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The article provides a theoretical substantiation of the rational operating speed of a machine-tractor unit based
on a comprehensive consideration of traction, energy, and technological performance indicators. The influence of
operating speed on draft resistance, required drawbar power, field capacity, wheel slip, traction efficiency, hourly and
specific fuel consumption, and specific energy consumption is determined. A generalized mathematical model of the draft
resistance of an agricultural machine is proposed, in which the total resistance is divided into static and dynamic
components while accounting for operating speed, working width, and tillage depth. The dynamic component of draft
resistance is represented by a power-law dependence on operating speed, which makes it possible to describe the
nonlinear increase in energy demand as the travel speed of the unit increases. Analytical relationships are obtained for
determining drawbar power, theoretical and actual field capacity, wheel slip coefficient, traction efficiency, fuel
consumption, and specific energy consumption. Numerical simulation demonstrates that an increase in operating speed
improves field capacity only up to a certain limit, beyond which the increasing dynamic component of draft resistance,
wheel slip, and power demand leads to deterioration in energy performance. The existence of a rational speed range is
substantiated, within which a favorable balance between field capacity, fuel efficiency, specific energy consumption, and
the required quality of the technological operation can be achieved. A criterion-based approach to selecting the rational
operating speed is proposed. It is based on maximizing actual field capacity subject to specified constraints on specific
fuel consumption, wheel slip, available drawbar power, and technological quality. The obtained theoretical relationships
and simulation results can be used to substantiate operating modes of machine-tractor units, improve the efficiency of
tractor—implement matching, and reduce energy consumption during mechanized agricultural operations.

Keywords: machine-tractor unit, operating speed, draft resistance, drawbar power, field capacity,
specific fuel consumption, energy efficiency, wheel slip, specific energy consumption, rational operating mode.

Eq. 17. Fig. 7. Table. 2. Ref. 10.

1. Problem formulation

The efficiency of agricultural machinery usage is largely determined by the well-founded selection of
operating modes for the tractor-implement unit. Among operational parameters, working speed plays a pivotal
role, as it is directly linked to productivity, draft load, required engine power, fuel consumption, and the quality
of the technological operation.

As the unit's travel speed increases, its theoretical productivity generally rises. At the same time,
however, the draft resistance of the implement, drive-mechanism slippage, and the demand for draft power
may also increase. Studies on tractor draft characteristics confirm that speed is a key parameter for evaluating
the efficiency of power transmission from the engine to the working tool and the soil [1].

It is particularly important to determine not the maximum possible speed, but rather an optimal speed
that ensures the required quality of the technological operation while minimizing energy expenditure. This
approach aligns with the modern trend of optimizing agricultural machinery performance based on actual data
regarding load, fuel consumption, and productivity [2; 3].

2. Analysis of recent research and publications

The impact of travel speed on the operational and energy characteristics of tractor-implement units has
been investigated by numerous researchers. Md-Tahir et al. experimentally established the relationships
between speed, draft force, wheel slip, drawbar power, fuel consumption, and productivity during tillage
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operations [1]. Kim et al. demonstrated that the choice of gear and corresponding speed significantly affects
the mechanical load on the engine and the tractor's fuel efficiency [2].

Pitla et al. proposed an approach for assessing actual tractor loads under field conditions using CAN-bus
data [3]. Pento§ employed soft computing methods to analyze tractor traction characteristics under various soil
conditions [4]. Studies modeling draft force during plowing have established that the draft load is determined by
the interaction of tillage depth, soil properties, and travel speed [5]. Kuvaev et al. examined the interrelationships
among working width, draft resistance, speed, productivity, and specific fuel consumption [6].

Despite the substantial body of experimental research, the literature lacks generalized theoretical models
capable of simultaneously analyzing the impact of speed on draft resistance, power, productivity, fuel consumption,
wheel slip, and work quality. It is precisely this gap that underscores the relevance of the present study.

3. The purpose of the article

The aim of the study is to provide a theoretical basis for the patterns governing the influence of the
machine-tractor unit's travel speed on key energy and operational performance indicators, and to establish a
criterion-based approach for determining the optimal speed regime.

To achieve this aim, the following steps are required:

— develop a mathematical model of draft resistance, distinguishing between static and dynamic components;

— derive analytical relationships expressing draft power, productivity, and specific fuel consumption as functions of speed;

— investigate the impact of speed on wheel slip and traction efficiency;

— conduct numerical modeling and generate graphical and tabular representations of the relationships;

— formulate a criterion for selecting the optimal operating regime for the machine-tractor unit.

