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ABSTRACT

Recently, Brazilian agriculture and the mechanization process have been improved and
developed, particularly in sugarcane cultivation. The developed processes should adopt
suitable management practices in terms of the technical, economic, and operational
logistical aspects. As a management tool, the present study aimed to measure the impact
of the accumulated use of harvesters (life in h) and agricultural productivity (Mg - ha*)
on the harvesting operational capacity (HOC). Mathematical modeling was performed on
data obtained from eight sugarcane production units, and equations corresponding to the
HOC as a function of the harvester’s life and the crop agricultural productivity were
developed. The equation that best represented the phenomenon was selected. The values
of the HOC depend on operational conditions and range from (17 to 44) Mg - h%, thereby
demonstrating significant operational and economic discrepancies. When the mean life of
the harvester was 10,000 h and the mean productivity of the cane field was 80.0 Mg - ha’
1 an HOC of 31.7 Mg - h'* was obtained. It was found that agricultural productivity is
directly proportional to the HOC, whereas the harvester’s life is inversely proportional to
the HOC; the parameters are not linear in both cases.

INTRODUCTION

The growing demand for renewable fuels stimulated
by environmental issues has led Brazil to become a major
producer of renewable energy, which is supported by the
wide expansion of sugarcane plantations (Saccharum spp.).
This resulted in almost twice the area being harvested in 12
years, from 5.8 million hectares harvested in 2005 to
approximately 8.4 million in 2019-2020 (Conab, 2020).

During this period, the use of agricultural machinery
was essential to increase the plantation area, with special
emphasis on the harvesting process, which was adapted to
current legal requirements, such as law 11.241/2002. This
law proposes the gradual elimination of sugarcane burning
until 2031, thereby increasing the frequency of using
harvesting equipment and making it necessary to adopt
precise planning and management tools, which were not
used systemically this evolution.

Bochtis et al. (2014) mentioned five tasks involved
in the management of agricultural machinery, namely

capacity planning (strategic level), task planning (tactical
level), scheduling (operational level), path planning
(operational level), and performance evaluation
(evaluation level).

Banchi et al. (2019) stated that the mathematical
modeling of harvesting parameters improves the use of
management tools. Ripoli & Ripoli (2009), corroborated by
Teixeira (2013), studied the harvesting operational capacity
(HOC), which is defined as the amount of work a harvester
can perform as a function of time. Thus, the HOC can be
considered as a management indicator that influences
strategic and tactical levels, which require capacity and task
planning.

Ripoli & Ripoli (2009) reported that different factors
affect the HOC, including operation management and
agronomic, environmental, and technical conditions.

When studying the efficiency of forest harvesters in
Nordic countries, Bergstrom et al. (2016) demonstrated that
although the HOC is not influenced by the configuration of
the plots, it corresponds to forest productivity. Bastos et al.
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(2016) confirm this by reporting that an increase in the cane
field productivity increases the HOC.

Ebadian et al., (2018) verified the parameters that
influence the yield of bush willow crops (Salix L.).
Similarly, when studying operational capacity in the
harvesting of hybrid poplar (Populus L.), Eisenbies et al.
(2017) found that crop productivity is the factor that has
the greatest impact on operational capacity. Mathanker et
al. (2015), Banchi et al. (2016), and Cervi et al. (2015)
have corroborated this statement in similar sugarcane
cultivation studies.

In addition to crop productivity, Hong et al. (2018)
reported that mechanical wear of the equipment is another
factor affecting the operational capacity. They stated that
wear-related failures occur if it is not maintained well.
Banchi et al. (2016) corroborated this statement by
demonstrating that the time spent on maintenance increases
with an increase in the fleet’s accumulated life.

Although the HOC, life of a machine, and
agricultural productivity correlate, these parameters must be
measured and improved while considering multivariable
functions, i.e., independent parameters. Thus, the objective
of this study was to evaluate the influence of agricultural
productivity and operating life on the HOC of mechanized
self-propelled sugarcane harvesters by parameterizing a
mathematical model.

MATERIAL AND METHODS

The data for this research were collected every
month over four years using a fleet management software
(SISMA®) in six sugarcane production units with different
crushing capacities (total cane harvested). The units were
located in the southern-central region of Brazil.

