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Abstract. The versatility of tractors can be increased by using them as a part of a modular draft 

device (MDD). MDD consists of energetic (EM) and technological (TM) modules. EM is a 

high-energy tractor with a 2WD or 4WD wheel arrangement and a traction force of 14-16 kN. 

ТМ is an additional axle with an active drive of its wheels. By connecting TM to the rear hitch 

linkage (RHL) of EM, the tractive effort of the entire MDD, which has a 4WD or 6WD wheel 

arrangement, increases to 32-36 kN. MDD can function as a road-rail vehicle. Depending on 

the traction resistance, MDD can be used both as part of an EM+TM or as a single EM. 

According to the research results, it was found that the maximum traction efficiency (TE) of 

MDD with a 6WD wheel arrangement is about 10% higher than that of MDD with a 4WD 

wheel arrangement. The TE value of MDD increases with an increase in the inclination of EM 

rear hitch linkage top link. The increase in MDD's tractive efficiency is facilitated by an 

increase in the coefficient of kinematic discrepancy in the drive of the EM and TM wheels 

from 1.00 to 1.05. 

1. Introduction 

One of the most effective ways to solve the problem associated with the nomenclature of the tractor 

power industry is the introduction of modular draft devices (MDD). Its high production versatility and 

technological adaptability are ensured by the variability of the nominal tractive effort [1]. In total, it 

displays the range of traction forces for tractors of 2-3 traction classes. This new property of draft 

devices is caused not by the use of their mechanical ballasting but by the division functions into 

energetic and technological within one design of the tractor. 

 This fundamentally new direction in the development of tractors is relevant today for almost all 

countries of the world. First of all, because many manufacturers, instead of the old traction concept, 

have begun producing tractors of a new - traction and energy concept. 

 The essence of the first concept consists of the approximate constancy of the energy saturation 

level of the tractor ��. The latter concept represents the ratio of the tractor engine power (Ne, kW) to 

its operating weight (Mt, t) and is expressed in kW t
-1

. That is, �� = �� ∙ ���	 = const.  
 Following the traction and energy concept, the tractor engine power is increased, while its 

operating weight remains practically unchanged. In this case, we have: �� = �� ∙ ���	 = ���.  

 Our research has established that the limiting value of the parameter Et, at which the total power of 

the tractor engine can be converted into the tractive effort, is approximately 15 kW t
-1

 [2]. A larger 

value of this parameter raises the problem of using the engine power reserve. 



International Scientific Conference Energy Efficiency in Transport (EET 2020) 
IOP Conf. Series: Materials Science and Engineering 1021  (2021) 012043

IOP Publishing
doi:10.1088/1757-899X/1021/1/012043

2

  One of the most effective ways to solve this problem is to create energetic devices with a split flow 

of power from its engine. Its main part is realized by a tractor, which we propose to call the energetic 

module (EM). The remaining ("extra") part of the engine power is used by an additional axle with an 

active drive of its wheels, called a technological module (TM). The result is a modular draft device 

(MDD). 

 The MDD energetic module is essentially a tractor of a specific traction class, designed to work 

with a corresponding variety of machines and implements. The MDD technological module attaches to 

the rear hitch linkage of the energetic module. The technological module wheels are driven from a 

synchronous power take-off shaft of the EM, and TM is also equipped with its rear hitch linkage, a 

semitrailer, a brake system, etc. 

 When TM is attached to EM, the traction forces developed by them are summed up. As a result, the 

MDD, having a greater tractive effort, can be aggregated with wider and more productive agricultural 

machines. Due to summing the traction forces of the energetic and technological modules, MDD is a 

vehicle of variable traction class. 

 We have developed and tested in production conditions industrial models of modular draft devices 

of traction classes 1.4-3 (Figure 1) and 3-5 (Figure 2). 

  

Figure 1. MDD of traction class 1.4-3 Figure 2. MDD of traction class 3-5 

 The study of the operation of machine and tractor units based on modular draft device is a very 

relevant direction in solving problems associated with an increase in the annual load of existing 

tractors, a reduction in the range of necessary traction equipment at enterprises, and an expansion of 

the MDD applicability range in various industries. 

2. Analysis of recent studies and publications 
The technical feasibility and economic suitability of these modular draft devices with variable traction 

class have been confirmed by long-term research and production tests. Particular attention was paid to 

the study of the engine power balance of such device. As a result, dependencies that allow determining 

the values of Ne, Mt, and Et for MDD were obtained [3]. Perspectives for possible ballasting of MDD 

modules are considered considering the restrictions put forward by this process [4]. Problems of 

movement stability of machine-tractor units based on this device were investigated using a new 

stability criterion [5]. The issues of kinematic discrepancy influence in the drive of the MDD modules 

wheels on its traction indicators are detailed [6]. 

