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Formula symbols

1

FORMULA SYMBOLS
D Damage
G Tractor gross weight N
L Load sum
LF Load factor
LR Load ratio
M Torque Nm
N Number of load cycles
P Power kW
R Resistance Q
S Stress
U Voltage \%
c Factor for crack growth
e Exponent c.f. Fig. 10 and Eq.(7)
k Exponent of finite life straight
m Mass kg
n Actual number of load cycles
r Radius m
Time/function of time
K Net traction ratio
u Circumference coefficient
Roll resistance
INDICES
A Support voltage
B Measuring signal
D Point of endurance
E Engine



Formula symbols

Level of a specific stress amplitude
Index of load class

max Maximum/gross weight

net Net weight

o Index of highest load class

ABBREVIATIONS

AC Air conditioner

ATV All terrain vehicle

BMELV Federal Ministry of Food and Agriculture

CAN Controller area network

CAT Caterpillar

CM Condition monitoring

CNH Case - New Holland

CVT Continuous variable transmission

DESTATIS Statistisches Bundesamt
(Federal Statistical Office Germany)

DIN Deutsches Institut fir Normung
(German Institute for Standardization)

DLG Deutsche Landwirtschafts-Gesellschaft
(German Agriculture Society)

ECE Economic Commission for Europe

ECU Electronic control unit

EL Engine load

ERL Estimation of remaining lifetime

FC Fuel consumption

FKM Forschungskuratorium Maschinenbau
(Research Curatorship for Mechanical Engineering)

GPS Global positioning system

ICE Intercity-Express

ISO International Organization for Standardization

KBA Kraftfahrt Bundesamt

(Federal Motor Transport Authority)



Formula symbols

KTBL

MFWD
OEM
PM
PTO
ROH
RPM
SDF
SG
TCO
us
VDMA

VOH
WR
WwWw

avg.
bn

cf.

ha
k€

w/o

Kuratorium fur Technik und Bau in der Landwirtschaft
(Curatorship for Technology and Construction in Agriculture)

Mechanical front wheel assist
Original equipment manufacturer
Predictive maintenance

Power take-off

Real operation hours
Revolutions per minute

Same Deutz-Fahr

Summer barley

Total cost of ownership

United States

Verband Deutscher Maschinen- und Anlagenbau
(German Engineering Federation)

Weight factor of operation hours
Winter canola (rapeseed)
Winter wheat

Average

Billion (*10°)

Compare with

Hours

Hectare

Thousand Euros (*10%)
with

without



Vi Abstract

ABSTRACT

The estimation of tractor value requires a lot of experience and knowledge and relies
mainly on total operation hours and manufacturing year. Today each tractor operation
hour is considered to be equal because tractor meters operate time based only and do
not consider the varying loads. But tractors face multiple applications within a year.
Each application puts different loads on each tractor assembly such as engine, gear-

box, axles or power take-off.

A more precise method is introduced to evaluate tractor operation hours on basis of
real application loads of each tractor assembly within the drivetrain separately. The
method relates accumulated tractor loads to standard operation loads which are de-
fined by a reference load spectrum for the specific assembly. For the load evaluation

a pseudo damage calculation similar to the Miner’s rule is used.

A test tractor was equipped with strain gauge sensors to measure torque flow within
the drivetrain. A variety of different tractor applications were measured and load spec-
tra for different assemblies were generated. Based on different tractor application pro-
files lifetime load spectra for the different assemblies can be calculated. Further con-
solidation of the individual load factors can be done by weighting of the assemblies.
The resulting load factor brings transparent information about intensity of tractor usage.
Results show big differences between the assemblies and between the different appli-

cation profiles. This supports the demand for a new method for tractor evaluation.
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1 INTRODUCTION

Agriculture is facing structural change all over the world. Especially in developed coun-
tries the number of actual farms and farmers is decreasing while the farms themselves
become bigger and bigger. The type of farms are changing with the size as well, from
small family farming operations to giant corporate farms which are managed like com-
panies. The more professionalization there is, the more transparency is demanded by
buyers of agricultural machinery. Structural change forces the farms to focus more on
specialization. This also has an effect on the agricultural machinery used, especially
the tractor’s role as central and universal work machine. The annual application spec-
trum of a tractor depends on a variety of factors such as farm type or farm size, among
others. This means that tractors are used as multipurpose machines with low annual
application hours per application or as single purpose machine with high annual usage,
depending on the level of specialization of the farms. Machine idle time differs greatly
as well. While most tractors have 25 - 30 % idle in their load spectrum, individual ma-

chines can have below 20 % or above 35 % idle time [1; 2].

Every tractor application puts loads on different tractor assemblies such as engine,
gearbox or axles. Nowadays a simple hour meter is the basis for tractor evaluation and
tractor service. In the past tractors were equipped with so called “tractor meters”,
shown in Figure 1. These devices were driven manually by the engine crankshaft.
Depending on the engine speed these tractor meters counted less “hours” for one hour
at engine idle speed in comparison to one hour of engine nominal speed. The hint “1
maintenance hour equals 1 hour at 1,500 min-' engine speed” was written on some of
these tractor meters. Assuming a relation between engine load and RPM the tractor
meters weighted tractor operation somehow based on tractor load. Although this prac-
tice is still well known today, now time-based operation hours are used for tractor eval-
uation. Approaches like condition monitoring are used for critical infrastructure or ma-
chines with demand for high uptime rate to monitor actual condition. This is mostly
done on basis of vibro-acoustic sensors which have to be installed separately and must
be calibrated individually on the machine. Because the costs of these systems are
quite high other approaches like load prediction or out-of-spec monitoring based on
operational data were established but do not fulfill the requirements of a modern tractor
meter [3; 4].
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Figure 1: Historical tractor meter for Deutz tractors, with reference to maintenance
hour, 1960s.

This demands a new method which evaluates single tractors on the basis of actual
loads within the drivetrain. The evaluation should be kept separately for the different
tractor assemblies like engine, gearbox input and output side, front and rear axle and
perhaps the power take-off (PTO). The result should bring more transparency to tractor
load history and actual cumulated loads on the assembilies. In order to evaluate the
whole tractor, combining of the assembly-specific loads into one encompassing load
factor should be possible. False estimates of impending tractor failure must be avoided
because they reduce the credibility of the system. Evaluation of the whole tractor is
necessary to make an evaluation of tractor usage or residual value. The system can
be used for tractor validation, evaluation of the economy of tractor usage or used-ma-

chinery, and can help to establish load-specific maintenance intervals.
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2 LITERATURE REVIEW

21 Market aspects and tractor usage

The German tractor market sales in 2017, as shown in Table 1, was just over 26,000
units, down from almost 28,500 units in 2016. Depending on the defined kW-range,
the largest manufacturers are John Deere, Fendt, Same Deutz-Fahr (SDF), CLAAS

and Case-New Holland (CNH). Worldwide revenue in the agricultural machinery busi-

ness in 2012 was 91 bn € while tractors accounted for 40 bn € [5].

Table 1: German market share of the larger tractor manufacturers, registrations until

November 2017; from [5].

2017 2016

Manufacturer Units Market share Units Market share

% %
John Deere 5,286 20.3 5,222 18.3
Fendt 5172 19.8 4,602 16.2
Deutz-Fahr 2,039 7.8 2,743 9.6
Kubota 1,921 74 2,021 71
CLAAS 1,871 7.2 2,048 7.2
Case IH/ Steyer 1,715 6.6 2,391 8.4
New Holland 1,502 5.8 1,970 6.9
Massey Fergusson 877 3.4 1,156 41

Table 2: German tractor market (total market), production not including North America

from VDMA [6], exports without used machinery from DESTATIS [7], registrations and

changing owner excluding ATV and telescopic handlers from KBA [8].

Year 2010 2011 2012 2013 2014 2015 2016

Production 50,865 60,551 59,213 63,599 51,349 39,340 35,926
Registrations 28,5687 35977 36,264 36,248 34,611 32,220 28,248
Exports 43,959 51,594 49,808 53,898 47,135 46,881 41,456
Changing owner 93,084 96,597 95,005 99,468 102,217 103,015 117,765
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At the same time the number of used tractor market, which shall be indicated by
“changing owner” in Table 2 is 2 - 3 times the size of the new tractor sales. This gives
significant importance to this aspect of the market and asks for the question of im-

portant cost factors for tractors.

