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ARTICLE INFO ABSTRACT

Keywords: This paper introduces a novel, cost-effective approach to measure loading torque on an agricultural baler
Agricultural machinery implement. Round balers gather grass fodder and form cylindrical bales, which are subsequently used for
Baling feeding livestock. As fodder accumulates within the bale chamber, the torque on the drive shaft increases,

Force estimation
Remaining useful life
Signal processing

necessitating an increase in input power. The operator must manage the loading levels to prevent excessive
strain on implement components and avoid a breakdown. State-of-the-art torque measurement techniques
are difficult to integrate into harvesting implements due to their significant cost and mechanical footprint.
Consequently, baling implements lack loading measurement capabilities, forcing operators to gauge power
draw without quantitative feedback.

This paper proposes a sensor solution to approximate torque on a round baler, significantly reducing
costs when compared to existing methods. The approach correlates chain stress throughout bale formation
by monitoring deformation of the chamber drive chains. Measurements were acquired from a fixed-chamber
baler-wrapper with ground-truth torque benchmark recordings. Experiments were carried out using artificial
loading on a static machine and then within the field, with a mobile implement forming grass silage bales.
A prototype sensor was installed on a grass harvesting contractor’s baler-wrapper to examine performance
across a single season, across 180 sites in the West of Ireland. Results from each scenario highlight a linear
relationship between sensor and ground-truth torque measurements. The method achieved a 7% mean peak
torque estimation error, allowing operators to monitor mechanical loading limits during bale formation and
to increase efficiency in grassland agricultural processes.

1. Introduction Forage harvesting machinery must be well maintained and regularly
serviced, particularly in a contracting scenario where a limited number
of machines serve multiple farmers. As a result, these machines are
subjected to significant stress during operation and their parts can
rapidly wear out or break, without prior warning. When a contractor’s
harvesting implement breaks down, it not only impacts the current

client and their crops, it will have a knock-on affect on subsequent

Grass forage is harvested during periods of rapid growth, to later
feed housed animals during winter when growth slows significantly and
ground conditions deteriorate (Wilkinson, 1981; Muck and Shinners,
2021; Van Middelaar et al., 2014). Balers are widely used to collect
cut forage and form it into a bale, where the bale may be wrapped to
promote anaerobic fermentation when crops present with a significant

moisture content (Finch et al., 2014; Genever, 2019).

Operating bale harvesting machinery requires experienced oper-
ators and can incur substantial maintenance expenses (Buckmaster,
2003). Considering that over 60% of EU farms are smaller than 5
Hectares, it is not economically viable for every farm to purchase and
run their own machinery (Grandovska et al., 2018). Consequently,
many European farms rely on third-party contractors or agricultural
cooperatives to supply the necessary equipment and expertise to ef-
ficiently harvest forage for several clients within a limited time-span
(Parvin et al., 2022).

jobs where harvesting must be completed within a period of time prior
to crop degradation or the onset of precipitation (Muck and Shinners,
2021).

In round bale harvesting, the implement power is drawn through
the tractor Power Take Off (PTO) drive and allocated, via a split-
drive gearbox to the crop pickup mechanism and the bale formation
chamber. The power consumption can be measured as torque on the
driveline shafts of the baler. As the fixed chamber fills with fodder,
the power consumption of the implement increases proportionally to
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the mass of fodder rotating in the chamber (Lei and Wang, 2021).
When a significant mass of fodder is collected, a blockage can occur
at the pickup unit when the majority of available power is drawn
by the chamber, causing the implement components to stall. In this
scenario, an overload or slip clutch will disengage the PTO driveline
from the implement in order to prevent excessive damage to the
baler components (Nienhaus, 2012; Regler et al., 2023). Despite over-
load protection, repeated exposures to excess torque can permanently
damage crucial implement components. A baler operator will qual-
itatively gauge the power consumption of the implement, to avoid
unwanted stoppages and protect the machine components.

A sensing modality can be employed to provide quantitative feed-
back to the operator. A ferromagnetic sensor can be used to accurately
measure the torque of a rotating shaft by monitoring the frequency
properties of ferromagnetic films within the sensor (Beirle and See-
mann, 2020). Ferromagnetic shaft sensors are relatively expensive,
often costing over €5000 (NCTE AG, 2020). Electric drive motor power
and speed can be used to indirectly estimate motor torque, how-
ever, this technique can only be used for electric drive systems and
inaccuracies can occur due to power losses (Briiel and Kjer, 2022).

The literature contains several examples illustrating the approxima-

tion of torque and power levels of agricultural machinery. Mohsenimanesh

et al. (2015) used hydraulic pressure sensors and inductive proxim-
ity sensors to estimate feedroll and header torque of a forage har-
vester. Mohsenimanesh et al. (2015) measured the pressure and motor
speed at the input and output of both elements of a pull-type forage har-
vester. Using hydraulic pressure and inductive proximity sensors, the
estimated output power yielded R? values of up to 0.97 when correlated
with crop throughput, where R? is the coefficient of determination
between two groups of independent variables.

