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Terms and abbreviations

AD converter Is a device thatonverts the analogical signal into digital numerical

CAN

CBR value

ISO

PGN

SAE

RCI

values

Controller area network which is used in vehicles, machinery and

industrial equipment

Californian Bearing Ratio is a test performed with penetrometer used to
evaluate the subgrade strength of soil

Intemational Organization for Standardization
Parameter Group Number defined in the J1939 standard

Society of Automotive Engineers. It is a standard developing

organkation.

Rating Cone Index is a soil index to describe soil segangth that
includes the consideration of the sensitivity of soil to strength losses

under vehicular traffic.



1 Introduction

Global tractor markets aréd@wing an icreasing demand for greenhouse gas emission
reduction and due to the rising fuel costs also energy efficiency is getting more attention.
Over the last decades, engine power has been increasing at an annual.8&/ @intl
reaching today abo®00kW for e most powerful class machingssinenko, Geissler

& Herlitzius 2015) In field operationghe traction efficiency reaches barely 50%, which

is problematic for effective use of energy. Transmission, axles, tires and tire slip consist
of a significant amaint of energy losses for agricultural tractors. There are several ways
to affect the slip such as inflation pressure, tire size and weight distribiitias been
shown that wheelslip is causing more compaction than additional wheel loBdivigg,

Finney & Richardson 1973)Real time estimation on varying terrain has been of interest
in researchFor example, Dallas et al., 2020 developed a nonlinear terramechanics Soll
Contact Model(SCM) which can estimate the terrain parameters witlabaginacy and

high computational efficiency.

The vertical position of the rear axle can indicate the sinkage of the rear wheels and it
can be observed with ultrasordistancesensors. The descending of the rear axle can
also be due to increased axle oarrditch load. The intensity of the up and down
movement can tell about the roughness of the surfaceirandflation pressure. The
force resisting the forward movement bétwheel is caused by the wheel sinkage and
resulting rolling resistance. Rollingesistance can be lowered on hard surfaces by
increasing the inflation pressure and lowering it on softedseileases rolling resistance

by reason of smaller sinkagBaailahti 2002). According to Arvidsson et dhe stress
increases with increasirtge inflation pressureand increasing wheel logérvidsson

and Keller 200).

In the latest agriculturalehicles,more and morguantitiesis controlled and observed

via exernal sensors either attached to the vehicle itself or previously located ilike So
Scouts and weather stations. With the help of sensors measuring weather and soil
conditions maybe in the near future unmanned field robots can adjust their properties

accading to the current conditions.



2 Strength properties of soil

Soil has fourstrength properties. The shear strength, which can be tested with a shear
vane, the soil compression strength which can be tested with the penetrologger, the soll
tensile strength which can be tested with uniaxial tensile test and soil csmpre

strengthwhich can be tested with a compression device.

In the field of agricultural machinerynderstanding the soil shear behavior is important.
When the mechanical implements suchpdsws and chisels interact in the field
operations the soil nehanical propdies need to be clear. In stdol interactions the

soil internal friction and cohesion also play an important role since they affect the draft
force and soil disturbance of the tdMcKyes 1985). The major factors affecting the
cohesion ee soil densif and moisture content (Sadek, Chen & Liu 2011) but in a 2002
survey by Mouazen it was shown that also the organic content and shearing apparatus
affect the shear rate. Study by Kies (1985) showed that as the soil shear strength
increasesn soil water ontent decreases. Many studies report that strength properties

reach peak at particular water content ranges (Mouazen 2002)

The force resisting penetrometer is often used as an esbihie resistance of soil to
root elongationHowever in the case ofeld traffic it is possible for the operator to
control the application of loading speed unlike the nature of the soils. Hence it is
important to understand the sbihaviorduring the compression. The tyre slippage is
often defired as a loss of the lineaelocity of the wheel center due to the integrated tyre

longitudinal compression and soil compaction (Andreev & Vantsevich 2017).

