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Abstract

Currently, research related to the automation of processes, systems and devices are of high relevance in
the scientific and technical field: in the aerospace industry, robotics and electric transport technology. The
use of adaptive systems is a solution to technical and design problems of automation of the functioning of
technological tools and processes. In particular, the creation of an efficient and reliable transmission of
electric autonomous and mobile vehicles can be achieved through the use of an adaptive mechanical
drive with two degrees of freedom. Adaptation of the two-mobile system is achieved by the proposed
completely new type of transmission, nhamely the design of a stepless multi-speed drive with an additional
friction coupling. The property of reliable adaptation of a two-mobile self-adjusting mechanical drive is
independent adaptability to an external load with the help of a balancing friction coupling that provides a
connection between the frictional moment and the relative angular velocity. The article presents a study of
the interaction of the parameters of a two- mobile system in order to improve the efficiency of a self-
adjusting adaptive drive with a given wide range of regulation based on the use of a friction coupling.

Keywords: Self-adjusting adaptive drive; additional constraint; friction coupling; friction moment;
regulatory efficiency.

I. INTRODUCTION

The creation of modern automatically controlled drives is based on the improvement of
multi-stage CVT designs. With the development of mechatronics technology, various
new drives are used in drive systems to improve transmission efficiency [1]. There is a
tendency to reduce the number of steps while maintaining a wide control range. To
improve the efficiency of drive systems of mobile robots and electric vehicles, the use of
multi-speed transmissions is widely studied [2].

Multi-speed gearboxes have been explored for application in the transmission of battery
electric vehicles, since multiple ratios add the ability to keep the electric motor running
in a higher efficiency area, thereby reducing vehicle energy consumption and improving
dynamic performance [3].

The use of a multi-stage gearbox increases the cost of producing an electric vehicle and
requires the introduction of a gearbox control [4] and the development of a gear shift
algorithm [5].

Researchers have shown that multi-speed transmissions can reduce a vehicle's overall
energy consumption, which can be translated into increased range with a smaller
battery pack, improved dynamic performance and climbing ability. However, the
efficiency of a conventional multi-stage gearbox is usually lower than that of a single-
stage gearbox [6].
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Recent studies have shown that multi-ratio systems can reduce energy consumption by
2 to 20% for various driving cycles [5], [6], [7] and increase drive wheel torque by 35%
[8], although this results in to a decrease in efficiency.

For heavy-duty vehicles that, due to their mass, need very high torque for acceleration,
multi-speed gearboxes may be more necessary so that a machine with lower torque
and less tractive effort can be used [9].

The results of «Development of a Multi-Speed Dual Clutch CVT for Electric Vehicles»
show that electric vehicles can gain significant range advantages from multi-speed
transmissions. CVT shows the greatest potential and is one of the most promising
transmissions for electric vehicles [10]. However, the use of a double clutch or other
auxiliary control devices complicates the design of the drive and reduces efficiency.

It was noted in [11] that adaptive transmission control can be used to further improve
the adaptability to working conditions and the economy of the vehicle. However, this
also leads to a more complex design.

The paper [12] proposes a dual motor configuration in which two smaller motors are
connected via a planetary gear, as opposed to the standard configuration which uses a
single larger motor directly connected to the drive wheels with a fixed ratio reduction
gear. The main disadvantage of this configuration is the problem of additional unsprung
mass due to the twin-motor design, which degrades the dynamic performance of the
electric vehicle. Also, the investigated multi-speed twin-engine transmission is not
suitable for driving in unprepared terrain, since this type of configuration was only
effective at low speeds and high torques. The dual motor drive system requires the use
of a control, which also complicates the design.

The paper [13] proposes a two-speed automatic manual transmission with a selectable
one-way clutch. The developed drive consists of a high-speed motor and a mechanical
switching drive, and can carry out switching without interrupting the energy flow. The
main disadvantage of the studies performed is that the automatically controlled drive is
built on the basis of the use of single-moving mechanical elements connected by a
control system. As a result, a most complex controlled electromechanical system is
created, which has a low adequacy to a changing external load and low efficiency.

On the above grounds, to create an efficient, compact system and an automatically
controlled drive, it is proposed to use a previously developed adaptive mechanical
system with two degrees of freedom without a control system [14].

