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Abstract

This paper presents the design and experimental investigation of a multifunctional friction
test bench, aiming to characterize the frictional and transmission efficiency of rope-drum
systems in high-altitude wind power generation. The study addresses a critical gap in
the experimental validation of key components for this demanding application. The test
bench, comprising loading, power, test, and data acquisition modules, was designed to
measure the equivalent friction coefficient (a comprehensive macro-parameter, not the tra-
ditional material friction coefficient) between an ultra-high-molecular-weight polyethylene
(UHMWPE) fiber rope and a drum, as well as the transmission efficiency of pulleys. Key
parameters, including contact angle, gasket material (steel vs. polyamide (PA)), groove
type (U vs. V), and rotational speed, were systematically tested using tension and speed
and torque sensors for data acquisition. Experimental results show that the equivalent
friction coefficient initially increased and then decreased with the contact angle, reach-
ing a maximum of approximately 0.15 at 100°. The coefficient was positively correlated
with rotational speed, increasing by about 40% for steel and 10% for PA linings as speed
rose from 25 to 100 rpm. Steel linings exhibited a significantly higher equivalent friction
coefficient (0.14-0.17) than PA linings (0.10-0.13). Similarly, in transmission tests, steel
pulleys demonstrated superior efficiency compared to PA pulleys, while V-grooves slightly
reduced efficiency compared to U-grooves. Furthermore, pulley misalignment was found
to decrease transmission efficiency. This work provides essential experimental data and a
robust testing platform, laying a foundation for optimizing the efficiency and reliability of
high-altitude wind energy systems.
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1. Introduction

High-altitude wind energy is a kind of renewable and clean energy with abundant
reserves and wide distribution. Compared with offshore and onshore wind energy;, it
has great potential for energy development and utilization because of the advantages of
high power density and stable wind direction [1]. The key to the effective utilization of
high-altitude wind energy is the wind power generation system. Its main principle is that
the tethered vehicle is used to capture high-altitude wind energy, and the kinetic energy of
the wind is converted into mechanical energy, and then it is converted into electrical energy
according to the ground power generation device [2—4].
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As shown in Figure 1, the rope, as the key transmission component, not only es-
tablishes the connection between the aerial ladder components and the ground power
generation device, but also plays an important role in energy transfer. The friction and wear
characteristics of the rope directly affect the transmission efficiency of the power generation
device. Studies concerning the function and transmission characteristics of the ropes have
been carried out.
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Figure 1. Ground equipment systems for high-altitude wind power generation.

Chen et al. [5] investigated the mechanical behavior of large-diameter ultra-high-
molecular-weight polyethylene fiber ropes under quasi-static tension using a uniaxial
tensile testing system, and proposed a pre-tensioning treatment process to improve stress
uniformity. Ye et al. [6,7] systematically investigated the mechanical behavior of high-
modulus polyethylene (HMPE) ocean loading and unloading ropes and revealed that
the improved size-stable rope had a better load capacity compared to coreless ropes. Xu
et al. [8] studied the nonlinear mechanical properties of nylon, polyester, and high-modulus
polyethylene fiber ropes through static tensile and cyclic load tests. Han et al. [9] inves-
tigated the relationship between the mechanical properties and structural characteristics
of ultra-high-molecular-weight polyethylene (UHMWPE) fiber ropes and established a
correlation formula between Young’s modulus and the torsion angle. A positive correlation
between fracture strength and diameter was provided. Zhou et al. [10] proposed the use of
flexible fiber-reinforced polymer (FRP) twisted ropes to replace traditional steel wire ropes
and synthetic ropes. The tensile and bending properties of IFB were optimized through
resin-toughening modification. Schumann et al. [11] discussed the power-law friction law
by presenting a validated model of a double-layer belt-winding winch. Mao et al. [12]
proposed an improved model combining a physical model and a data model to reduce
the deviation of the physical model from the actual model. Kim et al. [13] investigated the
effects of contact area and friction material on the speed-dependent coefficient of friction
and friction instability using brake friction materials as experimental subjects.

