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Abstract

In this work, the load spectra acting in the vertical direction on the hub carriers and in
the horizontal longitudinal direction on the drawbar of a trailed variable chamber round
baler were evaluated. To this end, each hub carrier was instrumented with appropriately
calibrated strain gauge bridges. Similarly, the baler was equipped with a dynamometric
towing pin, instrumented with strain gauge sensors and calibrated in the laboratory, which
replaced the original pin connecting the baler and the tractor during the in-field load
acquisitions. In both cases, the calibration tests returned the relationship between applied
forces and output signals of the strain gauge bridges. Multiple in-field load acquisitions
were carried out under typical maneuvers and operating conditions. The synchronous
acquisition of a video via an onboard camera and Global Positioning System (GPS) signal
allowed to observe the behaviour of the baler in correspondence of particular trends of the
vertical and horizontal loads and to point out the most demanding maneuver in view of the
fatigue resistance of the baler. Finally, through the application of a rainflow cycle counting
algorithm according to ASTM E1049-85, the load spectrum for each maneuver was derived.

Keywords: agricultural machinery; instrumentation; strain gauges; in-field loads; load spectra

1. Introduction

Fuel consumption represents one of the main costs for agricultural companies [1-3].
Being able to measure the external loads to which an agricultural machine is subjected
during usage may contribute to avoid unnecessary over-sizing and, consequently, to reduce
fuel consumption. Many authors have used commercial load cells to measure the external
loads of agricultural machinery [4-8]. Other authors used properly calibrated strain gauge
bridges to correlate the measured strains to the applied forces [9-24]. Szusta et al. [25]
determined the operational loads during a grass-cutting process on a green harvesting
machine using strain gauges placed in stress concentration regions. Khan et al. [26] devel-
oped an instrumented connection between the tractor and agricultural equipment that was
capable of measuring draught and vertical forces up to 20 kN. The system showed high
linearity between the output of the strain gauges and the applied forces. Kosti¢ et al. [27]
developed a three-point hitch equipped with a force transducer to measure the horizontal
towing loads between the tractor and the driven agricultural implement during soil tillage
operations. The authors measured towing loads up to 16.0 kN and 19.9 kN on partially
tilled and untilled fields, respectively. Some investigations focused on the loads acting on
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the bearings of the tractor’s Power Take-off (PTO) [28-30]. In particular, Hensh at al. [30]
developed an octagonal ring dynamometer [31], consisting of eight strain gauges connected
to form two complete Wheatstone bridges, and measured the axial and radial loads acting
on the outer-side ball bearing supporting the PTO shaft. A dedicated PTO shaft for acquisi-
tions was designed. The authors demonstrated that the depth of soil tillage, the size of the
agricultural implement wheels, and the PTO transmission ratio settings influenced both the
radial and axial loads acting on the bearing. Lee et al. [32] measured the PTO torque using
strain gauges during soil tillage and baling operations at different tractor ground speeds
and PTO rotation speeds. During the acquisitions, a 75 kW L7040 tractor by LS Mtron Ltd.
was used. The Authors demonstrated that the load on the PTO is greater during soil tillage
operations and that the PTO rotation speed has a greater impact on the required torque
compared to the tractor speed. Similar results were found during soil tillage operations
with a rotary tiller [33,34]. Shao et al. [35] obtained the load spectra during operation of
the rear axle of a dump truck using strain gauges. Moreover, the accumulated damage in
operation was calculated according to the Palmgren—-Miner hypothesis [36-38]. Similar
fatigue monitoring [39] investigations were carried out on railway axles [40], truck crane
jib structures [41], and bogie frames of railway trains [42]. In particular, Maglio et al. [40]
measured the bending stress spectra of railway axles using an instrumented powered
wheelset over a 22-month period, while Dong et al. [41] and Wang et al. [42] derived the
load or stress spectra from smaller sample data collected over shorter periods: 30 days
in Dong et al.’s [41] case, and approximately 3.5 h in Wang et al.’s study [42]. In all three
above-mentioned investigations, the fatigue life assessment was also reported.

In the present investigation, the load spectra acting in the vertical direction on the
hub carriers and in the horizontal longitudinal direction on the drawbar of a variable
chamber trailed round baler were measured. To this end, a 3940 kg baler was equipped
with a specially designed dynamometric towing pin used to measure the horizontal loads
acting on the drawbar of the baler during in-field load acquisitions. Furthermore, the
hub carriers of the baler were instrumented with properly calibrated full bridge channels
in order to measure the vertical loads on each hub carrier. To define the strain gauge
arrangement, linear elastic finite element analyses were carried out on the right hub carrier
in Ansys software environment to achieve the appropriate sensitivity of the measuring
system, according to widely adopted design methods to assess stress distributions in
agricultural equipment [7,23,35]. Five different maneuvers were performed to measure the
loads acting both under normal operating conditions and during extreme events. During
each maneuver, any noteworthy trends in the time variant loads were described and the
corresponding events identified. This was possible by means of the synchronous acquisition
of the signals coming from an onboard camera and a GPS. Afterwards, the load spectra for
each maneuver were obtained according to ASTM E1049-85 standard [43]. Understanding
the magnitude and origin of these external loads linked to specific operating maneuvers
provides essential input for engineers involved in the design, development, and target
lifetime assessment of similar agricultural implements.

