzing their benefits and limitations
in comparison to conventional mechanical and automatic transmissions in both vehicles
and machinery.

Among all types of CVT systems, the conventional push belt types are the most
widely utilized and researched, with various elements of their dynamics assessed and mod-
eled [2—4,7-10]. The academic paper by Carbone et al. [11] delineates a comparison between
theoretical proposes and empirical validation of phenomena related to the functioning of
a belt CVT system during a variation in the output gear ratio. Furthermore, a paper by
Srivastava and Haque [12] summarizes the current status of research in dynamic modeling
and control of friction-limited continuously variable transmissions. The fundamental prin-
ciples, mathematical models, and computing approaches for such systems are thoroughly
discussed in both these papers.
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The aforementioned push belt type CVTs use a transmission belt or chain as the
torque transmission element and moving pulleys that change shape during operation [13].
The change in rotation speed of the input (primary) and output (secondary) shafts is
caused by a change in diameter of the transmission belt acting via friction on both pulleys
(Figure 1) [3]. The two boundary states of transmission ratios (low and overdrive) are
shown in Figure 1.
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Figure 1. Push belt CVT—(a) low, (b) overdrive [13].

This fact indicates the primary disadvantage and limiting aspect of these systems: the
maximum transmitted torque constrained by friction, along with the consequent friction-
induced mechanical losses and wear of the pulley-belt system. Nevertheless, this was
also one of the contributing factors that compelled researchers and engineers to engage
in technical enhancements and develop the subsequent methodology of performance
evaluation of the CVT concept.

Numerous studies show a variety of approaches for analyzing and demonstrating the
performance of CVT systems, including the use of test rigs, laboratory testbeds, and pro-
totype creation accompanied by experimental validation. Duong et al. [14] describe the
design and development of a CVT test bench for evaluating the performance and character-
istics of CVT. The test bench enables the assessment of key parameters influencing CVT
performance, including pulley pressure, belt force, and torque under varying load condi-
tions. Wong et al. [15] introduced a dual-belt CVT prototype and test rig for heavy-duty
vehicles, validating their analytical model and studying basic characteristics. Spanoudakis
and Tsourveloudis [16] explored the efficiency of an Electronic Shift Variable Transmission
in a hydrogen fuel cell-powered urban vehicle using a laboratory testbed. Centeno et al. [17]
designed and tested a CVT with an inertia-regulating system, consisting of three subsys-
tems that convert engine rotation into oscillating movement, regulate it, and rectify it to
unidirectional angular velocity. Supriyo et al. [18] proposed the development and experi-
mental study of an electro-mechanical CVT system for motorcycle applications, which uses
a DC motor and cam mechanism to control the primary pulley position and thereby change
the transmission ratio. Work by Mohamed and Albatlan [19] presents a dynamic analysis
and experimental work on a CVT system, focusing on the influence of loading conditions
on the slip behavior and torque-transmitting ability of the CVT.

In addition to the push belt design, a significant number of experimental CVT systems
are currently under research and development. These include magnetic, wheel, spherical,
toroidal and cone systems [20-26]. The cone CVTs, which have a constant shape of the
moving parts but a variable timing belt or chain location, adjust the transmission ratio by
moving a wheel or belt down the axis of one or more bevel-shaped cylinders (Figure 2) [27].
The most basic design, known as the single-cone CVT, works by enabling a wheel to
traverse the inclined surface of the cone, changing the effective diameter from a narrower
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to a broader segment. Notably, certain cone CVT systems use dual-cylinder topologies
to improve performance and transmission ratio variability. The first mention of this kind
of system was in 1903, when Evans and Knauf applied for a patent for a continuously
variable transmission that uses two parallel conical cylinders facing opposite directions
and connected by belts that can be moved along the cones to vary the gear ratio [28,29].
Added to that, the Evans variable speed gearbox, manufactured in the 1920s, is a more
straightforward design [30]. It features two bevel cylinders arranged with a small gap of
constant width between them, with the position of the so-called leather sleeve that runs
between the cylinders determining the gear ratio.

drive cone

driven cone

a b

Figure 2. Cone type CVT—(a) overdrive, (b) low [27].

