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ABSTRACT 

Transport work is an integral part of technological processes for cultivating agricultural crops. They require 

significant energy and labor costs. Statistics show that the share of costs for transportation of goods in agriculture is 25-

40% of the total costs of manufactured products, while the share of tractor in-farm shipments reaches 60%. Significant 

interest in improving transport operations is the use of multi-link tractor-transport trains with two or more trailers. At the 

same time, several indicators improve at once: The coefficient of utilization of the machine and tractor fleet and the 

productivity of the tractor are increasing; improves the mode of operation and loading the engine; the overall impact on the 

soil is reduced by distributing the load along the axes. The carrying capacity and speed of tractor-transport trains are often 

limited not by engine power, but as studies have shown insufficient towing capacity, low ride smoothness, stability and 

braking qualities of multi-link tractor-transport trains. It should also be noted that common tractor trailers have a smaller 

margin of transverse stability compared to tractors, since they have a larger mass, a higher center of gravity and a 

significant roll of the cargo platform. In this regard, the work, which is aimed at increasing the lateral stability of the 

tractor-transport train, is relevant and of great importance. The article deals with the increase of lateral stability of multi-

link tractor-transport trains due to the use of a traction-coupling device that changes the kinematic parameters of train 

movement. The theoretical substantiation of the possibility of increasing the stability of a multi-link tractor transport train 

is provided by using a traction-coupling device. The mathematical model of the movement of a multi-link tractor train with 

a towing and towing device on a turn, takes into account the influence of tire characteristics, road background and changes 

in the kinematic parameters of the train. The developed design of the active traction and towing device, which allows 

changing the kinematic parameters of the tractor-transport train movement, is substantiated and its effect on performance 

indicators is established.  
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INTRODUCTION 
A tractor with a trailer or trailers is a complex 

mechanical system consisting of a large number of 

elements connected by various kinds of connections. In the 

process of movement, there are movements of its 

individual elements relative to each other, affecting in one 

way or another general parameters of the movement, and 

hence the controllability and stability of the tractor. 

Investigating the parameters of the tractor's movement, 

taking into account all the links between its individual 

elements, is a task of great complexity [1], [7], [15]. 

Therefore, when researching any operational properties of 

a tractor with a trailer or a tractor-transport train, including 

its handling and stability, the latter is replaced by a 

calculation model reflecting the real object to a greater or 

lesser degree. The complexity of the computational model 

and the degree of its approximation to a real vehicle is 

dictated by a number of considerations [2], [3], [9], [16]. 

First of all, when choosing a calculation model, it 

is necessary to take into account the objectives of the 

problem being solved. For example, when it is necessary 

to establish basically the qualitative characteristics of the 

tractor as a whole, its design model can be very simple and 

it does not take into account the characteristics of the links 

of the individual elements of the running gear or frame 

(for example, the characteristics of the suspension of the 

front and rear wheels, characteristics of the steering 

trapezoid, mechanisms that distribute the torque between 

the wheels, etc.). At the same time, if it is required to 

obtain more or less accurate quantitative results, then part 

of these characteristics, which significantly affect the 

parameters of motion, must be taken into account. And for 

different traffic conditions and vehicles, carried out 

according to different schemes, different connections 

should be taken into account and with an uneven degree of 

simplification of their characteristics [6], [10], [11]. 

 

A. Development of a mathematical model of a tractor-

transport train 
The tractor-transport train can be considered as a 

moving mechanical system of solids with masses 

concentrated in the centers of gravity, having between 

their links certain connections: dynamic, kinematic, 

control signals (or the law of rotation of steered wheels) 

[12]. 

Until now, the theoretically unresolved issue of 

rolling modeling when rotating an elastic tire is of 

particular complexity in the compilation of the model. At 

the same time, many researchers decided this question too 
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simplistically, which led to obvious limitations in solving 

general problems [13]. 

To obtain the optimal mathematical model, we 

accept the following assumptions: 

 

a) The system has a finite number of degrees of 

freedom; 

b) All links of the train are considered material points; 

c) The tractor and trailer skeletons, frames and axles of 

the wheels are considered absolutely rigid; 

d) The tractor train is controlled so that the center of 

gravity of the tractor moves exactly along the 

specified trajectory; 

e) There are no vertical movements and rotation around 

the vertical axis of the tractor and trailer; 

f) The tractor and trailer body have a central axis of 

symmetry; 

g) There is a definite relationship between the coefficient 

of lateral withdrawal and the normal load on the tire; 

h) There are no clearances in the coupling; 

i) The towing device has a directly proportional stiffness 

characteristic at close to the extreme points, and is 

directly proportional to the damping coefficient at the 

stem positions in the middle of the piston; 

j) The rolling of the wheels takes place without slippage 

and slippage. 