Although these theoretical studies and review analyses have laid a significant foun-
dation for understanding the role and general characteristics of the ropes, the accuracy
of theoretical models, the reliability of design parameters, and the prediction of service
performance still rely on experimental validation and data support. Particularly in the de-
manding application of high-altitude wind energy, which involves dynamic loads, coupled
environmental factors, and key characteristics of the rope materials and structures, the
results must be revealed and quantified through systematic experimental research. Many
scholars have conducted extensive experimental investigations to thoroughly explore the
transmission performance and service behavior.
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Li et al. [14] studied the fatigue characteristics of high-modulus polyethylene (HMPE)
marine loading and unloading ropes under cyclic bending of pulleys through a full-scale
experimental system. Charry et al. [15] proposed an experimental test rig for evaluating
the performance of low- and medium-power pulley drive systems, which was utilized
to estimate the friction performance in the gearbox. Preliminary results show that the
friction in the transmission was mainly determined by the friction characteristics of the
bearings. Hrabovsky et al. [16,17] designed a laboratory device for detecting the tension
in ropes and the coefficient of friction in the grooves of rope pulleys and for determining
the magnitude of the force acting on both sides of the cables in the V-grooves of the cable
reels. Chang et al. [18,19] studied the tribological behavior of transmission ropes by means
of a homemade rope sheave sliding friction and wear test rig, and the results show that
the coefficient of friction was affected by the structure of the rope, the contact angle, and
the sliding speed. The coefficient of friction decreased with an increase in the sliding
speed. Nakazawa et al. [20] derived a tension evaluation model by including the rope
slip behavior and then evaluated the effect of rope tension due to groove wear. Zhao
et al. [21] proposed an analytical method of a rope-driven multibody system with a pulley.
This method could be used to establish the complete dynamic equations of a rope-driven
system containing a pulley block and solve them efficiently. Bukvi¢ et al. [22] systematically
outlined the production techniques of polymer composites and their application prospects
in the engineering field.

The aforementioned studies have contributed to understanding the rope characteris-
tics, transmission properties, and related experimental research, while less investigation
specifically targeting rope properties for high-altitude wind energy applications has been
carried out. This paper focuses on the rope used in high-altitude wind energy generation
systems and explores their fundamental frictional characteristics and transmission loss
behavior, employing an experimental method. The structural design and fundamental op-
erating principles of the test bench are introduced in Section 2. The constituent components
of the test bench and stress verification are performed in Section 3. Friction coefficient and
transmission loss tests are conducted under various conditions. Relevant data analysis and
conclusions are obtained in Section 4.

2. Structural Design and Working Principle of Test Bench
2.1. Structural Module Design

As shown in Figure 2, the design framework of the experimental test bench con-
sists of four modules: the loading module, power module, test module, and data
acquisition module.

Hydraulic | | Drum | | Hydraulic
press 1 press 2
Electromagn
etic clutch
I Magnetic particle brake
Gearbox — Motor

Cross slide table

Torque

Torque sensor 2

sensor 1

| Pulley 1 | ! Pulley 2

Figure 2. Design framework for experimental testing platform.
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As shown in Figure 3, this is the overall structural diagram of the test bench.

(b) (c)
Figure 3. Overall structural model of test bench: (a) 1—hydraulic loading device; 2—package

angle adjustment device; 3—reel; 4—reel frame; 5—electromagnetic clutch; 6—gearbox; 7—coupling;
8—torque sensor; 9—servomotor; 10—pulley; 11—cross sliding table; 12—magnetic powder brake;
13—radial displacement device. (b) Friction coefficient measurement test. (c) Transmission loss test.

As shown in Table 1, the following table lists the characteristic parameters of the
transmission system.

Table 1. Transmission system characteristic parameters.