Cone-based CVTs have been explored for various purposes and applications. The de-
sign, optimization, and functionality of such systems have been examined in various
academic papers. One design integrates a dynamic vibration absorber to create an adap-
tively tuned vibration absorber based on the principle of a twin-cone CVT system, capable
of suppressing resonance in primary systems over a wide frequency range [31]. Lin et al.
presented an innovative design of a twin-cone CVT gearbox based on a discretely ad-
justable radius pulley system [32]. Another innovative approach by Mobedi and Dede [33]
proposed a novel two-sphere cone CVT design instead of friction wheels to enable inde-
pendent output torque and position control, as well as bidirectional power transmission.
Researchers have also applied system-driven product development and topology opti-
mization approaches to develop cone CVT systems, highlighting their advantages over
conventional transmissions [34]. The findings of their research have also been dissemi-
nated by Bazios et al. [35], who explored the utilization of computer-controlled topological
optimization in the design of a twin-cone CVT transmission system. These systems offer
benefits such as higher fuel efficiency, wider torque range, and smoother acceleration
in vehicles [16,35]. The cone CVTs have been investigated for their slip and speed ratio
characteristics in [36], with potential applications in both the automotive and machine tool
industries. Additionally, a purely mechanical continuous automatic variable transmission
(CAVT) system for bicycles was designed using a centrifugal governor and slotted cone, ad-
dressing durability issues associated with electronic components in other CVT systems [37].
These studies highlight the adaptability and potential of cone-based CVT systems across a
wide range of applications. Beyond their industrial utility, these mechanisms also serve as
powerful pedagogical tools for illustrating complex kinematic principles.

Mechanical engineering students gain a deeper understanding and increased moti-
vation to learn about transmission systems when they can physically interact with such
systems [38]. Consequently, incorporating a simple, demonstrative device into the educa-
tional process can further enhance the students’ learning experience. This work details the
design and implementation of a dual cone CVT physical model with dual-mode control
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capabilities. The system integrates manual adjustment with a LabVIEW-based PC inter-
face, providing a versatile tool for educational demonstrations and research prototyping
(Figure 3).

The development of CVT test rigs for educational and research purposes has been
explored through various configurations. Previous work has focused on performance
analysis using customized rigs [39] and the use of LabVIEW for monitoring control signals
in belt-driven systems [40]. Specifically, automated clutch control [41] and the fundamen-
tal mechanics of cone-to-cone (CTC) transmissions [42] have been documented. While
these didactic models [43] provide a foundation for understanding CVT behavior, this
paper contributes a unique dual-mode architecture that allows for a seamless transition
between manual and LabVIEW-based PID speed regulation, specifically optimized for HIL
(Hardware-in-the-Loop) pedagogical applications (see Table 1).

a b

Figure 3. Overview of the proposed dual cone CVT design model—(a) isometric view, (b) side view.

Table 1. Comparison of various CVT test rigs and didactic implementations.

Reference Configuration Control Interface Primary Focus
Srivastavaetal. [39] V-Belt CVT Manual /Mechanical Performance analysis
Bieniek et al. [40]  Industrial CVT LabVIEW Signal characteristics
Younes et al. [41] Centrifugal Clutch LabVIEW Automation
of engagement

Bertini et al. [42] Cone-to-Cone Mechanical/Experimental =~ Fundamental mechanics
K Pedagogical . —

ushwaha etal. [43] Manual Educational fabrication

Model

This Work Dual Cone CVT Manual + LabVIEW Pedagogical HIL & PID

While several CVT demonstrators are documented in the literature, existing publica-
tions often emphasize theoretical outcomes rather than the granular implementation of
hardware—software interfaces. This paper provides a comprehensive framework for the inte-
gration of dual-mode control (manual and LabVIEW), a technical detail frequently omitted
in broader research articles. The proposed design utilizes a unique cost-effective config-
uration of LabVIEW-based data acquisition and PID regulation, specifically optimized
for pedagogical reproducibility. Consequently, this work serves as a practical reference
for researchers and educators seeking to develop functional, low-cost HIL platforms for
CVT characterization.