In Figure-1 presents a planar diagram of the 

forces acting on the tractor train when making a turn [14]. 

It can be seen from this scheme that when creating an 

additional dynamic force between the Pcil links, the forces 

P / kr1i or (and) P / kr2i are created, which counteract the 

overturning [17], [18]. 

 

 
 

Figure-1. Flat dynamic diagram of the movement of a multi-link tractor-transport train 

and forces acting on the trailer. 1 - tractor, 2 - the first trailer, 3 - the second trailer. 

 

The total moment of the rollover forces has its 

own counteraction, in the form of moments of several 

forces [19]: 

-  gravity (mg); 

-  dynamic force in the suspension elements (refer 

only to the active suspension) (Ppod); 

-  reactions in the links between links (Pkr). 
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Thus, it was decided to calculate the necessary 

force P / kr1i in the towing device of the i-th trailer in order 

to provide the required level of the roll-over resistance 

against the formula (1): 

 𝑀стаб_𝑝𝑟_𝑖 =  𝑃𝑘𝑟1𝑖′ ℎ𝑝𝑟2𝑖 + 𝑃𝑘𝑟2𝑖′ ℎ𝑝𝑟1𝑖 + 𝑚𝑔 𝐵𝑝𝑟2               (1) 

 𝑀опр_𝑝𝑟_𝑖 =  𝐹𝑖𝑛_𝑝𝑟2𝑖ℎ𝑝𝑟2𝑖_𝑖𝑛                                             (2) 

 𝐹𝑖𝑛_𝑝𝑟2𝑖 = 𝑚𝑝𝑟2𝑖(𝜐𝑝𝑟2𝑖)2/ 𝑅𝑝𝑜𝑣                                       (3) 

 

where  

hrr_i  - the height of the attachment of the trailer and 

trailer coupling, m; 

Bpr  transverse trailer base, m; 

hrr_in_i  - height of the center of gravity of the trailer, m; 

P / kr1i  - hook force on the turntable of the trailer, 

counter-tipping, m; 

Р / kr2i  - hook force on the hook of the trailer in the 

presence of a subsequent trailer, resisting 

overturning, m; 

mpr2i  - the mass of the second kinematic link of the i-th 

trailer, kg; 

Rpov  - tractor turning radius, m; 

 

The value of the forces P /kr1i, P / kr2i are equal to: 

 𝑃𝑘𝑟1𝑖′ = 𝑃𝑘𝑟1𝑖 sin 𝜑2𝑖                                                        (4) 𝑃𝑘𝑟2𝑖′ = 𝑃𝑘𝑟2𝑖 sin 𝜑1𝑖+1 

 

where 

Pkr1i  is the traction force on the hook of the i-th trailer, 

H; 

 

Pkr2i  - full hook force on the turntable of the trailer, m; 

φ2i  is the angle between the longitudinal axial lines 

of the first kinematic link and the second 

kinematic link of the trailer; 

φ1i + 1  is the angle between the longitudinal center lines 

of the first kinematic link of the subsequent trailer 

and the second kinematic link of the first trailer. 

 𝑃𝑘𝑟1𝑖′ + 𝑃𝑘𝑟2𝑖′ = 𝐹𝑖𝑛_𝑝𝑟_𝑖∙ℎ𝑝𝑟_𝑖𝑛_𝑖ℎ𝑝𝑟_𝑖(1−𝜇опрок) − 𝑚𝑝𝑟_𝑖𝑔 ∙ 𝐵𝑝𝑟_𝑖2ℎ𝑝𝑟_𝑖               (5) 

 𝑃𝑘𝑟1𝑖′ = (𝐹𝑖𝑛_𝑝𝑟_𝑖∙ℎ𝑝𝑟_𝑖𝑛_𝑖1−𝜇опрок −𝑚𝑔∙ 𝐵𝑝𝑟_𝑖2ℎ𝑝𝑟_𝑖)ℎ𝑝𝑟_𝑖 − 𝑃𝑘𝑟2𝑖′                         (6) 

 𝑃𝑘𝑟1𝑖′ = (𝐹𝑖𝑛_𝑝𝑟𝑖∙ℎ𝑝𝑟_𝑖𝑛_𝑖1−𝜇опрок −𝑚𝑝𝑟_𝑖𝑔∙𝐵𝑝𝑟_𝑖2 )ℎ𝑝𝑟_𝑖                                   (7) 

According to the obtained formulas (5, 6), it is 

possible to determine the required force on the hooks of 

the trailer or tractor, however, even with a single trailer, 

you can determine the required hook force (7). 