Since most soils have poor tension strength the roots of surface vegetation work as a
fiber netwok to provide tensile strgth to the soils. Soil reinforcement also has a
stabilizing effect on slopes to minimize landslips and on saturated soils that are even
more likely to have poor strength in tension (Wieder & Shoop 2018). A year 2010 study
conducté by Ali investigated thenechanical properties of roots in slope stabilization
and found out that root tensile strength decreases with increasing root diameter.
Vegetation is also widely used to prevent surface erosion without intention to provide
any adlitional surface strengtbut Gyssel et al. (2005) found out that vegetation cover

is more important than plant roots on resistance of soil to water erosion.



3 Tire-soil contact

Slip means velocity difference between the tire and the chassis and égmagrbven to

be a more ignificant factor of causing compaction than additional wheel loading
(Davies, Finney and Richardson 1973). Slip indicates as percentage how much shorter
distance is transported during the drag compared to a distance withokbskxample

if a tractortravels a distance of 8@eters without a slip, with a slip of 20% it progresses

64 meters. The slip should not exceed over 10% if it is desirable to avoid compaction of
clay soils and in grass cultivation slip over 10% damagepléms(Elonen, Alakukku

& Koskinen 1995). Compaction is also proven to be a major factor affecting root growth
and crop yields (Gerard, Sexton & Shaw 1982). Another factor causing reduced yields
is erosion due reduction in watikeolding capacity and nuént availability (Coladco,
Osborn & Alt 1989). Figure firesents the traffic factors and soil properties affecting the
soil compaction. Although the optimal slip control has aroused interest for some
researchers, Pichimaig012) suggests calculating the rolling resistancéficant and

actual net traction ratio from drive torque in transmissions together with draft force and
wheel load measurements. The main affecting factors related to traction efficiency of

farm tractoraretire pressuretire and track properties, vertidaad and the slip

Cultivation
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Figurel. Soil properties and field traffic factors affecting the soil compaction process.
Image edited from (Canarache 1991, Soane and Ouwerkerk 1994b).



3.1 Ground pressure
Tyre travelling over soil causes namiform ground pressas across the width of the

tyre as well along the entire length of the tire contact area. When the recommended
inflation pressure is being used, the mean ground pressure can be approximated by the
tyre inflation pressurgArvidsson & Keller 2007). Accordig to Sandomaky et al.

wheel sinkage and the RCI (Rating Cone Index) are closely related to each other when
the tractor is traveling on a specific soil (Sandomirsky et al., 2007). Thererapaiter
basedsimulation models for predicting the ground pressdistribution for tracked
(Gigler & Ward 1993) and wheeled tractors. Also, Hetherington and White (2002)
mention the ongoing argument of the linkage between ground pressure of a vehicle and
its ability to travel terrain. There is a formulaquation 1.)at design state to predict
tracked vehicles' potential to traverse soft ground but Rowland (1972) elected to use
actual ground pressure measurements, deduced from-bdwgwll data when

devdoping the equivalent formula for wheeled vehicles.

e Qo
000

8
8 Qs L
Q

Equation 1. Rowland method for predicting the ground pressure for wheeled vehicles
Where:

d = tyre deflectiorrelated to the load
k = coefficient varying between 3.65 to 4lépending on the number toactionaxes

h = height of the carcass of the tyre

The problem that is encountered often in experiments where the transducers are buried
to different depths is converting tmeeasured pressure at given depth to an inferred
pressure at the surface. Common secondary probéeenshat soil type affects the
inferred presgre values at the ground surface (Hetgerington and White 2002). Htence

is difficult to utilize formulas on dierent soil types but in general it can be said that
higher weight and higher inflath pressuréeads to higher ground pressures.

3.2 Vibration
Vibration is induced by the terrain roughness in the chassis of vehicles moving cross

country. If the conditins are exceeded over certain ppthese vibrations affect the
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comfort of the driver detrimentglland the vehicle can no longer be controlled by the
driver (Laib 1995). Vibrations resulting from the vehicle interacting with rough terrain
and fromthevehc | ebés power source are frequent]l:
levels. Thereare primaily two types of vibrations: sinusoidal and random. Sinusoidal
vibration occurs in nature and is predictaleereagandom vibration is unpredictable

and random in nature (Prasad, Tewari & Yadav 1995). Vibration of a certain frequency
may come&rom a running engine or transmission and its intensity is usually expressed
in acceleration (mfsand frequency in Hertz (Hz) (Suomen standardisoimisliitto 2002).
But originating the source of the vibration can be difficult because it is influenced by
many differen factors. Especially tractors equipped with belt tires (tracks), tire elasticity
and air space help reduce vibration and allow the tire deformation under, smoothing the
stress peaks (Jones 1999). Vibration also has potential negative effieotcupats

such as fatigue, comfort degradation, cabin noise and wayside (#tldebrand,
Keskinen & Navarrete 2008).

