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ABSTRACT  

Plowing is recognized as an essential agricultural task that cannot yet easily be substituted with alternative soil 

processing methods due to its significance. However, it is also one of the most fuel-intensive operations. The 

main objective of this paper is to determine the optimal operational parameters (working speed and working 

width) of a plowing aggregate composed of a 180 HP tractor and a 5-moldboard plow, which ensures the full 

utilization of the tractor engine's power and the use of the aggregate at its maximum working capacity, 

respectively, achieving an optimal power balance. 

 

REZUMAT  

Lucrarea de arat este recunoscută ca fiind una încă greu de înlocuit de alte lucrări de pregătire a patului 

germinativ datorită importanței și utilității acesteia. În același timp, lucrarea de arat este una dintre cele mai 

mari consumatoare de combustibil din întreg ciclul de cultivație. Obiectivul principal al lucrării constă în 

determinarea parametrilor de operare optimi pentru un agregat de arat compus dintr-un tractor de 180 CP și 

un plug cu 5 trupițe, care să asigure utilizarea în întregime a puterii motorului tractorului și folosirea agregatului 

la capacitatea maximă de lucru, respectiv, realizarea un bilanț de putere optimal. 

 

INTRODUCTION 

 Plowing is a crucial agricultural operation that demands significant fuel consumption. To reduce the 

significant amount of fuel required for seedbed preparation operations, particularly for plowing, the tractor-

implement aggregates must be properly configured, and the operating parameters must be selected to ensure 

the full utilization of the tractor engine's power (Șandru et al., 1983; Croitoru et al., 2017). Additionally, the soil 

processing equipment should operate at its maximum working capacity while maintaining an optimal power 

balance (Hunt, 1986). 

 Studies on soil-machine interaction aim to provide scientific insights into the dynamics between tillage 

tools, traction devices, and the terrain they operate on. Key variables examined include the forces needed to 

operate tillage tools, vertical and lateral forces acting on them, patterns of soil failure, displacement of soil 

particles, forces at the wheel-soil interface, wheel sinkage, rolling resistance, contact area of wheels, and soil 

stress at various depths (Ani et al., 2018; Ghereș et al., 2013). 

 The resistance force to the movement of agricultural aggregates arises from the friction between the 

wheels and the soil surface, the friction of the axles in the wheel bearings, and the deformation of the soil by 

the aggregate's wheels (Dobrescu, 1981). This force is influenced by the type and construction of the driving 

and supporting wheels, the weight of the aggregate, and the properties of the soil on which it operates. On 

loose, highly moist, or uneven soils, the resistance to movement is higher compared to operating on 

compacted, smooth-surfaced soils. Soil surface irregularities increase rolling resistance due to additional soil 

deformation, deviation of the machines in the aggregate from the forward direction, and the emergence of 

additional inertial forces (Gill, Vanden Berg, 1968; Kheiralla et al., 2004). 

 Rolling resistance is also affected by the relaxation time of the soil and the tires after their mutual 

deformation at the point of contact. As relaxation time increases, soil deformation decreases, and vice versa 

(Koolen et al., 1983). Low-pressure tires, typical for agricultural machines, have a larger contact area with the 

soil, resulting in lower specific pressure and reduced soil deformation. Consequently, rolling resistance on 
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deformable soil surfaces is lower, but the tires undergo more significant deformations, reducing their service 

life. On loose soils, aggregates equipped with low-pressure tires or tracks exhibit lower resistance to movement 

compared to those with metal wheels or high-pressure tires (Bennett et al., 2019; Jun et al., 2024). 

 The traction resistance of agricultural machines, like other aggregate parameters, exhibits a 

pronounced random nature (Ghereș et al., 2013). Several factors influence the variability characteristics, the 

most important being soil type, soil compaction, moisture, non-uniformity, texture, and structure of the 

processed soil, as well as certain variations occurring at the drive wheels and articulation points of the 

aggregate. These factors have a more pronounced effect on aggregates with high-powered tractors and at 

high working speeds (Abo et al., 2011; Biriș et al., 2017). 