An analysis of Renius, Figure 2, shows distribution of tractor operation costs (55 kW)
based on the annual operation hours from the year 1976. Depreciation contributes
significant to the high fixed costs. The author mentions that the general indication of
the plot is still relevant but costs for interest rates and maintenance have decreased

slightly and costs for operating material increased [9].

Operating
costs

Maintenance

Annual costs

T
i I
| Insurance 7
....... 1

AV Interest
0 400 800 1200 h/year 2000

Annual tractor operation hours

Figure 2: Total cost of tractor ownership, based on annual operation hours; [9].

An analysis of the German used tractor market indicates that the calculated costs for
depreciation, which on the one hand are set by German tax authorities (depreciation
over 8 years) and on the other hand still depend on the resale value on the used trac-

tor market.

Figure 3 shows the used machinery market for John Deere, Fendt, CLAAS and Deutz-
Fahr tractors in the 130 kW segment on the German online trading platform for agri-

cultural machinery, “technikboerse”. The analysis shows the listed prices, based on
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operation hours and tractor age. The exponential fitted trend curves are highly influ-
enced by tractor operation hours. When taking older tractors with higher operation
hours into consideration a higher impact of tractor age can be observed. This means
that from a customer’s point of view resale value of a tractor plays an important role

when determining total cost of ownership (TCO).

180 | |
k€ g o
Deutz-Fahr
- ) ¢ Fendt —
A John Deere
e <
140 T
" L R A Al R T
. e S 1P AT - ]
E n A A -*--_A_ --------------- -A_ -
120 T : N
. n— 4 years
_____ SR = -
i \ Ly i - -
100 Y et i T
2 years .
1 year -\. -
. - 3 years
0 500 1.000 1500 h 2.000

Operation hours t

Figure 3: Used machinery market for tractors within the 130 kW range, n = 61 units

from online trading platform technikbérse, size of symbols indicates tractor age.

Akerlof once established the idea of new and used cars in the category of good and
bad cars (so-called lemon cars). He assumes that “owners, after using the car for a
length of time can form a good idea whether it is a good car or a lemon”. This leads in
his opinion to the situation that most used cars sold will be lemons [10]. However as-
suming the tractor manufacturer wants to provide sufficient and continuous quality the

usage of a tractor will have a huge impact on being a “good” tractor or a “lemon”.

Figure 4 shows cumulated annual application time of mechanical front wheel drive
tractors (MFWD) in western Germany, in 1994, over tractor nominal power. With in-

creasing tractor power the portion of tillage also increases, while the other application
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types decrease. The author mentions that the general distribution is still valid today,

but tractor power has increased [11].

100 : (® Transportation
; % = (® Harvest, loader waggon
_g 75 (@ Seeding, crop protection
é _,__@—_//:_: ® Fertilization, others
§ 50 — | ® Front loading
_§ //@//7 @ Tillage
2 25 /®/
< e
|
0 40 60 80 100 120 kW 140

Tractor nominal power P

Figure 4: Annual application times for MFWD tractors in western Germany in 1994 as

stacked diagram, farm size 50 - 100 ha; [11].

Calculated tractor lifetime is estimated to 10,000 operation hours [12]. The observed
lifetime is often higher than 10,000 operation hours. Welschoff mentions the slightly
changing usage with increasing tractor age as a reason for this phenomenon [13]. At
the end of the tractor’s lifecycle they are used for lighter applications which put less
load on the tractor drivetrain assemblies. This results in higher operation hours than
under the assumed application spectrum. Approaches to evaluating these operational
loads and predicting remaining lifetime are shown in chapter 2.3. But it has to be men-
tioned that prediction of loads or prediction of the remaining lifetime (which needs an
assumption of future tractor application ratio) is difficult or impossible because of the

seasonal and lifetime shift in tractor usage.
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2.2 Load aspects
2.2.1 Concept of fatigue

Machine design is always a compromise between durability and lightweight construc-
tion. This conflict exists especially for mobile machines such as agricultural machinery
or planes [14]. It led to the concept of fatigue strength which covers vibration re-
sistance, mostly periodic loads such as waves, and operational stability which consist

of stochastic or deterministic load sequences.

Operational stability is a lifetime-oriented approach. It is based on real operational
loads. The basics of fatigue strength testing lead back to August Wéhler. He developed
a procedure for testing standardized material samples by stress with periodic loads.
During the Wohler fatigue test, the number of load cycles until failure of the sample
and magnitude of load amplitude are plotted against each other. A repetition at other

load levels result in the Wéhler curve, shown in Figure 5.

Tensile strength
Low-cycle fatigue
Yield point
—_ - A
N
o \%
(o] 2. 00@
= oo;: %@
A | Finite life fatigue % .\,
» |strength %- ’%, S-N curve
< %,
(%] %, . %,
() B o
— Q-
» %
Endurance
N, . Miner original
D 47\\ )
o Mogg
Endurance limit .U\ '8‘751,\
N */e/b‘;\
N N
\ <
4 6
10 10

Number of cycles N (log)

Figure 5: Specific areas of a theoretical Wéhler curve and different damage accumu-

lation hypotheses in double-logarithmic plot; edited from [14].

The Wohler curve is characterized by the area of low-cycle fatigue N < 10* cycles and

finite life fatigue strength 10* < N < 10° cycles. The knee point to endurance is usually
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at Np =108 - 107. The upper part of the Wohler curve can be reduced to a horizontal
line at the level of static strength of the probe. This point is usually between 10 - 1,000
cycles. According to Radaj, the Wéhler curve can be generalized and load amplitude
can be defined by global stress parameters [14]. Exemplary Wohler curves for different

components and a load spectrum are shown in Figure 6.

1 ‘ lass distributi
0 ~ c a class distribution
% Sy AN A v b cumulative distribution
70 RIS SN erd
60 2 N : e A .
~ N Wéhler curve (S-N):
50 | R NN ¢ bearing
ST _f_ ._L| d pitting pinion
2 40 SERW e tooth root pinion
8 30 CEN f tooth root bull gear
& R g g pitting bull gear
R
20 AU
\
a | \‘
1 \|
| Ib
H
10 -

102 10® 10* 10° 10° 1072 s10® 10°
Number of load cycles N

Figure 6: Miner’s rule - calculation procedure of damage accumulation hypothesis,
load spectrum in cumulative and class distribution and in black different Wéhler curves

for specific assemblies.

To calculate remaining lifetime of a component, based on real loads or load spectrum,
so called damage accumulation hypothesis have been established. These are catego-
rized in linear, non-linear and relative methods [15]. Linear damage accumulation
methods are mostly used for agricultural machine development. These assume load
amplitudes with the same magnitude cause equal damage. Frequency and sequence

of loads are considered to be irrelevant.
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For calculation of damage, according to linear damage accumulation hypothesis load
spectrum (cumulative frequencies) is divided into classes with constant load ampli-
tudes S, (relative frequencies). For each single class, a number of load cycles n; is
assigned. Damage is calculated by the ratio of maximum potential of load cycles N;
and actual load cycles n; in this class. N; is defined by one-phase Wohler test. A com-
ponents accumulated damage is calculated by Eq.(1). If the total damage sum is D >

1 a component’s fail or crack is expected.

D=3 (1)

The most important linear damage accumulation hypotheses are shown in Figure 5
[14; 16; 17]:

Miner original:

Loads below the knee point of endurance do not contribute any damage.
-k

Sa
Sa > Sap: N = Np * <§> 2

Miner elementary by Palmgren:

Loads below the knee point of endurance do contribute equal damage than loads
within the area of finite life fatigue strength. This method contributes to conservative
designs.

S -k
S, <= Sup: N = N * (S—“) ®3)

aD

Miner modified by Haibach:
Loads below the knee point of endurance contribute to reduced damage. Haibach

defined the gradient of the finite life fatigue strength as —k and extended the straight

with k' = —(2k — 1) below the knee point of endurance.
—(2k-1) s \k
Sa < Sp: N=ND*(—“) ,Sa > Sap: N:ND*(—“> (4)
SaD SaD
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Miner modified by Liu-Zenner:

At load spectrum peak level Wéhler curve is rotated and further gradient is

k' = % where c is a factor for crack growth.

St = 57 (5)

Palmgren modified by Haibach is mostly chosen for damage calculation in agricultural
machines [9]. General validity of linear damage accumulation hypothesis for cyclic
loads on gears has been shown by Schaller [18] for tooth flank and Suchandt [19] for

tooth root.