Hofstetter and Liu (2011) examined the power requirements of a
square baler when compressing corn stover, indian grass, wheat straw
and switchgrass crops. The study highlighted how compression pressure
requirements increased when the feed density and compression speed
increased. Power requirements increased by up to 73%, when the
compression of switchgrass was compared with wheat straw. Fasick
and Liu (2020) studied the power consumption in a square baler when
baling unconditioned and conditioned miscanthus crop. The lab-based
results showed that peak force requirements during bale compression
reduced from 12kN to 7.55kN when baling unconditioned miscanthus
compared with conditioned miscanthus.

Intellectual property in the round baler domain has included ref-
erence to torque measuring devices on the belt baler driveshaft com-
ponents (Wilkens et al., 2002; Hoffmann, 2018). Rubber belts are used
within the baling chamber of a belt baler to maintain the shape of
the bale where the diameter can be altered by repositioning the belt
rollers (McHale et al., 2024). A device outlined in Wilkens et al. (2002)
allows the baling implement to slacken chamber belts as the measured
torque increases close to the slip clutch threshold torque. A patent
granted to Hoffmann (2018) describes two sensors that measure torque
on the bale formation and bale feeding driveshafts.

Silage bales can present with significant moisture content and weigh
in excess of 700 kg (Keles et al., 2009). Each time a bale is formed,
a significant amount of chamber torque is registered, often exceeding
2000 Nm on a 540 Revolutions Per Minute (RPM) rotating shaft. The
force is distributed from the PTO driveshaft, to the pickup unit and
the bale chamber of the baler using roller chains, where the aforemen-
tioned are highlighted on a Fusion 3+ combination baler wrapper in
Fig. 1. Initially, when the bale Chamber (CR) is relatively empty and
the Pickup Unit (PU) feeds the grass from the ground swath. As there
is a limited mass of fodder within the CR, the PU loading reflects the
total loading of the system, or torque on the PTO (zpy(). As the CR fills,
the chamber rollers must rotate a significant mass of fodder and will
generate the majority of the implement loading. Peak bale cycle torque
(rpk) is generally observed at the end of the bale formation sequence,
prior to bale netting.
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Fig. 1. Labelled image of McHale Fusion 3+ fixed size chamber baler-wrapper.

Chain systems transmit power from the main drive-system to the
CR and PU units of the baler. These “Roller” chains, are comprised of
two parallel rows of inner and outer plates (Niijjaawan and Niijjaawan,
2010). They distribute power across a system using sprockets (Otoshi
et al., 1995). These sprockets, commonly known as drive sprockets, pro-
vide power to the drive chain (Lyons et al., 2016). The sprocket teeth
typically have an inclination that allows the chain rollers to engage
and slip off the sprocket freely (Otoshi et al., 1995). Pins and bushings
connect the parallel rows of plates with the pin moving freely inside
the bushing (Niijjaawan and Niijjaawan, 2010). The “Roller” surrounds
each bush and turns freely (Cory, 2005) causing the chain to manoeuvre
with the sprocket during motion. This allows the chain to operate at rel-
atively higher speeds than chains that do not contain roller pins (Lyons
et al., 2016). Roller chains, when maintained properly, can operate at
efficiencies up to 98% in ideal conditions (Niijjaawan and Niijjaawan,
2010).

The implement chains undergo an elastic elongation when placed
under load, whereby a temporary effect is observed (Otoshi et al.,
1995). After repeated use and periods of elastic elongation, the bush-
ings surrounding the chain pins wear away over time, particularly when
the machine comes under considerable cyclic loads and significant
torque levels. This causes excessive wear on the pins and bushing
elements of a roller chain which leads to permanent (plastic) elongation
of the chain over time (Otoshi et al., 1995). As a result, it is advised
to replace the chain after approximately 10000 bale cycles to avoid
critical fatigue failure in the chain and reduce the risk of slippage on
the sprockets.

This paper introduces a method for estimating the torque expe-
rienced under load in a fixed chamber baler by measuring the elas-
tic stretch of the baler drive chain. This paper contributes to the
state-of-the-art with:

+ An experimental analysis of the relationship between baler cham-
ber chain drive elastic stretch and baler chamber torque;

» A novel method to estimate baler torque using elastic stretch
measurements based on data collected during the 2020 forage
harvesting season.

Several bench and in-field tests were performed on the baler. Un-
supervised measurements were obtained over a full harvesting season,
from a fixed chamber baler used by a contractor in Galway, Ireland.

This paper demonstrates a linear relationship between chain elastic
stretch parameters and machine torque in all tests completed with R*
values between .88 and .99. Peak machine loading can be approximated
with an average error of 5% when using the proposed technique.