 The variation in the working resistance of agricultural machines also leads to the tractor engine 

operating under unstable conditions. Depending on this variation and the engine load coefficient, power losses 

of up to 10-15% can occur. The load regime of the aggregate machines induces random dynamic processes 

in all aggregate components (Dobrescu, 1981; Md-Tahir et al., 2021). 

 The random nature of the engine torque further affects the tractor's traction characteristics. A negative 

impact can be observed on the adhesion force and the slippage of the driving wheels. At equal traction forces, 

higher dispersion in their value leads to increased tractor slippage. Additionally, when the frequency of traction 

resistance variation is high, significant power losses occur due to slippage (Md-Tahir et al., 2021; McKyes, 

1985). The traction resistance value of agricultural machines considered in calculations is the average value 

obtained from statistical processing of traction diagrams recorded during operation (Trendafilov et al., 2023; 

Varani et al., 2023). As the working speed increases, the working resistance of agricultural machines also 

increases. The rate of this increase depends on the type of working parts of the machine and the nature of the 

working process (Cardei et al., 2023). 

 It is imperative to determine the optimal operating parameters for agricultural implements designed for 

seedbed preparation, ensuring full utilization of the tractor engine's power and operating the implement at 

maximum working capacity, thereby achieving an optimal power balance (Legay, 1988; Vlăduț et al., 2018). 

Currently, this can be accomplished using analytical and numerical calculation algorithms, which can be 

implemented on modern agricultural tractors and are presented within this study (Vlăduțoiu et al., 2017; 

Simionescu et al., 1995). 

 The main objective of the paper is to determine the optimal operational parameters of a plowing 

aggregate composed of a 180 HP tractor and a 5-moldboard plow, specifically: v - working speed and B - 

working width, which ensure the full utilization of the tractor engine's power and the use of the aggregate at its 

maximum working capacity. As will be further shown, the power balance equation can be used as an objective 

function for optimizing the power balance. 

 

MATERIALS AND METHODS 

 The study presented in this paper was conducted for an aggregate consisting of a 180 HP tractor (A 

1800-A) and a variable working width plough with 5 moldboards (PP5VM), designed to perform plowing 

operations on flat terrain or slopes with a maximum inclination of 6° (figure 1). 
 

 
Fig. 1 - The 180 HP tractor and a plough with variable working width with 5 moldboards 

 

 The aggregate requires power for movement and power for performing the plowing operation. The 

tractor's drive wheels generate the power necessary to operate the aggregate. As a constraint, the coefficient 

of utilization of travel time, d, can be considered, knowing that its level is proportional to the working capacity 

of the aggregate (Dobrescu, 1981).  

 The power balance of a plowing aggregate can be expressed by the following equation: 
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PM∙τM=
f
1
∙G∙v+f

v
∙G∙v2+k∙a∙B∙v+ε∙a∙B∙v3

η
T

∙(1-δp)
     (1) 

where: PM - is the power developed by the engine, (W); M - the engine power utilization coefficient, p - the 

efficiency of the transmission at the power take-off and the driving wheels; f1 - proportionality coefficient; fv - 

coefficient of resistance increase due to speed growth, (s/m); p - tractor slippage; G - the weight of the 

aggregate, (N); v – the working speed (m/s); B – the working width, (m); a – the working depth, (m); k – the 

resistance to deformation and crumbling of the soil furrow, (N/m2);  - the coefficient characterizing the shape 

of the crown and the properties of the soil, (N·s2/m4). 

 The terms in the first fraction of equation (1) represent the power required for moving the aggregate, 

while the terms in the second fraction represent the power required for plowing. If the coefficient k is determined 

without considering the friction between the working parts and the furrow, then the last two terms correspond 

to Goriacichin's formula (Cardei et al., 2023). These frictions are accounted for when determining the 

coefficients f1 and fv. 