The data were imported from the databases of the
registration systems and transferred to spreadsheets; the
variables were sugarcane production unit, manufacturer, and
year of manufacture. The information collection cycle began
after the harvester finished loading one wagon, using the
harvester and wagon registering in this process. Then, the
wagon was moved to the transfer yard. The load was
transferred to the back of the road truck, which was later moved
to the industrial unit’s unloading yard. Here, it was weighed
before and after entering to determine the liquid load.

The production unit, equipment used (model, fleet
number, accumulated life, monthly use, and HOC), year and
month of the report, and agricultural productivity of the
cane field information was collected for the study.

To obtain the HOC as a function of the crop’s
agricultural productivity and the harvester’s life, eight
mathematical models (equations 1-8) were analyzed.

HOC=a—-cxy®—dxxP? (1)
HOC=a—ie—d><xb 2)
y
— b _C
HOC =a—x 5 3)
HOC = 635 —x" - =< (@)
y
HOC =a+bXx+cXy (5)

HOC=a+bxx+cxx’+dxy+exy?+fxyxx (6)
HOC =a+y°—xP )
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HOC=a—xxlog(b)+§ (8)
In which:

HOC - harvesting operational capacity (Mg - h™');

X - accumulated life of the equipment (h);

y - productivity of the cane field (Mg - ha™');

a - maximum HOC (Mg - h™1);

b, ¢, d, e - constants fitted when modeling the data.

Mathematical concepts based on mechanical and
agronomic parameters were used to define the
aforementioned eight equations. Therefore, the equations
emphasize that the HOC is directly proportional to
agricultural productivity but not linear because the
harvesting equipment demonstrate a mechanical limitation.
In addition, the life parameter is inversely proportional to
productivity but not linear owing to the mechanical and
hydraulic wear of the equipment, which are not constant over
its life. As the equations are empirical equations, eight models
containing the aforementioned parameters were tested.

In equation 4, parameter “a” of equation 3 was
replaced with a constant that represents the maximum HOC
(optimal conditions of agricultural productivity and high
speed). The other parameters are constants that were fitted
when modeling the data. In equation 9, parameter “a” is
obtained as a function of agricultural productivity, speed,
cutting width, and elevator efficiency; the last parameter is
influenced by the time dedicated to auxiliary operations.

4
a=TCH><E><W><E ©)

In which:
V - maximum average velocity (km - h%);

TCH - potential agricultural productivity of the crop
(Mg - ha");

W - cutting width (m);
*E - elevator efficiency (%).

*Note: Elevator efficiency is the running time of the
elevator divided by the running time of the engine.

Based on the history obtained from the harvesters’
on-board computers, plant records, and practical field
knowledge, a maximum operating speed of 5.5 km - h?,
potential agricultural productivity of 140 Mg - ha'!, cutting
width of 1.5 m, and an elevator efficiency of 55% were
adopted; the latter because the elevator is turned off during
a part of the harvester’s operating time for maneuvers and
other auxiliary operations. By replacing the values in
equation 9, a = 63.5.

The model parameters were defined based on
multiple nonlinear regression using MATLAB® software.
After parameterization, the models obtained were
statistically analyzed using the methodology recommended
by Montgomery & Runger (2009). They adopted the
ANOVA Table, which is based on the “Test F” hypothesis
test, residual graphs, coefficient of determination (R?),
Akaike information criterion (AIC), and Bayesian
information criterion (BIC). According to Motulsky &
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Christopoulos (2003), these measures determine the model
with the best fit and how well each model fits. In addition
to these measures, the coefficient of determination (R2) was
also considered. It is obtained when the least squares
method is used, which is suitable for many applications,
particularly those involving continuous data.

RESULTS AND DISCUSSION

The study included two different models of
harvesters, with years of manufacturing varying between

2010 and 2015, and life in hours varying between 0 and
21,000 h. The models had a treadmill-type rolling system
with a single cutting line and engine power ranging from
(251 to 260) kW.

A summary of the agronomic characteristics and
equipment used in the six production units investigated is
presented in Table 1, which presents data on the number of
harvesters in terms of the manufacturer, their mean life in
hours and age in years, and the cane field’s annual
production and agricultural productivity.

TABLE 1. Summary of data collected in the sugarcane production units (2015 basis).