 The analysis of the technological properties of MDD shows that it can be successfully applied not 

only in the agricultural sector. After a simple re-equipment, MDD is potentially suitable for rail 

transport, first of all, as rail vehicles of category N3 [7, 8] or category T [9, 10]. The latter is 

represented by the MMT-3 series motor locomotives [11-13], which are almost entirely similar to 

MDD [14-16]. The forecast of these studies shows that modular draft devices can be successfully used 

in modern bimodal transportation by rail [17, 18]. 

 The analysis of theoretical studies shows that the design parameters [19-21] of modular draft 

devices almost wholly meet the criteria for the movement stability of railroad motor locomotives [22-

24]. The methods for assessing the ways to reduce the rolling resistance of rail vehicles, motor 

locomotives, and modular draft devices are almost identical [25]. 
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 Using MDD as a motor locomotive will be more efficient, if its traction properties are higher. The 

universal evaluation parameter of the latter is the power delivery efficiency (PDE). The nature of its 

change under the influence of new requirements for the maximum permissible level of slipping of 

wheeled draft devices is disclosed in the study [26]. 

 The performed studies' analysis shows that the issue of PDE components changes nature in the 

modular draft device has been studied very poorly, especially considering the influence of its design 

parameters. Therefore, this work is devoted to exploring the impact of MDD design parameters 

changing on its traction efficiency. 

3. Statement of the objective and tasks of the study 

Firstly, it is necessary to determine the design parameters that have the most significant impact on the 

change in traction efficiency of MDD. As shown by the preliminary analysis, such parameters include 

1) wheel arrangement of the energetic module; 2) the angles of inclination of EM rear hitch top and 

lower links; 3) the coefficients of kinematic discrepancy in the wheel drives of MDD energetic and 

technological modules. 

 Thus, this article aims to increase the operating efficiency of the MDD by bringing it to the 

operating mode with the traction efficiency tending to the maximum. And also, to ensure this mode 

due to the optimal parameters of MDD structural elements, which affect the increase in traction 

efficiency. We will achieve this goal by solving the following tasks: 

- study the influence of energetic module wheel arrangement on MDD traction efficiency change 

dynamics; 

- assess of the impact of EM rear hitch links angles of inclination changes on the nature of MDD 

traction efficiency; 

- study the influence of changing the kinematic discrepancy coefficients in the wheel drives of MDD 

energetic and technological modules on MDD traction efficiency. 

4. The basic part of the study 
We will consider the optimal interaction of the modular device traction axes, at which the maximum 

value of its PDE is achieved (ηо). For MDD, this parameter can be determined from the equation: 

�о = ����а − �а� + ����� − ��� + ����� − ���
�а�а����1 − �а� + ��������1 − ��� + �с�с��с�1 − �с�

, 
(1) 

where Na, Nb, Nc – vertical loads on MDD axles (starting now, indices a and b refer to the front and 

rear axles of the energetic module and the index c - to the axle of the technological module); φa, φb, φc 

– coefficients of adhesion of MDD wheels to the soil; fa, fb, fc – wheels rolling resistance coefficients 

of the appropriate MDD axles; δa,δb,δc – wheels slip coefficients of the appropriate MDD axles; ηta, 

ηtb, ηtc – drive transmissions efficiency of the appropriate MDD axles. 

 For determining the vertical loads acting on MDD axles, a design scheme was drawn up (Figure 3). 

 The influence of the unit technological part on MDD is presented in the form of the main torque 

(M) and horizontal (Pg) and vertical (Rv) components of the main vector of forces applied to the 

technological module in the longitudinal-vertical plane. 

 In addition to these forces and torques, in the general case, the MDD is affected by (Figure 3): 

tangential traction forces Pka, Pkb, Pkc; forces Pfa, Pfb, Pfc and torques Ma, Mb, Mc; rolling resistances; 

weight force of energetic (Ge) and technological (Gt) modules. 
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Figure 3. Diagram of forces and torques acting to MDD in longitudinal-vertical plane 

 Equation (1) determines the PDE value for MDD with the 6WD wheel arrangement. When using 

the EM with rear-wheel drive only, the MDD wheel arrangement is referred to as 4WD. The equation 

for determining the PDE (η1) of such MDD is as follows: 

�	 = ����� − ��� + ����� − ��� − ������������1 − ��� + �с�с��с�1 − �с�
. 