 If it is considered that there is a relationship between the weight of the aggregate and the working 

width in the form of GB= ·B, where  is the specific weight of the aggregate per working width, (N/m), the 

objective function becomes: 

                                                     PM∙η
M

∙η
T
∙(1-δp)=f

1
∙α∙B∙v+f

v
∙α∙B∙v2+ k∙a∙B∙v+ε∙a∙B∙v3

                    (2)                        

 The optimal parameters B and v are those that ensure maximum productivity at the engine power level. 

Since the technical productivity of plowing aggregates is related to the level of the time utilization coefficient of 

travel, d, this constitutes the constraint: 

vg∙L

vg∙L+v∙(Ω+m1∙B)
-τd=0      (3) 

 The optimal solution can be found using the Lagrange multiplier and the constraint (Simionescu et al., 

1995): 

                                                                     {

∂PM

∂v
+λ∙

∂τd

∂v
=0

∂PM

∂B
+λ∙

∂τd

∂B
=0

      (4)     

and the constraint: 

        
m

m+v∙(Ω+m1∙B)
-τd=0      (5) 

in which m and m1 are operating parameters dependent on the idle travel speed of the aggregate (vg), the plot 

length (L), the length of the path travelled without working (Sg), the plot width (C), (m=vg·L, m1=Sg
s/C). 

 The terms in the system of equations (4) are determined using (Dobrescu, 1981): 

      
∂PM

∂v
=f

1
∙α∙B+2∙f

v
∙α∙B∙v+ k∙a∙B+3∙ε∙a∙B∙v2               (6) 

                  
∂PM

∂B
=f

1
∙α∙v+f

v
∙α∙v2+ k∙a∙v+ε∙a∙v3                 (7) 

∂τd

∂v
=

m∙(Ω+m1∙B)

[m+v∙(Ω+m1∙B)]2
       (8) 

 

                                                      
∂τd

∂B
=

m1∙m∙v

[m+v∙(Ω+m1∙B)]2
                              (9) 

 A system of three equations with three unknowns is obtained: 

{
 
 

 
 f

1
∙α∙B+2∙f

v
∙α∙B∙v+ k∙a∙B+3∙ε∙a∙B∙v2-λ∙

m∙(Ω+m1∙B)

[m+v∙(Ω+m1∙B)]2
=0

f
1
∙α∙v+f

v
∙α∙v2+ k∙a∙v+ε∙a∙v3-λ∙

m1∙m∙v

[m+v∙(Ω+m1∙B)]2
=0

m

m+v∙(Ω+m1∙B)
-τd=0

     (10) 

 The variable λ is eliminated by equating its value from the first equation of the system (10) with the value 

obtained from the second equation, resulting in: 
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3∙v2+2∙v∙ [
m∙(1-τd)

τd∙Ω
-

α∙f
v

ε∙a
]+

f
1
∙(f

v
∙α+k∙a∙Ω

ε∙α∙Ω
=0    (11) 

from which the expression for the optimal speed is obtained: 

                     vopt=
1

3
∙ [

m∙(1-τd)

τd∙Ω
-

α∙f
v

ε∙a
+√(

α∙f
v

ε∙a
)

2

+ (
m∙(1-τd)

τd∙Ω
)

2

+
α∙f

v
∙m∙(1-τd)

ε∙a∙τd∙Ω
-
3∙(α∙f

1
+k∙a)

ε∙a
]   (12) 

 From the third equation of the system (10), it results: 

Bopt=
m∙(1-τd)-τd∙Ω∙vopt

τd∙m1∙vopt
      (13) 

 The productivity of the aggregate is: 

Uτd
=vopt∙Bopt∙τd      (14) 

 The power required to operate the aggregate is calculated using the following equation: 

Pmin=f
1
∙α∙Bopt∙vopt+f

v
∙v2∙α∙Bopt+Bopt∙vopt∙a∙k+ε∙a∙Bopt∙vopt

3   (15) 

 The above calculation can be applied when studying the parameters of a new implement or when 

forecasting the development of plowing aggregates. 

