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Abstract. Presently, there is significant emphasis on researching the automation of processes, 
systems, and devices across scientific and technical fields. This emphasis extends notably to 
sectors like aerospace, robotics, and electric transportation technology. One effective approach to 
tackling the technical and design challenges of automating various technological tools and 
processes is through the implementation of adaptive systems. Specifically, achieving efficient and 
reliable power transmission in electric autonomous and mobile vehicles can be realized by 
employing an adaptive mechanical drive with two degrees of freedom. The adaptability of this 
two-mobile system is enabled by introducing an innovative continuous multi-speed drive design 
featuring an additional friction coupling. The primary attribute ensuring the reliability of this 
self-adjusting mechanical drive lies in its ability to autonomously adapt to external loads. This is 
made possible by a balancing friction coupling that establishes a connection between the frictional 
torque and the relative angular velocity. 
Keywords: self-adjusting adaptive drive, additional constraint, friction coupling, friction 
moment, regulatory efficiency. 

1. Introduction 

The advancement of modern automated control systems for drives heavily relies on improving 
designs of multi-stage continuously variable transmissions (CVTs). As mechatronics technology 
evolves, various innovative drive mechanisms are being integrated into drive systems to enhance 
transmission efficiency [1]. One prominent trend is the effort to reduce the number of stages while 
maintaining a broad control range. In the pursuit of enhancing the efficiency of drive systems for 
mobile robots and electric vehicles, extensive research is focused on incorporating multi-speed 
transmissions [2]. 

Multi-speed gearboxes have garnered significant attention as potential components for 
transmissions in battery electric vehicles. This exploration is driven by the advantage of 
incorporating multiple gear ratios, which keeps the electric motor operating within a more efficient 
range, resulting in reduced energy consumption for the vehicle and improved dynamic 
performance [3]. However, integrating a multi-stage gearbox in an electric vehicle increases 
production costs and requires the implementation of gearbox control mechanisms [4] and the 
development of a gear shift algorithm [5]. 

https://crossmark.crossref.org/dialog/?doi=10.21595/vp.2024.23971&domain=pdf&date_stamp=2024-04-04
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Research studies have shown that multi-speed transmissions can lower a vehicle’s total energy 
consumption by 2 % to 20 % across different driving cycles [5-7], and increase drive wheel torque 
by up to 35 % [8]. However, this comes at the expense of reduced overall efficiency. For heavy-
duty vehicles, which require substantial torque for acceleration due to their significant mass, the 
inclusion of multi-speed gearboxes is particularly crucial, enabling the utilization of a machine 
with lower torque and reduced tractive effort [9]. 

2. Description of the kinematic chain of the adaptive drive 

An adaptive drive, denoted as AD, functions as a self-adjusting mechanism, as depicted in 
Fig. 1. This drive achieves power adaptation by ensuring that the speed of the output link changes 
in proportion to variations in the output load. Remarkably, it possesses two degrees of freedom 
despite being driven by only one input, a characteristic that appears to defy the conventional 
requirements for such a mechanism and the clarity of its motion. The underlying assumption is 
that the clarity of motion establishes the necessary and sufficient conditions for power adaptation, 
as expounded in reference [15]. A necessary condition is satisfied through the presence of a mobile 
closed loop comprised of gears, while the sufficient condition is achieved by introducing an 
additional constraint that correlates force and velocity. 

 
Fig. 1. Adaptive drive 

The kinematic chain of the adaptive gear variation, as shown in Fig. 2(a), comprises several 
essential components: 

1) Initial Rack (Rack 0): This component marks the starting point of the chain. 
2) Input Carrier ([carrier symbol]): This crucial element facilitates the transmission of input 

motion. 
3) Closed Gear Loop 1-2-3-6-5-4: These interconnected gear wheels (1, 2, 3, 6, 5, 4) form a 

dynamic closed loop, playing a central role in the transmission mechanism. 
4) Output Carrier ([carrier symbol]): Responsible for conveying the output motion. 
5) Gears 8 and 7: These gears (8 and 7) create an additional parallel transmission path from 

the carrier [carrier symbol] to the satellite 5. 
Within this closed loop, the following components are present: 
1) Input Satellite 2: Integral to the closed loop, contributing to its dynamic operation. 
2) Block of Sun Wheels 1-4: This set of sun wheels (1 and 4) collectively form a functional 

block within the closed loop. 
3) Block of Ring Wheels 3-6: Similarly, the ring wheels (3 and 6) together constitute another 