2. Design of the Proposed Dual Cone CVT Model

The proposed design is derived from previously referenced studies on cone type CVTs,
specifically influenced by references [27,31,34,35]. The cone geometry is inspired by the
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work of Patil et al. [34], and the mechanism for adjusting the belt position is conceptually
based on ideas presented in [31,35]. The overall system architecture and configuration are
primarily influenced by works [27-30].

The system is mounted on a main base plate equipped with side handles to facilitate
transport (Figures 3 and 4). Main structural crossbars are affixed to this base plate and
support the radial bearings and shafts of the rotating cones. A DC motor with a planetary
gearbox, also mounted on the base plate, transmits rotational motion to the driving cone
via a toothed belt and gear assembly. The driving cone, in turn, transfers torque to the
driven cone through rubber belts. The rotational speeds of both cones are measured using
Hall effect sensors, with twelve embedded neodymium magnets in each cone to ensure
precise detection. The entire structure is assembled using standardized metric bolts and
nuts, ensuring mechanical stability and allowing for straightforward disassembly in the
event of component failure (Figure 3).

A lead screw, positioned between the cones, is driven by a NEMA 17 stepper motor.
A nut attached to a linear slider travels along the lead screw. The slider moves across
the full span between the cones, from one structural crossbar to the other (Figure 4).
Limit switches are installed at both ends to control and restrict the slider’s travel range.
Rubber belts are threaded through an opening in the slider. By moving the slider left or
right, the belt positions on the surfaces of both rotating cones can be adjusted smoothly
and synchronously.

5
1 Legend:
3 1 - main base plate
9 2 - handle
8 3 - main structural crossbars
8 4 - drive cone
12 5 - driven cone
6 - DC motor
10 3 7 - rubber belts
8 - Hall effect RPM sensor
9 - lead screw with stepper motor
4
10 - lead screw nut
11 - slider
6 14 12 - end stop switch
13 - control panel
14 - LCD display
15 15 - DC power connector
13 16 - USB communication connector
16
2 1

Figure 4. Detailed view of the proposed dual cone CVT design—top view.

3. Device Operation

The device enables the measurement and practical demonstration of continuous (step-
less) variation in the transmission ratio between the driving and driven cones by adjusting
the position of rubber belts (see Figure 2). The entire system can be operated manually
via toggle switches and control elements located on the control panel (see Figures 4-6).
A DC power connector is located on the side of the control panel to supply the system with
power from a 15V, 4 A power source. Additionally, a USB-C connector is provided for
communication with and programming of the integrated Arduino Nano microcontroller
(Figures 4 and 5). The utilized microcontroller is programmed using the Arduino IDE
programming environment (version 2.3.0).
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Figure 5. Constructed dual cone CVT (left) with control PC (right).

Figure 6. Constructed dual cone CVT—detailed side view.

3.1. Operating Principle

The concurrent variation in the rotational radii of the rubber belts on both cones
(denoted as d and D, Figure 7) is governed by their lateral displacement. This produces an
immediate and continuous adjustment of the transmission ratio, while the constant inter-
cone distance c is maintained by radial bearings and crossbars (Figure 6). The transmission
ratio (TR) can be expressed in terms of the rotational speeds of the drive cone (w;) and the
driven cone (wy) as: ,

%
TR=“2_4_D (1)
w1 0l d

where w; and w; are measured in revolutions per minute (RPM). Alternatively, the trans-
mission ratio (TR) may be determined from the effective diameters of the cones beneath
the rubber belts, assuming a constant tangential velocity v of the elements of the belts.
However, because accurately measuring the effective diameters is challenging, TR is in-
stead calculated directly from the rotational speeds, which are measured using Hall-effect
speed sensors.