The paper is organized as follows: Section 2 describes the ma-
chinery apparatus, experiment design and methods of data acquisition
employed throughout testing. Section 3 describes the results generated
during bench, in-field and season long testing. Finally, conclusions are
described in Section 4.
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Fig. 2. Baler torque for one bale cycle.

2. Materials and methods

The section will first provide an overview of the novel approach
to measuring temporary (elastic) and permanent elongation of a drive
chain. The measurement hardware and environment will then be de-
scribed and three data acquisition scenarios will be presented.

2.1. Proposed method

2.1.1. Loading during the bale-formation cycle on a fixed chamber baler
implement

During a harvesting operation, crop is gathered by a fixed chamber
baler and fed through to a chamber of fixed diameter, where rollers
are positioned along the curved surface. The baler is powered from a
spinning PTO shaft, rotating at either 540 or 1000 RPM. Mechanical
power is transmitted from the shaft through a gearbox, which is then
distributed to two chain-driven systems:

1. A Rotary Pick-Up (PU) unit that drives a rotating shaft with
protruding tynes that lift crop from the ground and feed it
through to the bale chamber.

2. A set of Chamber Rollers (CR) that rotate and compress the
collected crop in a cylindrical chamber as shown in Fig. 1.

A torque loading graph for a sample bale cycle is shown in Fig. 2.
As illustrated in Eq. (1) and Fig. 1, PTO torque (zpyo) is comprised
of PU torque (zpy) and CR torque (zog). In the initial phase of the
bale cycle, the majority of the load torque is generated by the PU unit
while the quantity of grass in the bale formation chamber is low, as
shown in the green shaded region in Fig. 2. As the crop mass inside the
chamber increases, the loading torque is then increasingly influenced
by the CR as the torque magnitude increases over time. The time when
the bale chamber is fully packed with grass and registered PTO torque
is at its peak is illustrated by the vertical blue line in Fig. 2. At this
point, the PU unit is still contributing to the torque on the tractor PTO
shaft, however the CR unit may contribute up to 90% of the overall
implement loading, when the bale cycle torque is at its peak (rpg).
The relationship between 7pro, 7cr and zpy; is described as:

Tpro = Tpu t TCR @

A slip clutch will act as a torque limiting device, defining an upper
threshold of implement loading. At the peak of the bale formation cycle,
shown in Fig. 2, the CR contains a significant mass of crop and will
contribute to the majority of zpy(, limiting the torque available at the
PU unit. If a large amount of crop presents at the PU, the additional
loading may cause the overall torque limit to be exceeded, triggering
the slip clutch and causing the machine driveline to disengage. A real-
time feedback mechanism to relay roy to the operator would allow
them to alter their driving style to avoid an excess of zpro, and
maintain baling in an uninterrupted manner.
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Fig. 3. Labelled model of the baler CR drive chain system constructed using Pro
Engineer/PTC Creo.

2.1.2. Torque approximation system

The paper proposes to estimate 7. in (1) by examining the elastic
elongation of the main drive chain within the baling implement. To
describe the main drive of the Fusion 3+ baler-wrapper implement,
an engineering model of the CR drive chain system was constructed
using Creo Pro Engineer (Creo, 2022) CAD design software, as shown
Fig. 3. As the chain pins and bushings wear throughout the baling
season, the chain will experience a permanent elongation. During the
formation of a single bale, r.y causes elastic elongation or “stretch”
of the chain components, that return to their original length after the
bale is released from the chamber. The authors propose to measure
this elastic elongation, by monitoring the movement of a tensioning
sprocket arm held in place using a tension spring highlighted in blue
in Fig. 3.

A rotary sensor is mechanically attached to the sprocket arm which
registers an angle between ’é and %” radians. The angle can be trans-
lated to a linear displacement by:

dy = l,s<tan(% - 9,5)) @

where d), represents the horizontal displacement (in m) at the tip of the
rotary sensor arm, the length of the rotary arm is /,; and 6, is the angle
on the rotary sensor.

2.1.3. Modelling analysis of chain length

The engineering model of the CR drive chain system shown in Fig. 3
was used to evaluate the relationship between chain length and the pro-
posed rotary angle sensor which was connected to the tension sprocket
using a dynamic bracket. This chain transfers power from the output
of the main PTO gearbox to the CR unit. The power transfer chain
length was adjusted to move the location of the tensioning sprocket
and, in-turn, change the value of 6, in the design in Fig. 3. Results from
this simulation provided the correlation between tensioning sprocket
movement measured by a rotary angle sensor and chain length. d,
calculations in (2) account for the angular movement on one sprocket
in the main chain drive system, while the elastic elongation of the chain
(ee pqin) accounts for the movement of all sprockets in the chain drive
system and shows the effect they have on chain length. ee,,,,;, is defined
as the length the drive chain elastically elongates to during each bale
cycle, with the chain length at the initial idle stage of the bale cycle
having an ee,,,;, value of 0.