4. Results and discussion
The draft resistance of an agricultural machine is a function of the design of the working elements, the
working width, the tillage depth, the physical-mechanical properties of the soil, and the travel speed. In general
terms, it can be expressed as the sum of static (speed-independent) and dynamic (speed-dependent) components:
R(V, h, B) = Ro(h, B) + RO(V, h, B), (1)
where Ro is the static component, kN; Rd is the dynamic component, kN; h is the tillage depth, m; B
is the working width, m; and V is the operating speed, m/s (or km/h).
The static component for tillage implements is often approximated by a linear relationship with depth and width:
Ro = (ao + h)B, (2)
where a0 and a: are empirical coefficients depending on the soil type and the design of the working elements.
The dynamic component is caused by inertial forces and the increase in resistance associated with the
more rapid breakdown of soil aggregates. As a first approximation, it can be described by a quadratic
relationship with respect to speed:

RO = kB-1", (3)
where k is the dynamic resistance coefficient; n is the exponent (typically n =~ 1.5-2.5). For generalized
calculations, n = 2 is often assumed:
Ri=Ro+ k> 4)
Figure 1 clearly illustrates the structure of tractive resistance, showing that the share of the dynamic
component increases significantly as speed rises.
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Fig. 1. Structure of tractive resistance: static (Ro) and dynamic (kV?) components.
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The required tractive power is determined by the product of tractive resistance and speed:
N:=(R:-V)/3,6=(RoV+kV?/36, (5)
where N, is the tractive power (kW) and V is the speed (km/h). The expression shows that power
depends on speed raised to both the first and third powers. Therefore, even a moderate increase in speed—
given a significant dynamic component—Ieads to a sharp rise in power demand.
Under conditions of constant resistance (k = 0), doubling the speed requires approximately doubling
the tractive power. If k > 0, however, the actual demand increases even more sharply [8].
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Fig. 2. Dependence of draft resistance and draft power on travel speed

For a comprehensive analysis of the impact of tillage speed and depth, we will use the following model:

R(V, h) = (a0 + arh) + k-V> (6)

The spatial surface constructed according to this dependence (Fig. 3) shows that the largest values of

traction resistance correspond to a simultaneous increase in speed and depth. This confirms the need for
comprehensive consideration of both parameters when choosing the operating mode.
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Fig. 3. Spatial dependence of draft resistance on speed and tillage depth

The theoretical productivity of the machine-tractor unit is determined as:

W,=01-B-V-1, (7)
where W, is the theoretical productivity, ha/h; B is the working width, m; V is the speed, km/h; and 7 is the
shift time utilization coefficient (0.7-0.85).

Actual productivity accounts for losses due to wheel slip:

Wp=W,-(1-06)=01-B-V-t-(1—9), (8)
where 9§ is the slip coefficient (expressed as a fraction of unity).
The slip coefficient is determined by the formula:

0=Vo—=V)/ Vo, 9)
where Vo is the theoretical speed without wheel slip. To approximate the relationship d(V) in the

calculations, an increasing power function was used, reflecting the increase in wheel slip as the tractive load rises:
o(V) = o + a(V = Vi)™, (10)

The traction efficiency coefficient can be estimated as:
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ni=no - (1= f0), (11)
where 1o is the base efficiency of the transmission and propulsion units, and f is the slip influence coefficient.
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Fig. 4. Effect of speed on the slip coefficient and tractive efficiency

Hourly fuel consumption can be approximated by a linear relationship with effective power:
G=Go+cN,=Go+cNi/n, (12)
where Go is the idling fuel consumption, kg/h; c is the specific fuel consumption, kg/(KW-h).
Specific fuel consumption per unit area:

20 =G/ We. (13)
Specific energy consumption (kWh/ha) is defined as:
E =N,/ Wg. (14)

The dependencies of productivity, specific fuel consumption, and specific energy consumption on
speed are shown in Figs. 5 and 6. A zone where specific indicators reach a minimum is evident; this zone
corresponds to the rational speed range.
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Fig. 5. Dependence of actual productivity and specific fuel consumption on speed
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The diagram of forces acting on the mobile power unit during motion is shown in Fig. 7. The
equilibrium condition for tractive forces is:

F[ER[‘i‘Fp, (15)
where F, is the tractor's realized tractive effort; Fp is the tractor's rolling resistance.
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Fig. 7. Diagram of a machine-tractor unit and the main forces acting during movement

To illustrate the proposed relationships, numerical modeling was performed using the following initial
data: working width B = 3.6 m; time utilization factor t = 0.78; static resistance component Ro = 11.5 kN;
dynamic resistance coefficient k = 0.16; and slip parameters selected such that at V = 10 km/h, & = 12-14%.
The calculation results are summarized in Table 1.