. Quantity of equipment Mean life Age Area  Annual production Productivity

on Manufacturer 1~ Manufacturer 2 Total (h) (years) (ha) (Mg) (Mg - hat)

A 21 17 38 6,548 2 38,578 3,421,874 88.7

B 10 16 26 6,525 2 27,931 2,135,049 76.4

C 20 6 26 6,591 2 28,290 2,481,611 87.7

D 14 13 27 10,457 4 30,907 2,700,000 87.4

E 17 27 44 7,767 4 41,276 3,482,881 84.4

F 17 8 25 7,260 4 24,404 2,047,533 83.9
Mean 7,525 3 84.7
S.D. 1,388 1.00 4.12
C.V. 18.4 33.3 49

Note: S.D. — Standard deviation; C.V. — Coefficient of Variation

The eqgs 1 to 8 were applied to the database, which consists of more than 16,000 records obtained from the production
units studied, and the parameters of all the mathematical models were determined using non-linear regression tools.
The parameters obtained from each model and statistical analysis are presented in Table 2.

TABLE 2. Parameters of the models tested.

Model Perameters Homog. Sh\favri)llﬁo_ R(%) R2(%) AIC BIC
a b c d e f  (p-value) (p-value)
1 83075 0155 792140 5862 -0.769 s S 529 280 6873 6,902
2 83075 0155 792140 5861 -0.769 S 532 283 6873 6,902
3 63.880  0.302  1300.000 NS S 771 594 5853 5872
4 0.308  1188.000 NS S  8L7 668 4087 4114
5 17250  -0.001  0.236 NS S 613 376 6684 6704
6 3691  -0.001 0000 0643 0002 0000 S S 635 403 6637 6,674
7 22960 0300 0725 NS NS 709 502 5676 5696
8 55360  1.001  -0.001 NS S 626 392 665 6,676

Note: Homog. - homogeneity; S - significant; NS - not significant.
The following are the data listed in Table 2:

Model - mathematical description being tested,;

Parameters - dependent and independent variables;

— p-value of homogeneity - statistical index;

— p-value of normality (Shapiro-WilKk) - statistical index;

— R2 - coefficient of determination;

— AIC - Akaike information criterion

— BIC - Bayesian information criterion
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Based on the R?, AIC, and BIC, equation 4 was
chosen because it demonstrated a better fit with an R? of
66.8%, a lower AIC and BIC of 4,087 and 4,114,
respectively, and satisfying the homogeneity criterion.
The other models were not chosen because of their lower
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R? and higher AIC and BIC.

The tests for homoscedasticity, independence, and
normality were performed to evaluate the suitability of
equation 4, and the corresponding results are presented in
Figure 1.

B justed walues

HOMOSCEDASTICITY TEST
(@)

Adjusted valyes

INDEPENDENCE TEST
(b)

a ———

r: I_ ol . a - —ty
Normal funckan of probabilny - Kolmogaroy - Smilnn
NORMALITY TEST

(C)

FIGURE 1. Analysis of equation 4.(a) Residue versus fitted values. (b) Residue versus order of collection of the data. (c)

Cumulative function versus empirical function.

Figure 1(a) (homoscedasticity test) shows that the
graph did not follow a random distribution with a mean of
zero and constant amplitude, i.e., the assumption of
homogeneity of variance was satisfied. Figure 1(b)
(independence test) shows that the order of collection does
not influence the dataset, i.e., the assumption that the errors
are independent was satisfied. Figure 1(c) (normality test)
shows a small difference between the empirical and
theoretical distributions, i.e., the residues followed a normal
distribution. Therefore, the equation of the chosen model
can be defined as follows:

1188
y

HOC = 63.5 — x030% — (10)

In which:

HOC - harvesting operational capacity (Mg - h);

63.5 - constant corresponding to the maximum HOC,;

X = Accumulated life of the equipment (h);y =
productivity of the can field (Mg - ha't).

In the Likelihood Ratio test, where the hypothesis
of using the same parameters b and c for all production
units was verified, it was found that the p-value was 2.2
16, Thus, hypothesis HO is rejected and, consequently,
hypothesis H1 is accepted. Therefore, each sugarcane
production unit must be assigned individual parameters b
and c using, the mean of the parameters in the absence of
the unit under study.

To verify and fit equation 10, the HOC was
simulated based on the actual capacity of five sugarcane
production units in the database (Figure 2).
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FIGURE 2. Estimation of HOC based on the actual capacity. (a) Overall. (b) Unit G-B. (c) Unit G—E. (d) Unit G—F. (¢) Unit

G—G. (f) Unit G-1.