Considering the construction constraints (cone taper angle, positions of the limit
switches and stepper motor, and slider shape design), the proposed device enables trans-
mission ratio adjustment within the range of 0.60 (low) to 1.55 (overdrive). The slider’s
movement is limited to 125 mm from its initial position on the stepper motor side of the
lead screw (see Figure 4). At present, the slider’s displacement speed is predefined and set
to 4.9 mm/s, determined by the frequency preset of the pulse-width modulation (PWM)
generation pin of the microcontroller. It should be noted, however, that this value may be
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modified in future iterations of the device through the integration of an additional rotary
knob for user adjustment.

The dual cone-and-belt system is designed for a maximum input speed of 2000 RPM at
the DC motor shaft (at a nominal input voltage of 15 V DC under no-load conditions at the
output shaft of the driven cone), which corresponds to a maximum of 450 RPM at the drive
cone following gear reduction via the flat transmission belt (see Figure 6). Consequently,
the maximum output speed of the driven cone reaches 700 RPM in the overdrive gear state.
Under no-load conditions, the system achieves a peak angular acceleration of approximately
75 rad/s?. This dynamic performance is primarily governed by the rotational inertia of
the mechanical components and the frictional limits of the cone-and-belt interface. These
performance benchmarks were established through preliminary characterization tests
conducted during the initial system commissioning.

D<d

D>d

driven cone drive cone driven cone drive cone

OVERDRIVE Low
Figure 7. Boundary states of the transmission ratio.

3.2. Manual Control

The first switch from the left (Figure 4) serves as the main power switch, allowing the
user to activate or deactivate the device. The second switch enables the selection of the
control mode, either manual or LV. The third switch determines the DC motor’s rotation
direction (clockwise—CW or counterclockwise—CCW), which, in turn, sets the rotation
direction of the cones. A rotary potentiometer with a control knob is provided to regulate
the power supplied to the DC motor within a range of 0 to 255. As a result, the rotational
speed of the drive cone can be adjusted from 0 to 450 RPM. The final control element is
a three-position switch that controls slider movement—left, right, or stop (neutral center
position). At the end positions, slider travel is programmatically constrained through
inputs from the limit switches.

An LCD display (4 lines x 20 characters) mounted on the control panel (Figure 4)
provides real-time operational data, including the rotational speeds of both cones (in
RPM), the calculated transmission ratio (TR), the cone rotation direction (CW or CCW),
the DC motor RPM setting, and the active operating mode (manual or LV). When the
operating mode is switched to LV, enhanced functionality and control are enabled through
a proprietary application running on the control PC (Figure 5).

Microcontroller Code

The detailed block functionality of the microcontroller code is illustrated in the block
diagram shown in Figure 8. During initialization (function setup() ), the program establishes
serial communication via a universal serial bus (USB) port with the control PC, configures
all input/output pins, sets the presets for the PWM output pin, initializes the LCD display,
and presents the startup screen. At the conclusion of the setup() function, interrupts on the
selected input pins are enabled to measure the rotational speeds of the cones. Within the
interrupt service routines —specialized subprograms executed in response to hardware
events—the input pulses from the Hall effect sensors are counted.
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function setup () function loop()

Serial communication setup
INPUTIOUTPUT pins configuration
PWM pin presets set

LCD display initialisation

Startup screen

Interrupts enable

7

LV mode 5 i
Mode > Serial read > Input data > Actuators movement > Limit switches

selected? function parsing execution monitoring

Manual mode T
v

Rotation speed ' S 5
] = Operational data Serial write LCD display
Interrupts disable —> ar:f. ;rzzlscr:;:::ﬁ‘n > Interrupts enable —> “PUILAR O ——  SCR ET data vieuslzation

Figure 8. Block diagram of the microcontroller code.