 For existing aggregates, the relationship between the weight of the aggregate and its components is 

established using the following formula: 

G=G0+GB=G0+α∙B      (16) 

where: G0 - represents the constant weight of the aggregate (the weight of the tractor and the carrying device), 

and  - is the specific weight of the part that changes with the working width B. 

 In this case, the mathematical model takes the form of: 

                          PM∙η
M

∙η
T
∙(1-δ)=f

1
∙G0∙v+f

1
∙α∙B∙v+f

v
∙G0∙v2+f

v
∙α∙B∙v2+ k∙a∙B∙v+ε∙a∙B∙v3                 (17) 

and: 
m

m+v∙(Ω+m1∙B)
-τd=0                                                             (18) 

 By deriving the objective function and the constraints, the following is obtained: 

{
  
 

  
 

∂PM

∂v
=f

1
∙(G0+α∙B)+2∙f

v
∙v∙(G0+α∙B)+ k∙a∙B+3∙ε∙a∙B∙v2

∂PM

∂B
=f

1
∙α∙v+f

v
∙α∙v2+ k∙a∙v+ε∙a∙v3

∂τd

∂v
=

m∙(Ω+m1∙B)

[m+v∙(Ω+m1∙B)]2

∂τd

∂B
=

m1∙m∙v

[m+v∙(Ω+m1∙B)]2

      (19) 

 A system of three equations with three unknowns is formulated using the coefficient λ: 

{
 
 

 
 f

1
∙G+f

1
∙α∙B+2∙f

v
∙v∙G+2∙f

v
∙α∙B∙v+ k∙a∙B+3∙a∙B∙v2-λ∙

m∙(Ω+m1∙B)

[m+v∙(Ω+m1∙B)]2
=0

f
1
∙α∙v+f

v
∙α∙v2+ k∙a∙v+ε∙a∙v3-λ∙

[m+v∙(Ω+m1∙B)]2

m1∙m∙v
=0

m

m+v∙(Ω+m1∙B)
-τd=0

    (20) 

 By eliminating the variable λ and performing the simplifications, the following is obtained: 

                                           f
1
∙α∙+f

v
∙α∙v∙+ k∙a∙∙v2-f

1
∙G∙m1-2∙f

v
∙v∙∙B∙m1-2∙ε∙a∙B∙v2∙m1=0          (21) 

 If B is replaced in the last equation of the system (20), the result is: 

                            3∙v2+2∙v∙ [
f
v
∙(α∙-G∙m1)

ε∙a∙
-

m∙(1-τd)

τd∙
]+

f
1
∙(α∙-G∙m1+k∙a∙)

ε∙a∙
-

f
v
∙α∙m1∙(1-τd)

ε∙a∙τd∙
=0            (22) 

from which the expression for the optimal speed results: 

vopt=
1

3
∙ [

m∙(1-τd)

τd∙Ω
-

f
v
∙(α∙Ω-m1∙G)

ε∙a∙Ω
+√(

m∙(1-τd)

τd∙Ω
)

2

+
f
v
∙m∙(1-τd)∙(α∙Ω+2∙m1∙G)

ε∙a∙τd∙Ω2 (
α∙f

v

ε∙a
)

2

-
3∙f

1
∙(α∙Ω-m1∙G)+3∙k∙a∙Ω)

ε∙a∙Ω
]      (23) 

 The optimal working width, Bopt, is determined by the relationship of the maximum working capacity of 

the aggregate: 

    Bopt=
m∙(1-τd)-τd∙Ω∙vopt

τd∙m1∙vopt
     (m)                                           (24) 
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 If the maximum loading of the tractor is desired, the following relation (25) results: 

    Bopt=
Pa-f

1
∙G0∙vopt-fv∙G0∙vopt

2

f
1
∙α∙vopt+f

v
∙α∙vopt

2 +k∙a∙vopt+ε∙a∙vopt
3    (m)                                        (25) 