Thus, it is possible to determine the value of the 

total force on the hook in order to provide a certain value 

of μ, which can be set in advance to ensure safety against 

rollover, based on driving conditions, maneuvering and 

road profile, cargo weight, etc. 

In the diagrams below, you can determine the 

required force in the towing device Pkr1i to provide 

transverse stability of the trailed links, taking into account 

that already on the coupling devices, when traction forces 

are applied (rolling resistance and resistance to lateral 

pulling of the train links), there is already a hook force Pkr 

[20]. 

 

 
 

Figure-2. Dependence of the hook force on the safety 

factor of lateral stability. 

 

The analysis of Figure-2 allows theoretically to 

estimate the value of the hook force to provide the 

required margin of lateral stability. 

Further, taking for the initial value μ = 0, 7, we 

determine the dynamic forces (Pkr, Fin, Pkr1i, Pcil) arising 

from the movement of trains with trailers of different 

masses with different speeds on a 10-m radius turn 

(Figure-3). Here you can clearly notice that with 

increasing speed, the centrifugal force of inertia increases 

significantly, which leads to a significant increase in the 

necessary additional effort. An analogous picture is given 

by the analysis in Figure-4 shows the dynamic force at 25 

km / h for various turning radii. 

 

 
 

Figure-3. Dependence of hook forces on the speed of 

motion, mass 5 tons and a turning radius of 10 m. 

1- Fin, 2 -Pkr, 3 -Pkr1i, 4 -Pcil. 
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Figure-4. Dependence of hook forces on the turning 

radius of the train, the mass of trailers is 5 tons; the speed 

is 25 km / h. 1 - Fin, 2 -Pkr, 3 -Pkr1i, 4 -Pcil. 

 

Analyzing the obtained graphs and taking into 

account the most efficient speed of the turn (taking into 

account the distribution of the radius of rotation [5]), we 

determine that for radii of rotation from 10 to 20 m and 

speeds corresponding to the regime from 10 to 25 km / h, 

in the TFC is required in the range of 1 - 5 kN. 

From the foregoing it follows that an increase in 

the lateral stability of a multi-link tractor-transport train is 

determined taking into account the influence of all the 

main factors capable of affecting the reduction in the 

effect of the centrifugal inertia force, including by 

increasing the hook force by a certain amount, depending 

on the driving conditions. 

The hook force Pkr is the force that, depending on 

the type of coupling, has a different design formula [4], 

[8]. 

The active work of the towing device is simulated 

through Pcil_i, which is set either by the driving mode or by 

the conditions for the presence of critical inertial forces 

Pin_krit (8-9) or the angle of rotation of the drawbar relative 

to the trailer φpr2i, which is determined from the expression 

(10-11). 

 𝑃𝑖𝑛_𝑖_𝑘𝑟𝑖𝑡 > 10 000 {𝑃𝑐𝑖𝑙_𝑖 = 𝑝𝑆𝑐𝑖𝑙}                                  (8) 𝑃𝑖𝑛_𝑖_𝑘𝑟𝑖𝑡 < 10 000 {𝑃𝑐𝑖𝑙_𝑖 = 0}                                       (9) 

 5° < 𝜑𝑝𝑟2𝑖 < 𝜃𝑚𝑎𝑥{𝑃𝑐𝑖𝑙_𝑖 = 𝑝𝑆𝑐𝑖𝑙}                                (10) 

 0° < 𝜑𝑝𝑟2𝑖 < 5°{𝑃𝑐𝑖𝑙_𝑖 = 0}                                           (11) 

 

At the same time, the values of the traction-

towing device coefficients are: ξi limits 1-10 kN / m, μi 

20-60 kNs / m. Taking into account the values of the 

displacement and the speed of the rod moving, we set the 

coordinates of the centers of gravity of the kinematic links 

relative to the fixed coordinate system OXYZ, that is: 

 ∆i̇ = (υtr + ωtr(a2 + c)) cos φpr1i − υpr1_i;    i = 1, 2 …      (12) 

 ∆𝑖= ∫ ∆𝑖𝑑𝑡̇                                                                      (13) 

 

It follows from the above that the mathematical 

model of the movement of a multi-link tractor train allows 

us to take into account the different ways and manner of 

driving, the quality of the road surface, the wagging of the 

engine, and also to assess the effect of the presence of an 

active towing device in the train. 