2.2. Experimental setup
2.2.1. Static implement experiments

Grass growth is limited throughout the winter months, particularly
in an inclement climate (Wilkinson, 1981). To facilitate data collection
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1. Apply Power to PTO. Note RPM.

2. Apply manual pressure to the hydraulic hand pump (A).

3. Continuously record variables Nm and 6.

4. Continue to apply pressure as needed or until limit reached.
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Hand Pump (A)’

Fig. 4. Experimental setup for the static implement tests. Power was applied from a tractor, torque was measured from an NCTE sensor on the PTO shaft, and torque was induced
using a car brake, hydraulically activated through a manual pump. The Chamber (CR) is shown along with the rolling cylinder gears. Hydraulic pressure is applied to the hand
pump (A) to activate the brake on the roller (shown in Fig. 5). The torque (Nm) and tensioning sprocket angle sensor () are recorded using a Hydac HMG4000 sensor logging

device.

Fig. 5. Car brake attached to baler CR roller to apply load during static indoor testing.

during these months, a workshop-based loading system was designed
to induce torque on a static 2021 McHale Fusion 3+ baler-wrapper,
as illustrated in Fig. 1. The main PTO gearbox on the implement was
designed for a 1000RPM input. Loading was achieved by attaching a
2002 Mercedes Vito hydraulic brake unit, where the brake rotor was
connected to a single roller element of the CR unit, as shown in Fig. 5.
Braking was induced through a manual hydraulic pump, at the side of
the fixed chamber baler, inducing load on the CR. The rotary sensor
was attached to the tensioning sprocket described in Section 2.1.2. To
obtain 7ok, a ground truth torque measurement was acquired with
a 3000 Nm NCTE torque sensor (NCTE AG, 2020), attached to the
PTO shaft between the tractor and fixed-chamber baler. The PU was
rotating, however, the torque loading from the PU was negligible as no
crop was present in this static indoor test. A block diagram, illustration
the experimental setup is shown in Fig. 4.
Several experiments were completed on three different chains:

* Chain A — A Diamond 100H (Diamond-Drives, 2024) chain of
length 2888 mm that was used to make 3000 bales prior to
testing;

[~ W W |
g 500/ —— Tero (Nm) MW
K e
3 0 P and s
0 5 10 15 20 25
=8 — 6.0
4
i)
80/ W
0 5 10 15 20 25
gs- dp (mm)
S
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Fig. 6. Torque and rotary sensor static indoor test results for one static indoor loading
cycle using chain A.

+ Chain B — An unused Diamond 100H chain of length 2882 mm;
» Chain C — Chain B extended with an extra link, measuring
2900 mm in length.

A tractor was used to apply PTO power to the baler. Sensor measure-
ments were recorded on a Hydac HMG4000 data acquisition unit (HYDAC,
2022) and the implement was loaded by pumping the brake. An
example of the recorded data is shown in Fig. 6 for a single CR
loading scenario with chain B. A maximum 7. of 2668 Nm was
generated using the brake unit. All torque measurements in this paper
are presented in relation to 7py, where the gear ratio on the CR unit
is used to present torque in relation to zpr instead of zop.

2.2.2. In-field implement baling experiments

A field experiment was carried out to evaluate the proposed system
on a working machine producing grass silage bales. The study took
place in Ballinrobe, County Mayo, Ireland on the 9th of September
2021. A McHale Fusion 3+ fixed chamber baler-wrapper was used,
towed by a 2017 Fendt 718 Vario tractor delivering a gross 135 kW
of power. 42 wrapped silage bales were produced, where the operator
settings were adjusted to produce a range of peak torque loadings
within the field:

+ The output bale diameter was varied between 1.05 m and 1.35 m
through a Fusion 3+ controller display setting. An increase of
diameter would result in a relative increase in mass, compared to
a smaller bale and therefore increase the relative torque loading;
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» The desired bale density was modified (between minimum and
maximum) on the Fusion 3+ controller display. When the CR
diameter was fixed, the increase in density will contribute to a
relative increase in torque loading on the CR;

» The operator modified their tractor ground speed between each
bale produced. If the speed of the implement is increased, there
is a larger volume of crop entering the machine for a given time
period. This extra mass can cause significant spikes in CR torque,
and on-occasion may trigger the implement overload clutch.

A ground truth torque sensor was attached to the CR cardan shaft on
the baler, to isolate the loading measurement from the PU system. 13
knives were engaged in the chopper unit for each bale. Bale weights
varied between 593 kg and 786 kg. A Hydac HMG 4000 was used to
record the ground truth torque and rotary sensor data.