The self-adjusting adaptive drive [15] is fundamentally different from all the drives
considered above in that it provides effective overcoming of the resistance torque in a
given wide range due to the use of two degrees of freedom. In this case, the definability
of the motion of a two-moving system with one input is achieved by introducing an
additional constraint that ensures the replacement of the emerging unbalanced force by
the calculated moment of resistance. Additional constraint is achieved by using a friction
joint with a replacement moment of resistance. However, the mechanical transducer in
the form of a friction joint used in the scheme under consideration turns out to be not a
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structural element due to large geometric parameters (trunnion radius) that do not
correspond to the scheme.

The article presents a study of the interaction of the parameters of a two-mobile system
in order to increase the efficiency of a self-adjusting adaptive drive with a given wide
range of regulation based on the use of a balancing friction coupling.

The rest of the structure of this article is organized as follows: Section 2 describes the
adaptive drive kinematics. Section 3 presents an optimization algorithm for obtaining
optimal kinematic and power parameters of an adaptive drive. In section 4, a numerical
calculation of the kinematic and power parameters of an adaptive drive is carried out
with the determination of the efficiency. Section 5 analyzes the obtained results. Section
6 presents the main conclusions. Finally, the source of financing is presented in section
7.

II. DESCRIPTION OF THE KINEMATIC CHAIN OF THE ADAPTIVE DRIVE

An adaptive drive (hereinafter AD) is a self-adjusting mechanism (Fig. 1). The drive
realizes the effect of power adaptation: the speed of the output link is inversely
proportional to the variable output load. It has two degrees of freedom and only one
input, which contradicts the condition for the existence of the mechanism and the
definability of its motion. It was assumed that the definability of motion creates the
necessary and sufficient conditions for power adaptation [15]. A necessary condition is
provided by a movable closed loop made up of gears. The sufficient condition provides
an additional constraint between force and velocity.

Fig. 1. Adaptive drive
The kinematic chain of the adaptive gear variator (Fig. 2a) contains a rack 0, an input
carrier,, a closed loop of gears 1-2-3-6-5-4 and an output carrierH,. Gear wheels 1, 2,

3, 6, 5, 4 form a movable closed loop with dynamic linkage. Gears 8, 7 form an
additional parallel transmission from the carrier H, to the satellite 5. The closed loop

contains an input satellite 2, a block of sun wheels 1-4, a block of ring wheels 3-6 and
an output satellite 5.
Drive works as follows: the input shaft with the input carrier H, transmits the movement

to the input satellite 2. Input satellite 2 transmits motion to gear blocks 1-4 and 3-6.
Wheel blocks 1-4 and 3-6 transmit the movement to the output satellite 5 and the output
carrierH,. At the same time, a kinematic chain with an additional parallel transmission of
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gears 8-7 transmits the movement from the input carrier H, to the output satellite 5 and
the carrierH,. Parallel gear 8-7 has a gear ratio equal to the gear ratio of the planetary
kinematic chain.

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

Parallel gear 8-7 can create an effective force-velocity constraint. In the present work,
the creation of force-velocity constraint by means of an adjustable friction coupling 10
connecting wheels 5 and 7 using an adjustable tension screw 9 is given. The tensioning
screw 9 creates a normal reaction and frictional moment in the coupling 10 required for
equilibration.

Figure 2c shows a simplified plan of linear velocities for easier visual perception.
Figure 3 shows a structural description of a 3D model of an adaptive drive.
Fig. 3: Structural description of a 3D model of an adaptive drive

a) Left side b) Right side
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[ll. KINEMATIC ANALYSIS OF ADAPTIVE DRIVE

The interaction of kinematic and force parameters will be represented in the form of a
power balance and performed according to the principle of virtual works using actual
displacements.

The interaction parameters are: external forces F,, and F,, (corresponding to
moments M, and M, ) acting on the closed loop at points & and K , angular velocities
wyy, Wy, Of the initial links , and linear velocities 1, 1, of points & and K (Fig. 2b,
2¢C).