2.2.2 Torque measurement

Torque measurement in mechanical systems such as drivetrains is mostly done with
strain gauges. These offer the opportunity to measure real torque level taking all ex-
ternal effects such as shocks into account. Strain gauges can be applied to almost all
surfaces. The measuring principle is based on the elastic deformation of materials due
to forces like stretch, bend, compression and torsion stress. The strain gauge is glued
to the measurement object, e.g. a shaft and changes its size similar to the measure-
ment object. This elongation or compression varies the resistance of the metal part in

the strain gauge. Figure 7 shows a systematic draw of a metal strain gauge.

Forces should appear in the active direction of the strain gauges which maximize the
change in resistance. Because these metal resistances are influenced by temperature
and additional forces appearing in the shaft, a special compensation technique was
developed. This so-called Wheatstone bridge, shown in Figure 8, uses 4 identical re-
sistances. For torque measurement, all resistances R:...R+ are filled with strain gauges
which are applied in 90° to each other as demonstrated in
Figure 9. One pair of strain gauges is glued to the front side of the shaft, the other pair
to the back. Because no. 1 and 4 are connected with a positive sign and no. 2 and 3
with a negative sign, this compensates external effects. The supply voltage is con-

nected to the opposite pairs and the measurement signal is taken from the other side
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of the pairs. This circuit design allows maximum stability and resistance change [20;
21].

le—

_|__ Carrier film

Measuring grid

Active

Effective measuring
grid length
direction

—]

2 2 Connectors

Figure 7: Standard metal strain gauge on foil carrier; [20].

R:..R, Bridge legs
U, Support voltage
Ug Measuring singal

Figure 8: Wheatstone bridge; [20].

As strain gauges are passive sensors, the generated signal voltage is low and needs
additional measuring amplifiers to interpret the signal. When the torque of rotating ob-
jects such as gears or shafts are to be measured, it is not possible to install a static

cable connection. In such cases a telemetry system is necessary. It consists of two
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antennae, one on the rotating part, the other on the static part. Supply voltage and

measurement signals are transmitted wirelessly [22].

Figure 9: Strain gauge measuring set up for torsion forces on a shaft.

2.2.3 Load spectrum

Load spectra merge loads that a component or assembly was exposed during its life-
time. Radaj defines load spectra as “frequency distribution of statistically measured
load amplitudes”. For standardization, load spectra are referenced as shown in Eq.(6)
without dimensions [14]. Renius describes a load spectra as “the result of statistical
analysis of a timely variable load sequence, a frequency distribution of load character-
istics” [23].
S, N
= =f@ (6)

Amax

In practice, load spectra are generated from measured load-time-functions. Strain
gauges are widely used to measure torque, but pressure or temperature can also be
the relevant values for measuring component load. It is common practice that meas-
urements with N < 10° are extrapolated to N = 10°. In technical literature, a widely
used form of presentation is a cumulative curve of distribution frequency with semi-
logarithmic scale on the abscissa [24]. The form of these load spectra depends on a
variety of factors. Basic forms are Gaufl3-Normal-Distribution and one-phase distribu-

tion. The most real applications result in mixed forms as shown in Figure 10. Radaj
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names curves (2, 3) as exemplary for cranes and bridges and (5, 6) as typically for
vehicles.

The curves are described by Eq.(7)

N; <5ai>E (7)
log—==—-6—
9% 3,
1.0 ——To 3
0.8 x\\ 3 % °
. n
“ 3
T 4 RN
Qo
; \
b s
TS

0
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Figure 10: Different forms (distribution) of load spectra: (1) one-phase distribution; (2,
3) mixed distribution; (4) GauR-Normal-Distribution; (5) straight-line distribution; (6)
logarithmic normal-distribution; [14].

For an aggregation of the load-time function, counting methods are necessary. One-
parametric and two-parametric counting methods are differentiated [14]. Two-paramet-
ric classification keeps information about load sequence and reflects the dynamic of
past loads [25]. This information gets lost in one-parametric classification, which is a
special case of two-parametric classification. One-parametric classification generates
time-based frequencies. Speed-synchronous counting belongs to this category. Radaj
lists the following one-parametric classification methods as relevant for operational sta-
bility [14]:
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Level crossing:

Counting of overriding or falling below of class boundaries.

Peak counting:

Class-based counting of load peaks.

Range counting:

Counting of transitions of rising or falling loads, independent from load start
level-/ load-mean.

Level distribution counting:

Counting of actual load level in constant time intervals.

The basic principles of these classification methods are shown in Figure 11. The

choice of a method depends on the question to be solved and results in different load

spectra. It is recommended to use one-parametric classification methods for drivetrain

components because these deal with cyclic loads e.g. tooth flank and tooth root [25].

Several authors [12; 24; 26] propose level distribution counting for technical design of

drivetrains, although DIN 3990/6 [15] requires a speed synchronous-classification.

Both methods result in equal load spectra when speed is constant.

Level i
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c) Time ¢ d) Time ¢

Figure 11: One-parametric classification methods: a) level crossing, b) peak counting,

c) range counting, d) level distribution counting; [14].
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Load spectra have been used in agricultural engineering for a relatively long time in
comparison to other industries. In the 1930s, Kloth and Stroppel [27] described a
method for load-recording and analysis of straw binders. Before the introduction of this
method, statically-loaded components have been dimensioned by their yield point and
fatigue-loaded components by their fatigue strength. The area between these technical
design methods was unused and resulted in heavy and uneconomical components
[14].

Renius [12] distinguishes between three load spectra for agricultural machines:

L] Engine
. Drive wheel

. Driving speed

which have to represent the whole tractor life of 10,000 h. These will be explained in
chapter 2.2.5.

2.2.4 Calculation of power flow within the drivetrain

Although modern tractors have many integrated sensors, torque is rarely measured. In
engines, torque is usually calculated by injection volume and actual engine revolution.
Some manufacturers offer engine boost for specific operation states, e.g. speed
>18 km/h or a specific power consumption via PTO [28]. This is approximated by

measure of torsion in PTO drivetrain shaft [29].

Torque distribution can be approximated based on engine output torque, but this has
to be corrected to compensate several losses. Pichimaier [30] published occurring
losses between engine and implement. The test tractor had a 3-axis design with two
separate transmissions which caused redundancies for several auxiliaries such as

steering pumps. Table 3 gives an idea of loss distribution in tractor power flow.

Because traction effectiveness is not relevant for the approximation of torque flow the

most relevant components are:

. Fan
. General transmission losses

. Air conditioner
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These losses have to be considered when using torque flow approximation instead of

torque measure.

Table 3: Power losses from engine to implement during grubbing (working width 6 m,

working depth 20 cm), 387 kW nominal and 400 kW maximum engine power; edited

from [30].
Assembly Component kW %*
Servo pumps 5.1 1.3
Auxiliary pum 21 0.5
. 27.5% . .ry pume
Transmission 44 kKW Lubrication pumps 1.7 0.5
Gengral transmis- 359 8.8
sion. losses
Water pump 4.1 1.0
Endi 6.3 % -
ngine 10 kKW Injection pump 5.6 1.4
QOil pump 0.3 0.1
Air conditioner 6.5 1.6
Air compressor 25 0.6
Auxil " 26.3 % Steering pumps 3.9 1.0
uxiliary units
y 42 kW Alternators 3.1 0.8
Regulating pump 3.7 1.0
Fan 221 55
Roll resistance 35.7 8.9
Soil-tire contact 40.0 %
64 kW Slip 28.6 7.1
Total power losses > 160 kW 160 40

* percentage of losses based on Ppax = 400 kW

2.2.5 Application load spectra

2.2.5.1 Engine and gearbox input

Engine operation behavior can mainly be described by a matrix of speed and engine

load which equals output torque. The percentage of idle time, which is engine at idle

speed at low engine load, is important when evaluating tractor operation hours. John

Deere assumes average engine idle time in tractors of 25 % [1]. Engine load spectra

are highly related to gearbox input load spectra and are described in the following.
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In 1956, Gerlach published a load spectrum for heavy ploughing of the gearbox input
side which equals engine output without auxiliaries, Figure 12. Classification was done
as a histogram of 10 classes and measured clutch torque was standardized on engine

nominal torque as shown in Eq.(8). The median of the measure was 76 % [31].