2.2.3. Measurements over a full silage harvesting season

To examine the chain characteristics and subsequent baler loading
over a significant duration, the proposed system was trialled on a
2013 McHale Fusion 3+ fixed chamber baler-wrapper between May
and October 2020. The baler was towed by a 2016 John Deere 6170R
tractor with a gross power output of 127 kW. The machinery was
owned by a harvesting contractor who leases operators and harvesting
equipment to clients. Only grass silage baling was considered in this
observation study. All data collected for this evaluation was done so
without any author supervision or influence. The season-long harvest
data was then used to estimate baler torque.

A rotary angle sensor was used to measure bale chamber power
transfer chain horizontal displacement throughout harvesting. A ground-
truth sensor was attached to the main PTO shaft measuring zprq,
as shown in Fig. 1. The ground truth measurements contained con-
tributions from z.i and zpy, as highlighted in Eq. (1). Attaching a
ferromagnetic sensor to the cardan shaft of the chamber drive would
have required significant mechanical alteration, which was infeasi-
ble due to the time constraints that present when using contractor
machinery.

A GNSS module was used to obtain positioning, time and displace-
ment data, similar to the methods described in Balmos et al. (2022).
An EMLID Reach M+ GNSS module (Emlid, 2020), containing a Ublox
NEO-M8 chip (U-Blox, 2020) was used to record geolocation coordi-
nates. A TW44221-00 Tallysman wideband Dual Feed, 1.574 GHz -
1.606 GHz antenna (Calian Advanced Technologies, 2020) was inte-
grated and placed on the roof of the tractor. Coordinates were measured
at a rate of 2 Hz. Proprietary McHale messages and sensor data were
transmitted over a CANbus network from a customized ECU on the
fixed chamber baler, while several Isobus (Brodie et al., 2023) mea-
surements of tractor parameters were recorded. All GNSS and J1939
packets were received, parsed into time, sensor value and sensor name
data and stored locally in a document based database operating on
an 8th generation Intel Nuc (Intel i3 processor and 4 GB of RAM)
running Ubuntu 16.04. All coordinate and measurement timestamps
were logged in UTC format (Harkin et al., 2024).

The data was pre-processed to extract time-series data correspond-
ing to a bale formation sequence.

» The individual fields or job-sites were identified and the cor-
responding data was isolated according to the work methods
outlined by Harkin et al. (2024).

Bale formation sequences were identified as the time between
individual transfer sequences, from the formed bale in the CR to
the wrapping tray, at the rear of the combi baler-wrapper. The
first bale formed in each field was not included in the study as the
start time could not be determined through automated scripting.

Measurements during static periods, when the implement was
idle, were removed. Bale sequences were only included if there
was no temporal break in measurement timestamps, where the
measurements presented with consistent sampling rates between
bale transfers.
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Fig. 7. Measured baler torque (7p;,), median filtered baler torque (7, ) and
estimated torque (z,;,..) for one bale formation sequence from the full silage
harvesting season.

After pre-processing, there were 3001 valid bale cycles available for
analysis. Chain length was calculated for each valid bale cycle using
rotary angle sensor data. Chain length and processed torque were then
correlated for each valid bale cycle captured during the harvesting
season.

Throughout the season, the ground truth torque measurements were
taken from the tractor PTO (zpr(), and included contributions from
both zpy and z-i. The presence of 7p; contributed to amplitude
fluctuations in torque readings. To counter this, a median filter was
applied to 7pp for each of the 3001 bale sequences, generating the
ground-truth filtered signal 7;,,,, shown in Fig. 7.

A torque-chain length relationship was calculated through an Ordi-
nary Least Sqaures (OLS) method and this correlation was then used to
estimate baler torque using chain length data. The slope and intercept
can be described as:

Testimate = ((m Xep) + C) 3)

Where 7,;,..;. Tepresents the estimated peak median filtered torque of
the bale cycle. Slope m and intercept C are constant for each bale cycle
and are found using the line of best fit, while e, is the peak elongation
of the main drive chain for the bale cycle.

The following metrics were used to benchmark 7,41
- Bale cycle error:

- The mean error between 7,0y aNd T,gipq, is calculated
across the entire bale cycle, from time r = 0 to 7, where T

is the maximum bale cycle duration, in seconds.
+ Bale compaction period error:

- The average error between 7 ;;,q a0 7,4 1S calculated
from 2T /3 to T.

« Torque peak error:

- The maximum value of z,;,,.,. is calculated for each bale cy-

cle and is compared with 7 ,,,., at the same time instance.

Once each metric is calculated, for an individual bale formation se-
quence, the results are aggregated across the entire dataset, where the
overall mean and median of the metrics are presented in Section 3.4.3.

3. Results and discussions

The results section is split into subsections examining: modelling
analysis of chain length, the static experiment with artificial load
results, in-field experiment results, full silage harvesting season results
and, finally, all three data acquisition scenarios are compared.
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Fig. 8. Results from CAD design model, where the chain length on the X axis
is modified to cause a change in 6, on the Y axis, illustrating the relationship
between rotary sensor angles and the change in main chain drive length due to elastic
elongation.