3.3 Soil damage
Total cultivation area globally is 1.6 million hectares of which 25% are degraded (FAO,

2011). One form of soil dgadation issoil compaction that changes soil structure,
restricts water and air infiltration and reduces root penetration into the soil (Nawaz et al.,
2013).Compaction can also lead to reduced water permeabilitich then can cause

runoff path for wagr and soilerosion(Hildebrand, Keskinen & Navarrete 200&).
cropping systems soil compaction is caused by machinery traffic applying larger stress
than the soil bearing capacity is (Hamza and Andersson 2005). During the operations of
high axle loadsike tillage, harvesting and slurry spreading soils are often moist
(Hakansson and Petelkau 1994) and it has been shown by numerous studies that loaded
wheel compact moist soilEspecially wheeled tractors have been related to over

compaction (Davies, Finge& Richard®n 1973).

Whether the soil damage is erosion, compaction or salinity it eventually leads to
economic damage. In many cases, théaom damages are caused by increased costs on

inputs such as fertilizer and reduced yidl@slacicco, Osborn & Alt 1989)

4 Tractor mobility

Tractordés mobility means its capability

evaluating especially the mobility of unmanned ground vehicles is growing as the
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penetration levels increase (Gorsich ym. 2018). One of the key featuodtroad

mobility is soil moisture but predicting it is complex because it varies in both direction
and magnitude along the season and location. Evaluating soil strength may not be
possible by visual inspections and it is among the top causes o tei@acesbility.

Terrain features such as slopes, can cause restrictions to vehicles and are more easily
assessed on site unlike surface roughness that magstemwehicle traffic but will not

cause terrain inaccessibili¢@$tevens, McKinley & Vahedifa 2016).

In the evaluation of the mobility of efbad vehiclestire-terrain interaction plays a
major role. The handling and traction are influenced by soft soil affecting the mobility
evaluation. The number of passes has an exert influence on evaloataif-road
vehicles' traction (Senatore & Sandu 2011). A study by Holm (1969) shows that after
each pass the solil properties are converted and the variations are a function of slip.

However, most of the studies considering soil impacts on vehicles itlire
peformed on bare soil and the type and amount of vegetation are not documented. This
is important since many of the crucial work steps are performed on plant coated soils like
mowing and threshing. It is important to understand the dynamic radtilne ineraction
between soil and vegetation to predict vehicle trafficability which is related to sustainable
land management. Shoop et al. (2015) conducted a survey related to biomass impacts on
vehicle mobility concluding that biomass had a positimedsit onincreasing net traction

on sandy and clay soils.

Saarilahti (1991) described the vehicle's terrain mobility with two elements, terrain and
vehicle. There are also numerous physical properties that affect the tractors mobility like
weight of themachineryhumber of wheels, weight or volume of the load, measure and
inflation pressure of the wheels. In some rare occasions the mobility limiting factors can
be tractors measures like narrow underpagSesinen 2002). Such cases can be
forwarding in étep snow \were the tractocannotdevelop necessary grip from the
ground. Some sources suggest that net traction ratio is the best indicator of wheel
mobility and with its help precise mobility models can be created but defining the net

traction can be diicult.

5 Controller Area Network

CAN bus (Controller Area Network) is an automation bus designed for data transfer

which is being used especially in vehicles. Bus baud rate is between 125 kibitist/s
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depending on the applicatiohe CAN bus was aginally developed in the 1980s by
Robert Bosch. Its purpose was to simplify the cabling of the-ldnki Braking System.
Typical communication on the bus is between the control devices conneittaddall

the messages auvsuallyforwarded to all combl devices in the budVith current speed

rate the maximum number of messages is approximately 1800 per second which can
results in saturating near 100% usage ofGA&-based ISOBUSNowadays vehicles

can utilize multiple CAN buss. The corresponding SAEBtandard used in agricultural
vehicles is J1939The J1939 standard seriekefines thatmplements can be semi
mounted, mounted, tolwehind or selpropelledand its purpose is to standardize the

data transmission method and foffuunaren 2014).