2. Research Methodology
2.1. Description

The experimental setup used for measuring the external vertical loads F,(t) acting
on the hub carriers of the trailed round baler under investigation is reported in Figure 1.
Both left (L) and right (R) hub carriers were instrumented with two 0°/90° strain gauge
rosettes wired in a full-bridge configuration. In particular, each hub carrier was equipped
with two HBM K-CXY31-3/120 [44] strain gauge rosettes matched to steel (0°/90°, grid
length 3 mm, linear thermal expansion coefficient 10.8 x 107¢/°C) placed on the two
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ribs strengthening the hub carrier structure. The full-bridge configuration allowed to
automatically compensate for temperature changes during in-field load acquisitions [45].
The strain gauge rosettes were installed at the point of highest sensitivity of the strain
gauge bridge, which was evaluated through a Finite Element (FE) analysis using Ansys
Workbench R22 [46]. In particular, linear elastic FE analyses were carried out using 8-node
linear hexahedral SOLID 185 elements. As the hub carriers were made of 5275 structural
steel material, a Young’s modulus and Poisson’s ratio of 206 GPa and 0.3, respectively,
were adopted, as recommended by international standards [47,48]. The hub carrier welds
were not modelled. Finally, constraints were set to replicate the bolted connection between
the hub carrier and the main frame of the round baler, while a remote force simulating
a vertical load transmitted from the ground to the hub carrier, considering a 550/45-22.5
trailer tyre, was applied. The FE model is visible in Figure 2.

(a) Side view (b) Rear view
Onboard D T 3

& /,x"@qera s

Section A-A

(d) 7

260

Figure 1. (a—e) The right hub carrier instrumented with two strain gauge rosettes wired in a full-bridge
configuration, (f,g) instrumented right hub carrier (dimensions in mm).



Appl. Sci. 2025, 15, 8579 40f27
a b
@ Elements: ®)
8-node SOLID 185
Element size:
4 mm
Scoped regions
of the remote iz
R
Scoped regions
of the remote
force o
on
o
Cylindrical supports:
» Radial direction fixed
* Axial direction fixed Remote Remote
* Tangential direction fiee T force 333 force T__
|
Figure 2. FE model of the R hub carrier: (a) isometric view and (b) rear view.
The full Wheatstone bridge (Figure 1c) is governed by the following equation:
U K K K
== e — — =—.201 e = —.N- 1
V=1 (e — e +em — erv) 1 (1+v)-g 7 N 1)

where U (=mV) is the output signal, V is the supply tension (5 V), K is the gauge factor
equal to 2.07, v the Poisson’s ratio of 5275 steel material equal to 0.3 and N is the bridge
factor equal to 2:(1 + v), according to the arrangement reported in Figure 1.

Similarly, Figure 3 shows the experimental setup used to measure the horizontal loads
Fp,(t) acting on the round baler’s drawbar. The drawbar is highlighted in Figure 1la. A
specifically designed towing system, which replaced the original connection between the
baler and the tractor during in-field loads acquisitions, was adopted and is presented in
Figure 3a, with its dynamometric body being the towing pin (Figure 3b,c). The dynamo-
metric towing pin was made of 39NiCrMo3 alloy steel and had a nominal diameter of
20 mm, with the exception of the central portion that contacts the baler’s eyelet, where
the diameter was increased to 28 mm. Changing the diameter allowed to maintain the
original clearances between the eyelet and the pin while increasing the sensitivity of the
measuring system. Finally, it is worth noting that undesired translations and rotations of
the dynamometric towing pin around its longitudinal axis were prevented by means of
a locking plate placed on top of the wishbone (Figure 3a). Attention was paid to design
a locking plate that would not affect the deformations of the dynamometric towing pin
during usage.
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Figure 3. (a,b) Experimental setup used to acquire the horizontal loads Fy(t) acting on the round
baler’s drawbar, (c,d) instrumented dynamometric towing pin and (e) schematisation of the adopted
half Wheatstone bridges.

Figure 3b reports the adopted strain gauge configuration. In particular, four Kyowa
KFGS-3-120-C1-11 [49] strain gauges matched to steel (uniaxial, grid length 3 mm, linear
thermal expansion coefficient 11.7 x 107%/°C) were applied to the towing pin in dedicated
milled grooves and connected to form two half-bridges (Figure 3e) on the upper and lower
sides of the dynamometric towing pin, respectively, according to the half Wheatstone
bridge Equation (2):

u K

K K
v = gEr—en) = p2er= N 2)
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where e = —g;7 and the gauge factor K and bridge factor N were set equal to 2.11 and
2, respectively. The half-bridge configuration allowed to automatically compensate for
temperature changes during in-field load acquisitions [45]. By doing so, it was possible to
compute the horizontal loads F;, acting on the drawbar of the round baler as the sum of
the reaction forces Ryp and Ry, (Figure 3b) obtained by means of Equations (3) and (4) of
solid mechanics, respectively.