3.1. Modelling analysis of chain length

An engineering model of the CR drive chain system was constructed
as described in Section 2.1.3 and as shown in Fig. 3. The model allowed
the authors to modify the chain length and observe the variations in
angle measurements on the chain sprocket. The relationship between
0,, and chain length found using the model are illustrated in Fig. 8. This
allowed rotary sensor data to be illustrated as the elastic elongation of
the chain (ee,,;,) as in Section 2.1.3.

3.2. Static experiment with artificial load results

In this section, the study examines the effect of inducing load on
a static fixed chamber baler CR as described in Section 2.2.1, and
the relationship between the baler torque and the movement of the
sprocket arm used to tension the main chain drive, shown in Fig. 5.

Figs. 9(a), 9(b) and 9(c) illustrate peak 7py displacement corre-
lated with peak horizontal displacement calculated using movement of
the sprocket arm. Several static artificial load cycles were completed
with chain A (Fig. 9(a)), chain B (Fig. 9(b)) and chain C (Fig. 9(c))
used as the main chain drive. The results for the three chains tests are
presented on a single graph for comparison, in Fig. 10.

The graphs correlate movement of the sprocket arm used to tension
the main chain drive with baler torque for each test completed. The
OLS fit for each chain experiment completed registers an R? coefficient
of greater than or equal to 0.98, which is significant. When results from
all three chain experiments are combined an R* of 0.98 is still achieved.

As the movement of the sprocket arm maintains the tension on
the main drive chain, static experiment results show that the rotary
sensor arm moves horizontally, in proportion with the increase of zp;(
during static testing. The strong correlation illustrates a relationship
between d, (Eq. (2)) and torque despite using three different chains
each with a varying level of aging (permanent elongation) during these
experiments. Static experiments, however, apply artificial load to a
single baler chamber roller, whereas in a field baling scenario, the
load would be distributed across more rollers in the chamber possibly
influencing how the main drive chain behaves during the cycle.

Using the relationship between rotary sensor angle values and the
main chain drive length, as illustrated in Fig. 8 and described in
Section 3.1, Fig. 11 highlights how the simulated chain elastic elon-
gation ee,;,;, correlates with zpo in the experiments described in
Section 2.2.1.

The OLS fit for each test completed, using ee,,,;, (instead of d,,) reg-
isters, an R? coefficient of greater than or equal to 0.97. This illustrates
the relationship between 7., and modelled chain length during static
experiments with artificial load analysis. In-field implement baling
experiments were then carried out to examine the elastic properties of
the main drive chain during the gathering of grass crop.
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Fig. 9. Torque range and rotary sensor horizontal displacement scatter plots for static
indoor testing completed with chains A,B, and C.
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Fig. 10. Torque range and rotary sensor horizontal displacement scatter plots for all
static indoor chain tests.

3.3. In-field implement baling experiments results

This section examines how 7., and main chain drive elastic exten-
sion is affected by the baling of grass silage crop. r-y and sprocket arm
movement data were collected from a McHale Fusion 3+ baler-wrapper
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Fig. 13. Scatter plot of 7., correlated with chain elastic stretch found from in-field
baling of 42 bales yielded an R?> = 0.97.

during the baling of one field as described in Section 2.2.2. Peak 75
and corresponding chain drive elastic stretch are correlated during the
formation of each bale. An example of ee_,,;, and 7 for one bale cycle
is shown in Fig. 12. Peak 7 and ee_;,;, from the 42 bales made during
in-field testing are correlated and shown in Fig. 13.

The OLS fit for in-field experiments, correlated zp; range and main
chain drive elongation data registered a significant R? coefficient of
0.97. In-field testing showed that z-, was estimated using main chain
drive elongation during bale harvesting with a significant correlation
with an R? value.

3.4. Full season silage baling analysis

In this section, the study examines both the permanent plastic
(Section 3.4.1) and elastic (Section 3.4.2) main chain drive elonga-
tion throughout an entire season of grass harvesting, as described
in Section 2.2.3. The method used to collect data and approximate
torque using chain length data acquired during a full season of silage
harvesting is explained in Section 2.2.3.
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during full harvest season experiments yielded an R> = 0.88.

3.4.1. Chain permanent plastic elongation

Analysis of idle chain length during the full silage harvest season
showed that as the season progressed and the bale count increased, the
main chain drive, gradually stretched due to wear of chain components
as described in Section 1. Plastic elongation is illustrated by plotting
chain length estimated from the tensioner sprocket arm position dur-
ing the initial idle stage of each bale cycle against the bale count
throughout the season, as shown in Fig. 14.

3.4.2. Chain elastic elongation

During a full season of silage harvesting experiments the ground
truth torque measurement was taken from the tractor PTO (zpy(), and
included contributions from both 7p; and rog. The presence of zp,
caused fluctuations in torque readings. To counter this, a median filter
was applied to baler torque signals for each bale as the filtered torque
signal more closely resembled 7. The peak median filtered torque for
each of the 3001 bale cycles under analysis were correlated with ee_,;,
for each bale and results are shown in Fig. 15.