The parameters b and ¢ of equation 10 were obtained for each sugarcane production unit in the database using MATLAB

software; the lowest and highest values observed are shown in bold (Table 3).

TABLE 3. Parameters b and c of equation 4 for each sugarcane production unit.

Unit Parameters Homog. Shapiro-Wilk test R? AlC BIC
b c (p-value) (p-value) (%)
A 0.2890 1,354 0.0123 0.2542 67.7 1,230 1,240
B 0.3188 1,372 0.0436 0.5182 81 301 307
C 0.3298 1,040 0.0986 0.0032 61.4 871 880
D 0.3341 645 0.0033 0.0831 63 421 428
E 0.2767 1,876 0.0230 0.0950 52.5 560 590
F 0.2713 2,047 0.7069 0.4477 71.8 121 125
Mean 0.3033 1,389 0.14795 0.23357 66.2 584 595
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The variation in parameter ¢ was due to the high
variability of the Brazilian productive environment, where
the soils exhibit high and low agricultural productivity
ranging from (40 to 140) Mg - hal. In addition to
agricultural productivity, management and systematization
differ from one plant to another and influence the
parameters of the HOC model.

Figure 3 shows a relationship between the HOC
estimated by equation 10 with the mean of the parameters

606

of the sugarcane production units and actual HOC because
R2 was between 74.4% and 56.3%. It is recommended that

each unit be assigned its own parameters b and c, but in their
absence, the mean of the parameters may be used.

Using the mean of all the sugarcane production unit
parameters, a response surface was generated for equation
10 (Figure 3) by considering the HOC as a function of the
machine’s operating life and sugarcane field agricultural
productivity.

a »
& © -1
oy B
U o
o " &
. 2

o ‘ K

I | -

" . B

yield of sugarcane (Mg ha™) Lifetime of the machine (h) Lifetime of the machme (h)

()

(®)

FIGURE 3. Response surface of equation 4. (a) HOC as a function of the machine’s operating life and sugarcane field agricultural
productivity in 3D. (b) HOC as a function of the machine’s operating life and sugarcane field agricultural productivity.

Banchi et al. (2016) and Cervi et al. (2015) stated
that the HOC is directly proportional to the productivity of
the harvested area. Figure 3 shows that the HOC is directly
proportional to the sugarcane field agricultural
productivity, corroborating the aforementioned studies. In
addition, Figure 3 shows that the HOC is inversely
proportional to the machine’s operating life. Thus,

the relationship between HOC and variables studied is
not linear.

By using equation 10 and parameters b = 0.3075 and
c = 1188 of equation 4 (Table 2), a simulation was
performed by considering the HOC as a function of the
machine’s operating life and the sugarcane field agricultural
productivity. Thus, a matrix was generated (Table 4).

TABLE 4. Matrix of HOC (Mg - h'l) as a function of the machine’s operating life (h) and sugarcane field agricultural productivity

(Mg - ha'h).
HOC (Mg - h'})
Life— x (h) Productivity —y (Mg - hal)

50 60 70 80 90 100 110 120 130 Mean
2,000 29.4 33.3 36.2 38.3 39.9 41.3 42.3 43.2 44.0 38.7
4,000 26.9 30.9 33.7 35.8 375 38.8 39.9 40.8 415 36.2
6,000 25.2 29.2 32.0 34.1 35.8 37.1 38.2 39.1 39.8 34.5
8,000 23.9 27.8 30.7 32.8 34.4 35.8 36.8 37.7 38.5 33.2
10,000 22.8 26.7 29.5 31.7 33.3 34.6 35.7 36.6 37.4 32.0
12,000 21.8 25.7 28.6 30.7 32.3 33.7 34.7 35.6 36.4 311
14,000 20.9 24.9 21.7 29.8 315 32.8 33.9 34.8 35.5 30.2
16,000 20.1 24.1 26.9 29.0 30.7 32.0 33.1 34.0 34.7 29.4
18,000 194 23.4 26.2 28.3 30.0 31.3 32.4 33.3 34.0 28.7
20,000 18.7 22.7 25.5 27.6 29.3 30.6 31.7 32.6 33.3 28.0
22,000 18.1 22.1 24.9 27.0 28.7 30.0 31.1 32.0 32.7 27.4
24,000 175 215 24.3 26.4 28.1 29.4 30.5 314 32.1 26.8
26,000 17.0 20.9 23.7 25.9 27.5 28.8 29.9 30.8 31.6 26.2
Mean 21.7 25.6 28.5 30.6 32.2 335 34.6 35.5 36.3 30.9
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The HOC varies between 17.0 Mg - h't and 44.0
Mg - h' for an operating life between 0 h and 26,000 h
and an agricultural productivity between 50 Mg - ha*and
130 Mg - ha?, with a mean value of 34.1 Mg - h'* for 6,000
h of operating life and an agricultural productivity of 80
Mg - hal. These values corroborate those reported by
Ripoli & Ripoli (2009), whose experiment resulted in a
HOC ranging from (28.0 to 35.0) Mg - h'%. By varying the
agricultural productivity from (63 to 95) Mg - ha'l, the
results reported in this study corroborate those of
Teixeira (2013), who studied the HOC by agricultural
productivity range, and obtaining a mean HOC of 24.2
Mg - h' for a productivity range between 71 Mg - ha and
100 Mg - ha', and 31.0 Mg - h™? for a productivity range
between 101 Mg - hatand 135 Mg - ha™.