Equipment Name Model Technical Specifications/Parameters

Servo Motor
(Innovance Technology Co., Ltd., Suzhou, China)
Gearbox
(LinoDa Transmission Technology Co., Ltd. K97-47.93 Gear ratio: 47.93; Transmission efficiency: >95%
Hangzhou, China)
Speed and Torque Sensor
(Bengbu Dayang Sensing System Engineering Co., Ltd., DYN-200 Range: +1000 N-m Accuracy: 0.1% of full scale
Bengbu, China)
Tension Sensor
(Bengbu Dayang Sensing System Engineering Co., Ltd., DYLY-101 Range: 10,000 N; Accuracy: 0.03% of full scale
Bengbu, China)
Magnetic Powder Brake
(Haibo Hua Technology Co., Ltd., Beijing, China)
Electromagnetic Clutch
(Jietai Transmission Machinery Manufacturing Co., Ltd., DLY0-100A Operating voltage: 24 V; Transmission torque: 1000 N-m
Tianjin, China)

MS1H3-55C15CD Rated power: 5.5 kW; Rated speed: 1500 rpm;

CZ-100 Rated torque: 1000 N-m; Slip power: 18 kW
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(1) Loading module

The hydraulic loading system is considered for a fundamental frictional characteristics
test. The structure model is established in Figure 4a. The rope is fixed in the pressure block.
The pressure block and tension sensor are connected and fixed to the contact angle adjuster
through the snap. The vertical up and down movement can be realized by the moving
slide. Contact arc length is adjusted by the fixed position of the snap on the contact angle
adjuster. The downward pressure provided by the hydraulic loading system is utilized to
apply a preset tension to the rope on the reel, which can be measured by triangulating the
value of the pressure transducer on the loading device with the known wrap angle. The
magnetic particle brake, which is located on the side of the pulley, can be used to apply
loads to simulate the loading condition. The magnetic particle brake is shown in Figure 4b.

(b)

Figure 4. Loading devices. (a) Hydraulic loading system: 1—support bracket; 2—hydraulic cylin-
der; 3—moving slide; 4—contact angle adjuster; 5—pressure block; 6—tension sensor; 7—snap.
(b) Magnetic particle brake.

(2) Power module

As shown in Figure 5, the main servo motor provides the power source for the test
bench. Motor 1, connecting the cross slide, controls the axial movement, and motor 2
controls the radial movement.

motor2

motorl

(a) (b)

Figure 5. Power module: (a) Servo motor, (b) cross slide power motor.

(3) Test module

As shown in Figure 6, the drum and pulley are both made of metal-carbon steel with
a diameter of 400 mm, and the replaceable gasket materials are polyamide (PA) and metal
(PA material gasket properties meet experimental conditions).



Energies 2025, 18, 6079 6 0of 17
Figure 6. Test module: (a) Drum, (b) pulley.
The testing plan of the test bench is shown in Table 2.
Table 2. Experimental Test Conditions.
Test Project Controlled/Varied Parameters Levels/Range
Gasket material Steel, Polyamide (PA)
Fricti fici Groove type U-groove, V-groove
riction coefficient measurement test Rotational spee d 25,50, 100 r/min
Contact angle 80°, 100°, 125°, 160°
Gasket material Steel, Polyamide (PA)
Groove type U-groove, V-groove
T ission 1 Rotational speed 100, 150, 200 r/min
ransmission loss test Tension force 1000, 3000, 5000, 7000 N
Load condition No-load, Load
Deviation angle 0°,3°

The test rope is twelve strands of ultra-high-molecular-weight polyethylene fiber
braided rope (UHMWPE). The UHMWPE material properties are shown in Table 3.

Table 3. Material properties of UHMWPE rope.

Parameter Value
Diameter/mm 10
Density/(g/cms) 0.97
Tensile strength/kN 60
Modulus of elasticity /GPa 110

(4) Data Acquisition module

The data acquisition module consists of a variety of high-precision sensors, such as a
tension sensor, torque sensor, and pressure sensor. The tension sensor is used to measure
the change in rope tension during the equivalent friction coefficient test and the change
in tension force during the pulley transmission loss test. The torque sensor monitors
the torque and rotational speed of the driving and driven parts. And the pressure sensor
measures the downward pressure of the hydraulic cylinder. All sensor signals are processed
by a high-speed data acquisition system to ensure the reliability of the experimental data.
The schematic diagram of the test bench system is shown in Figure 7.