block within the closed loop. 
4) Output Satellite 5: This component represents the output element within the closed loop and 

plays a crucial role in the transmission process.  
The operation of the drive unfolds as follows: the input shaft, linked to the input carrier [carrier 

symbol], initiates the transmission of motion to the input satellite 2. From there, the motion is 
conveyed to gear blocks 1-4 and 3-6, which then transfer it to both the output satellite 5 and the 
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output carrier [carrier symbol]. Meanwhile, a separate kinematic chain, featuring an additional 
parallel transmission facilitated by gears 8 and 7, transmits motion from the input carrier [carrier 
symbol] to both the output satellite 5 and the carrier [carrier symbol]. It’s crucial to note that gears 
8-7 in parallel are configured with a gear ratio matching that of the planetary kinematic chain, 
ensuring synchronized motion transmission and preserving the desired gear ratios and dynamics 
throughout the system. 

 
a) 

 
b) 

 
c) 

Fig. 2. a) Adaptive drive, b) plan of linear velocities of the drive,  
c) determination of relative angular velocity 

 
a) Left side 

 
b) Right side 

Fig. 3. Structural description of a 3D model of an adaptive drive 

The parallel gear assembly 8-7 holds the potential to establish a robust force-velocity 
constraint. In this research, the implementation of such a constraint is realized by utilizing an 
adjustable friction coupling 10, which connects wheels 5 and 7 through an adjustable tension 
screw 9. This tensioning screw 9 is responsible for generating a normal reaction and the required 
frictional moment within the coupling 10 to achieve equilibrium. 

For clarity, Fig. 2(c) presents a simplified plan showing linear velocities, aiding in visual 
comprehension, while Fig. 3 provides a structural depiction of a 3D model illustrating the 
configuration of the adaptive drive system. 

3. Numerical calculation of the mathematical model of the adaptive drive 

Numerical calculation of the mathematical model of the drive makes it possible to simply and 
quickly check the theoretical assumptions put forward. Let’s analyze the drive operation by 
numerical analysis of the developed mathematical AD-1 model corresponding to the necessary 
and sufficient condition of power adaptation [15]. 

The adaptive drive has the given constant motor power parameters on the input link 𝐻ଵ and 
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the given value of variable output torque resistance 𝑀ுଶ on the output link 𝐻ଶ (Fig. 2(a)).  
It is required to determine the power and kinematic parameters of the drive. 

3.1. Model No. 1 

Given: 𝜔ுଵ  = 100 s-1, 𝑀ுଵ = 10 Nm, 𝑀ுଶ= [10, 15, 20, 25, 30, 35, 40, 45, 50] Nm,  𝑀௙௄ = 4 Nm, 𝑧ଵ = 40; 𝑧ଶ = 16; 𝑧ଷ = 72; 𝑧ସ = 16; 𝑧ହ = 40; 𝑧଺ = 96. 
Determine: 𝜔ହ , 𝜔ହିுଶ , 𝑃௙௄, 𝜔ுଶ௙௄ and 𝜂. 
Solution: Using Eq. (2), calculate the output angular velocity 𝜔ுଶ. 
The obtained data are summarized in Table 1. 

Table 1. Values of output drag torque and output angular velocity  
for AD-1 with necessary condition of power adaptation 𝑀ுଶ , Nm 10 15 20 25 30 35 40 45 50 𝜔ுଶ , s-1 100,0 66,7 50,0 40,0 33,3 28,6 25,0 22,2 20,0 

Table 1 values correspond to the necessary condition of power adaptation. To determine a 
sufficient condition of power adaptation, it is necessary to solve the following task. 

Next, we define the values 𝜔ହ, 𝜔ହିுଶ, 𝑃௙௄, 𝜔ுଶ௙௄ and 𝜂. As an example, let's calculate the 
required parameters for 𝑀ுଶ = 10 Nm and corresponding 𝜔ுଶ = 100 s-1. The power balance of the 
kinematic chain with friction joint 𝐾:  𝑀ுଵ𝜔ுଵ = 𝑀ுଶ𝜔ுଶ + 𝑀௙௄𝜔ହିுଶ, (1)