5.1 Bustopology

The most common structure is a bus where from point A to point B control devices are
connected t@ twistedpair cable (Figure 2). The wiring is apdle pair cable with 40

turns per meter as standard. It should be as straight as possible tcoavpiex network
structures and its maximum bus length depends on the used baud rate. In addition to the
controlerdevi ces there are usually two 120Y t
located at both ends of the bus. Their purpose is to prevesibjgoslectrical reflections

that might interfere with the operation of the bus (Voss 2008). The nodes are connected
to CAN_H and CAN_L whose waveform switches from 1.5V up to 3.5V by two wires.
When messages are not moving in the bus it is in recessive state and both channels have
voltage of 2.5V and in data transfer mode CAN_H voltage varies from-8.3¥ and

in CAN_L between 0.7V1.5V (Leminen 2015).

Node Node Node
A B X

CAN_H

1200 1200

CAN_L

Figure 2. Controller Area Network bus topology



13

5.21S0O 11783

ISOBUS is a specification based on ISO 11783 standard that describes how to interpret
the standard. ISOBUS defines a communication network suitable fonocand data
transmission between the virtual terminal, sensors, actuators, controls, the tractor ECU
and the implement ECU. This ensures a different mechanical and digital compatibility
between devices and with one ISOBUS terminal that the user caolahtSO bus
compatible implements. The ISOBUS compatibility of tractors and implements has been
a problem(Oksaneret al 2005).In commercial context theerm ISOBUS refers to the

brand owned by AEF (Agricultural Industry Foundation)

One benefit of tle ISO 11783 is allowing the development of automatic guidance
systems for agricultural machinery which demand has grown. The development is stable
and new functions are integrated into newer versions like supporting the headland
turning. If bdter accuracyis beneficial there are standalone implement steering and
guidance systems in the market e.g. Trimble (Oksanen & Backmani@l6arketing
machines equipped with the ISOBUS brand are only allowed for those who passed the
conformance tesby AEF (Linkdehto 2018). Furthermore, in the future versions of
ISOBUS, there will be better possibilities for transferring even larger amounts of data

from implements to tractors.

The AEF ( The Agricultural Industriglectronics Foundation) formed a teéanwork on

the High speed ISOBUS. From the main-aases they found out that the greatest need
is for more precise command and data logging as well for higher featured and more
responsive display of informatioithey came into a conclusion that theseldawot be
solved withthe preserievel of CAN precision From methods already developed to meet
the increased requirementkebetter would be CANFD. It is capable of 8b/s data
transfer but is incompatible with the present Ghased ISOBUS and would require
additio n a | E C U &entrgl Enit) @.g.AlexRay with 2 channels at Mb/s, which
already is being used in automotive systems or Ethernet ranging below 1 Miés
1Gb/s. In some of the usases wireless connection was not seen fulfilling the
requirenents due the lower level of tolerable latgmnd safety manners even if it would

otherwise meet the deman(stps://www.aefonline.org/home.html)

5.3 PGN
When looking at the activity of J1939 the parameter group numbers play a significant
role. The PGNells the receiving control device what kind of data it contains. The wanted
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PGN can be asked by sending the message frame with a parameter group number 59904.
The PGN itself has been divided into four smaller parts. Data page tells the data page to
be ued. To add pages to the protocol R page exists. FieldBFUefines the possible
destination address and message function or broadcasting to everyone. Data fie
contain the data to be transmitted in the message and the content has parameters such as
engne temperature. These parameters are numbered as they are called SPN or Suspect
Parameter NumbdHyvamaki 2015).

6. Research objectives

The goal of this resgch was tduild an affordable measuring equipmenesiimate
agricultural tractorsnobility in real timeand test it under practical conditions. The study
was conducted in Viikki Research Farirestdrives were performed on thResearch
Farnts fields during the gowing seasorand the data were alyzed aferwards with
MATLAB.