As shown in Figure 8, the control system of the test bench mainly controls the start
or stop and rotational speed of the servo motor, the radial and axial displacement of the
cross slide, the downward pressure of the hydraulic system, and the opening or closing of
the electromagnetic clutch. The hydraulic press regulates the tension of the two ends of
the rope. The deflection angle and tension of the rope can be adjusted by the cross slide.
The electromagnetic clutch is used to control the connection between the output of the
servo motor and the shaft-end of the reel. The operation of the hydraulic machine and
electromagnetic clutch adopts a PLC control system.
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Figure 7. Schematic diagram of test system.
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Figure 8. Control module: (a) PC control system, (b) electromagnetic clutch control button, (c) left
hydraulic cylinder control button, (d) right hydraulic cylinder control button, (e) hydraulic machine
emergency stop button, (f) reset button, (g) magnetic particle brake control cabinet.

(5) Main load components analysis

Further stress analysis was needed on the main supporting components of the test
bench to verify that they met the strength requirements. The main supporting components
of the test bench include the gearbox bracket, torque sensor bracket, hydraulic column, and
drum bracket. The loading parts are made of Q235 structural steel. The material properties
are shown in Table 4.

Table 4. Q235 material properties.

Item Value
Tensile strength of materials (MPa) 460
Yield strength of material (MPa) 250
Density (kg/m~3) 7850
Modulus of elasticity (MPa) 2 x 10°
Pine-to-cedar ratio 0.3

The static strength analysis of the main supporting components was carried out, and
the stress distribution of each component was obtained by establishing a finite element
model. The corresponding boundary conditions and 2-ton load constraints were applied.
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The computer hardware configuration used for analysis includes an Intel Core i7-12700H
processor and 32 GB of memory. The analysis software employed is ANSYS Workbench
2022 R1, and the finite element model utilizes a 3D solid model created with SolidWorks
2024 software. The analysis results are shown in Figure 9. From the calculation results, it
can be seen that the maximum equivalent stress of each component does not exceed the
permissible stress of Q235 material, which meets the strength design requirements of the
test bench.

A: Static Structural D: Static Structural
Equivalent Stress Equivalent Stress

Type: Equivalent (von-Mises) Stress Type: Equivalent (von-Mises) Stress
Unit: MPa Unit: MPa

Time: 1s

3 Time: 1s
2025/11/19 19:45 2025/11/19 19:47

13.475 Max
11.978
10.481

8.9837

4.261 Max
3.7877
3.3145
2.8413
2.368
1.8948
1.4215

7.4864
5.9802
44919
0.0483 2.9947
047507 14974
0.0018294 Min i
0% o000 700.00 (mm) 0.00016701 Min 0.00 450.00 900.00 (mm)
o  emo

—E.00 —t00

(a) (b)

B: Static Structural
C: Static Structural Equivalent Stress
Equivalent Stress Type: Equivalent (von-Mises) Stress
Type: Equivalent (von-Mises) Stress Unit: MPa
Unit: MPa Time: 15
2025/8/30 18:48

Time: 1

2025/11/19 19:48
10.317 Max ] 25491 Max
9171 23548
8.0246 2.0605
68783 17661
57319 14718
45855 11774

3.4391
o508 0.88307
1.1464 0.58872

1.3887x10"" Min 020437
0.00 500.00 1000.00 (mm) 25099 x10°* Min
— —

00 00 0.00 500.00 1000.00 {mm)
— —
250,00 750,00

(c) (d)

Figure 9. Equivalent stress results of static strength analysis: (a) Gearbox seat, (b) torque transducer

seat, (c) column, (d) drum seat.