The previously developed equations of interaction between the kinematic and power
parameters [15] define a mathematical model of the adaptive drive without additional

constraint.The necessary condition for adaptation is provided by a movable closed loop
composed of gear wheels. The closed loop equilibrium condition (without gear 8-7) is:

Eqg. (1) allows us to obtain the necessary power adaptation condition, taking into
account the negative sign of the output power:

Wy = —!!” _ )

The effect of power adaptation is as follows: for a given constant input power M., wy,
and a given output drag torque M., the output angular velocity w,. iS in inverse
proportion to the variable output drag torque M.

The necessary condition for adaptation expresses the theoretical possibility of creating
an adaptation. The real adaptation can only take place if an additional sufficient
adaptation condition is met.

A sufficient condition provides an additional constraint of force to velocity. The additional
constraint is expressed by the Eq. of power consumption for friction in the friction
coupling 10:

P, = |Mywn|. 3
Here M. —is the required frictional torquei,; = Nfp,
N — The normal reaction created by the tension screw 9,
f — Coefficient of friction,
o — Radius of the joint.
w-; — The relative angular velocity of links 7 and 5.

The sufficient condition for power adaptation is represented by the power balance
equation with the addition of power consumed by friction.
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The power balance for a kinematic chain with additional frictional parallel constraint is
as follows:

."l"in l'.I'.l"Hi = .'.l"fhr: l'.I'_l"H: T ."l"f‘l: l'.".l"-; . (4)

Force adaptation Eq.:

Wy = !"'“'—"'I‘:‘r-“’— _ ©

The required friction torque can be pre-determined using the Eq. M; = —Mgy, = with
further refinement.

Eq. (5) eventually determines the mathematical model of the adaptive drive when the
necessary and sufficient condition for force adaptation is met.

The values of angular velocities w; and «- are determined as follows:
1) For planetary gear:
wy = wyy + (3 — @y Juzf . (6)
2) For an additional gear:
wr = wyy + (g — @y )uily. )
The relative angular velocity w-. is determined by the Eq.:
fos = fUn — fUs. (8)

The efficiency of the mechanism is determined by the Eq.:

n =E= . 100%. (9)

"1

IV. 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 models:

1) AD-1 model corresponding to the necessary and sufficient condition of power
adaptation [15].

2) AD-2 model corresponding to the approximate-sufficient condition of power
adaptation, wherew.. = const.

3) AD-3 model corresponding to the real-sufficient condition of power
adaptation, wherecw.. = const.
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As an example, let's define the parameter values for one of the calculation options.
Initial data:

The adaptive drive has the given constant motor power parameters w;, , My, on the
input link H,and the given value of variable output torque resistance M, on the output
link H, (figure 2a).

It is required to determine the power and kinematic parameters of the drive.

Model Ne1.

Given: wg, =100 s, M., =10 Nm,

M.=[10, 15, 20, 25, 30, 35, 40, 45, 50] Nm,

Meg = 4 Nm,

z,=40;z,=16;z;=72;z, =16, z; = 40; z, = 96.

Determine:

Ws W5+ Prgu pppre ANdn.

Solution:

Using Eq. (2), calculate the output angular velocityw,,, .

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

Mg, Nm (210 1315 1420 1525 1630 |73 |8 40 |9 4 [10.50
-1 112.100,0 | 13.66,7 | 14. 50,0 | 15.40,0 | 16. 333 | 17. 28,6 | 18. 25,0 | 19. 222 | 20. 20,0

1

11, “r2 oS

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 w; ,w;_ga, Py, @yapr and n .

As an example, let's calculate the required parameters for Mg,= 10Nm and
corresponding wy, = 100s 1.

Power balance of kinematic chain with friction joint K:

."l'le gy = ."l'fhr: s T "‘Jfﬁ'tdﬁ —HI s

Where w;_z. = w; — wy, =100571 = 10057t =051,
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Here w. = wy, + (wy — wy, Julz = 100+ (100 — 100)- 2,4 = 100571,

wirol1— w2 )= wir, (1- &f12) 100(1-(-8))-100(1-(-1,8)] _
where w, = ———p—F—— == — = 100 571,

Uy — Uge -1,8-(-¢

Let's determine the value of the frictional power P, using the following Eq.:
Prg = |Mg-ws_g| =4 Nm - 057 =0Nm,
Let's determine the value of the output angular velocity w,-; using the following Eq.:

My, wy,— Fry 100 Nm -105 -0 Nm -1
W — ———————— = =100s"".
HIfK My 13 Nm

Let’'s determine the value of the efficiency of the mechanism according to the following
Eq.:
Pry _ 1000 Nm—0 Nm

= ZH K N=—"—— - 0 = 0%
T PHs 100% 1000 Nm 100% = 100%.