7. Materials and methods

7.1 Tractor and implement
The tractor on which the tests were carried out was a 2008 Valtra N141 with a front

loacer. During the measurements, it higgically usedtire pressure. The dry weight
declared by the manufacturer wasé\ but due to the front loader and lida such as

fuel and oil, higher reading of &8kN was measuredpecific features are introduced

in Figure3.
[tems Specifications
Model N141
Manufacturer Valtra
Eated power/speed 111,8kW/2200 rpm
Weight, kKN 63,3kN
Front tire 14 9R28
Rear tire 18 4R538

Figure 3. Specifications of the tractor used in this statps://www.tractordata.com/
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Weight measurementgere performed one axisatime with DG DINA 3 weighbridge.

The scaleés more accurate tharl- 0.015% which was declaredytthe manufacturer in

the manual. Specifications for the scateshown in Figure 4. The total mass of the rear
axle was 3KkN and the front 32 kN, whichmakes the weight distribution of the front
and rear axle 49/51 without implement. The weight splitften dependent on the type

of tractor and the way the implements are hitched, or mounted to the tractor (Staton,
Harrigan & Turner 2005). Since the impient(Figure 13)is no longer in production

and the manufacturer did not provide any specificatiaosording to its physical
characteristics its mass was calculated by weighing the tractor with and without the
cultivator, thus the difference in the massswhe weight of ifThe working width of the
cultivator implementis 3 m and it consists 013 spring-tooth harrows in two rows
followed by straw mixersOne of the springtooth were missing the whole time thie
measurementsvhich may have had an effect on the vibratias indicated in the Figure

18.

[tems Specifications
Measuring accuracy 1-2-5-10-20-50
Systems weight limit 19 6kN

Minimum weight to be weighed QEON

Computer accuracy Less than £0.0015%

Figure 4. Weighbridge technical information

7.2 Field observations
For the observations of theference field conditions we used four wireless soil moisture

sensors which were placed at different dept@8 th and 05 m (Figure 5) SoilScouts

send data of the soi |lectacal condugidty \aattelephene mo |
network every 20ninutes. They operate at 868Hz andusing higher frequency would

cause high dielectric losses and could deteriorate further by veggiatiesanen 2009).

The depth was measured from the ground wighhélp of vertically planted plank and
measuring tag like in Figure 5 We also had to make sure that the round antenna head
was facing the echo repeatarhich was placed on the edge of the field between the
sensors and homebase antenna. The bottom pftthvas loose ground and the soil was

placed on tomf the sensors carefully to avoid rocks and maximize the contact area. It
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was also of great importance to fully fill the pit with the soil to prevent accumulation of

excess water that might distort timeasuremernesults.

Figure 5. Measuring the deptifi the pit in which the sensors were placed

To evaluate the CBR value (Californian Bearing Ratio) Eijkelkamp Penetrologger

used CBR is an index of soil resistance to shearing under a standardologiéred to

the shearing resistance of a standartenel subjected to the same load. Penetrologger
test is performed by measuring the pressure required to penetrate the soil with a cone of
suitable area. The cone is chosen according to the densitytehiataxs of the soil and

in this study a cone sig of 2 cn? with head angleof 60 was used. In total, 18
measurements were takahoncefrom six differentlocationsclose to the locations of
SoilScouts. The locati@were determined with the ubuilt GPS of a pentrologger. A
typical penetration result is presentedFigure 6 The soil type of the test area was

defined earlier by Eurofins Viljavuuspalvely Oy as Clay loam which is typical in that
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area Also during the fieldests there was little to nbing vegetation on the field which

could have affected the slip and traction performance.

PLOTO1_TEST1

PRESSURE, MPA

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0
0,0

10,0

DEPTH, CM
5§ 8 8
o o o

a
o
o

60,0
70,0
80,0

Run 1 Run 2 Run 3

Average

Figure 6. Penetrologger results from the test area presented as depth and pressure

function

The second instrument that was used tarema the soil properties washear vane test.

It is primarily used to determine the shear strengfinefgrainedsoil types. In the shear

vane four wings formed of mutually perpendicular plates are pressed into undisturbed
ground and the wing is rotd by hand at a constant spe@&tie value of the shear
strength is obtained by means of the torque required to rotate the wing and the geometry
of the cutting surface. The results obtained cannot be directly applied in the capacity
calculations but the vaés make it possible to get igiea of the local variations in shear
strength.