(2) 

 The parameters of equations (1) and (2) are described by a system of 20 additional algebraic 

equations, which are not given in this article but described in detail in [27, 28]. 

An analysis of the calculation data for equations (1) and (2) showed that the maximum PDE value 

for an all-wheel-drive MDD (6WD) is greater than that of a non-all-wheel drive (4WD) (Figure 4).  

 

Figure 4. Dependence of MDD power delivery efficiency on its net traction: 1 – 4WD MDD; 

2 – 6WD MDD 
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 If, for the first design variant of MDD (6WD), this parameter is equal to 0.570, then for the variant 

of the modular draft device with the 4WD arrangement, the maximum PDE value is only 0.512 (i.e., 

10% less). 

 Moreover, if the PDE of non-all-wheel drive MDD reaches its maximum at pulling force of 34 kN 

(curve 1, Figure 4), then for an all-wheel-drive device, the maximum PDE value shifts to the zone of 

high pulling forces. In this case, it is almost 40 kN (curve 2, figure 4).  

 Noteworthy is the fact that in the 12-22 kN traction range, the PDE of the non-all-wheel drive 

MDD is greater than that of the all-wheel-drive (curve 1, Figure 4). At high values of the MDD 

tractive effort, the nature of change in PDE becomes the opposite. Moreover, the greater tractive effort !", the greater difference between PDEs in favor of the all-wheel-drive version of the MDD. 

 Let us analyze what causes such a result. To do this, we should disclose the nature of those 

components that are included in the equation that allows us to calculate the efficiency. 

 According to the theory of the tractor, the traction efficiency should be determined by the equation: 

�# = ��$ ∙ �$ ∙ �%, (3) 

where ηtr 
 – transmission efficiency; ηr  –  rolling efficiency; ηs– MDD wheel slip efficiency. 

 To clarify the reasons for the higher and shifted to the zone of large tractive forces traction 

efficiency of MDD with the 6WD arrangement, it is necessary to investigate the nature of the last two 

components.  

 For studying the nature of rolling efficiency and mover slipping efficiency of MDD, graphs of their 

dependence on tractive effort were built (Figure 5). 

E
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Net traction Pg (kN) 

Figure 5. Rolling (ηr) and slipping (ηs) efficiency: - - - – 6WD MDD; ─── – 4WD MDD 

 The rolling efficiency was determined by the following equations [27-29]: 

for MDD with 6WD arrangement 

�$ = �� ∙ ��а − �а� + �� ∙ ��� − ��� + �� ∙ ��� − ���
�а ∙ �а + �� ∙ �� + �с ∙ �с . (4) 

 

ηs ηr 
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for MDD with the 4WD arrangement  
�$ = �� ∙ ��� − ��� + �� ∙ ��� − ���−�� ∙ �а�� ∙ �� + �с ∙ �с . (5) 

 The slipping efficiency was determined from the following dependence: 

�% = 1 − �%, (6) 

where δs is the tractor rear axle slipping. 

�% = ) ∙ !" − ��� − ��� ∙ ���а + �� + * ∙ +!" − ��� − ��� ∙ ���а + �� ,
-

, (7) 

where А, В are slip curve approximation coefficients of the MDD. 

 Analyzing the nature of the slip efficiency curves (ηs), it can be seen (Figure 5) that the tractive 

effort of the MDD (6WD) is growing. However, it continually remains higher than the MDD (4WD) 

slip efficiency (Figure 5). The difference between them gradually increases; that is, the reduction 

intensity ηs of the second is greater than that of the first. The latter can be explained by the more 

advanced MDD (6WD) chassis than the MDD (4WD). 

 The nature of the efficiency flow (ηr), for both MDDs, in the zone of low tractive forces, is almost 

the same (area up to 22 kN). However, for MDD (6WD), the rolling efficiency increases more rapidly, 

starting from a tractive effort of 22 kN (Figure 5). Also, the difference between the values ηr is 

growing continuously. It is not surprising, since the MDD (6WD) slip is less in this area. This fact 

leads to the shift of maximum traction efficiency of MDD (6WD) into the area of high tractive forces. 

 Next, let us analyze how the inclination angles of the top (α) and lower (β) links of the EM rear 

hitch linkage (Figure 3) affect the changing nature in the power delivery efficiency of MDD. 

Calculations revealed two patterns. The first of them is that an increase in the parameter α from 1 

to 20
о
 causes an increase in the PDE of the modular draft device (Figure 6). For example, with MDD 

pulling force 22 kN, its PDE increases from 0.420 (when α = 1
о
) to 0.436 (when α = 20

о
), i.e. by 3.8%. 