2.2. Working Principle

The overall structural model of the test bench is shown in Figure 9. During the friction
coefficient testing experiment, servo motor 9 is initiated while the electromagnetic clutch
5 remains engaged. The magnetic particle brake 12 operates under no-load conditions.
The output end is connected to drum 3, and a predetermined normal load is applied via
the hydraulic loading device 1 to ensure tight contact between the rope and the drum
surface. The servo motor is set to drive the drum at a constant rotational speed, with
sensors recording the tension values at both ends of the rope during sliding. The equivalent
friction coefficient between the rope and drum is calculated using Euler’s Formula (1),
incorporating the tension sensor parameters from both ends of the rope and the known

contact angle.
_h
=5

where y is the coefficient of friction, 0 is the contact angle, F; is the tight-side tension, and

et?

1)

F5 is the loose-side tension.

During the transmission loss testing experiment, servo motor 9 is activated while
electromagnetic clutch 5 remains disengaged to ensure separation between the hydraulic
loading device and the transmission system, with drum 3 maintained in a stationary state.
The cross slide table 11 and radial displacement device 13 are adjusted via the control
system to regulate the radial and axial positions of the driven pulley, thereby simulating
test conditions with varying tension forces and misalignment angles. The magnetic particle
brake 12 can be switched between no-load and load modes according to experimental
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requirements. Torque sensors monitor the shaft torque at both pulleys in real time, and the
pulley transmission efficiency loss is derived based on the efficiency, as in Formula (2).

_h

1= 1, )

where 7 is the transmission efficiency, T is the input torque, and T5 is the output torque.

3. Equivalent Friction Coefficient Experiment

Each experimental condition was repeated twice, and the data reported in the text
represent the average of two independent measurements. Figure 10 shows the test bench
after completing the trial production.

Figure 10. Physical image of the test bench.

3.1. Influence of Contact Angle on Equivalent Friction Coefficient

This experiment primarily employs a four-step adjustable angle design: 80°, 100°,
125°, and 160°, as shown in Figure 11. Different contact angles are achieved by selecting
the corresponding positions of the wrap angle adjuster. Each position is equipped with a
locking and positioning mechanism to ensure the angular accuracy is maintained within a
specified range. Different angle settings can significantly alter the contact arc length and
pressure distribution between the rope and the drum. A contact angle of 80° results in a
contact arc length of approximately one-quarter of the circumference, while a 160° contact
angle enables a contact arc approaching half the circumference. This design facilitates the
investigation of frictional performance under various operating conditions.

As shown in Figure 12a, the equivalent friction coefficient between the rope and the
drum is approximately 0.11 when the contact angle is 80°. As the angle increases to 100°,
the equivalent friction coefficient reaches about 0.15. With further increase in the contact
angle, the equivalent friction coefficient decreases from 0.15 at 100° to 0.13, and further to
0.12 at 160°. The experimental results indicate that a smaller contact angle can reduce the
contact area between the rope and the drum surface, resulting in lower friction. Within
a certain range of contact angles, the increase in the contact angle will lead to greater
friction and a higher equivalent friction coefficient. However, at larger contact angles, the
contact area between the rope and the drum surface gradually saturates. The value exhibits
an initial increase followed by a decreasing trend, using Euler’s formula to calculate the
equivalent friction coefficient, as illustrated in Figure 12b.
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Figure 11. Different contact angle settings for (a) 80°, (b) 100°, (c) 125°, (d) 160°.
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Figure 12. Influence of contact angle on equivalent friction coefficient: (a) under four different contact
angles, (b) interpolation of the equivalent friction coefficient.

3.2. Influence of Gasket Material and Groove Type on Equivalent Friction Coefficient

The overall physical diagram of the hydraulic system is shown in Figure 13.