30 T T |
Engine torque max. torque
_— (100%)  —
>
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o
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£ 15 /
)
=
= 10
: \
[\
5
//I- ighest frequency \
L (80 %) N

0 20 40 60 80 100 % 140
Engine torque M

Figure 12: Load spectrum of gearbox input torque during heavy ploughing application
(without idle, start/stop and switching operation); 22 kW standard tractor, rear drive,

level distribution counting; from [31].

_ Torque(}lutch (8)
Nominal torquegpgine

The holistic load spectrum of agricultural work of a tractor was described by Coenen-
berg in 1963 [32]. Similar to Gerlach, Coenenberg did not take stop-and-go and switch-
ing operation into account. Because PTO torque was not measured, the median was
at 35 % which is shown in Figure 13. The author assumes 80 % average engine speed

which relates to 28 % drivetrain power.
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Figure 13: Load spectrum of gearbox input torque during tractor lifetime (10,000 h)
(without start/stop and switching operation); 22 kW standard tractor, rear drive, level

distribution counting; from [32].

Another study from Coenenberg describes the absolute frequency of torque peaks at
gearbox input shaft. While level distribution classification leads to standardized torque
levels of 100 % to 130 %, torque can reach peaks up to 300 % of nominal engine
torque [33].

In 1976, Renius published an approach for standardized load spectra on the basis of
level distribution classification. In addition to the results of Coenenberg and Gerlach
the standardized load spectrum covers all operating states and 95 % of all agricultural
tractor applications [12; 9]. An automatic load limit control was not considered. The

curve in Figure 14 is based on:

I. Total lifetime of 10,000 h, equals 0 % of engine nominal torque and 100 % rela-
tive frequency
II.  Average engine torque by median of time, equals 40 % - 45 % of engine power
and relates to 56 % of engine nominal torque for 80 % average engine speed,
relative frequency 50 %
III. Maximum engine torque, highest static load for gearbox input shaft, 108 % -

115 % of engine nominal torque, equals 4,5 % relative frequency
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IV. Dynamic torque peaks, mainly caused by switching operation or clutch slipping

once per 25 h (accumulates to 0,033 h time) reaches over 250 % of engine nom-

inal torque.
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Figure 14: Load spectrum of gearbox input torque during tractor lifetime (10,000 h),

slightly hard conditions, 30 - 110 kW standard tractor, rear drive, level distribution

counting; [12].

While the curve up to 150 % nominal engine torque is dominated by applications, the

area in between 150 % and 250 % is defined by shifting operation in correlation to the

type of transmission. Powershift transmissions have a higher amount of torque peaks

than manual shift transmissions, due to their functional principle [12]. Modern continu-

ous variable transmissions (CVT) do have less peaks because of fewer or no shifting

operations compared to powershift or manual shift transmissions.
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2.2.5.2 Gearbox output

Gearbox output load spectra are influenced by a variety of parameters. Renius [12]
identified

= Empty machine weight
Ll Radius of the largest drive wheel
. Gross vehicle weight

as the most important factors, because of their direct influence on torque levels in the
drivetrain. A standardized load spectrum for the driving wheel side can either be
based on Eq.(9) or Eq.(10).

— TorqueDrive wheel (9)
Gnee x1
_ TorqueDrive wheel (1 0)

Gnet + Gmax .7
2

Although Eq.(10) takes greater account of reality, gross vehicle weight is only a regu-
lation. Eq.(9) uses machine empty weight, a real and comparable weight for standard-
ization of torques. When machine gross weight equals 1.7 - times machine empty
weight both standardization approaches have the same scale. An analysis of 250 cur-
rently available standard tractors showed an average ratio of 1.67 with standard devi-
ation of 0.19. Figure 15 shows a comprehensive load spectrum for a standard tractor
with rear wheel drive. The spectrum covers 95 % of all applications but does not take

very heavy and specific applications such as soil loosener into account [9].

Although the author publishes a load spectrum for the driving wheels, it is listed under
gearbox output because the sum of a standard rear-wheel driven tractor equals gear-

box output, corrected for differential and final drive ratio.
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Figure 15: Load spectrum of drive wheel torque during tractor lifetime (10,000 h),
slightly hard conditions, 30 - 110 kW standard tractor, rear drive, level distribution

counting; [12].

The drive wheel load spectrum is defined as follows:

L. Total lifetime of 10,000 h, equals 0 % of engine nominal torque and 100 %
relative frequency
1L Average drive wheel torque of 45 %, 50 % of the time
1. Heavy pull applications like ploughing are calculated by average traction coef-
ficient 1 and represent the maximum pulling force in standard conditions. g, p,

i for different soil types and conditions were published by Steinkampf [34].

At 1 % time frequency the maximum traction force of a heavy-ballasted tractor is
reached. This is the upper end of operational loads. Drive wheel torque above 1.0 is

caused by dynamic effects during field work.

Biller published a load spectrum for the left driving wheel shaft of a 70 kW tractor. Three
applications were recorded and displayed in Figure 16. Data are standardized by the
Renius equation Eq.(9). Negative loads do not exceed 45 % of the positive loads and
their cumulative frequency stays below 10 %. A variation of the application mix influ-

enced the overall load spectra only partially in moderate height [24].
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Figure 16: Load spectra of different applications including negative loads. The overall
load spectra is divided into 29.83 % ploughing, 21.39 % stubble working and 48.78 %
transport; adopted from [24].

2.2.5.3 Axles

Kuhlborn published load spectra of driving wheels of conventional ploughing. In the
first experiment the standard tractor used rear drive only. Contrary to expectations, the
median of the load distribution was not similar between the left and right side [35]. The
deviation of the left and right driving wheel are discussed by Renius [12] and displayed

in Figure 17.
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Figure 17: Load spectrum of driving wheel torque during ploughing, medium condi-
tions, 70 kW standard tractor, deactivated front wheel drive, level crossing counting. a
= right wheel (in the furrow), b = left wheel (on land), ¢ = average of a and b (equals

50 % of load spectrum for driving wheels); [12].

The deviation between minimum and maximum are 5.5 % and 7.5 % and are caused
by friction in the axle differential. Later trials show average deviation of 10 % to 15 %.
These effects annul themselves by time so that Renius tends to add 5 % on top of the
half driving wheel load spectrum in case of non-lockable differentials. For lockable dif-

ferentials Renius recommends 8-10 %.

Today, MFWD tractors are state of the art. A later load spectra, based on the original
one from 1976, distinguishes between total load and rear axle load [9]. Renius recom-
mends a factor of 0.8 for standard tractors and a factor of 0.75 for large tractors. For
MFWD-system tractors, which are characterized by 4 equal-sized wheels, and very

large standard tractors, the factor can be reduced to 0.7.
Meiners mentions two important applications for front axle loads:

L] Field work with engaged front wheel assist

= Front loading
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Total activation time of the front wheel assist is estimated 30 - 60 %. Ratio of field work
and front loading in Figure 18 is 10:1 [36].
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Figure 18: Load spectrum of tractor front axle for different applications, torque stand-

ardization by tractor net weight or tractor front axle weight; from [36].

2.2.54PTO

Modern tractors are equipped with front and rear power take-off (PTO). It transfers
engine power to an implement in the back or front of the tractor. Depending on the
application spectrum and tractor class, usage of PTO varies over a wide range. PTO
load spectrum depends on type of application. Biller [37] measured 1983 PTO loads
for rotary harrow, harrow and a rotovator, Figure 19. The cumulative frequency is
based on 100 % PTO on time. The overall load spectrum is calculated by weighing
harrow 6 %, rotary harrow 34 % and rotovator 60 %. Either speed or working depth
were varied within one application.
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Figure 19: Load spectra for PTO applications and overall PTO load spectra; [37]

Meiners recorded detailed PTO load spectrum for different applications [36]. He distin-
guished between heavy und light PTO applications and calculated an overall load
spectrum for both which is shown in Figure 20. Measured torque is standardized to
nominal PTO torque, which in stationary condition and smooth loads, equals engine
output torque. Dynamic peak effects as they appear during baling superelevate to twice
nominal PTO torque. Cumulative frequency does not reach 100 % time because data
refers to total tractor operation hours. This seems quite high compared to current fleet
analysis. The German Agricultural Society (DLG) powermix test distinguishes between
rotary harrow, mowing, manure spreading and baling for PTO application [38]. Load

intensity is varied within an application.
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Figure 20: Overall and application specific PTO load spectra for different heavy PTO

applications; from [36].