The R? coefficient of 0.88 is observed between ee,,;, and 7pyo dur-
ing the full silage harvesting season experiment. This is lower than the
R? coefficient during static indoor implement and in-field implement
experiments, described in Sections 3.2 and 3.3, respectively. This may
be caused by the presence of 7p; in the bale cycle torque measurement
throughout the season. The rotary sensor can only determine the elastic
stretch for the 7.y, whereas 7p; cannot be accounted for and may cause
the variance, evident in Fig. 15.

The angular resolution of the rotary sensor used during season
long testing was 0.3 degrees. The angular resolution was lowered due
to limitations with the data acquisition hardware and ECU resources,
causing space between groups of ee,,,;, data across the x-axis evident
in Fig. 15. Within these groups of ee,,,, data, further gaps present
between vertical data points as illustrated in Fig. 16, where columns
of points present around a specific ee,,,;,, measure on the x-axis. These
smaller gaps between groups of data are not caused by sensor reso-
lution, but by plastic elongation of the chain throughout the harvest

season as in Fig. 14. Fig. 16 shows how ee,,;, increases within the data
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Fig. 16. Bale torque and ee,,,;, correlation during full harvest season testing with data
highlighted based on bale count during the year.

group, as the amount of bales made throughout the season increases.
In Fig. 16(b), the bales made at the beginning of the year are shown
in navy blue, while the bales made towards the end of the season are
in red. As the chain stretches due to plastic elongation throughout the
year, ee.,,;, gradually increases.

While the change in 6,; may be the same during a bale cycle at the
beginning and the end of the season long test, as 6, increased due to
plastic elongation, ee,,;, increases when converting 6, to chain length.
For example, a bale made at the beginning of the year with an idle 0,
of 80°and maximum 6, of 85°would have a same change in 6,, as a
bale made at the end of the year with an idle 6,, of 85°and maximum
0., of 90°. However, due to a non linear relationship between ee_,,;,
and rotary angle sensor data, as illustrated in Fig. 8, the bale made at
the beginning of the year would have a lower ee,,;, value.

3.4.3. Torque estimation

The season-long harvest data were used to estimate baler torque,
as explained in Section 2.2.3. Figs. 17 and 18 show the measured
baler torque, median filtered baler torque and torque estimated using
ee.,q,in data for separate bale cycles, as in Eq. (3). Estimated torque
is compared with the ground truth filtered torque cycle for 3001 valid
bales. The error metrics outlined in Section 2.2.3 are calculated across
the dataset and presented in Table 1.

Results show that 7,,,,, during the bale compaction of the bale
cycle can be estimated with an error of 8% and peak 7., can
be estimated with an error of 5% using ee.;,;,.- The significant error
percentages found from entire bale cycle estimation metrics are due to
high levels of error during the initial period of each bale cycle, due to
the dominance of 7py in 7ppo with 7p, not accounted for in ee,,;,
torque estimations as explained in Section 2.1.1. The results indicate
that chain length data can effectively estimate baler torque during the
final stage of the baling cycle, a point at which the likelihood of slip
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Fig. 17. Measured baler torque (zpro), median filtered baler torque (7;,.s) and
estimated torque (z, ) for one bale cycle. Average bale cycle error = 66 Nm, Bale
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Fig. 18. Measured baler torque (zpro), median filtered baler torque (7;,..s) and
estimated torque (7,;,..) for one bale cycle. Average bale cycle error = 166 Nm,
bale compaction error = 179 Nm, and peak torque error = 538 Nm. High peak torque
error may be caused by increased rp, at the final stage of the bale cycle due to crop
entering the bale chamber.

clutch occurrences is greatest. These estimations can potentially be
used by a machine operator to alter their driving behaviour to prolong
the lifespan of the machinery, prevent blockages and, more crucially,
reduce the risk of an unscheduled breakdown during a busy harvesting
period.

3.5. In-field and season experiment comparisons

In this section, the torque range and main drive chain length rela-
tionship during in-field and harvest season experiments are compared.
Static indoor test results were not compared with in-field and season
test results as, unlike the other tests completed, no grass was harvested
during indoor testing and force was applied to the baler chamber with
a brake instead of grass inside the chamber.

Fig. 19 illustrates peak torque displacement correlated with chain
length for in-field and season long experiments. Data from each test is
multiplied by a ratio depending on the baler gearbox used during that
test. Both 540 and 1000 RPM machines were used during the two test
scenarios.