The height of the wing is usually two times its width and the correct wing size can be
determined for example based on weight drilling resistance. The drilling depth is the
deph of the center of the wing #te time of measurement of the shear strength which
in this case was.Pm. Three samples were taken from six diffefenationswith a vane

size of 16x32mm, which has to be taken into account when multiplying the results.
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Possible sources of errorstire readings are if the drilling is done too close to old drilling

points or the ground has gripped to wings and(Kadrausopas 1999).

7.3 Measurement system
Before testing the measuring equipment in practical conditions, it was built and tested

with thehelp of a solderless breadboard to which the test connections were made. Since
the device was built from start to finish byrselvesthere was no absoluteaantee if

the system would work as desiredHgure 7 theconnectionsarepresentedisually to

help outline the connectiont the followingfigure, on the left from top to bottom are

the plugins for the two accelerometers, ultrasdistance sensors and 12V power intake

from the tractor.

Figure 7.Connectiongpresentedisually.

Thecommuncati on between the fAmastero or Ar
happens with 12C protocol (Mankat al 2014).In this case, the slaves were the two

ADC boards that collected the measurement data from the sefilserC is a simple

two-way contol and communication bugvhich enables connecting multiple slaves to

one master or multiple masters connecting single slave. The number of devices is
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dependent on how many bits is used in the addressing. 12C uses only two wires to
communicate th SDA (Seial Data) which is for the master and slave to send and receive
data and the SCL (Serial Clock) that carries the clock signal. The speed grade of 12C
varies between 10Rbit/s to 32 Mbit/s. In this study a baud rate of 115200 was used
and it de¢rmines tle speed of communication. Figure 8 visualizes the symbiosis better.
In the bus, the data is transferred as messagpgsh are then broken into frames of data.
The message begins with the binary address of the slave and then one or more esta fram

and st@ conditions. It is also always 8 bits long and the most significant bit is being first.

Master Slave

a! o h

H SDA W SpA
-] 18| | 1.

* SCL I :>$ SCL i

Figure 8. Communication between the master and slave.

7.4 Ultrasonic distance sensor
The microcontroller used in this survey was the Arduino Uno anddtelesaomegrs

attached to it was the SparkFun Triple Axis AD3A5. The ultrasoniaistancesensor

was Sick UM182 Pro, which more detailed information is presented in Figure 9. The
operating system to collect the measured data in real timpranasled by Raspberiiyi.

Since the output signals from the sensors were analog, they had to be converted to digital
formatbecausef thetechnicalimitations ofthe Arduino Uno boardnumber of analog

inputs and 16bit AD converter), separate AD convend (Adafruit ADS1015)vere used

also for higher measurement resolution.
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[tems Specifications

Model UMI1B

Mamfacturer SICK

Max _/min sensing distance 1300mm/120mm
Fesohition =0, 2mm

Response time 80ms

Minimum operating voltage DC 9V

Accuracy +1%

Power 4mA_ 20mA. <5000

Figure 9. More detailed information of the ultrasonic sensor

To get a better sense of the measuring range bieasnpresented ifrigure 10. It is
important torecognize how differently shaped beawill affect the measuring. For
example, how wide measuring angle reduces the accuracy of the sensors in the width
direction and might distribute the beam over a wider area, so thatihesflected back

is weaker than with a narrow measuring angle. &umpared the echo intensity to the
narrow beam which varies more when measuring uneven surfaces (AirmarA0atah

be observed from the followirfigure, the soundwave is divided inte@ar field and far

field zones presented in different colors. Thasdue the unevenness of the wave. In
addition, at the beginning of the wave is thesaled dead zone, the length of which

depends on the duration of the way@artz 1995)

Other key poirg regarding the operation of the ultrasonic sensors are the seargyeg

beam angle, echo confidence and attenuafibe. maximum sensing range is marked

with 2 in the Figure 10Voltage used affects the length of the sensing range and the
remaining volage from its formation forms side lob&sw-frequency ultrasonicemnsors
maximum operating range extends further that of Hfiighuency sensors since they
suffer less fromenvironmental conditiondHigh-frequency sensors are being used in
more accurate measurements with shorter range and better res@atisars havdso
minimum sensing distance and this because the waves transmitted by the sensor must be

received before echo can be received ftbentarge(Massa 1999 and/illigan 2006).
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Figure10. The detection area of the ultrasonic distasensors