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

Table 2: Results of calculations for AD-1 with a sufficient condition of power

adaptation

1. 2. 3. 4. 5. 6. 7. 8.
Mg, Nm | wys, 570 | g, 570 | W g, 570 | Praee W | Wypeps 50 | 1,% | Averagen, %
9. 10 10. 100,0 | 11. 100 12. 0 13. 0 14. 100 15. 100 16.
21. 15 22. 66,7 23. 13,4 24, -53,3 25. 213,2 | 26. 52,5 27. 78,7 | 17.
28. 20 29. 50,0 30. -29,9 31. -79,9 32. 319,6 | 33. 34,0 34. 68,0 ig
35. 25 36. 40,0 37. -56,0 38. -96 39. 384,0 | 40. 24,6 41. 616 | 20, 63,4
42. 30 43. 33,3 44. -73,5 45. -106,8 46. 427,2 | 47. 19,1 48. 57,3
49. 35 50. 28,6 51. -85,6 52. -114,2 53. 457,0 | 54. 15,5 55. 54,3
56. 40 57. 25,0 58. -95,0 59. -120 60. 480,0 | 61. 13,0 62. 52,0
63. 45 64. 22,2 65. -102,4 | 66. -124,6 67. 498,4 | 68. 11,1 69. 50,2
70. 50 71. 20,0 72. -107,9 | 73. -127,9 74. 5116 | 75. 9,8 76. 48,8

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 A, on the

output shaft speed wy. . (Fig. 4a).
Model Ne2.

Given: wg, = 100 s, M, =10 Nm,
M= [10, 15, 20, 25, 30, 35, 40, 45, 50] Nm,

w-.: =50 s~ - Average value for preliminary approximate calculation,
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z,=40;z,=16;z; =72;z, =16;z; =40; z, = 96; z, = 20; z, = 36.
Determine:

Wy Wy , Wog, Pr ey, - ANdn,

Solution:

First, the decision is made for AD-2 with a preliminary relative angular
velocityw.. = const.

Using Eq. (5) and the output torque data from Table 1, we determine the values of the
output angular velocitycwu,,- .

As an example, determine the value of w,, at M, = 10 Nm using the following
constants:
Py = My wy, =10-100= 1000 W,

|3

My = =My —= —10% = —5,6 Nm.

2]
1

P, = |Mw,;|=|—56HM-50s"" =280 W.
Calculation of the output angular velocity c, at M, =10 Nm:
Py, — P, 1000 —280

e = = =72s7%
2 My 10

Using this solution algorithm, determine the remaining parametersw,,, , which determine

the approximate sufficient condition of power adaptation at the corresponding values
ofM, . The obtained data are summarized in Table 3.

Table 3: Values of output torque and output angular velocity for AD-2 with an
approximately sufficient condition of power adaptation

_\-1:{. ANm| = «w @5 | M W | B | M W | ML % | w4 | s | 16w
g? e

L._J;f.. Is-l 108. 720 | 108 480 10 30 | 1M 288 12 240 13 206 114 180 15 160 16, 144
"l =

10

Next, consider the actual operating conditions of the drive.
Model Ne3.
AD-3 with a real adaptation condition at .. = const.

Using Egs. (5)...(9), calculate the values of the output angular velocity ¢, .

As an example, below is a numerical calculation for w,, = 72 s
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Let's determine w.and «w- for all values of w.,(Table 3) using Egs. (6) and (7)
respectively:

1) For planetary gear at w,, = 72 sk

wgal1= )=y, (1- o820 72(1-0-€))- 10071~ (-1.8))

g = e == = 53,3 s,

g — Uap —1.8-(—¢]

wWe = Wy, + (wy — wy, Juls =72+ (533-72)-24=271s1
2) For an additional gear at w;,,= 72 s%:
w2, = —zy/z, = —36/20 = —18.