Hydraulic
press

Drum
Briquette
Rope
Contact angle
adjustment
Tension device

sensor

electromagnetic clutch

Figure 13. Groove type and lining material situation.
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Under the same conditions of drum speed and contact angle, the influence of different
gasket materials and groove types on the equivalent friction coefficient were investigated.
As shown in Figure 14a, the equivalent friction coefficient of steel (U-groove) fluctuates
between 0.14 and 0.17, while that of PA (U-groove) ranges from 0.10 to 0.11. From Figure 14b,
the equivalent friction coefficient of steel (V-groove) varies between 0.13 and 0.16, and that
of PA (V-groove) ranges from (.11 to 0.13. The higher equivalent friction coefficient of steel
compared to PA can be attributed to its greater hardness, higher surface roughness, and
stronger adhesion, as shown in Table 5. (the exceptional mechanical interlocking effect
generated on the surface of high-hardness steel, combined with its significantly increased
actual contact area due to high surface energy, jointly promotes stronger adhesion between

steel and ultra-high-molecular-weight polyethylene).

0.25 0.25

steel (U)
PA (1)

steel (V)
PA (V)

ANV AAMA

[CARTARAR VAW WY AW, WY WTANPT, WL WA SA T

=
o
=
e
i
=

0.15

[

=
=
e
=

S
=]
3

Equivalent coefficient of friction
[}
5

Equivalent coefficient of friction

000 L 1 1 1 1 UUU i i i i i
0 5 10 15 20 25 30 0 3 10 15 20 25 30
Time(min) Time(min)
(a) (b)

Figure 14. Influence of gasket material on equivalent friction coefficient: (a) different grooves in steel
material, (b) different grooves in PA material.

Table 5. Comparison of properties between steel and PA materials.

Characteristics Steel Materials PA Material
Hardness HRC 45-60 ~100 R Scale
Surface roughness Ra 0.4-1.6 um Ra 0.2-0.8 um

As shown in Figure 15a, the equivalent friction coefficient of the steel (V-groove)
fluctuates within the range of 0.12-0.15, while that of the steel (U-groove) varies between
0.10 and 0.13. From Figure 15b, the equivalent friction coefficient of the PA (V-groove)
ranges from 0.11 to 0.12, and that of the PA (U-groove) fluctuates between 0.10 and 0.11. The
equivalent friction coefficient of the V-groove is slightly higher than that of the U-groove
for both materials, which can be attributed to the greater contact pressure between the rope
and the drum surface in the V-groove compared to that in the U-groove.

0.25 0.25

steel (V) PA (V)
0.20F steel (U) 0.20 ——PA(U)
0.15 0.15

st
WAV

Equivalent coefficient of friction
Equivalent coefficient of friction

0.10 0.10 o
0.05 0.05
000 L L L L 000 i I I I i
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time(min) Time(min)
(a) (b)

Figure 15. Influence of groove type on equivalent friction coefficient: (a) U-groove, (b) V-groove.
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3.3. Influence of Rotational Speed on Equivalent Friction Coefficient

The variation in the equivalent coefficient of friction for the steel (V-groove) at different
rotational speeds is discussed. And the results for both steel (U-groove) and PA (U-groove)
materials at different rotational speeds are also shown. As shown in Figure 16a, during
the testing time from 0 to 30 min, the equivalent friction coefficient of the steel (V-groove)
fluctuated within a certain range under three rotational speed conditions. The equivalent
friction coefficient fluctuated approximately around 0.14, 0.16, and 0.18 when the rotational
speed was 25, 50, and 100 rpm, respectively. The results indicate that the equivalent friction
coefficient increases with rotational speed. Figure 16b demonstrates a consistent trend.
However, the increase in the equivalent friction coefficient was approximately 10% for the
PA and about 40% for the steel.

0.30

= 0.30 .
o —] steel(U) 25r/min
=2 y
steel(V) 25, min steel(U) 100r/min
| steel(V) 50r/min 0.25F .
0.25 teel(V) 100t/mi —— PA(U) 25r/min
. steel(V) 100r/min] ——— PA(U) 100r/min
20 L
0.20 0-20

AN S
o V [T T T A . ol
d RPN A S AN

) 1;' W{gﬁw

Equivalent coefficient of friction

Equivalent coefficient of frict

0.15 A 'VW 015}
b e e e e A e e e A
YA VAR AR AL gy

010l 0.10

005 Il I I I i
005 1 1 i 1 1
T TS Py 0 5 10 15 20 25 30
Time(min) Time(min)
(a) (b)

Figure 16. Influence of rotational speed on equivalent friction coefficient: (a) different rotational
speeds, (b) different speeds for gasket materials.