 If in equation (23) of the working speed, GB=·B=0 is assumed, equation (12) is obtained. If it is assumed 

that the weight of the entire aggregate is constant, i.e.,  = 0, the following results: 

 vopt=
1

3
∙ [

m∙(1-τd)

τd∙Ω
+

f
v
∙m1∙G

ε∙a∙Ω
+√(

m1∙G∙f
v

ε∙a∙Ω
)

2

+ (
m∙(1-τd)

τd∙Ω
)

2

+
2∙m1∙G∙f

v
∙m∙(1-τd)

ε∙a∙τd∙Ω
2 +

3∙f
v
∙m1∙G-3∙k∙a∙Ω

ε∙a∙Ω
]    (26) 

 By applying equation (25) and the corresponding computational algorithm, a Python code was 

developed, allowing the calculation and plotting of the optimal values for the plow's total working width (figure 

2.a), as well as the 3D generation of this dependency on the working speed and the utilization coefficient of 

the displacement time (d) (figure 2.b). 

              
                                             a)                                                                                               b) 

Fig. 2 – Python code for determining the optimal working width of a plow with 5 bodies 
 

       
                                                  a)                                                                                   b) 

Fig. 3 – Python code for determining the traction force of a plow with 5 plowshares 
 

 For the plowing work, the traction resistance force of the plow can be estimated using the following 

relation: 

𝑅𝑝 = 𝑘0 ∙ 𝑎 ∙ 𝐵𝑙 [N]                                                                   (27) 

in which: k₀ represents the specific soil resistance to plowing, (2 – 10)·10⁴ [N/m²]; a is the working depth [m]; 

Bl is the total working width of the plow [m]. 

 In figure 3.a, a Python code is presented that allows the calculation and graphical plotting of the 

dependency of the plow's draft resistance on the working depth for different working speeds, and in figure 3.b, 

the same dependency is shown, but for various total working widths of a plow with 5 plowshares and a variable 

working width. 
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 In figure 4.a, a Python code is presented that allows the calculation and 3D plotting of the plow's traction 

resistance as a function of working depth and working speed for a single soil type, while in figure 4.b, the same 

dependence is shown for four soil types with different specific resistances to tillage in the case of a plow with 

5 plowshares and a variable working width. 

     
                                                  a)                                                                                            b) 

Fig. 4 – Python code for determining the 3D variation of the draft force of a plow with 5 plowshares 

 

 The power required to pull the plow during the plowing process is calculated: 

𝑃𝑡 = 𝑘0 ∙ 𝑎 ∙ 𝐵𝑙 ∙ 𝑣𝑙   [W]                                                             (28) 

where vl represents the working speed of the tillage aggregate [m/s]. 

 The energy consumption per unit of processed surface is calculated using the following relation: 

  𝐸ℎ𝑎 =
𝑃𝑡

𝑆ℎ
   [Wh/ha]                                                            (29) 

where Sh represents the working capacity of the plowing aggregate [ha/h]. 

 In figure 5.a, a Python code is presented which, based on relation (29), allows for the calculation and 

graphical plotting of the dependence of energy consumption per unit of worked surface for a plow with 5 

moldboards with variable working width, for different working depths according to the specific resistance to 

plowing, and in figure 5.b, the same dependence is calculated and plotted in 3D. 

        
                                                 a)                                                                                               b) 

Fig. 5 – Python code for determining the variation in energy consumption per unit area worked  

for a plow with 5 moldboards 
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RESULTS 

 Through classical analytical calculation, applying the mathematical models embodied in equations (25) 

and (26), for a plowing unit operating under the conditions given in the first column of Table 1, the optimal 

parameters are obtained, which are found in the second column of the same table. 

                                                                                                                                                                                              Table 1  

The parameters resulting from the calculation for a plowing aggregate composed  
of a tractor A-1800 A and the PSP-5 (35) plow 

The conditions of the plowing aggregate formed by the A-1800 A 

tractor and the PSP-5 (35) plow. 