Wy = Wy + (g — g Ju5Zy, =724 (100-72)-(-18) =216st

Determine the variable value of the relative angular velocity «-. by the Eq. (8):
Wos = w, —ewg = 21,6 — 27,1 =555
Determine the value of the power for friction P, using the Eq. (3):
Pr= |Mpwys| = [(—5,6) - (—55) | =308 W,

Determine the value of the output angular velocity .. using the Eq. (5):

My, wy,— Mpw,. _ 10-100-30,8

=96,9 s,
My 10

Wepr =

Determine the value of efficiency according to the Eq. (9):

P, —FPs % 1[”}% - Mh 100 = 9519'3:5
1000

I'L=

Hi

After performing calculations according to Egs. (5)...(9), respectively, for each value of
Mg, and wg, from Table 3, build Table 4 with the results of calculations

(w5, w5, wqg, Py gy, and n) for AD-3 with a real-sufficient condition of power adaptation
(there is an additional frictional constraint with a real relative angular velocity).
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Table 4: Values of the output torque and output angular velocity for AD-3 with a
real-sufficient condition of power adaptation

7 My,, s G Wer | 9 g, | 10008 101 @ag, | 102 P, | 103 Wyap, | 10417, 105. Alverige

: s' W s % L, %

106. 10 107. 72,0 108. 27,1 109. 21,6 110.-55 | 111.30,8 | 112.969 | 113.969

119. 15 120. 48,0 121.-35.3 122.-45,6 123.-103 | 124.57,7 | 125.628 | 126.94,2

127.20 128. 36,0 129. 66,5 130. -79,2 131.-127 | 132. 711 133.464 | 134.929

135. 25 136. 28,8 137.-85,2 138.-994 139.-142 | 140.795 | 141.36,8 | 142.921 Hg

143. 30 144. 240 145. 97,7 146. -112,8 147.-151 | 148.84,6 | 149.305 | 150.91,5 116.

151. 35 152. 206 153. -106,4 164. -122,3 155.-159 | 156.89,0 | 157.26,0 | 158.91,1 1118??9.2.3

159. 40 160. 18,0 161. -113,3 162. -129,6 163.-163 | 164.913 | 165.227 | 166.90,9

167. 45 168. 16,0 169. -118,4 170. -135,2 171.-16,8 | 172. 941 173. 20,1 174. 90,6

175. 50 176. 14 4 177.-122,6 178. -139,7 179.-171 | 180.958 | 181.18,1 182. 90,4

Based on the data from Table 4, build a graph of the traction characteristic of AD-3 with
additional friction coupling in the form of a dependence of the output resistance moment
M. on the output shaft speed w,;.; (Fig. 4b).

Figure 4: shows comparative graphs of the characteristics of AD-1 and AD-3.

M N M, Nm
1 1 L
70 w0
&0 60
AD-3
ET) i' AD-1 5t - //
&t " / &0 A
. s
» . /
L r, s
2 .-y
-
) . w
g — " - -1 . - w,, s
O w m 30 4o 50 G0 A & % 10 Wiz & w30 40 S0 60 0 80 W0 e
a) b)

Figure 4 - Graphs of the dependence of the output moment of resistance M.,

4a - Graph of the dependence of the output moment of resistance M,;, on the output
angular velocity w5 for AD-1 with a sufficient condition of power adaptation,

4b — Graph of the dependence of the output moment of resistance M, on the output
angular velocity w,,.; for AD-3 with a real-sufficient condition of power adaptation.

Nov 2022 | 292



Jilin Daxue Xuebao (Gongxueban)/Journal of Jilin University (Engineering and Technology Edition)
ISSN: 1671-5497

E-Publication: Online Open Access

Vol: 41 Issue: 11-2022

DOI 10.17605/0OSF.10/TC42V

V. 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. Graph 4b 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 AP-3 has a reliable range of output angular velocity;

4) The efficiency of the AD-3 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-3
model, but at the same time, the efficiency increased significantly.

VI. CONCLUSION

The performed analysis of the mechanism with two degrees of freedom and with an
additional constraint showed a reliable adaptation of the output working body to a
variable load. The scheme adopted for the study with an additional balancing constraint
in the form of a friction coupling ensures reliable operation and high efficiency of the
system.

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 creates an effective force-velocity constraint that replaces the
unbalanced reaction and ensures the determinability of movement in a given wide range
of regulation.
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