E-€.W
up = b 3)
E~£low~W
Rlow - Ib (4)
F, = Rup + Riow 5)

In Equations (3) and (4), W = 7r-d%/32 is the section modulus evaluated analytically,
considering a constant diameter of the towing pin equal to 20 mm, while E is Young’s
modulus of the adopted steel material and was assumed to be equal to 206 GPa.

2.2. Calibration

Figure 4a presents a schematisation of the adopted calibration procedure along with
the signal acquired at the L hub carrier during one of the three monotonic load ramps
executed. Specifically, two digital scales and an overhead crane to lift the baler were used.
Initially, the full-bridge channels were balanced (i.e., zeroed) with no load applied to the
hub carriers (i.e., the baler was fully lifted by the overhead crane and without the wheels
attached to the hub carriers), and then three experimental points were acquired for each
monotonic load ramp: (i) the baler was fully lifted by the overhead crane (the strain gauge
bridges returned &1 > 0 due to the wheel weight (see Figure 1), digital scales returned 0 kN);
(ii) the baler was partially lifted by the overhead crane (the strain gauge bridges returned
g1 = 0, digital scales returned the wheel weight equal to 1.24 kN); and (iii) the baler was not
supported by the overhead crane (the strain gauge bridges returned ¢ < 0 (see Figure 1),
left and right digital scales returned 14.2 kN and 9.10 kN, respectively). Figure 4b,c report
the calibration curves obtained for the L and R hub carriers, respectively. Furthermore, in
Figure 4b, c, the relationship between measured strains and the corresponding computed
loads is highlighted: negative ¢ strains correspond to positive loads. Therefore, vertical
loads, F,, are considered positive when acting in the positive z direction, as illustrated in
Figure 1. Finally, it is worth mentioning that the sensitivity of the strain gauge bridges to
potential lateral or longitudinal loads on the L and R hub carriers was not evaluated, as
these were considered negligible owing to flatness of the test field, the pre-planned in-field
load acquisition maneuvers, and the use of an unbraked baler.

Figure 5 reports the experimental setup used for calibrating the dynamometric towing
pin used to measure the horizontal loads Fy(t) on the round baler’s drawbar. A specially
dedicated servo-hydraulic test bench was used to obtain the relationship between the
measured strains provided by the upper and lower half bridges (i.e., e and €pow, respec-
tively, see Figure 3b) and the load applied to the dynamometric towing pin. To this end,
a 70 kN EnginL.AB servo-hydraulic actuator equipped with a 100 kN Aep TC4AMP load
cell and a closed-loop digital controller EnginL AB RTC9000 were used. The role of the
dynamometric towing pin stiffness during calibration was extensively investigated in the
discussion accompanying the next Figures 6 and 7.
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Figure 4. Calibration of the full-bridge channels at the hub carriers: (a) data acquisition procedure,
(b,c) experimental sensitivity obtained for the L and R hub carriers, respectively.
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Figure 5. Servo-hydraulic test bench used for calibrating the dynamometric towing pin: (a) side view
(b) upper view and (c) image of the experimental setup.

Figure 6 shows the relationships obtained between the strains provided by the upper
and lower half bridges and the load Fex, applied to the dynamometric towing pin by
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means of the servo-hydraulic actuator. In particular, three pulling configurations (force
in the negative x direction in Figure 5a) with ¢ = 0 mm, ¢ = —2.0 mm, and ¢ = 3.8 mm
(c visible in Figure 3) and three pushing configurations (force in the positive x direction in
Figure 5a) with ¢ = 0 mm, ¢ = —3.8 mm, and c = 3.8 mm were investigated. Specifically, two
loading—-unloading monotonic ramps were performed for each configuration. It is worth
mentioning that the applied loads were such as to obtain the relationship between &up,iow
and Fexp across the entire range of strains anticipated during the in-field load acquisitions.
Moreover, before conducting the calibration tests, multiple loading—unloading ramps at
increasing peak loads were carried out, both for pulling and pushing configurations, to
investigate if residual strains were measured by the upper and lower half bridges (i.e., epup
and ¢qow, respectively, see Figure 3b). As a result, it was possible to exclude macroscopic
yielding of the dynamometric towing pin’s steel material at any load level applied during
the calibration tests. Figure 6 highlights the adopted sign convention: positive strains
and loads act on the dynamometric towing pin during pushing (braking events), negative
strains and loads act during pulling (acceleration events). When ¢ # 0 (Figure 6¢—f), the
half bridge closer to the location where the load is applied returns higher absolute strains.
Figure 6 also shows that the relationship between 1 and Fexp, is not linear in all investigated
cases. The Authors interpreted this phenomenon involving the compliant behaviour of the
towing pin.
In fact, the equilibrium of the towing pin can be expressed as follows:

Rup _ /a2 +b—c

Fexp ~ 2b+a ©)

Riow _ a/2+b+c
Foxp  2b+a

(7)

where a, b, and c are reported in Figure 3b and 2b + a is the distance between the two
reactional forces Ryp and Rjqyy -
Then, given Equations (3) and (4), Equations (6) and (7) can be re-written as follows:

ef"?  4/p+b—c b
Fap  20+a WE

(8)

e _%p+b+c b
Foxp 2b+a WE

©)