When full harvest season results are compared with in-field ex-
periment results, the slope of the line of best fit in each experiment
is similar, illustrating that as 7.y increases, the rate of chain length
increase is the same during both experiments. There is a consistent
vertical gap between the OLS fit for full harvest data and the OLS
fit for in-field experimental data. The difference in magnitude may be
explained by the torque measurements over the full season being taken
from the PTO shaft which includes both 7z, and 7p;. This additional
Tpy cannot be accounted for using the proposed solution which may
increase the variance of measurements at particular x-axis locations as
well as account for the magnitude difference between the OLS fits.
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Table 1
Season testing results.
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Season Testing Results

Bale Sequence Metric Bale Cycle Bale Compaction Torque Peak
Error Period Error Error

Mean Error (Nm) 98 87 86

Median Error (Nm) 94 73 71

Maximum Error (Nm) 306 366 538

Minimum Error (Nm) 26 21 0

Standard Deviation 32 49 69

Mean Error (%) 195 11 7

Median Error (%) 82 8 5
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Fig. 19. In-field and Season baler torque experiment comparisons.

3.6. Study limitations

In the static indoor testing scenario outlined in Section 2.2.1, a
brake unit was fitted to a single roller cylinder of a Fusion 3+ baler.
This action exerted a load on the baler’s main drive chain system,
resulting in the displacement of the tensioning sprocket, as illustrated
in Figs. 3 and 4.

The maximum load was constrained by the physical hydraulic pres-
sure applied to the brake system and the wear of the brake pads, with
excessive load occasionally causing pad ignition (Fig. 5). Consequently,
the maximum torque recorded was approximately 730 Nm, as detailed
in Section 3.2, which is significantly below the overload slip clutch
threshold of 2000 Nm for a 540RPM Fusion3+. It is important to note
that such artificial loading (on a single CR roller) may not accurately
represent the forces exerted on multiple rollers when a cylindrical
silage bale, weighing between 500 kg and 700 kg, rotates within the
CR.

During the in-field tests described in Sections 3.3 and 2.2.2, the
rotating mass of silage fodder within the chamber generated torque
on the CR driveshaft. This torque was measured using a customized
Fusion 3+ baler equipped with a torque sensor exclusively on the CR
driveshaft. In contrast, measured torque from the static indoor tests
(Section 2.2.1) and the season-long testing (Section 2.2.3) originated
from a sensor installed on the PTO shaft. These measurements reflect
loading contributions from both the CR and PU of the baler; however,
the proposed method does not account for crop intake at the PU. This
discrepancy is not an issue for the indoor scenario, however, the PU
loading likely contributed to the variance in peak PTO torques shown
in Fig. 16(a).

Additionally, significant mechanical design changes between the
2013 Fusion 3+ baler used during the entire harvest season (Sec-
tion 3.4) and the 2021 model, used for generating in-field results (Sec-
tion 3.3), may account for the discrepancies in the OLS fits presented
in Fig. 19.

Future work will focus on reducing these inconsistencies and con-
straints by refining measurement techniques to more accurately capture
the forces exerted on the multiple rollers during bale rotation within
a static artificial loading scenario. A prototype machine will be used
by a contractor to generate a novel dataset, with the customized

ground-truth CR torque sensor used in Section 2.2.2 to mitigate the
contributions from the PU. Additionally, exploring advanced sensor
technologies and integrating them with machine learning algorithms
could provide more accurate models.

4. Conclusions

In this paper, a novel bolt-on sensor solution was developed to mea-
sure implement power requirements on a round baler. The elastic chain
elongation was observed during a loading sequence and a relationship
was established with the input driveshaft torque of the gearbox. The
relationship is then used to provide an estimate of the chamber power
loading requirements of the baler.

Static, in-field and full silage harvesting season experiments were
carried out where a fixed chamber baler torque and chain length
were recorded. Several Power-Take-Off speeds and implement chain
designs were evaluated while a controlled load was applied to the
baler chamber rollers during static testing. In-field measurements were
acquired during supervised baling experiments, and then over a full
harvesting season, where data was acquired for 3001 bale formations.

The peak torque requirements of the chamber are shown to exhibit
a linear correlation (R? > 0.97) with the elastic chain elongation during
static and in-field supervised testing. During harvest season testing, the
correlation coefficient was 0.88, with variation attributed to ground-
truth power measurements reflecting a combination of chamber and
crop pick-up components on the implement, a combination that cannot
be accounted for with the proposed method. Despite this, the season
baling results show that filtered peak torque can be estimated with a
median error of 5%.

The paper contributes a method that approximates input power
requirements on a chain driven bling implement while reducing the
financial cost by an order of magnitude, when compared to the state-
of-the-art. The output form the method could provide operators with
real-time feedback on their implement loading, allowing them to im-
prove their baling efficiency and reduce crucial component wear and
downtime in the field. The paper examines the limitations of the tech-
nique, highlighting the difference in model fit, when comparing baling
implements that are artificially loaded and those that are producing
bales, in the field. Future development should focus on validating the
method across a broader range of fixed chamber balers and analysing
power requirements for different crop types including hay, straw, and
miscanthus.
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