Read input
states of elements

The main program executes within an infinite loop (function loop()). First, the input
states of the limit switches and all manual control elements on the control panel are read.
Depending on the mode switch setting, the program either continues in manual mode or
processes serial input from the LV application.

In manual mode, the DC motor and stepper motor are controlled according to the
values provided by the control panel inputs. In LV mode, the incoming data string from the
LV application—transmitted via USB serial communication—is programmatically parsed
using comma delimiters into discrete numerical control variables—namely, the DC motor
rotation direction, RPM setpoint, and left/right stepper motor commands—which are
subsequently executed by the actuators. An example of the received control string can be
found in Figure 9 in the DATA Sent box. This example indicates CW rotation (first 0), no
left/right movement of the belts (a combination of 1 and 1), and no movement of the DC
motor (setpoint set to 0 RPM).

Debug
CVT Transmission Model ‘ error out
status  code
MEASUREMENT COM Port i 4 o
/' “Icome j Sample Time (s)  Elapsed time(s) e
MAN 01 0

J& C\Usersisimor\Documents\CVI\DATALOG | =1

RPM 1 GEAR RATIO RPM 2 DATA Recieved DATA Sent stop

0 0 0 | (XETIE

RPM 2

Time (s) Time (s)
- -

] |
CONTROL Rotation Direction )
- 7 PWM OUTPUT Left Stop "‘9/'“ Stop
LABVIEW, cow 0 @ LEFT [ J)
J d
Rotation Direction e LEFT RIGHT

(o) WEmm (o

0 100 200 300 450

Figure 9. LabVIEW application control panel.

Next, the states of the limit switches are continuously monitored, and the stepper
motor is halted if the slider reaches either of the limit positions.

After the control commands for the actuators are executed and the limit switches
are checked, the interrupts for speed measurements are temporarily disabled, and the
rotational speeds of both cones are calculated based on the number of detected pulses and
the elapsed time. Using these values, the transmission ratio is determined, after which
the interrupts are re-enabled. All relevant data—including measured rotational speeds,
panel control states, and limit switch states—are serialized into a comma-separated string
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and transmitted using the USB serial communication protocol to the LV application via the
serial write function. Finally, the real-time operational data is displayed on the device’s
LCD panel. The cycle of the loop() function then repeats.

3.3. LabVIEW Control

In addition to manual operation, the device can be switched to LV mode using the
mode selection switch on the control panel. When connected to a control computer through
a USB programming and communication interface, the LV application (version 2021 SP1)
can be launched (Figure 9). This software application primarily enables direct operation of
individual actuators (DC motor, stepper motor) and provides visualization of sensor data
(limit switches, magnetic speed sensors), as illustrated in Figure 9.

The detailed functionality of the application is illustrated in the block diagram in
Figure 10. At startup, the application initializes the USB serial communication protocol
with the device’s microcontroller (using the virtual instrument software architecture—
VISA) and prepares a comma-separated values (CSV) log file by generating a timestamped
filename and defining column headers. Data exchange with the device (microcontroller)
is conducted via USB serial communication (at the port named COM6). Within the main
while() loop, the program continuously reads byte streams from the USB communication
buffer (using the VISA string read function), which contain serialized and comma-separated
string data transmitted from the microcontroller in the serial write function (as detailed in
the Microcontroller code subsubsection). The received data string, formatted as comma-
separated values, can be monitored in the debug window (Figure 9, DATA Received box).
An example of a formatted data string is represented by the sequence: “175, 420, 0,0, 1,
0,1,1,250”. In this sequence, the first two variables correspond to the rotational speeds
of the respective cones. The subsequent value indicates the selection of control mode
(0 represents manual mode); the next value indicates the rotation direction of the cones
(0 represents CCW rotation), while the following binary pair (1, 0) denotes the directional
command for belt translation (to the right). The next two values represent the status of
the limit switches (both off), and the final parameter conveys the target RPM setpoint as
defined by the rotary potentiometer on the device’s control panel. This string is parsed
into individual numerical parameters and displayed using LV visualization components
(RPM1, RPM2, CONTROL, Rotation Direction, RPM Output, Left Stop, Right Stop, Left,
Right; see Figure 9). Conversely, setpoints from LV control components (Rotation Direction,
RPM Output, Left, Right; see Figure 9, bottom) are serialized into a comma-separated data
string and transmitted to the device through the VISA string write function and USB serial
communication protocol. All measured and control values are simultaneously stored at the
specified sampling interval (Sample Time) in the CSV file (Figure 9) created at the beginning
of the measurement. When the application is stopped or closed, both the communication
channel and the CSV file are properly terminated (closed).