Since in Equations (8) and (9) 4, ¢, W, and E are constant, the reason for the lack of
linearity of the euplow Versus Fexp relationship was attributed to the lever arm b (Figure 3b),
which reduces its effective length when the dynamometric towing pin is progressively
bent in response to the applied load. Therefore, it was chosen to express the lever arm b
as a function of the strains returned by the upper and lower half bridges. Since Fexp, e,
and epow are given by the load cell and strain gauge readings during the calibration phase,
Equations (8) and (9) can be used to express b as a function of ¢j both for the pulling and
pushing configurations. By doing this, the measured horizontal loads Fj, can be computed
using Equations (3)—(5) and the b = f(¢;) function. The obtained results are presented in
Figure 7. As previously mentioned, it is seen that the higher the strains returned by the
half bridges, the lower the computed b values. After using the b = f(¢;) function, Figure 8
reports the relationship between the measured horizontal loads F;, versus the applied
horizontal loads Fexp. Figure 8 shows that when loads exceeding +10 kN are applied, the
dynamometric towing pin returns measurements with errors not greater than +6.5%.
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Figure 6. Experimental calibration of the dynamometric towing pin: relationships between &yupiow
strains provided by the upper and lower half bridges, respectively, and the applied load Fexp for

(a,c,e) pulling configurations and (b,d,f) pushing configurations.
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Figure 8. Relationship between the horizontal loads F;, measured by the strain gauge channels versus

the horizontal loads Fexp applied by the servo-hydraulic actuator.

2.3. Testing of the System

Table 1 reports the maneuvers performed, the number of acquisitions carried out

for each maneuver, and the total duration of the acquisitions, where any downtime was

excluded. The baler settings are presented in Table 2, where the baler and PTO rotation

speeds can be seen along with the blade settings and the desired bale diameter. Retracting
the blades allowed to reach higher baler speeds, while the desired bale diameter was set to

its maximum to achieve the heaviest possible bale.
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Table 1. Acquisitions schedule.
n° of Total
Maneuver Acquisitions  Duration

Carried out [s]

Product collection 7 2331
Acceleration and emergency braking with a loaded baler 2 32
Acceleration and emergency braking with an empty baler 1 16
High-speed running perpendicular to the sowing lines 1 21
Road transportation 1 895

The acquisitions were carried out with a variable chamber round baler having an
unladen weight of 3940 kg, and were performed during the summer in a field located in
northeastern Italy. The harvested product was corn stalks. The product collection acquisitions
were initiated with an empty baler. In each acquisition, a single round bale was collected,
tied, and unloaded. The acceleration followed by emergency braking acquisitions, both with
a loaded and an empty baler, included an initial acceleration phase up to approximately
30 km/h and a subsequent braking phase. The high-speed running perpendicular to the
sowing lines acquisition was performed without collecting product and with an empty
baler at a nominal constant speed of 12 km/h. The road transportation acquisition was
conducted on asphalt with an empty baler, and 4.31 km were covered at an average speed
of 17.3 km/h. The maximum speed reached was 34.7 km/h. It is worth mentioning that
in all the above presented maneuvers, the acquisitions were started and stopped with the
baler at a standstill.

Table 2. Baler settings.

Baler speed: 1-4 km/h
Blades: retracted
Bale diameter: 1650 mm
PTO: 440 rpm

During the execution of the maneuvers, the signals coming from each hub carrier
and from the dynamometric towing pin were acquired through an IMC CS-7008-FD Data
Acquisition system equipped with eight analog channels (imc Test & Measurement GmbH,
Berlin, Germany). The sampling frequency was set to 200 Hz, which was appropriate to
capture the phenomena which the baler underwent during usage, and an anti-aliasing
filter (AAF) was also activated. Additionally, video signals from a GoPro Hero 10 Black
(GoPro, San Mateo, CA, USA) (1080p, 30 fps) and the instantaneous speed, latitude, and
longitude coordinate signals from a Garmin GPS18x-5 Hz (Garmin, Olathe, KS, USA)
(sampled at 5 Hz) were acquired. Subsequently, the obtained data were downloaded
via Wi-Fi and post-processed using IMC Studio® 5.2 and IMC FAMOS® Enterprise 2023
software. Specifically, a Butterworth low-pass filter with a 15 Hz cut-off frequency was
applied in the post-processing phase.

Regarding the vertical load acquisitions, prior to each acquisition session, the strain
gauged channels of the hub carriers were zeroed with the baler and the tractor standing on
flat asphalt. This was done because, even if the balancing procedure was already carried
out during the calibration of the hub carriers’ channels, it was the Authors’ choice to
repeat the balancing procedure every time the IMC CS-7008-FD data acquisition system
was shut down. Therefore, only the sensitivity previously obtained (i.e., —25.3 pe/kN
and —22.5 pe/kN for the L and R hub carriers, respectively) and reported in Figure 4b,c
was maintained. By doing so, only the dynamic component of the in-field loads acting
on the hub carriers was acquired during each acquisition. The corresponding static load
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on each hub carrier due to the weight of the baler was later included during the post-
processing phase by offsetting the acquired signals. The applied offsets were evaluated
by means of digital scales, one under each wheel, prior to the first acquisition session and
are reported in Table 3, where two different conditions are highlighted: (i) the product
collection mechanism (pick-up) raised and (ii) the product collection mechanism deployed.
The pick-up is visible in Figure 1 and in the next Figures 11, 16 and 17, which will be
discussed later. As reported in Table 3, when the pick-up was raised, its weight was
partially carried by the hub carriers, therefore returning higher offsets. Using the video
recorded by the onboard camera, which framed the pick-up during the acquisitions, it was
possible to select the correct offset to be applied during the different maneuvers and during
the different phases of each maneuver.