With the exception of singular contractors, most tractors use the PTO at a low level of
time and medium intensity. Without a separate torque sensor in the PTO drivetrain
actual loads are hard to determine. In the case of a parking tractor, all consumed power
is transferred to the PTO, so PTO torque equals engine output torque. But in the case
of a driving or pulling tractor, engine output torque is split variably between driving
wheel and PTO. It is not possible to determine this split ratio without having torque
sensor on PTO side which is not common for most of the tractors. For this reason, the

PTO is not the focus of this research.
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23 Approaches machine health index
2.3.1 Definition of maintenance concepts

Maintenance plays a considerable role in the lifecycle cost of a product. Until recent
years, maintenance-free or reactive maintenance strategies were considered-state-of
the art. Figure 21 displays different maintenance methods and how they handle failure.
For some applications like bearings which cannot be easily accessed, maintenance-

free design is required, but costs are disproportionately high [3; 39].

%

Predetermined
maintenance
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Condition-based
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] \\| «_ Corrective
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Figure 21: Maintenance principles: predetermined, corrective and condition based

maintenance; edited from [40].

Reactive maintenance provides maintenance only after a failure occurs, so called “fire
brigade strategy”. This maximizes usage of a component’s capacity and simultane-
ously reduces cost. But it does not take the cost for a machine’s downtime into consid-
eration which might be much higher compared to a proactive maintenance strategy.
Sometimes broken components cause further damage to the system or increase the
risk of hazards [3]. A worn bearing of a water pump in a combustion engine can induce
slip on the synchronous belt which controls valve opening and closing. In the worst
case, valves and up-moving cylinders can come into contact, bend and will cause total

engine failure.
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Preventive maintenance is now state-of-the-art for a wide range of machines and ap-
plications, demanding high operational-safety or prevention of secondary induced
damage. To achieve that components are replaced by operation hours, time in general
or other parameters such as distance travelled and amount of fuel consumed. As loads
vary over a wide range, maintenance intervals have to guarantee uptime under all cir-
cumstances. In some cases a component will be worn out just before the regular ser-
vice but most times a certain amount of remaining lifetime is not used. This mainte-
nance strategy is characterized by high uptime rates and high maintenance cost. Un-
der the heterogeneous circumstances in agriculture the gap between high-loaded and
low-loaded machines, which all have to be covered by one maintenance interval, is
even bigger. This has a negative influence on a product’s lifecycle costs. A well-known
example is the changig of a combustion engine’s oil on the basis of operation hours.
Depending on the manufacturer, common intervals are 500 hours independent from

actual usage characteristics [3; 41; 42].

Condition based maintenance (CM) means maintenance only on demand. As shown
in Figure 21, a failure can be detected by condition monitoring before it actually ap-
pears and can be fixed before the component is broken. Wear-related parameters are
monitored and compared with defined limits and thresholds. When a parameter
breaches the set threshold, maintenance will be initiated. Modern cars, for example,
detect wear on disc brakes. Replacement of brake pads is done conditionally. This
increases machine uptime, maximizes the usage of components’ reserves and re-

duces maintenance costs [43; 44].

The predictive maintenance (PM) concept is defined as “comparison of measured
physical trends against known engineering limits for the purpose of detecting, analyz-
ing, and correcting problems before failure occurs” [45]. This strategy is based on ad-
ditional wear-related sensor data - typically temperature, rpms, oil quality, acoustics or
vibrations. Using one or a combination of several parameters enables identification of
partial degradation or wear of components, far before the occurrence of a functional
error in the system. At this time maintenance can be done cost efficient and “domino”
damage is avoided. Sensors and analysis technology are the subject of today’s re-
search [46; 47]. Most systems work by measurement of shifts in zero point or trend
analysis [48]. By analysis of degradation trends, an estimation for the remaining life-

time and the optimal point of maintenance is calculated [3].
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While condition monitoring needs additional sensors to measure wear-related param-
eters, load cycle monitoring is a different approach. Based on the knowledge of wear
and damage mechanisms, relevant parameters are measured permanently during ma-
chine operation. These parameters are classified and compared to a given reference.
In truck-mounted cranes, a load cycle monitoring system records actual loads on the
crane’s winch and calculates remaining load cycles. Although the approach considers
actual loads, individual non-standard influences like manufacturing defects are not de-
tected. The load cycle approach is somehow related to “out-of spec” monitoring, shown
in Figure 22. It registers the time that a system or component, for example a hydraulic
pump, is operated over a certain pressure, temperature or flow. In combination with
the knowledge of wear mechanisms, out of spec monitoring gives an indication of a

system’s or machine’s condition [3].
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Figure 22: Classification of inner pressure and revolution of a rotary shaft sealing into

allowable and not allowable operation points; edited from [3].

Although science has established clear definitions for maintenance approaches, in
practice, terms are not always used precisely. CM, PM and load cycle monitoring are
mixed frequently and especially industrial manufacturers use the different approaches

in combination. The following section lists examples for CM, defined in 2.3.1.
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2.3.2 Examples of condition monitoring

Many researchers concentrate their studies on the field of condition monitoring. Wind
turbines and tooling machines are in the focus of these reviews [49].
Figure 23 shows an enormous increase in publications for CM in wind turbines. The
main reasons are the harsh environment, poor accessibility of most wind-generated
power plants, in particular the offshore ones and those with high varying loads [50].
The following introduces some approaches of condition monitoring in power, industrial

and mobile applications.
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Figure 23: Publications in the field of condition monitoring in wind turbines: Total num-

ber of publications and specific ones for gearboxes; from [49].

The application of condition monitoring in tooling machines has been comprehensively
reviewed by Botsaris and Tsanakas [51]. Besides the discussion of hard and soft faults,
the authors review monitoring methods, signal processing techniques, classification
and diagnostic tools. Tool condition is influenced by two types of faults. Figure 24
presents the progressive development of soft faults which result in gradual degradation
of tools. This type of wear is predictable. Consequently, hard faults are unpredictable.
There is consensus that analytical models and numerical methods have a disad-

vantage in accuracy compared to CM methods.
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Figure 24: Principle of hard and soft failures; from [51].

While tooling machines have relatively constant loads or rotation states at some point
in the process, industrial robots do not. Velocities of joint and path change during the
sequence result in high acceleration and deceleration phases. There is almost no pe-
riod of constant speed. Consequently, static loads depend on the spatial position and
dynamic loads on acceleration and geometrical position. Possible solutions are either
measuring vibration spectra at different times to detect deviations, or establishing an

unloaded test cycle, to reduce variance in parameters [52].

According to Tchakoua et al. [50] it is failures of wind turbine’s gearboxes which are
responsible for most of their downtime. The basic idea behind the widely used vibration
analysis approach is that rotating machines have specific, condition dependent vibra-

tion signatures.

The vibration spectra changes with ongoing degradation thus measuring wear and
damage can be performed by trend analysis [47; 40]. Because some teeth lose their
stiffness or even breach, as shown in Figure 25, peaks in acceleration appear with
each revolution and mark the damaged teeth. Most of the CM techniques are stand-
ardized in ISO10816-3 [53]. In addition to vibration analysis, other common methods
are oil-debris analysis and temperature measurement. Techniques from structural CM,
which are described later, as well as human inspections, are also in the monitoring

portfolio [50; 40]. Nevertheless, varying loads and changing environmental conditions
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such as temperature and humidity, affect this approach in a negative way and increase

the probability of false-negative predictions.

Figure 25: Fatigue crack in a gear's tooth root; [54].

Since the mining industry has replaced haul trucks with large conveyors, condition
monitoring has become interesting in particular. These conveyors are typically single
points of failure and have high criticalities. Recent studies indicate that up to 90 % of
malfunctions are predictable. A condition monitoring system has the advantage of fail-
ure prediction while most automation systems only monitor sensor data. Conveyors
generate vibration signatures, which are certain and predictable, and correlate with
wear and load. Temperatures can also be monitored, but only in controlled environ-
ments like buildings where ambient conditions have less impact on measured temper-
atures. Conveyors in open-pit mines can replace haul trucks, but are the bottleneck of
the whole mining business, thus reliability and uptime must be granted by continuous
CM of the conveyor [55].

A large original equipment manufacturer (OEM) for construction and mining machines,
has installed a remote condition-monitoring system. It analyzes different data elements
which are shown in Table 4 such as electronic data, fluid analysis, inspection data,
repair history and site conditions. Processing is performed off-site combined with ex-
pert knowledge of the equipment. Benchmarking of the individual machine to a stand-

ard, a local fleet or a global fleet of machines can be performed additionally [44].
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Table 4: Data groups and data sources of a remote condition monitoring system for

minig machinery; edited from [44].