In the LabVIEW control application, two measurement modes can be selected using the
switch (Figure 10, center; Figure 9, top left). In manual measurement mode, the DC motor
and stepper motor are operated directly through the LV control components. In automatic
measurement mode, the DC motor speed and stepper motor movement are governed
by predefined arbitrary timed functions (RPM1, Right, Left; see Table 2). These timed
functions are specifically designed to enable measurements across the full range of the
device’s transmission ratio. Furthermore, the generated input functions serve as inputs for
the MATLAB-Simulink (version R2023b) model of the device, allowing validation of the
simulation model against the experimental data gathered on the physical model.
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While Loop

USB serial VISA

ication setup VISA string write
(VISA driver setup) \\ close
VISA string read

LabVIEW control
components

Input string
parsing Input |,| Control (Output)
Selector string serialization

Read input
arbitrary
data signals Man/Auto

switch
PID
constants PID
settings

Data visualization
(LabVIEW vi izati
components)

Data log file (.csv) Data logging Data log file (.csv)
setup and prepare and write to .csv file close

Figure 10. LabVIEW functionality block diagram.

In automatic mode, the rotational speed of the drive cone is regulated by a PID
controller to maintain the RPM setpoint. The controller parameters were tuned using the
heuristic Ziegler-Nichols method, yielding the following constants: P = 0.1, I = 0.1667,
and D = 0.03. The implementation of the PID speed controller is essential, as the movement
of the rubber belts along the cone surfaces introduces non-negligible load variations,
reducing the cone speed by approximately 10 to 15 RPM. To ensure continuous and smooth
adjustment of the transmission ratio during automatic measurements, the PID control
structure was therefore applied.

Table 2. LabVIEW automatic measurement control signals (RPM1, Right, Left).

Time (s) RPM1 Right Signal Left Signal
0 0 0 0
2 0 0 0
10 350 0 0
15 350 1 0
39 350 1 0
49 350 0 -1
73 350 0 -1
78 350 0 0
86 0 0 0
88 0 0 0

4, MATLAB-Simulink Model

A simplified first-order MATLAB-Simulink model (Figure 11) was developed based on
the primary motion characteristics (1) and the experimentally measured motion behavior
of the physical system (see Figure 12). The rotational output speed of the driven cone
(RPM2) is computed from the predefined rotational speed of the drive cone (RPM1) and the
instantaneous transmission ratio. The transmission ratio is defined by the slider position (x),
which is determined from its direction of motion (left to right or right to left, see Figure 4)
and elapsed time, according to experimentally derived lookup curves (Figure 12).
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Lafte RPM1_val (t) RPM1 (t)
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left (t) > x (t) TR (t)
Position of belts RPM1

CVT model

=
:

Figure 11. Simulation model of the CVT created in MATLAB-Simulink.
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S

Transmission ratio [-]
N

o
©

0.6

1 | | 1 1 |
0 20 40 60 80 100 120
Position of the slider (x) [mm]

Figure 12. Slider position (x) functions.