Table 3. Weight distribution of the baler.

Raised Pick-Up [kN] Deployed Pick-Up [kN]
R hub carrier 13.79 13.36
L hub carrier 14.32 13.45

Regarding the horizontal load acquisitions, the procedure adopted for zeroing off-line
the two half bridges of the dynamometric towing pin was as follows: at the beginning
of each acquisition, a maneuver consisting of three slow movements was performed:
(i) forward, (ii) reverse, and (iii) forward. By doing so, it was possible to derive the offsets
to apply to the upper and lower half bridges for properly zeroing the signals in post-
processing, thanks to the clearance between the towing pin and the eyelet. A sketch of
the adopted off-line procedure is reported in Figure 9. The strain signal was converted
into a load signal by means of Equations (3)—(5) and of the previously introduced b = f(ej)
function (Figure 7).

Towing pin Eyelet 7 4 FR F ~ Upper half bridge

= — Lower half bridge
L &
L R iy et - 3% Applied
--- offsets

F: forward
R: reverse

Figure 9. Sketch of the off-line procedure adopted for zeroing the signals of the dynamometric towing
pin (the 4 mm clearance is highlighted).

3. Load Acquisition Results and Discussion
3.1. Load Identification

Figure 10 reports a satellite image of the two fields where the maneuvers were carried
out and the routes followed by the baler, while Figure 11 shows the baler used for the in-field
load acquisitions towed by a Claas Arion 660 tractor during a product collection maneuver.
The corresponding vertical loads F(t) on the left and right hub carriers are presented in
Figure 12a. Figure 12d displays the path followed by the round baler according to the
acquired GPS signal. Figure 12b,e report the vertical forces while the baler was towed to
collect product along the sowing lines with the pick-up (Figure 11) deployed. In Figure 12c,
the baler was towed while crossing the sowing lines with the pick-up raised (Figure 16), and
no product was collected during such maneuver. It is seen that the acquired vertical forces
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in Figure 12c¢ differ significantly from those in Figure 12b,e, showing oscillations at higher
amplitude and frequency. Therefore, when reporting the maximum and minimum loads
acquired for each maneuver in the next Table 4, which will be commented later, the two
portions of the product collection maneuvers reported in Figure 12¢ and Figure 12b and 12e,
respectively, were kept distinct. In more detail, the portion where the baler moved from one
swath to another (as in Figure 12c¢) is referred to as a headland turning. It is worth mentioning
that the headland turning is present only in four out of the seven product collection maneuvers
carried out; in the remaining three cases, the bale was collected, tied, and unloaded within
the same swath.

Figure 12 highlights also that the R hub carrier channel consistently exhibited higher
vertical loads compared to the L hub carrier, with the exceptions during the intervals
120 s <t <130 s (Figure 12b), 160 s < t < 170 s (Figure 12b), and 180 s < t < 240 s (Figure 12c).
In the latter interval (180 s < t < 240 s, Figure 12c), the baler was towed while running
perpendicular to the sowing lines. To the Authors, the consistently higher F | g_hup carrier
loads compared to the F 1 hyb carrier When running parallel to the sowing lines during
the product collection maneuver (Figure 12b,d) could be attributed to the influence of the
sowing lines, which caused the baler to stay inclined to its right side.

Figure 12f reports the effect of the baler’s rear door opening (at t = 351.3 s) on the R
and L hub carriers. The baler’s rear door is reported in Figure 11. Once the baler’s rear
door reached the fully opened position, the load on the hub carriers temporarily decreased,
triggering a damped oscillation. Figure 12g reports the effect of starting the PTO (at t = 55 s)
on the R hub carrier signal. The rotating parts of the baler caused small-amplitude and
high-frequency loads on the hub carriers.

’ § Product
collection

Acceleration and
= } emergency braking
with a loaded baler
Acceleration and
— emergency braking
with an empty baler

High-speed running
— perpendicular to the
sowing lines

Figure 10. Satellite image of the fields where the load acquisitions took place; the routes followed by
the baler during the different acquisitions are reported.

Baler’s rear door

Figure 11. Round baler with the product collection mechanism (pick-up) deployed during the in-field
load acquisitions and towed by a Claas Arion 660 tractor.
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Using the dedicated fast Fourier transform (FFT) routine available in the commercial
software IMC FAMOS® Enterprise 2023, the signals reported in Figure 12f, g are presented
in the frequency domain in Figures 13a and 13b, respectively. Figure 13b highlights a peak
at around 7.3 Hz, corresponding to the PTO rotation frequency. Another peak at around
5.5 Hz is present and is also present in Figure 13a, suggesting that it might correspond to
the baler’s natural frequency. A peak at the same frequency was observed also during the
road transportation acquisitions while running on asphalt at constant speed.