Data group Source

On board electronic data
Electronic data OEM
3 party

Engine
Transmission

Fluid analysis Torque converter
Axle compartments
Hydraulic systems
Checklist
Findings

Equipment inspection

Work order history
As built information

Repair history Machine specification data
Component life data

Maintenance schedules

Haul road profiles
Site conditions Weather

Temperatures, elevations

With the accident of a German ICE 1 train in Eschede on 3" of June 1998, the risks of
fatigue received high attention in the rail sector. A broken wheel ring caused the train
to derail and hit a bridge, injuring 88 and killing 101 people [56; 14]. Since the classic
monoblock wheel design caused noise and vibration at operational speed, the engi-
neers decided to add a 20 mm rubber ring to separate wheel rim and central disc wheel
body. This led to unexpected high loads on the rims. These were imperceptibly flat-
tened into an ellipsis with each revolution (500,000 per day), and resulted in fatigue
[57]. Since that day a lot of research on CM in trains and tracks has been done. Ho et
al. [68] assessed both - monitoring systems on the train and on the rails. Because of
electromagnetic interferences which are normal on trains, the authors used optical
sensors for measures. Breaches in the rail and non-round wheels could be detected

by differences in wheel vibrations.

Tsunashima et al. [59] detected track irregularities by measurement of vertical and

lateral acceleration. By using an additional gyroscope, the researchers were able to



34 Literature review

distinguish between line irregularities and level abnormalities. Corrugation was sensed

by noise via spectral peak calculation.

2.3.3 Comprehensive condensation of vehicle operation data
2.3.3.1 Health index/load factor

Interpretation of load spectrum data is complicated and requires expert knowledge. For
this reason, the objective of a single number representing the holistic machine condi-
tion emerged. This so-called health index is defined in ISO 13374-1. A suitable range

for the value of a health index should be between 0 and 10 [60].

Klanfar defines the engine load factor as a percentage of the rated engine power that
is utilized during work process [61]. The calculated factors range from below 0.1 during
idle and 1.0 during full load operation. Ryken und L’Heureux calculate an average en-
gine load factor on a time weighted basis [62]. However the load factor shows utiliza-
tion of an assembly, for example engine, gearbox or axles by means of relating it to a

defined reference.

2.3.3.2 Examples of condensation of values

Carfax, an American company, offers vehicle history reports. Potential customers of
used cars can gather information about former owners, accidents and other reported
damages such as flooding or frame bending, OEM recalls and service records [63].
With this information, customers get a detailed look at a car’s history and can decide
whether to buy it or not. The idea is closely related to Akerlof's publication “The market
for lemons” [10] which describes the automobile market in the US. Assuming there are
only four kinds of cars: new ones and old ones, good ones and bad ones, which are
called “lemons”, Akerlof predicts that used cars tend to be lemons because otherwise
they wouldn’t be for sale. An asymmetry in information between the owner, who can
form a good idea about quality of the vehicle, and the potential buyer, is the reason for
this phenomenon. Carfax balances this asymmetry by providing more information to

buyers.
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Mercedes Benz' telemetry system called FleetBoard is a management tool for truck
fleets. It mainly consists of three modules: vehicle, logistic and time management.
Analysis of driving behavior and task difficulty are two services included in FleetBoard.
The analysis is done based on a variety of parameters which are listed in Table 5.
Final results are graded from 1 = poor, up to 10 = very good. While these parameters
are condensed in two “scores”, other parameters such as driving time, idling time, per-
centage of operational brake, percentage of wear-free brake, distance in overrun or
percentage of high speeds are monitored. An automatic analysis or further condensa-

tion is not done. Users have to interpret these numbers by themselves. [64]

Table 5: Considered factors for driving behavior and task difficulty evaluation for on

road trucks; from [64].

Score Parameter Factor

- L Fuel consumption
Anticipatory driving
Brake usage
Engine characteristic driving ~ Switching behavior (transmission)

Continuous usage

Accelerator pedal i i-
Driving behavior p {\‘lumber of changes in pedal posi
ion
Constant speed Number of changes in speed
Stops Number of stops

. . Brake pedal position
Deceleration/ braking .
Number of emergency braking

Slope coefficient Ascend
Task difficulty Stops Number of stops
Weight Total transportation weight

Patent DE 3104174A1, approved in 1981, describes a method which takes into ac-
count real engine load to calculate maintenance intervals for passenger cars. The in-
ventors criticize static distance-based maintenance. Distance-related triggers have to
take all environmental factors into consideration, resulting much earlier than necessary
in a repair or replacement of parts. Total fuel consumption is, contrary to distance, a
parameter which positively correlates with load and wear. Under extreme conditions

such as cold start, high speed drive or stop and go, fuel rates are higher than under
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optimal conditions. Total fuel consumption is an appropriate measure for total engine
wear. [65]

DE 102006046157A1 describes a procedure for operation of large diesel engines. The
approach uses operation data which are generated and protocoled by an engine con-
trol unit (ECU). On this basis, variable maintenance intervals are generated. While
passenger cars calculate one interval for the whole engine, the system provides indi-
vidual intervals for specific assemblies. This takes load-dependent wear into account.
The approach classifies different engine loads and provides a weight factor for each
class, which is recognizable from Table 6. By multiplying these by the specific opera-
tion time in this class, a load based-maintenance interval can be calculated [66]. Be-
cause wear factors are companies’ classified expert knowledge Table 6 only shows

fictitious numbers.

Table 6: Procedure for calculation of individual maintenance intervals in large diesel

engines by weighting of operation points; [66].

Engine load Weight Real opera- Calculation Virtual operation
factor tion hours hours (VOH)
(EL) (WF) (ROH) ROH * (1 + WF)
% h h
101 -110 +0.25 5,000 5,000 * (1 + 0,25) 6,250
76 - 100 0 5,000 5,000 * (1 +0) 5,000
31-75 -0.25 5,000 5,000 * (1-0.25) 3,750
11-30 -0.40 5,000 5,000 * (1 - 0.40) 3,000
0-11 -0.50 5,000 5,000 * (1 - 0.50) 2,500

DE 10349875A1 relates to calculation of a wear index of combustion engines [67] by
a comparison of two or more parameters. An approach for the wear of engine’s tooth
belts is given in DE 19944435A1. Mathematical transfer functions have been devel-
oped from bench tests an wear can be estimated from actual operational data [68]. DE
10029634A1 describes a comprehensive procedure to calculate maintenance require-

ment by measuring of parameter’s deviation from reference values [69].
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DE 102015214357A1 describes a system and procedure for estimation of remaining
lifetime (ERL) of components in a drivetrain. It uses gearbox sensor information like

torque and RPM to calculate damage. The ERL processing is not further specified [70].

Telemetry systems are state of the art in a wide variety of branches [64; 44; 71; 72].
Mobile off-highway machines such as construction machines [44], snow groomers [73]

or agricultural machinery [74; 62; 75; 76] use this wireless data transmission technique.

An onboard modem collects data from different control units from the controller area
network (CAN) bus and transmits the data via cellular networks to servers. These sys-
tems are mainly used for real time fleet surveillance, yield tracking, timekeeping, task
management, geofencing, benchmarking of machines and maintenance reporting. Be-
hind customer’s features, OEMs can mine stored data as the example from John
Deere’s 2011 established JDLink™ shows [62]. Tractors are categorized by duty cycle
using accumulated engine hours and engine load factor (cf. 2.3.3.1). Further parame-
ters are region and time period. Percentiles have been calculated for the sum of engine
hours and average engine load for each tractor. By defining upper and lower percentile,
tractors are split into 4 different categories, listed in Table 7. High-usage tractors make
up 0.6 % of the population, low-usage tractors 2 %. Ryken und L’'Heureux make further
comparisons of customer tractors and company’s test tractors to compare engine load

distribution.

Table 7: Categories for standard tractors based on customer duty cycle; [62].

Engine load factor

Low Average High

High High hour tractors High use tractors
[
3
£ Aver-
_“E’ age High load tractors
2
w

Low Low use tractors

Because agricultural machinery and especially tractors have a wide range of applica-
tions, machine features are used to different extents. Evaluation of feature usage on

time basis between the population and high hour tractors was performed. The features
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analyzed were: engagement of automatic guidance, mechanical front wheel drive, dif-

ferential lock, rear power take-off and transmission mode.