Table 1.
Calculated values of key MTU performance indicators versus speed
V, R, kH N, KBT Wo, 0, % G, kr/ron | gp, Kr/ra E,
KM/T0J ra/roj kBT roa/ra

4,0 14,1 15,6 1,08 3,0 7,6 7,1 14,5
5,0 15,5 21,5 1,33 4,2 8,9 6,7 16,2
6,0 17,3 28,8 1,57 5,6 10,5 6,7 18,4
7,0 19,3 37,6 1,79 7,2 12,5 7,0 21,0
8,0 21,7 48,3 1,99 9,0 14,8 7,4 24,3
9,0 24,5 61,1 2,16 11,1 17,6 8,2 28,3
10,0 27,5 76,4 2,30 13,4 21,0 9,1 33,2
11,0 30,9 94,3 2,41 16,0 24,9 10,3 39,1
12,0 34,5 115,1 2,49 18,8 29,5 11,9 46,2

Table 1 shows that minimum specific fuel consumption values (approximately 6.7 kg/ha) occur in the
speed range of 5-6 km/h. However, productivity is relatively low in this range. In the 7-8 km/h range, an
acceptable level of specific fuel consumption (7.0-7.4 kg/ha) is maintained, accompanied by significantly
higher productivity and wheel slip that remains within permissible limits (& < 10%). Any further increase in
speed leads to a rapid rise in both specific fuel consumption and wheel slip.

Table 2 presents the effect of tillage depth on draft resistance at a constant speed of V = 8 km/h.

Table 2.
Effect of tillage depth on draft resistance (V = 8 km/h
I'nu6una h, cm Ro, kH Rna, kH Ry, kH
12 9,4 10,2 19,6
16 11,2 10,2 21,4
20 13,0 10,2 23,2
24 14,8 10,2 25,0
28 16,6 10,2 26,8

Based on the analysis performed, the problem of selecting the optimal speed can be formulated as a
constrained optimization problem:
Vonm = arg max Weh(V), (16)
under the conditions of:
2(V) <goon, (V) <ooon, Q(V)>Qoon, N(V)<Nm.oon, a7
where g perm is the permissible specific fuel consumption; § perm is the permissible wheel slip
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(typically 12-15%); Q is the generalized quality indicator of the technological operation; and N_t.perm is the
permissible tractor drawbar power.

The quality of the technological operation Q(V) for various machines may encompass depth
uniformity, the degree of soil pulverization, seed distribution uniformity, and so forth. Excessive speed
generally leads to a decline in quality; therefore, the constraint Q(V) > Q_perm is mandatory.

Based on the simulation results for the example under consideration, the optimal speed range is
approximately 6.5-8.5 km/h. This range ensures a balance of high productivity, acceptable specific fuel
consumption, and permissible wheel slip.

5. Conclusion

1. A generalized mathematical model of the tractive resistance of a mobile machinery unit (MMU)
has been developed, distinguishing between static and dynamic components; this enables the analysis of
speed's influence on energy performance indicators.

2. Analytical relationships have been derived expressing tractive power, actual productivity, specific
fuel consumption, the wheel slip ratio, and specific energy consumption as functions of travel speed.

3. Numerical modeling revealed the existence of an optimal speed range (6.5-8.5 km/h in the case
study) that achieves a balance between productivity, energy consumption, and wheel slip.

4. A criterion-based approach to selecting the optimal speed has been proposed, formulated as a
constrained optimization problem involving limits on specific fuel consumption, wheel slip, work quality, and
tractor power.