Product collection
Fig.‘12b Fig. 12¢ Fig. 12¢

(a) 25 = 7
[ ——L hub carrier Bale
[ —R hub carrier unloading 6
20 | Speed ] 5=
Z | 45
215 =
> 1373
=3 1 o
10 125
i1
5 e 10
0 50 100 150 200 250 300 350 400
t[s]
(b) 25 : 7
[ —L hub carrier
I —R hub carrier 6
20  —Speed 5=
= [ =
S1s | 1=
3
S 3
10 | 15
1
5 C 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0
70 80 90 100 110 120t (5] 130 140 150 160 170 180
s
(c) 25 7
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s =
T =
48 g
-
3 "?3 =
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€)2s 7 25 - 2 :
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—R hub carrier 6 - —— R hub carrier
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_ 20t S 20
Z [ 12 Z
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. 3%
~ 15 . a =~ 15
“n
1
10 i L i 1 0 10 1 1 1 1 1 1
240 250 260 270 351 352 353 354 54 55 56 57 58 59 60 61
t[s] t[s] t[s]

Figure 12. Vertical loads Fy(t) acting on the L and R hub carriers of the round baler during a product
collection maneuver: (a) whole acquisition, (b,e) product collection, (c) headland turning, (d) GPS
route, (f) effect of the baler’s rear door opening on the L and R hub carriers, and (g) effect of starting
the PTO on the R hub carrier.
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Figure 13. (a,b) R hub carrier signals from Figures 12f and 12g, respectively, presented in the frequency
domain.

Figure 14a reports the horizontal loads Fy,(t) registered by the dynamometric towing
pin during an acceleration followed by emergency braking with a loaded baler. The acceleration
and braking phases were performed by towing the baler parallel to the sowing lines, as
indicated in Figure 14b. The peak loads registered during the acceleration and braking
phases were —26.6 kN and +41.5 kN, respectively. The braking phase was completed in
approximately two seconds, during which the baler decelerated from 32 km/h to 0 km/h.
This corresponded to an average deceleration, intended as Av/At, of 0.45 g with an initial
peak of about 0.96 g at f = 86.8 s.

Figure 15 reports the vertical loads F,(t) acquired by the L and R hub carriers while
running perpendicular to the sowing lines. It is worth mentioning that the maximum and
minimum loads registered by the hub carriers came from this maneuver. In particular,
the R hub carrier registered a force of +38.8 kN at t = 75.4 s (indicated by a blue arrow in
Figure 15b), while the L hub carrier registered a force of —4.68 kN at t = 75.8 s (indicated by
a red arrow in Figure 15b).

These values represent the highest and lowest measured forces obtained in all acqui-
sitions. A negative force on the hub carrier correspond to the event in which the baler’s
tire loses contact with the ground, meaning that at t = 75.8 s the L hub carrier registered a
negative dynamic load that was approximately 3.8 times higher than the minimum static
load of—1.24 kN (see Figure 4a) corresponding to the weight of one baler’s wheel. The
maximum and minimum loads registered by the hub carriers during this maneuver are
reported again in Table 4. Furthermore, it can be noted that the time variant loads reported
in Figure 15 are similar to the ones reported in Figure 12c while performing headland turning
with the baler, also in that case, running perpendicular to the sowing lines. The higher
vertical loads reported in Figure 15 in respect to the loads registered in Figure 12c can be ex-
plained by looking at the speed signals, with the baler’s average speed being approximately
two times higher in Figure 15 than in Figure 12c.

Figures 16 and 17 present two different portions of the signals acquired at the L and R
hub carriers during road transportation. Figure 16 presents the overload effect of a manhole
taken by the R hub carrier while running at a constant speed of approximately 20 km/h.
This phenomenon causes a force range of 15.4 kN. Similarly, in Figure 17, the effect of
an asphalt trench perpendicular to the road crossed at a higher speed of approximately
30 km/h is visible. In this case, a greater force range of 17.8 kN was measured on the R
hub carrier.
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[ — Dynamometric towing pin ! : 1.5 kN
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Figure 14. Horizontal loads F, (t) registered by the dynamometric towing pin during acceleration
followed by emergency braking with a loaded baler: (a,c) force and speed signals and (b) straight path
followed by the baler.

(a) 40 High-speed running perpendicular to the sowing lines

o it w o

— L hub carrier
30 -—R hub carrier

Speed =
L> 10 3
o
0 wn
-10
74 74.5 75 75.5 76

t[s]

Figure 15. Vertical loads Fy(t) acting on the L and R hub carriers of the round baler during high-speed
running perpendicular to the sowing lines: (a) whole force and speed signals and (b) details of the signals,
with the maximum load Fymax acting on the R hub carrier and the minimum load Fy min acting on the
L hub carrier marked by blue and red arrows, respectively.
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(b) 25 Road transportation
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Figure 16. Effect of a manhole on the vertical loads Fy(t) acting on the R hub carrier during road
transportation: (a) front view of the baler with raised pick-up during road transportation and (b,c)
details of the signals on the L and R hub carriers.