Ripoli & Ripoli (2009) reported that while the HOC
is dependent on the speed of operation and the system’s
management, it is primarily dependent on the crop’s
agricultural productivity (Mg - ha') and harvester’s age (life
in h). This was confirmed by Bastos et al. (2016), who
varied the productivity from (73.4 to 99.5) Mg - h** and
obtained a 31.5% increase in the HOC.

The HOC results obtained in this study are similar to
those of Mathanker et al. (2015), who obtained an HOC of
30.0 Mg - h'! at a speed of 5.0 km - hL,

From Table 4, it can be observed that the
percentage variation of HOC as a function of harvester’s
life reaches 40% with a mean value ranging from (38.7 to
26.2) Mg - h', The estimation of HOC while considering an
initial productivity of 50 Mg - haand a final productivity
of 130 Mg - ha? resulted in a variation of 47%, thereby
demonstrating that the HOC is significantly influenced by
the two parameters analyzed.

According to American Society of Agricultural and
Biological Engineers (ASABE) (ASAE D496.3, 2011), the
HOC is defined in terms of cutting speed (km - h™%), cutting
width (m), field efficiency, and crop productivity (Mg - hal).
When comparing the parameters adopted by ASABE
(ASAE D496.3, 2011) with those of equation 10 (Figure 3),
three differences may be noted. The first refers to the
lifetime of the equipment; according to Hong et al. (2018)
and confirmed by the data presented in Table 4, this
parameter significantly influences the HOC because with
the accumulation of worked hours, the equipment suffers
mechanical wear that affects the recovery of its cutting
speed. In addition, the HOC equation proposed by ASABE
(ASAE D496.3, 2011) is not specific to the cultivation of
sugarcane. Further, it represents linearity, i.e., this equation
does not consider the limitation of harvest depending on the
productivity of the sugarcane field and equipment.

Several studies, such as Ripoli & Ripoli (2009),
Banchi et al. (2012), Teixeira (2013), and Ramos et al.
(2016), report that the HOC may be influenced by various
aspects, such as agronomic (crop’s agricultural
productivity), operational (speed and skill of the operator),
or agricultural systematization (parallelism between
planting lines, line lengths, and topography). Furthermore,
this study confirms that the mechanical condition of the
harvester is an additional aspect, which is, in turn,
influenced by the harvester’s age (life in h).

CONCLUSIONS

Several equations for modeling the HOC of
sugarcane harvesters were proposed, and the most
appropriate model was identified. Thus, it was noted that
HOC is influenced by the agricultural productivity and life
of the harvester. Further, the HOC can affect the decisions
corresponding to harvest management.

Because of the variation in the amplitude of HOC
according to the agronomic and mechanical conditions of
the equipment, it is concluded that the model should be
validated for each case, but in the absence of a specific
model, the model proposed in this study can be used.

The relationship between the HOC and agricultural
productivity was observed to be directly proportional but
not linear owing to mechanical limitations of the harvester.
Further, the HOC is inversely proportional to the life of the
equipment but not linear.

The model established in this study was
multivariable, as it was based on independent variables such
as the life of the equipment and agricultural productivity.
Although the proposed model represents the HOC and its
variations, future studies may improve the model by
including other factors.
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