 

Figure 6. Dependence of MDD power delivery efficiency on its net traction: 1 – α = 1
o
; 2 – α 

= 20
o 
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 The reason for this result is the following. Research [1] established the influence of installing the 

MDD EM rear hitch linkage top link on the nature of vertical loads on MDD axles. Simultaneously, it 

has been proven that an increase in the value of the angle α leads to an increase in the vertical load on 

the EM rear wheels. The result is less MDD wheel slip while PDE increases. 

 The second regularity of the results, the graphic interpretation of which is shown in Figure 6, 

describes that as the tractive effort Pg increases, the influence of the inclination angle of EM rear hitch 

linkage top link on the change in PDE is neutralized. 

 In the same study [1], it is noted that the intensity of additional vertical loading growth of EM rear 

wheels and TM wheels gradually decreases with an increase in the value of the angle α. As a result, 

this determines the nature of the PDE dynamics of the modular draft device, shown in Figure 6 for Pg 

values over 34.5 kN. 

 Another design parameter that theoretically can influence the dynamics of the MDD PDE is the 

angle of inclination of the EM rear hitch linkage lower links β (see Figure 3).  

 The theoretical calculations analysis showed that changing this parameter value from 0 to 10
о
 has 

little effect on the nature of the change in MDD PDE. Moreover, both for small and large values of the 

angle α. The reason for this result is that a change in the values of the angle β within the specified limits 

(0-10°) causes a slight redistribution of vertical loads on the axles of the modular draft device [1]. 

 An increase in the kinematic discrepancy coefficient (Kve) in the wheel drive of the MDD energetic 

module (in this case, from 1.00 to 1.05) causes its rear wheels to create a so-called "pushing" effect. 

As a result, this contributes to slipping reduction and, therefore, to PDE increase of the modular draft 

device (Figure 7).   

 

 

 

Figure 7. Dependence of MDD power delivery 

efficiency on its net traction: 1 – Kve = 1.00; 2 – Kve 
= 1.05 

 Figure 8. Dependence of MDD power delivery 

efficiency on its net traction: 1 – Kvt = 1.00; 2 – Kvt 

= 1.05 

 At the same time, as the Pg force increases, the MDD slip also increases. Because of this, its 

wheels form a deeper track. As a result, MDD's rolling resistance increases. In turn, it causes a 

decrease in the intensity of growth of its PDE with an increase in the value of the parameter Kve. 

 This explains the fact that with an increase in the kinematic discrepancy coefficient in the wheel 

drive of the MDD energetic module, the intensity of its PDE growth, as the force Pg increases 

decreases. When the MDD tractive effort is more than 32 kN, the rolling resistance of its wheels 
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increases so much that it practically neutralizes the influence of an increase in the Kve coefficient on 

the process of changing PDE of MDD. 

 A similar quality result is obtained in changing the kinematic discrepancy coefficient (Kvt) in the 

wheel drive of the MDD technological module (Figure 8). The difference is only in quantitative 

indicators, which is entirely logical and understandable. For example, the influence of an increase in the 

parameter Kvt from 1.00 to 1.05 on MDD PDE dynamics neutralized at a slightly lower value of the 

tractive effort it develops. In this case, it is approximately 29 kN (see Figure 8). 

5. Conclusions 
Calculations have shown that the maximum power delivery efficiency of the 6WD modular draft 

device is approximately 10% higher than that of the 4WD one. 

 In the 12-22 kN traction range, the power delivery efficiency of the 4WD modular draft device is 

higher than the 6WD one. At high MDD tractive effort values, the nature of change in the PDE values 

becomes the opposite. Moreover, the greater the tractive effort of the modular draft device, the greater 

difference between the PDE values in favor of the 6WD arrangement version. 

 When choosing the installation angle of the top link of the MDD energy module's rear hitch 

linkage, it is desirable to give preference to large values of parameter α, since in this case, its PDE 

increases. Simultaneously, installing the lower rear hitch linkage links at an angle to a horizon of 0-10° 

does not significantly affect this indicator. 

 With MDD traction forces up to 29-32 kN, an increase in kinematic discrepancy coefficient in the 

wheel drive of MDD energetic (Kve) and technological (Kvt) modules from 1.00 to 1.05 contributes an 

increase in PDE. At large MDD tractive effort values, this parameter change dynamics is practically 

invariant concerning the increase in coefficients Kve and Kvt. 
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