(a) Road transportation

s

24 . = 1 35
- Trench —> \ AF =17.8 kN 3
19 F— 1 30
z |
%14 |
SO |
9 [—L hub carrier
[ —R hub carrier !
r— Speed |
4 1 1 1 1 1 1 1 1 1
533 534 535

Figure 17. Effect of a road trench on the vertical loads Fy (t) acting on the L and R hub carriers during
road transportation: (a) front view of the baler with a raised pick-up and (b) details of the acquired
loads on the L and R hub carriers.

Table 4 presents the maximum and minimum loads registered on the L hub carrier, R
hub carrier, and the dynamometric towing pin during in-field load acquisitions.
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Table 4. Maximum and minimum loads registered on the L hub carrier, R hub carrier, and dynamo-
metric towing pin during in-field load acquisitions.

L Hub Carrier R Hub Carrier Dynamometric Towing Pin
Maneuver Fv,min Fv,max Fv,min Fv,max Fh,min I:h,max
[kN] [kN] [kN] [kN] [kN] [kN]
Product collection 7.81 19.5 9.28 25.0 —8.93 7.73
Headland turning 10.3 22.0 9.48 23.7 —-10.9 10.2
Acceleration followed by emergency B
braking with a loaded baler 1.20 33.2 6.18 31.6 26.6 41.5
Acceleration followed by emergency g, 256 349 303 222 34.7
braking with an empty baler
High-speed running perpendicularto _, o 359  —1.70 38.8 —337 29.5
the sowing lines
Road transportation 4.66 22.6 1.00 23.9 —14.3 18.4

The maximum horizontal force Fy, n,,x on the dynamometric towing pin was reached
during an acceleration followed by emergency braking with a loaded baler acquisition and resulted
in +41.5 kN. Conversely, the minimum horizontal force Fy, i, was reached during high-speed
running perpendicular to the sowing lines, where —33.7 kN was measured. The maximum
and minimum vertical loads on the hub carriers, F,, were measured during high-speed
running perpendicular to the sowing lines, as previously mentioned. In particular, a maximum
load of +38.8 kN and a minimum load of —4.68 kN were recorded on the R and L hub
carriers, respectively. As previously explained while commenting on Figure 15, negative
forces on the hub carrier correspond to the event in which the baler’s tire loses contact with
the ground.

3.2. Load Spectra

Figures 18-21 report the load spectra calculated for each channel and maneuver. Rain-
flow cycle counting was performed according to the ASTM E1049-85 standard using a
routine available in the commercial software IMC FAMOS® 2023 Enterprise. When setting
the rainflow routine, the number of classes was maintained equal to 100 in Figures 18-21.
Furthermore, small range cycles and corresponding mean values were counted and un-
rounded (parameter three, precise, set to six), as recommended by IMC FAMOS® when
applying the ASTM E1049-85 rainflow cycle counting algorithm. In all the rainflow graphs
in Figures 18-21, the maneuver under investigation is reported along with the number
of counted cycles, the number of classes, and the time window, the latter indicating the
duration (expressed in seconds) of the load signals from which the rainflow was calcu-
lated. Figure 18 reports the load spectra obtained from the product collection maneuvers.
According to Section 3.1, a distinction was made between the portions of the acquisitions
when the baler was collecting product with the pick-up deployed (Figure 18a,c,e) and
the portions where the baler was performing the headland turning with a raised pick-up
(Figure 18b,d,f). Figures 19 and 20 report the load spectra obtained during acceleration
followed by emergency braking with a loaded and empty baler, respectively. In this case, a dis-
tinction was made between the acceleration phase and the braking phase. Figure 21a, 21c,
21e and Figure 21b, 21d, 21f report the load spectra obtained from the high-speed running
perpendicular to the sowing lines and from the road transportation maneuvers, respectively.
Finally, Figure 22 reports (i) the recorded time mix from the in-field load acquisitions
(Figure 22a), (ii) for each maneuver presented in Figures 18-21, the load spectra calculated
at the dynamometric towing pin, R hub carrier, and L hub carrier (Figure 22b, 22d, and 22f,
respectively) are represented together for better comparison, with each maneuver identified
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Figure 18. Load spectra calculated according to ASTM E1049-85 from the product collection maneuvers:
(a,b) horizontal loads on the dynamometric towing pin, (c,d) vertical loads on the R hub carrier, and

(e,f) vertical loads on the L hub carrier.
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Figure 19. Load spectra calculated according to ASTM E1049-85 from the acceleration followed by
emergency braking with a loaded baler maneuvers: (a,b) horizontal loads on the dynamometric towing
pin, (c,d) vertical loads on the R hub carrier, and (e, f) vertical loads on the L hub carrier.