 

B. Description of trailer coupling 

As a result of the computational work carried out 

during the simulation of the movement of a multi-link 

tractor-transport train, the optimum characteristics were 

obtained on the basis of which the original design of the 

towing device was proposed. 

The invention relates to transport engineering and 

can be used to improve the performance of multi - link 

transport trains due to increased safety and 

maneuverability. The towing device consists of a 

hydraulic cylinder rigidly connected to a trailer drawbar 

equipped with a hydraulic system consisting of a hydraulic 

distributor, a pump, a hydraulic accumulator, a tank, and 

the towing device has an autonomous drive system from 

the wheels of the turn axis of the trolley with electric 

control from the control unit with energy sensors and 

turning, and included in the general electric system of the 

tractor, the sensor of the smallest length located on the 

hydraulic cylinder; in all cases, the sensors close the 

excitation circuit of the electric generator (supplying the 

winding of the power electromagnetic clutch), which 

supplies the electromagnetic power clutch. The technical 

result is an increase in the margin of lateral stability of the 

transport train when traveling along a curvilinear 

trajectory in different conditions. 

The invention relates to transport engineering. 

A towing device is known, consisting of a ring 

gear, a gear wheel with a crank connected to the rod of the 

master cylinder, connected by pipelines to the master 

cylinder in a closed circuit, the rod actuates the hydraulic 

cylinder to the four-link mechanism of the drawbar. The 

disadvantage of this device is the presence of a large 

number of articulated joints and the unreliability of gears, 

increased resistance on the turntable. 

The closest to the proposed device is a towing 

device consisting of two series-connected actuators in the 

form of two hydraulic cylinders with spring-loaded rods 

equipped with throttling holes in the pistons, with an 

electromagnetic distributor, a threshold inertial force 

sensor included in the control circuit of the hydraulic 

distributor, cross-section of the drain line. 

The disadvantage of this device is that it does not 

have the autonomy of the action, especially for trailers that 

are far from the main power units. Also a disadvantage is 

the constant drive of the pump of the hydraulic system, 

regardless of the frequency of application of the device, 

and therefore a high indicator of the idle time; the device 

does not regulate the work process in accordance with the 

speed of movement. 

The technical task of the proposed device is to 

increase the operational characteristics of a multilink 

transport train due to the variable dynamic and kinematic 

parameters of the towing device. 
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The problem is achieved by the fact that the 

towing device of a multi-link transport train comprising a 

hydraulic cylinder rigidly connected to the trailer drawbar 

and equipped with a spring-loaded rod with throttling 

holes, a hydraulic system with electromagnetic control of 

the distributor, when transmitting a torque from the wheels 

starting when the turntable is turned or when it is triggered 

threshold sensor under the action of critical centrifugal 

forces of inertia, the hydraulic fluid is supplied under 

pressure into the cavity of the hydraulic cylinder, changing 

kinematic parameters of the train, increasing agility, 

reducing the impact and shock loads off the corner 

drawbar is returned to the original corresponding 

parameters. 

Analysis of the design of the towing device 

compared with the prototype led to the conclusion that the 

claimed technical solution is novel, since it has a drive 

independent of the tractor; an executive body made in the 

form of a single hydraulic cylinder. And it has a complex 

of independent sensors. 

The presence of the invention in the proposed 

technical solution is proved by the fact that in this towing 

device, in contrast to existing structures, it is possible to 

integrate the length of the drawbar and the transverse 

stability index on the turn, depending on the speed of 

rotation and movement, independently of the tractor's 

hydraulic system. 

 

 
 

Figure-5. General view of the trailer with the location of 

the towing device and control system. 

 

 
 

Figure-6. Schematic diagram of the hydraulic system of 

the towing device. 

 

 
 

Figure-7. Control system. 
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Figure-8. The sensor of rotation. 

 

The towing device consists of a hydraulic 

cylinder 1, which is connected via a drawbar 2 to a trailer 

3, a hydraulic system consisting of a hydraulic reservoir 4, 

a gear pump 5 with a safety valve 6, a hydraulic 

accumulator 7, a hydraulic distributor 8, a spool 9 of 

which is spring-loaded by a spring 10 and changes its 

position when including retracting windings 11 and 12, 

which are included in the trailer equipment system. The 

closing occurs under the action of the inertial sensor 13 

and the turn sensor 14. The same sensors close the drive 

circuit of the drive system generator 15. 