The two functions were obtained by measuring the slider position with a precision
ruler and determining the corresponding transmission ratio as the quotient of the rotational
speeds of the two cones (with the drive cone fixed at 350 RPM). The functions and the
resulting graph (Figure 12) indicate that the transmission ratio differs depending on whether
the slider moves from left to right or from right to left (top view—Figure 4). This asymmetry
arises from the slightly larger opening in the slider through which the rubber belts pass,
leading to a minor delay and hysteresis in the transmission ratio response.

The Simulation input commands block (Figure 11) defines the timed control signals for
slider motion (left/right) and the desired drive cone speed (RPM1_val). To validate the
simulation model, identical arbitrary signal inputs from the LV application (automatic
measurement mode) were applied (Table 2). The Position of belts block computes the
slider position based on the timed direction movement inputs. The CVT Model block
then calculates the driven cone speed (RPM?2) and the corresponding transmission ratio
(TR) from the slider position (x) and the prescribed drive cone speed (RPM1_val). These
calculations are derived from experimentally obtained functions in Figure 12.

All simulation parameters (time, slider position x, drive cone speed RPM1, driven
cone speed RPM?2, and transmission ratio TR) are stored in the MATLAB workspace and
plotted alongside the experimental data obtained from automatic measurements in the
LV application (in CSV format). A comparison of simulation and experimental results is
presented in the Results Comparison section.
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Discussion

To ensure a computationally efficient model suitable for real-time control, the following
first-order modeling assumptions were made:

* Inextensible belt drive: The round connecting belt is considered a longitudinally
rigid member. While belt creep and longitudinal elasticity are present in high-torque
industrial applications, they are considered negligible within the current experimental
envelope (max 500 RPM, no-load conditions).

*  Constant friction coefficient: A uniform friction coefficient () is assumed across the
contact interface of the cones. Potential variations due to local heating or surface wear
were omitted, as the short duration of the test cycles prevents significant thermal
gradients.

*  Negligible parasitic losses: Energy losses attributed to aerodynamic drag and bearing
rolling resistance were excluded. At the current rotational velocities, these factors
account for less than 2% of the system’s total energy expenditure during transmission
change, thus not compromising the transmission-ratio accuracy.

* Ideal geometry: The contact between the round belt and the cones is simplified
to a mean-radius line contact. This omission of the ‘seating” effect (belt thickness
compensation) is justified by the high correlation between the simulation results and
empirical measurements.

The validity of these simplifications is confirmed by the experimental results, where
the maximum deviation between the model and the physical prototype remains within an
acceptable margin of error for pedagogical and prototype-development frameworks.

5. Results Comparison

Figures 13-15 provide a graphical comparison of the time-dependent courses of the
rotational speeds of the drive and driven cones, along with the corresponding transmission
ratio. Throughout the measurement, the rotational speed of the drive cone was maintained
at a constant value of 350 RPM using the implemented PID control. At both the beginning
and the end of the automatic measurement, the rotational speed was linearly increased
or decreased over a short interval of eight seconds to minimize sharp peaks and abrupt
transitions in the recorded data (Figure 13). The small dips and rises observed in the
rotational speed (Figure 13) during the measurement can be attributed to the action of the
PID controller, which regulated the rotational speed of the DC motor during the stop—start
motion of the slider at its end positions (see Figure 15).

Rotation speed of the drive cone over the course of time
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Figure 13. Rotation speed of the drive cone (RPM1).
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Figure 14 illustrates the time-dependent course of the rotational speed of the driven
cone. The figure shows that, at specific intervals (10-15 s, 39-49 s, and 7378 s), the slider
remained stationary, resulting in a constant rotational speed of the driven cone. These
intervals correspond to the slider being positioned at its end limits, as indicated by the
Right/Left movement signals in Table 1. The slight discrepancies observed between
the simulated and measured rotational speeds can be attributed to dynamic factors not
incorporated into the simplified model; these are discussed in detail in the Discussion
subsection of the previous section. These effects introduced minor, unpredictable slippage,
leading to a small reduction in RPM, which is particularly evident in the middle of Figure 14.

550 Rotation speed of the driven cone over the course of time
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Figure 14. Rotation speed of the driven cone (RPM2).