Dealing with the horizontal loads at the drawbar of the baler, Table 4 highlights that
the highest peak load Fy, . = 41.5 kN was registered during the emergency braking with a
loaded baler maneuver. Differently, the highest load amplitudes were registered during the
high-speed running (at approximately 12 km/h) perpendicular to the sowing lines maneuver with
an empty baler, likely because of the highly pronounced terrain irregularities compared
to the much smoother terrain irregularities during running parallel to the sowing lines.
Figure 22¢ shows that the highest load amplitude during this maneuver is equal to 28.1 kIN.
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Figure 20. Load spectra calculated according to ASTM E1049-85 from the acceleration followed by
emergency braking with an empty baler maneuver: (a,b) horizontal loads on the dynamometric towing
pin, (c,d) vertical loads on the R hub carrier, and (e, f) vertical loads on the L hub carrier.
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Figure 21. (a,c,e) Load spectra calculated according to ASTM E1049-85 from the high-speed running

perpendicular to the sowing lines maneuver and (b,d,f) load spectra calculated according to ASTM

E1049-85 from road transportation: (a,b) horizontal loads on the dynamometric towing pin, (c,d)

vertical loads on the R hub carrier, and (e,f) vertical loads on the L hub carrier.
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Figure 22. (a) Recorded time mix of the in-field load acquisition: (b,d,f) load spectra calculated
according to ASTM E1049-85 from all maneuvers, where each maneuver is identified by a different
color (see (a)), and (c,e,g) amplitude-only acquired load spectra, where each maneuver is identified
by a different colour (see (a)). The black line is the sum of all spectra. (b,c) Horizontal loads on the
dynamometric towing pin, (d,e) vertical loads on the R hub carrier, and (f,g) vertical loads on the L

hub carrier.
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Considering now the vertical loads at the hub carriers, both the highest peak load
and load amplitude were registered at the right hub carrier during high-speed running
(at approximately 12 km/h) perpendicular to the sowing lines with an empty baler because
of the highly pronounced terrain irregularities. Specifically, Table 4 reports a peak load
Fy max equal to 38.8 kN, while Figure 22e reports a load amplitude equal to 21.1 kN at the
right hub carrier. Considering another demanding situation, namely, the higher speed of
30 km/h and smoother terrain irregularities during running parallel to the sowing lines,
the second highest peak loads and load amplitudes were registered. In fact, considering
the left hub carrier, a peak load Fy max equal to 33.2 kN was measured with a loaded baler
(see Table 4) and a load amplitude equal to 19.7 kN was measured with an empty baler
(see Figure 22g). These observations suggest that uneven terrain and baler speed play
crucial roles in the determination of the extreme horizontal and vertical loads to which
an agricultural implement may be subjected during its service life. Table 4 and Figure 22
demonstrate also that both peak loads and load amplitudes are significantly lower than
the abovementioned values when the product collection maneuver is considered, due
to the much lower speed (approximately between 3 and 5 km/h) the baler experiences
in this case.

All previous observations suggest that uneven terrain and baler speed are the primary
factors that induce the extreme horizontal and vertical loads to which the baler may be
subjected during its service life.

4. Conclusions

The load spectra acting in the vertical direction on the hub carriers and in the hor-
izontal longitudinal direction on the drawbar of a trailed variable chamber round baler
were evaluated. To measure the external loads acting vertically on the hub carriers, the
housings of the hub carriers were instrumented with properly calibrated strain gauge
bridges. Similarly, the horizontal longitudinal loads were measured by strain gauging
a dedicated towing pin. In both cases, the strain gauge channels were calibrated in the
laboratory and allowed to measure the loads acting on the baler both under normal use
conditions and under extreme events. The load signals were acquired during the execution
of five maneuvers: (i) product collection, (i) acceleration followed by emergency braking
with the baler loaded with product, (iii) acceleration followed by emergency braking with
the baler unloaded, (iv) high-speed running perpendicular to the sowing lines, and (v) road
transportation. Moreover, the synchronous acquisition of a video via an onboard camera
and a GPS signal assisted the interpretation of the acquired signals. Finally, the load spectra
obtained for each maneuver were evaluated according to ASTM E1049-85. The obtained
results can be summarised as follows:

e  The use of instrumented hub carriers and a dynamometric towing pin allowed the
measurement of external vertical and horizontal loads, respectively, during in-field
load acquisitions, while maintaining the original structural components of the baler.

e  The specially designed towing system equipped with a dynamometric towing pin
instrumented with strain gauges was calibrated with laboratory tests and average
errors lower than £6.5% in the range from 10 to 40 kN were assessed.

e The maximum and minimum vertical and horizontal loads were measured during
the maneuvers. As to the dynamometric towing pin, the peak horizontal load was
obtained during emergency braking with a loaded baler and it was found to be +41.5 kN.
Conversely, the peak horizontal load in the opposite direction was obtained while
running at approximately 12 km/h across the sowing lines and it resulted in —33.7 kIN.
The maximum and minimum vertical loads on the hub carriers were recorded during
the same maneuver, and the left hub carrier recorded +35.9 kN in the upward direction
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and —4.68 kN in the downward direction, while the right hub carrier measured
+38.8 kN and —1.70 kN. The static load component at the hub carriers with the baler
configured for the high-speed running perpendicular to the sowing lines was found to be
+14.3 kN and +13.8 kN for the left and right hub carrier, respectively.

e  The load spectra obtained from approximately 3300 s of data acquisition were derived.
More than 10,000 load cycles acting on the hub carriers and on the dynamometric
towing pin were acquired during the product collection maneuvers. Similarly, more
than 5000 load cycles were obtained during road transportation. Furthermore, the
amplitude-only load spectra of each maneuver and the sum of them for the recorded
time mix were calculated. The amplitude-only load spectra, to be combined with
the appropriate road mix and to be extended to the target design mission, represent
helpful data to guarantee the targeted mission life of the baler.
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