Ultrasonic distance sensors are used to detect movement or distance and they can be
roughly divided into three groups: receivers, transmitters and transceivers. The last one
being the type used in this study. To calculate the distance bject or in ths case the

soil surface the time between sending a signal and receiving an echo is calculated.
Measuring the distance can be continuous or discrete bursts if wanted and the power of
the transducer depends on the intended use. The Frequbiuty affects lhe range of

the ultrasonic sensors was in this case 200 kHz which is considerably high. At this
frequency, the resolution can be as high as one millimeter. The output voltage was
measured as voltage drop over ©i5fesistor, which produces a measurememgegrom

0.6 V to 3.0 V corresponding to 4 mA and 20 mA of current signals, respectively.

The reference measures were performed in the classroom in such a way that the
ultrasonic sensors were facing up the rodfe could utilize its full range and reguat

the distance with a flat plate moving up and down along the measuring range. This
resulted in the maximum voltage outputs of 2\80and 2.98V and minimum outputs
0.63V and 0.64V.

Based on the calibration neaement of the ultrasonic distance senstrs absolute

distance was defined with equati@) (
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Equation2. A formula that can be used to calculate the distance

Where

Raw data = Output of the ultrasonic sensor (measurement)
880 mm = Length of the measuring range (1000imt@0mm)
2400 mV =Voltage distributionover15¢ r esi 3§ 0.6VW) (3 V

Offset = 80 mm (based on calibration measurements)

7.5 AD converter
The AD converter operates so that the S/H (sample and hold) circuit in it stores the

current voltage level from the analog voltaggnal in the capacitor of the circuit. After

that the connection to the voltage source is disconnected by the samplirig siftec

this process the sample can be converted or quantized to binary form.-bhleAL2
converter is able to differentia?= 4096 voltage levels. Depending on the voltage
range used in the measurements, the voltage resolution changes. Becatssehation
sensors were measured with the same AD converters, the input voltage was limited to
3.3V and the measurement voltagege was set to +4.096from the Arduino program

hence having gain of one. Hence, there was no need to increase thetbaisighal.
Therefore, the measurement resolution wasV2 Figure 11 shows how the input range

of the AD converter is divided iaotincrements.
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4-bit ADC

= 1111
- 1110
= 1101
= 1100
- 1011
= 1010
1001
- 1000
= 0111
- 0110
= 0101
= 0100
- 0011
- 0010
epeg— 0001
L B G — MIN 0000

Input range
I

Resolution

Figure 1. The input range of a@it AD converter.

7.6 Accelerometer
An accelerometers a sensor that measures salteleration or physical acceleration

experienced by an object. Selfceleration is not the same as acceleration cadpar

a fixed coordinate system but the rate of change of velocity in its own momentary resting
frame. Acelerometers are often used to detect and monitor vibrations of rotating
machines but are rare in agricultural machin&heycan also measure the cbion of
devices with rotational motion or repetitive movemenmhich is the most common

conditionbasedcondition monitoring measurement technique (Mills 2010).

Accelerometers are available as singlemaudti-axisversions depending on the purpose.

The resolution of the accelerometer is determined by the used bandwidth. Inside the
sensor are polysilicon springs which are used to suspend a beam over the surface of a
silicon wafer and provide a resistance againstieg@orce. According to Hooke's law

when acceleration is applied to the sensor the beam deflects and a differential capacitor
is used to measure the distance of the beam deflected. The output voltage increases
linearly with the acceleration over the rangaese outputs arbdén sampled by thaD

converter. More specific details of the accelerometer are provided in F@ure 1
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[tems Specifications
Model ADXIL335
Mamifacturer SparkFun
Sensing range +3g

Sensitivity 270 - 330mVig
Operating voltage range 1.8-36V

Figure 2. Specific information about the accelerometer
The relative acceleration was calculated with the equasjon (
00® MAZCXY QQ.y v wmim o o s
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Equation3. The formula that gives the acceleration values in g unit for X, Y, and Z axis