5. Future research should focus on the experimental identification of model coefficients for specific
types of machinery and soil conditions, as well as on integrating the proposed approach into MMU onboard
monitoring systems.
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OBIPYHTYBAHHS PAIOHAJIBHOT'O IBUAKICHOT'O PEKUMY MAIIMHHO-
TPAKTOPHOI'O ATPEI'ATY 3A TATI'OBO-EHEPTETUYHUMMU TA TEXHOJIOI'TYHUMH
IHOKA3ZHUKAMM

Y cmammi meopemuyno 00rpynmosano payionanbHuti W8UOKICHUU PedCUM MAUUHHO-MPAKMOPHO20
azpezamy 3 ypaxy8aHHAM KOMNIEKCY MA2060-€HEPIeMUYHUX | MEeXHOIO02TYHUX NOKA3HUKI6. Bcmanoeneno
Xapaxkmep 6naugy pobouoi weuoKocmi Ha MmA206Ull ONip, HeoOXIOHY MA208Y NOMYICHICMb, NPOOYKMUBHICMb,
OyKCYy8aHHs pywiiie, ms208y epekmusHicmos, 200UHHY mMA NUMOMY Sumpamy Rnamea i nUmomi
eHepeosumpamu.  3anpOnOHOBAHO  V3A2ANbHEHY — MAMEMAMUYHYy  MOOelb  MA208020  ONOPY
CLIbCHKO20CNOOAPCHKOT MAWUHY, SIKA nepedbayae 1020 nodil HA CMAMUYHY Ma OUHAMIYHY CKIA008i ma
8PAX0BYE BNIUE WBUOKOCHI PYXY, WUPUHU 3axX8amy I enubuHu 0opobimky. Junamiuny cknadogy msmaeo6020
ONopy NpeodCmasieHo CMeNneHeso 3aNeNHCHICMI0 8I0 WEUOKOCHI, Wo 0ac 3Mo2y 8i0obpazumu HeuiHitiHe
3POCMAHHA  eHepeemUdH020 HABAHMAICEHHs 3i 30IMbWeHHAM weuoKocmi pyxy aepezamy. Ompumano
AHATIMUYHE  3Q7IeHCHOCIE O BUSHAYEHHS MA2080I NOMYICHOCMI, meopemudHoi ma @Gakxmuunol
npooyKkmugHocmi, Koeghiyicuma OYKCY8AHHA, MA2080i epexmusHocmi, sumpamu naiuéa ma NUMOMUX
eHepzosumpam. 3a pe3yIbmamamy YuceIbHo20 MOOEMO8AHH GCMANHOBIEHO, WO NIOGUWEHHS WBUOKOCHI
3abe3neyye 3p0CManHs nPOOYKMUSHOCII iuuie 00 NeGHOL MedICi, Nic/i AKoT 30inbuenHs OUHAMIYHOL CKIA0080T
onopy, Oykcyeanns ma nompebu 6 NOMYICHOCMI NPU3B00UmMs 00 NOZIPULEHHS eHepeemUuiYHUX NOKA3HUKIS.
O6rpyHmosano HAAGHICMb PAYiOHANLHO2O OIANA30HY WEUOKOCMEl, V Medcax sKo20 3a6e3nedyemvcs
Cnpusimauee CnieBIOHOUEHHS. MIJIC RPOOYKMUGHICIIO, NAAUGHOI0 eKOHOMIYHICTIO, eHepeosumpamamu ma
AKICMIO GUKOHAHHSL MEXHOA02IUHOI onepayii. 3anponoHosano KpumepiaibHull nioxio 00 6ubopy ueuoKicho2o
pedxcumy, wo nepeobaiac Makcumizayiro QaKmuyHoi npooyKmueHOCMI 3a 6CMAHOBIEHUX 00MeHCeHb W00
NUMOMOI 8UMpamu NaIued, OYKCY8AHHS, MA2080I NOMYNHCHOCMI Ma MeXHOI02iuHoI aKkocmi. Ompumani
pe3yiomamu  Modcymes Oymu  GUKOpUCMaHi O  OOIPYHMYBAHHSA PedCUMI8 eKCHiyamayii MauunHoO-
MPAKmMoOpHUX azpe2amié ma RNIOBUWEHHS eHepPeemUYHOI eheKmMUBHOCMI MeXaHi308aAHUX MEXHON02IUHUX
onepayiil y CiibCbK020CH00APCbKOMY UPOOHUYMEI.

Kniouosi cnosa: mawunno-mpaxmopnuii azpecam, poooua weuOKicms, ma208Ull Onip, ms2o8a
NOMYACHICMb, NPOOYKMUBHICMb, NUMOMA SUMPAMA NAIUBA, eHepeoeheKmuHicmy, OYKCY8AHHA, NUMOMI
EHEepP2oBUMPAMU, PAYIOHANLHUL PENHCUM.
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