3.4. Static Friction Coefficient

The static friction coefficient test site are shown in Figure 17.

Figure 17. Static friction coefficient testing site.

During static friction testing, after applying torque to the drum, static friction will
happen between the contact surfaces of the drum and the rope. There is a trend toward
relative motion between the drum and the rope, but no relative motion has occurred yet.
The static friction coefficients of the PA material and steel material were calculated under
different groove types and contact angles. The results are shown in Figure 18.

As shown in Figure 19, the static friction coefficient of PA material is higher than that
of steel material, which roughly reflects the adhesion between materials. It should be noted
that the static friction coefficient measurement here was conducted under ideal conditions,
where interfacial contact dominates, highlighting the adhesion arising from close contact
between polymers. In contrast, the equivalent friction coefficient test for the rope-pulley
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system described earlier exhibits a different trend, as the total friction force in that system is
primarily determined by deformation forces influenced by material hardness and geometry.

0.40
=]
S03s5f
3

& 0.30
2

5 025)
<2 020f
(=]
20.15f
k3

] L
£ 0.10
2005t

O
0.00

80°

—100°

0 5 10 15 20 25

Time (s)

Figure 18. Static friction coefficient result.
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Y ——PA(V)
£03r Steel Soast ——PA)
3030 3
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020}
2025+ )
] E
£ 020} £ 0.15
=] (=]
Z 0.5} B
k> -5 0.10
£0.10 b=}
g g
Soosh 5005t
0.00 . . . ‘ . ‘
0 5 10 15 20 25 0 000 5 10 15 20 25
Time(s) Time(s)
(a) (b)

Figure 19. Static friction coefficient: (a) Different gasket materials, (b) different groove types.

4. Pulley Transmission Loss Experiment

To investigate the effects of different experimental conditions on the transmission
efficiency of pulleys, a laser level was used to adjust the misalignment angle between the
pulleys, and a magnetic particle brake was employed to apply load to the driven side to
simulate variations in operational load. Through the coordinated operation of the afore-
mentioned experimental setup, the independent adjustment of three parameters, pulley
misalignment angle, load, and tension, can be achieved. The tension range of 1000-7000 N
employed in the experiment constitutes a parameter interval established through propor-
tional scaling to uncover universal principles. Each experimental condition was repeated
twice, and the data reported in the text represent the average of two independent measure-

ments. The experimental site is shown in Figure 20.

o o | | |

Figure 20. Experimental site of transmission efficiency of pulleys: (a) Test bench pulley end,
(b) deviation angle at both ends of the pulley.
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Torque sensors were utilized to collect real-time torque data from both the driving
and driven ends of the pulley under various operating conditions. The mean values of the
measured torque are substituted into the calculation formula to determine the transmission
efficiency of the pulley. The torque results are shown in Figure 21.
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Figure 21. Torque values at diving and driven ends.

Tables 6 and 7 show the transmission efficiency for different conditions. “Tension
force” is the system’s basic setting force (1000-7000 N), used to establish contact between
the rope and pulley; “Load /No-Load” refers to the additional load applied by the magnetic
powder brake.

Table 6. Transmission efficiency for different tensions, gasket materials and groove types.

Tensioning Force [N] Gasket Material Groove Type Efficiency
1000 78.4%
3000 72.0%
5000 v 59.9%
7000 54.2%

Steel
1000 72.9%
3000 70.5%
5000 v 53.6%
7000 44.9%
1000 56.8%
3000 53.5%
5000 u 36.7%
7000 27.2%
PA
1000 55.2%
3000 50.9%
5000 v 27.3%
7000 24.0%

Table 7. Transmission efficiency for different deviation angles and load conditions.