15 Transmission ratio change over the course of time
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Figure 15. Transmission ratio change over time (TR).

During the measurements, the slider executed nearly a full stroke from its initial
position to 120 mm and back (Figure 4). This movement produced the expected varia-
tion of the transmission ratio from the low value of 0.6 to the overdrive value of 1.45.
The measured change in the transmission ratio shows strong agreement with the simulated
(calculated) values, as illustrated in Figure 15. This high level of predictive accuracy is
essential for establishing a reliable plant model, which serves as the foundation for imple-
menting advanced control strategies, such as Model Predictive Control (MPC) or robust
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state-estimation frameworks. Furthermore, high-fidelity tracking is indispensable for spe-
cific industrial applications, including;: (i) proactive slip detection to ensure component
longevity; (ii) efficiency optimization along the motor’s ideal operating line; and (iii) the
regulation of transient dynamics to enhance drivetrain comfort.

6. Conclusions

In conclusion, the developed rubber belt-driven dual cone continuously variable trans-
mission model successfully demonstrates a stepless variation of transmission ratio and
provides a reliable, robust, and portable platform for hybrid manual and LabVIEW-based
control. The system’s microcontroller-based design offers a flexible architecture that facil-
itates both the straightforward integration of additional software functionalities and the
seamless incorporation of supplementary hardware. The integration of the LabVIEW envi-
ronment facilitates advanced functionalities—including a custom user interface, PID speed
regulation, and automated data acquisition and logging—thereby extending the system’s
utility beyond basic manual demonstration and enabling advanced HIL capabilities.

While this work establishes a robust framework for pedagogical and prototyping
applications, the authors acknowledge certain limitations regarding mechanical optimiza-
tion and comparative benchmarking. Currently, further design optimization, including
rigorous tolerance analysis and belt-mechanism improvements, is ongoing to enhance the
system’s operational efficiency. Furthermore, a direct quantitative benchmarking against
other CVT prototypes was precluded by the absence of standardized performance mark-
ers and granular data in the existing literature. Nevertheless, by providing a detailed
roadmap for low-cost HIL integration, this work establishes the necessary baseline for
future comparative studies. Subsequent research will focus on utilizing this platform to
generate the standardized datasets required for benchmarking advanced control strategies
and mechanical refinements.

The results presented in this study demonstrate that the developed first-order
MATLAB-Simulink model maintains high fidelity with experimental measurements ob-
tained from the physical prototype. Despite the deliberate omission of specific higher order
dynamics—such as belt slippage, bearing-related rotational losses, and simplified contact
geometries—the model’s predictive accuracy is confirmed, establishing its suitability for
further analytical refinement. The behavioral characteristics observed during experimental
validation underscore the necessity of integrating hysteresis and slip-loss modeling in
future iterations to further enhance the system’s precision. Ultimately, these findings sub-
stantiate the platform as a robust experimental framework for investigating CVT behavior,
facilitating educational applications, and serving as a benchmark for subsequent research,
including the characterization of transmission efficiency and torque-load dynamics.

Future revisions of the physical model are expected to incorporate several enhance-
ments: (i) measurement of slider position using a laser time-of-flight (TOF) sensor, (ii) ad-
justable slider movement speed control through both manual operation and the LabVIEW
application, (iii) implementation of incremental encoders to enable more accurate and
reliable cone speed measurements, (iv) implementation of a see-through enclosure for the
entire system to ensure operator safety, and (v) design optimizations of the cone and belt
system to enhance transmission efficiency.
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Abbreviations

The following abbreviations are used in this article:

CSV  comma-separated values

CVT  continuous variable transmission

DC direct current

HIL  hardware-in-loop

IDE integrated development environment
LCD  liquid crystal display

LV LabVIEW

PC personal computer

PID proportional, integral, derivative
RPM  rotations per minute

USB  universal serial bus

VISA  virtual instrument software architecture
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