where 𝜔ହିுଶ =  𝜔ହ −  𝜔ுଶ = 100 sିଵ − 100 sିଵ = 0 sିଵ. 
Here 𝜔ହ = 𝜔ுଶ + ሺ𝜔ଷ − 𝜔ுଶሻ𝑢ହ଺ுଶ = 100 + ሺ100 − 100ሻ ∙ 2,4 = 100 sିଵ, where  𝜔ଷ =  ఠಹమ൫ଵି ௨రలಹమ൯ି ఠಹభ൫ଵି ௨భయಹభ൯௨భయಹభି ௨రలಹమ  = ଵ଴଴൫ଵିሺି଺ሻ൯ିଵ଴଴(ଵି(ିଵ,଼ሻ)ିଵ,଼ି(ି଺) =  100 sିଵ. 
Let’s determine the value of the frictional power 𝑃௙௄ using the following equation: 𝑃௙௄ =  |𝑀௙௄ ∙ 𝜔ହିுଶ| = |4 Nm ∙  0 𝑠ିଵ| = 0 Nm. (2)

Let’s determine the value of the output angular velocity 𝜔ுଶ௙௄ using the following equation: 

𝜔ுଶ௙௄ = 𝑀ுଵ𝜔ுଵ −  𝑃௙௄𝑀ுଶ =  100 Nm ∙ 10 s ିଵ  − 0 Nm 10 Nm = 100 sିଵ. (3)

Let’s determine the value of the efficiency of the mechanism according to the following 
equation: 

𝜂 = 𝑃ுଵ − 𝑃௙௄𝑃ுଵ  ∙ 100% = 1000 Nm − 0 Nm1000 Nm  ∙ 100 % = 100 %. (4)

According to this solution algorithm, we determine the remaining parameters that determine 
the sufficient condition of power adaptation at the corresponding values of 𝑀ுଶ  and 𝜔ுଶ  from 
Table 1. The obtained data are summarized in Table 2. 

Based on the data in Table 2, plot the traction characteristic for AD-1 (without additional 
frictional constraint) as a dependence of the output resistance moment 𝑀ுଶ on the output shaft 
speed 𝜔ுଶ௙௄ (Fig. 4(a)). 

Fig. 4 shows comparative graphs of the characteristics of AD-1. 
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Table 2. Results of calculations for AD-1 with a sufficient condition of power adaptation 𝑀ுଶ, Nm 𝜔ுଶ, s-1 𝜔ହ, s-1 𝜔ହିுଶ, s-1 Р௙௄, W 𝜔ுଶ௙௄ , 𝑠ିଵ 𝜂, % Average 𝜂, % 
10 100,0 100 0 0 100 100 

63,4 

15 66,7 13,4 –53,3 213,2 52,5 78,7 
20 50,0 –29,9 –79,9 319,6 34,0 68,0 
25 40,0 –56,0 –96 384,0 24,6 61,6 
30 33,3 –73,5 –106,8 427,2 19,1 57,3 
35 28,6 –85,6 –114,2 457,0 15,5 54,3 
40 25,0 –95,0 –120 480,0 13,0 52,0 
45 22,2 –102,4 –124,6 498,4 11,1 50,2 
50 20,0 –107,9 –127,9 511,6 9,8 48,8 

 
Fig. 4. Graphs of the dependence of the output moment of resistance: Graph of the dependence  

of the output moment of resistance on the output angular velocity for AD-1  
with a sufficient condition of power adaptation 

4. Analysis of the results 

Analysis of the obtained results allows us to draw the following conclusions: 
1) There is a certainty of the obtained theoretical patterns of the interaction of the parameters 

of the mechanism. Fig. 4(b) confirms the reliable operation of the developed drive and the 
presence of the effect of power adaptation. 

2) The developed mechanism has a power adaptation of a similar order, high reliability of 
operation (definability of movement). 

3) Model AD-2 has a reliable range of output angular velocity. 
4) The efficiency of the AD-2 model is 92 % on average, which is much higher than the 

efficiency of the AD-1 model, which averages 63 %. 
5) Summarizing points 3 and 4 of the analysis, it can be seen that, compared with the AD-1 

model, there was a slight decrease in the control range of the AD-2 model, but at the same time, 
the efficiency increased significantly. 

5. Conclusions 

A slight increase in power losses due to the addition of a friction coupling slightly affects the 
efficiency and the control range, which remains within a fairly wide range. This is due to the good 
location of the friction coupling allowing a low relative velocity of the interacting links. Friction 
coupling creates an efficient force-velocity constraint. 

The friction coupling effectively establishes a force-velocity constraint, which serves to 
replace the unbalanced reaction and guarantees the determinability of motion across a broad range 
of regulation settings. 
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