Tensioning Force [N] No Deviation Angle/Deviation Angle No-Load/Load Efficiency
1000 78.4%
3000 72.0%
5000 No-load 59.9%
7000 54.2%

OO
1000 95.6%
3000 93.5%
5000 Load 87.0%
7000 83.6%
1000 76.3%
3000 65.4%
5000 No-load 51.9%
7000 47.2%

30
1000 93.6%
3000 88.1%
5000 Load 83.7%

7000 82.0%
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Figures 22 and 23 show that the transmission efficiency of pulleys decreases with
increasing tension under different operating conditions for various gasket materials and
groove types. As shown in Figure 22, under the same load, deflection, and groove con-
ditions, the transmission efficiency of steel material is about 35% higher than that of PA
material when the tension increases from 1000 N to 7000 N. Under the same gasket material
conditions, the transmission efficiency of U-shaped grooves is higher than that of V-shaped
grooves. From Figure 23, the deflection angle will reduce the transmission efficiency of the
pulley because of the force transmission path changes, and additional frictional losses or
mechanical imbalances happen. An increase in load condition will significantly improve
transmission efficiency.

—&— Steel(U)
80 —eo— Steel(V)
—a—PA(U)
—v—PA(V)

Efficiency (%)
Wi (=
. <

IS
=3

304
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Figure 22. Influence of different factors on the loss of pulley transmission: material and groove type.
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Figure 23. Influence of different factors on pulley transmission loss: load and deflection.

5. Discussion

Regarding the non-monotonic trend of the coefficient of friction with contact angle:
We now attribute the initial increase to the expansion of the actual contact area between
the rope and pulley. However, beyond this optimum value, further increasing the contact
angle may lead to excessive bending and tensile cycles in the rope, resulting in energy
loss. Regarding the significant difference between steel and PA linings: Steel’s higher
equivalent friction coefficient stems from its combination of high hardness and high surface
energy. In contrast, PA material’s low hardness and smooth surface mitigate these effects.
Additionally, the friction coefficient correlates positively with rotational speed, with steel
exhibiting a higher actual rotational speed variation rate than PA material. This arises
because the friction contact surface of the steel heats up more rapidly, causing surface
softening and enhanced adhesion.

Regarding pulley transmission efficiency: We provide a mechanism explaining why
steel exhibits lower energy loss than PA material due to its high rigidity and low internal
friction characteristics. As load increases, the proportion of constant losses relative to
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effective output power decreases, leading to improved overall efficiency of the belt drive
system. An increased deflection angle causes lateral friction losses to rise, thereby reducing
transmission efficiency.

Subsequent research will focus on evaluating wear performance: developing a life
testing protocol to simulate actual operating conditions, using component wear as the
criterion for determining service life, comparing the durability of steel and PA materials,
and analyzing the wear characteristics of ultra-high-molecular-weight polyethylene ropes.
Final test data will be processed using artificial intelligence and machine learning methods.

6. Conclusions

This paper mainly introduces a design process and experimental study on a multi-
functional friction test bench, which is used to determine the friction coefficient and pulley
transmission efficiency of the rope-drum system for high-altitude wind power genera-
tion systems. The structure design and working principle of the test bench are provided.
Static simulation analysis of the test bench is also completed, the results of which meet the
strength standards.

As the contact angle increases, the friction coefficient shows a trend of first increasing
and then decreasing. And the results will gradually decrease after exceeding a specific
contact angle. The friction coefficient of steel is higher than that of PA material. The contact
pressure of V-shaped grooves is higher than that of U-shaped grooves, and the equivalent
friction coefficient is also slightly higher. In addition, the friction coefficient is positively
correlated with the rotational speed, and the actual rate of change in rotational speed of
steel is higher than that of PA material.

The test results of pulley transmission efficiency show that the energy loss of steel is
lower than that of PA material. The transmission efficiency of U-shaped grooves is better
than that of V-shaped grooves. An increase in deflection angle will lead to increased lateral
friction loss, thereby reducing transmission efficiency. The increase in load can improve the
transmission efficiency of the pulley system.

Equivalent friction coefficient experiments and pulley transmission loss tests demon-
strate that steel U-groove gaskets represent the optimal choice—combining high traction
with low energy loss for ideal performance.
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