The telemetry system of OEM CLAAS, called Telematics, launched in 2005, has similar
functionalities. About 60 attributes are logged with sample rates depending on machine
category from 0.1 Hz to 0.066 Hz [77]. Campaign reports for individual machines as
well as for the entire fleet can be generated. Collected machine data are split into av-

erage, maximum and sum of all machines per attribute.

A remote vehicle health monitoring system was established by KOMATSU in 2002 for
large-sized construction machines. While the company uses statistical processing for
troubleshooting on smaller machines, the number of large machines is smaller so that
individual machine diagnosis is required. A wide part of data processing is done auto-
matically, but some still has to be evaluated manually. Indicators for machine health

are:

= Machine usage spectrum
. Rigorousness of operating condition

L] Estimated remaining lifetime

Besides onboard CAN-bus data monitoring, periodical inspections, oil analysis and
failure recording is taken into account. The authors refer to over 70 machines equipped
with a vehicle health monitoring system, requiring less maintenance, which results in

less unplanned downtime. [78]

Table 6 gives a good idea about the problematic of scientific work on the field of load
evaluation. OEMs present purchasable solutions and own patents but do not share

their knowledge about specific wear mechanisms and damage evaluation procedures.
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3 MATERIAL AND METHOD
31 Overview

An overview of the method is shown in Figure 26. The procedure can be divided into

4 main steps which are briefly described as follows:

Measurement, 3.2:
Data recording for each assembly and different applications during field tests. Basis

for generation of load spectra.

Scenario, 3.3:
Definition of 5 different application scenarios for tractor lifetime. Calculation of tractor

lifetime load spectrum for each assembly.

Load calculation, 3.4:
Calculation of assemblies’ individual load sums based on pseudo damage calcula-
tion. Introduction of assembly specific reference load spectra level. Calculation of ref-

erence load sums.

Load factor 3.5.1:

Calculation of assemblies’ load factors. Evaluation of assembly specific stress in
comparison to the reference. Consolidation of individual load factors to a tractor en-
compassing load factor. Adjustment of tractor operation hours to standard operation

hours based on load factor.

Comparison 3.5.2:
Comparison of different tractors on assembly level to identify assembly-specific ad-
vantages or disadvantages in terms of past load. Comparison of encompassing load

sums. An evaluation of overall tractor stress can be made.



Material and Method

40

ones peoj
Aq Bunjuels
Jojoe.) 0811

G"'L wns peoj
pajepijosuo)

oljel peo’ 2'G'¢

[ietiutaientN
/  o)xelealr °y
E—

G’} sinoy
uonesado
piepuels

=
1008} pEO|
pajepijosuo)

+ u| Alquesse

10)0€} pEO]

oALIp
o|xe Jeay

oALIp
EECRUIE]

Juswainseaw pjal4

Indur xoqJess)
ndino suibug

lew O

S

10)0e) PEOT L'G'E

/ a|xe /, Ixe Jeal
\ Jeau wns peot, wnyoads peo
L — ~
/ a|xe /, 9[Xe Juoly
\ Juoy wns peot, wnyoads peo
il uiulub o
A:B:o xon_mwm/_ & ndui xoquesb
\_ wnspeoy m wnyoads peot
\\\\\\ -~ e
/7 Indur xoqueeb /. m ndul xoq.eab
,/ wns peo]  , (& [ |wnpoads peoq
|||||| s
\\Sla_lsm M:ﬂmmm \ m indino suibus
,/ wns peol m wnyoads peo
|||||| - e
2
E}
u| Alquesse =l
wns peo s
u| wnioeds eJjoads peo|
EUERTEICTETE S I e
P E_sm umo.ﬂ ELITYIEN]

uolje|nd|ed peoT] {°'¢

wniads peo| —|

G’ OUBUSDS
uojedlddy

7y
T
1

| wnyoads
peo| oy1oads

uopeoyddy

oleuUsdS £'¢

JuswiaInses|\ Z'¢

dure, detailed explanation in the following

ic proce

f method

Overvi

Figure 26

chapters.



Material and Method

41

3.2

Measurement and load spectra

An overview of the methodic steps for chapter 3.2 is given in Figure 27.

3.2 Measurement

3.21-323

|

Y Engine output |-
. Gearbox input
€
o
5 PTO
2
©
g Gearbox
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v Rear axle
drive
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/ drive

Application
specific load
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Figure 27: Detailed view of methodic part measurement: from field measurements to

application load spectrum.

3.21

Measured applications

Data of tractor field operation was recorded during a CLAAS internal project which

covered the years from 2013 to 2015. The measurements were done for different ap-

plications. Number of cycles indicates number of repetitions during the measurement:

. Heavy pull

Grubbing and ploughing, front wheel assist, 8.1 h, 168 cycles, average field
length 250 m

. Transport

Soil and slurry transport, front wheel assist only during breaking, 57.7 h, 109 cy-

cles, 6.8 km

. Manure/slurry

Disc spreader and slurry tank trailer, front wheel assist, rear PTO 1,000 min-"!
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and 540 min™', 25 h, 81 cycles, average field length 275 m, average road travel
5.8 km
. Greenline
Mowing of grassland, front wheel assist, front PTO, rear PTO 1,000 min'!, 9.4 h,
396 cycles, average field length 240 m
. Baling
Square baler, straw harvest, no front wheel assist, rear PTO 1,000 min™',
10.3 h, 376 cycles, average field length 375 m
L] Silage
Compaction of corn silage, 9.7 h, front wheel assist, 70 m long silage pit
- PTO
Corn grinding, stationary application, rear PTO 1,000 min', 7 h

3.2.2 Measuring set-up: Test tractor

A MFWD tractor (135 kW; ECE R 120) with CVT was used for measurements. Figure
28 displays the layout of the drivetrain and measuring points. Torque measurement
was done with calibrated metal strain gauges. This measurement principle is described
in chapter 2.2.2. The strain gauges were glued as full bridge in a Wheatstone circuit.
An angle of 45° to the central axis of the shaft was chosen to achieve maximum signal

output of the strain gauges.

A telemetry system was used to exchange data from strain gauges on the rotating
shafts to the measurement amplifier. Sample rate during the field tests was 1 Hz. Data
was stored on the data logger and has been transferred to a database. The measure-
ments have been georeferenced via global positioning system (GPS). Data recording
and processing was done with National Instrument’s software DIAdem 2015. An ex-

emplary measurement is shown in Figure 29.
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Figure 28: Functional scheme of the test tractor drivetrain and measuring points;
[79].
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Figure 29: Raw data from strain gauge measurement of different tractor assemblies
during a heavy pull field application.
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In Figure 30 a working time scheme from Reith et al. [80] is shown which is based on
the “Kuratorium fuir Technik und Bau in der Landwirtschaft” working time scheme [81].
The analysis of the measured data was done for execution time ¢71 and turning time
t12 which equals productive time t1. Fault time t2 and non-productive time t3 were
not considered. Consequently, the resulting data show higher load density than during

real tractor life, since idle times with low loads come on top in addition later.

t;; execution
time

t; operation
time

t;z turning time

tp process
time

ts total tme

tz non-
productive time

Figure 30: Working time scheme in extracts; from [80].

3.2.3 Sample rate

A sampling factor equal to 10 is widely used for measurements in practise. This means
the sampling rate has to be 10 times higher than the maximum frequency expected in
the spectrum. Thus, errors made at high frequencies are lower than 5 %. Lalanne
demands sampling factors between 16 and 23 to reduce errors to 2 % or even 1 %
[82].

The effect of different sampling rates of the attribute engine speed over a time period
of 60 seconds is shown in Figure 31. While the raw data was logged with 10 Hz, virtual
logging has been done with 5, 1, 0.5 and 0.1 Hz. Linear interpolation was performed.

It is clearly visible that the 5 Hz curve follows the 10 Hz closely, minimal error occurs
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at 1 Hz, increasing at 0.5 Hz and 0.1 Hz. At 0.1 Hz the curve smooths out all maximum

and minimum events in between the 10 second sample points.
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Figure 31: Different sample rates (10, 5, 1, 0.5 and 0.1 Hz) for tractor engine speed
during grubbing.

Sample rates of 1 Hz are widely used during long term field test measurement. 0.1 Hz
is used for remote applications such as telemetry systems. To assess the effect of
sample rate under real operation conditions, classification of 3 tasks - grubbing, square
baling and maize transport - was analyzed. The parameters were engine speed in 8

classes and engine load in 10 classes. The test tractor is described in chapter 3.2.2.