Where

ADC value = depends on tlaeceleration of the ax{sneasurement)

Vref =33V

Voltage Level at @ = 1.65V

Sensitivity Scale factor 6.33V/g

7.7 Stepup/down DC/DC Converter

Toregulate theé r a c t o voliage addZnsiue the controlled direct curraistepup
DC/DC converter was uséar the distance sensqsigure 13) The DC converter works

by taking the current and passing it through a switching element and turning it into a
square wave or alternative current. Then it passes through anothewfiitd turns it
back to a DC signal of the appropriate voltage. In thig,¢he wanted voltage output
was regulated by turning a knolvhich then linearly changes the output voltagee
locationof the convertem the measuring system can be perceived better by looking at
the Figurey.

Figure B. Stepup/downDC/DC Converte 1.3-26V 1A (Photo:www.partco.com
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8 Results

8.1 Field measurements
The measurements were carried with the machinery and on the field that can be seen

in the Figure B. SoilScout sensor@igure 5) were buried in this particular fidddfore

the first measurement3he cultivation performed during the time of the picture was
taken was secontheasurema runon that test area which dhaffected on the soll
structure, vegetation, moisture and traction resistafioe field and climate conditions
are castantly changing and we had no possibility of knowing beforehand how the
chosen field would react todke.In addition to these thkigh groundwater level and
clay layer the moisturand temperatureariation was little athe depth of 25crFigure

16).

As can be seen from tiiégure 4, the average length and location of each test drive are
presented in different colored lines. Driving with Brf/h set by the cruise contrelach

draft lasted about 200 seconds. These tests were conducted on undustviatee only
exception being thgellow trace located perpendicular to the others. Its purpose was to
get data driving on cultivated soil, on transverse to the cultivation direction and lateral
glide. The soil turned out to be too soft which attenu#itedvibration and lateral glide
was so small that it cannot be reliably separated from the data. As it is driving on
vegetated soil is more realistic considering the intended use of the impleimanits

purpose is to cultivate stubble.

Figure . Mapof the follow-up trace recorded WwitGNSS connected to Raspberry Pi.
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Tire pressures in front and rear were set to 1.2 bar to increase traction and reduce soill
compaction as would normally be doiiée implement height adjustable tires tended to
sink intothe ground dué& wetconditions and narrow tirdsit on uncultivated sqithey

worked as supposed to.

Figure B. The tractor and the implement used in this study cultivatintgtiéeld.

The variatiorof moisturebetween the twdepthg25cm and B cm)wasnotremarkable
taking into account the period of time and uniformity of the 3die maximum humidity
percenbbservediuring this period was 51% and minimum3 and both of these was
achieved at the depth 50cm,but the differencéetween raximum moisturesvas only
one to two percentage poinit both depthsthe moisturecemainedat high level for
considerablyiong time before starting to changeAugust even it was less rainy than
the 30year averagehftps://www.ilmatieteenlans.fi/).

The moisture starts to descend towards the October in ttra #§ure when the air gets
colder. Equal change can be observed also from the beginning otidiinae late
August. It is normal for the changes in condition to be higher in lovegptlts whes

weather conditions have a greater impact.

In further futurethiswould be valuable data especially for the unmanned field robots to
be aware of the field conditionAt least still it is hard even for the human eye to tell if
the soil is moist just frm the surface or deepeithout digging the soilTo avoid getting
stuck and damaging the structure of the,sbivould be convenient for the working
machine to know beforehand thendlitions. The right placing of the SoilScouts is
important to get comphensive picture of the state of the fidfdt is possible for the
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unmanned vehicles to work night and déyvould save thdime, if they were able to
always work on the dry aredithe field e.g. when cultivatingdowever,some work steps

must be corpleted as continuously as possikigch as sowing so that inflammation

would happen simultaneously.

Figure B. SoilScoutemperature and moisture graph at 25cm depth

The penetrations performed monthly on the test field can be se@nely order in
Figure B presented as function of pressure (MPa) and depth Feoh the six figurs,
a rising trenccan be seetowards he end or going deepédt.begins roughly going past

the depth of 2@m, which is common tillage layer.




