The drive system consists of the wheels of the 

trolley 16 which, through the axle 17, the conical 

differential 18 and the main gear 19, transmit the main 

torque to the generator 15 and the drive disk 20 of the 

electromagnetic clutch 21, the generator 15 and the disc 20 

being mounted on one shaft. The driven disk 22 of the 

electromagnetic clutch 21 is mated by one shaft to the 

hydraulic pump 5 and transmits a secondary torque to the 

pump 5. The sensors 13, 14 and the controls are integrated 

in the control unit 23. The turn sensor 13 consists of a disc 

cam 24 with a spring-loaded lever pusher 25 and pair of 

contacts 26, and is fixed to the housing of the differential 

18, and the drive is carried out by the roller 27. The device 

is provided with a sensor of the shortest length of the 

towing device 28 with the contacts 29, and in the control 

unit, 6 of the turn sensor 14, the contacts 30 of the inertia 

sensor 14, as well as the NC contacts 31 of the shortest 

length TCU, and the contacts 32 of the turn sensor 14. The 

hydraulic cylinder itself is divided into cavities 33 and 34 

that are connected by throttling holes 35. 

The device operates in the following way: During 

straight motion, the device is in the initial state: the piston 

of the hydraulic cylinder 1 is in a floating position, when 

dynamic loads occur, the liquid flows from the cavity 33 

into the cavity 34 and back through the conduits through 

the distributor 8, and also partly through the throttling 

holes 35 in the piston, while the load peaks are smoothed 

by converting the kinetic energy of the trailer into a 

thermal one. As the length of the coupling increases, the 

sensor of the smallest length of the towing device 28 is 

triggered, the excitation circuit of the generator 15 is 

closed, and the torque from the trailer wheels is 

transmitted to the pump 5, and, insofar as the closed coil 

12 is flowing, the liquid flow is supplied to the cavity 33, 

the length. The towing device (TD) is reduced until the 

contact of the smallest length sensor of the towing device 

28 opens. When the turn is turned on, the turn sensor 14 

operates which has a free-running angle (5 degrees), the 

excitation circuit of the generator 15 closes, which, 

depending on teeing off speed generates an appropriate 

force on current in a predetermined range. Proportional to 

this current, the torque is transmitted to the driven shaft of 

the electromagnetic clutch 21 leading to the driven shaft of 

the electromagnetic clutch 21 and then to the gear shaft of 

the pump 5. The number of revolutions on the driven shaft 

and the value of the torque depend on the current 

generated by the generator 15. When the turn signal sensor 

14 is activated, the control circuit of the distributor 8, and 

the spool 9 under the action of the retracting force of the 

coils 11, 12 changes the floating position to the position 

corresponding to the injection of liquid into the cavity 34, 

creating on the rod the braking force of the trailing links 

along zda and increases the kinematic length of the trailer 

coupling, which increases the maneuverability of the train. 

As soon as the magnitude of the inertia forces becomes 

higher than the critical value, the threshold inertial sensor 

13 is triggered and the control circuit of the coil 12 opens. 

The distributor spool 9 occupies a position at which the 

cavity 34 is connected to the master drain, the cavity 33 to 

the discharge line, the length of the trailing coupling 

device and creates a force on the rod, and the energy 

stored by the accumulator. 7, allows you to create the 

necessary action on the time and the magnitude of the 

force on the rod to counter the tipping trailer inertial 

forces. When the value of the inertial forces decreases, the 

contacts 30 of the inertial sensor 13 open and the contacts 

32 of the turn sensor 14 close, the contacts 31 are opened 

due to the location of the lever pusher 25 in the pivot 

position. The valve changes its position and the liquid 

begins to be pumped into the cavity 34, continuing to 

increase the length of the towing device until the trailer 

leaves the bend, the turn signal circuit 14 opens (contacts 

26) and the shortest length of the trailer device, which 

returns the towing device to its original position, at which 

the kinematic length of the device corresponds to the 

optimum for straight train movement. 

 

CONCLUSIONS 
The proposed traction and towing device in 

comparison with existing analogues has a number of 
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advantages, expressed in the fact that this towing device 

allows the formation of multilink transport trains that meet 

the requirements of safety, maneuverability, 

controllability, stability, as well as having good 

performance in speed. 

The design of the towing device with variable 

kinematic parameters is developed, the application of 

which allows to increase traffic safety, transverse stability 

of the train, as well as maneuverability at high speeds; The 

technique of calculation of the towing device for different 

brands of tractors was developed. The results of the 

research can be used in the calculation of multi-link 

transport trains in the design of traction-coupling devices 

in the design bureaus of agricultural machinery plants, as 

well as in studying the stability of trains with various 

damping devices and in the educational process of 

agricultural universities. 
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