The parameters of the plowing aggregate 

resulting from the calculation 

The weight of the tractor: Gt=97000 N 

The weight of the plow: Gp=30000 N 

The weight of the aggregate: G=Gt+Gp=127000 N 

𝜏𝑑=0.9;  𝛺=40;  m1=10;  k=35000 N/m2;  f1=0.1;  fv=0.09; 

L=1000 m;  vg=0.5 m/s;  a=0.25 m;   =3000 N·s2/m4 

vopt=2.03 m/s 

Bopt=1.5 m 

 

 

   
a) b)          

 

 
c) 

Fig. 6 – Graphical representation of the dependency of the optimal plowing width on the working speed  

and the travel time utilization coefficient for a plow with 5 moldboards 

 

 Using the calculation algorithms and Python codes presented in figure 2, the optimal values for the 

plow's total working width were calculated and plotted (figure 6.a), as well as the 3D variant of this dependency 

on working speed and the travel time utilization coefficient (d) (figure 6.b). In addition, figure 6.c shows the 3D 

graph of the dependency of the optimal working width on the working speed - with values in the range of 0.5 - 

2.5 m/s - and on the travel time utilization coefficient - with values in the range of 0.7–0.9. 
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                                             a)                                                                                                      b) 

Fig. 7 – Graphical representation of the dependence of the draft force of a plow with 5 moldboards at working 

depth for different working speeds and different total working widths 
 

     
a) b) 

 

c) 

Fig. 8 – Graphical representation of the dependency of the traction force of a plow with 5 plowshares  

on working speed for various working depths and operating speeds 

 

 Using the calculation algorithms and Python codes presented in figure 3.a and figure 3.b, the 

dependence of the plow's draft resistance on working depth was calculated and plotted for different working 

speeds (figure 7.a), as well as the same dependence for various total working widths of a 5-furrow plow with 

variable working width (figure 7.b). It is easy to observe that the plow's draft resistance increases with the 

increase in working depth, for the different working speeds and various total working widths. 
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 The draft force of the plow as its traveling speed increases, with the dependency Rpl=f(vpl) being 

nonlinear (figure 8.a). The increase in draft force is smaller at lower speeds (0.5–2 m/s) and much more 

significant at higher working speeds (2–3.5 m/s). 

 In figure 8.b, the 3D graphical representation of the plows's draft force is shown, with working depth and 

working speed as the independent parameters, for a single type of soil. This was generated using the 

calculation algorithm and the Python program presented in figure 4.a. In figure 8.c, the same dependency is 

displayed, but for four different types of soil, using the calculation algorithm and Python code presented in 

figure 4.b. 

 Using the computational algorithms and the Python code presented in figure 5.a, the dependence based 

on relation (29) of the energy consumption per unit worked area for a plow with 5 moldboards of variable 

working width has been calculated and plotted, for different working depths as a function of the specific tillage 

resistance (different soil types) (figure 9.a). In figure 9.b, the 3D dependence of the energy consumption per 

unit worked area is presented as a function of the independent variables: working depth and specific tillage 

resistance, calculated and generated using the Python code presented in figure 5.b. The energy consumption 

per unit worked area for a plow with 5 moldboards of variable working width increases with an increasing 

working depth. The soil category and its physico-mechanical properties (specific tillage resistance) have a 

significant influence on the mechanical energy consumption. 

          
                                           a)                                                                                                   b) 

Fig. 9 – Graphical representation of the dependency of the traction force of a plow with 5 plowshares on working 

speed for different working depths and operating speeds 

 
 
 

CONCLUSIONS 

  Optimal operation of the implements used for plowing is essential for efficient resource use and cost 

reduction. Fully utilizing the tractor’s engine power and operating the plowing implement at its maximum 

capacity enables an optimal power balance. The optimal operating regime can be determined through 

numerical algorithms based on Lagrange multipliers, using computing programs (Python code in this case). 

To achieve maximum productivity at the engine power level, it is necessary to calculate the optimal working 

speed and optimal working width, depending on the coefficient of utilization of the plowing implement's 

transit time. 
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