Table 8 lists deviation of engine load, calculated with reduced sample rates, compared
to classification of raw data at 10 Hz. Error value increases with lower sampling rates,
but stays below 0.5 %, except the variant 0.1 Hz which shows a deviation up to
+2.69 %. All calculated total engine loads are close to reference at 10 Hz and show

low variance.
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Table 8: Deviation from reference engine load (10 Hz) during different tasks and 5

lower sample rates.

Sample rate
Task
10 Hz 5Hz 1Hz 0.5Hz 0.1Hz
Grubbing + Displacement (1:45 h)

Engine Load % 46.13 46.16  46.18 46.21 4538
Error % 0.06 0.08 0.09 2.69
Maize Transport (3:12 h)

Engine Load % 4413 4414 4409 44.00 44.23
Error % 0.00 0.04 0.23 0.09
Square Baling (3:42 h)

Engine Load % 60.83 60.83 60.86 60.82 60.69
Error % 0.01 0.04 0.03 0.18

Table 9: Average errors per class, dependent on different sample rates; for grubbing,

baling and transport.

Class Elr:) gai(r;e frl:ZI:ctair‘ilzy Sample rate error %

% % 5Hz 1Hz 0.5 Hz 0.1 Hz
1 0-9.99 2.07 0.66 1.80 5.77 42.49
2 10-19.99 19.27 0.13 0.37 0.40 4.06
3 20 -29.99 9.65 0.23 1.62 1.77 5.39
4 30-39.99 8.74 0.18 2.18 3.01 7.74
5 40 - 49.99 8.90 0.45 1.90 5.83 18.04
6 50 - 59.99 9.05 0.47 1.55 2.16 6.53
7 60 - 69.99 8.79 0.20 2.93 3.39 9.77
8 70-79.99 6.93 0.50 1.73 4.35 13.88
9 80 - 89.99 5.45 0.41 3.03 5.07 7.23
10 90 - 100 21.14 0.10 0.21 0.24 2.49

100.00 0.33 1.73 3.20 11.76




Material and Method 47

However individual errors per class are much higher than error for total engine load,
cf. Table 9. While 5 Hz has the lowest average error level of +0.33 % the other variants
have errors of £1.73, £3.20 % and £11.76 %, which is the higest and occures at 0.1 Hz
sampling rate. The errors are dependant on relative frequencies in the dataset. The
less frequent a class is represented in the original data, the higher the error, especially
at low sampling rates. Classes 2 and 10, which have a high representation of 19.27 %
and 21.14 % in the data, show low error: +4.06 % and +2.49 %. Class 1 represented
by 2.07 % in the data has the highest error: +42.09 %. Although sampling with 1 Hz
does not meet the “1 % demand” of Lalanne, errors stay below the reasonable 2 %

level.

3.2.4 Description and calculation of attributes

Engine torque is calculated by engine ECU based on actual injection times and engine
speed. The information is defined in J1939 and is uploaded via vehicle CAN bus to the
data recorder. The resulting so called actual engine percent torque is scaled to the

engine nominal torque. Total volumetric fuel consumption was recorded as well.

Overall gearbox output torque was directly measured by strain gauges. In addition, the
CVT ECU calculates the gearbox output torque based on speed, pump settings and
hydraulic pressure. This calculated gearbox torque was also recorded for verification

of the strain gauge measured gearbox torque.

The rear axle torque is calculated of gearbox output torque and front axle drive shaft
torque which are both measured by strain gauges. For front and rear axle the further
gear ratio to the final drives and the wheel size were taken into account. Also, the
efficiencies of the final drives were considered. For the rear axle 7rearaxe = 0.95 is as-
sumed which is caused by 5 % losses in the rear axle differential. As for the rear axle,
efficiency of the front axle has to be considered which is assumed to be 7fiontaxie = 0.93.
The efficiency ends up being 5 % loss for the front axle differential and 2 % for spur

gears.

Research from Biller shows less than 45 % of negative drive wheel torque level com-

pared to the maximum positive drive wheel torque [24]. Positive torque on the drive
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wheel axle is caused by pulling forces during forward operation and push during re-
verse operation while negative torque is caused by the opposite. As Figure 32 shows
the share of negative drive wheel moments is about 20 %. In this analysis negative
torque is not considered. This simplification is possible because both flanks of the gear

tooth use the same design, but low loads show significantly lower frequencies [24].

20,000 i ' '
—— Total
------ Ploughing
----------- Stubble tillage
Transport
=
)
S
g
L
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2 |
(m)] 0 E
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/’/
-10,000 - - E
1078 107 1072 1% 10

Cumulated time frequency t

Figure 32: Torque of left drive wheel shaft, loads and low loads for different applica-

tions. The Total load spectrum is calculated by weighting of the individual load spectra;
from [24].

PTO torque was recorded by external torque measuring hub which used strain gauges
as well. Using external measuring devices instead of internal ones reduced the damp-

ening effect of the gearbox and therefore increased accuracy of the measurements.
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3.2.5 Classification and interpolation

ISO 6336-6 recommends to calculate service life based on speed synchronous classi-
fication [83]. This considers the theory that every load cycle (which means every revo-
lution), damages the gear. Classification based on time has a more general character
and can be used for a variety of purposes while speed synchronous classification takes
individual machine design into account and reflects real machine stress better than

time-based classification.
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Figure 33: Comparison of time-based and speed synchronous classification of engine

torque for different applications.

However, the differences are not that great. In Figure 33 and Figure 34 time-based
and speed synchronous classification for gearbox input and gearbox output side are
compared to each other. On the engine side, it is evident from Figure 33 that for both
kinds of applications, heavy pull and silage compaction, speed synchronous classifi-
cation leads to a heavier load spectrum. This is because high engine torque is mostly
achieved at medium to high engine speed and one second at high engine load contrib-

utes to more counted revolution in this high torque class than one second at engine
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idle speed. The time-based counting method shifts the curve to the right for the lower
classes for the same reason. A similar result can be seen on the drive wheel side as
well in Figure 34. Speed synchronous classification represents a heavier load spec-
trum than time-based counting. For low load applications like silage compaction the
curves switch but are very similar. A summary of the results in Figure 33 and Figure
34 shows that speed synchronous classification keeps closer to real stress values and

also takes drivetrain design into account. That is why it has been chosen
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Figure 34: Comparison of time-based and speed synchronous classification of gear-

box output torque for different applications.

By means of interpolation, the reference load spectrum which will be described in chap-
ter 3.4.2 is split into equal classes. This procedure fits the reference load spectrum to
the classes from the measured load spectrum. The interpolation is done by linear re-

gression to exponential function.

The results of speed-synchronous classification of measurements described in chapter
3.2.1 are shown in Figure 35. Engine, gearbox input and PTO are related to engine

nominal torque, drive wheel side is related to maximum drivetrain torque.
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Figure 35: Examples of classified load spectra for different assemblies and applica-

tions.

3.2.6 Standardization

The idea of standardization of load spectrum data has been shown in chapter 2.2.5.1
and 2.2.5.2 and enables comparison of data between different tractors and tractor
power classes. While the procedure for engine-related load spectra is relatively clear,
the subject of how to proceed with drive wheel related load spectra is still being de-
bated.

Engine, gearbox input and PTO are all related to engine output power and can pre-
cisely be described by Eq.(11). The relation to engine nominal torque is generally used

as it's a defined point on the engine curve.

_ TorqueEngine; Gearbox input; PTO (11)
Nominal torquegpgine
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Since gearbox output, front and rear axle torque belong mostly to drivetrain design,
wheel size and tractor weight, drive wheel force is the value that covers all of these
aspects. Renius published an approach which uses these factors to standardize meas-
ured torque on the drive wheel side [12]. While the discussion is ongoing whether ma-
chine net weight, machine gross weight or a mixture of both is the right means, the
author recommends machine net weight. It is a fixed technical value while gross weight
or real machine weight is always changing. This fact has to be considered when as-
sembly design is done based on standardized data but is not useful when generating

comparable load spectra.

Itis assumed that a higher tractor net weight results in higher durability and that tractor
net weight increases with tractor size. At the same time larger tractors can produce a
higher amount of drive wheel torque due to their weight and wheel size. This means a
small tractor producing 10,000 Nm of drive wheel torque and a larger tractor (product
of wheel size and net weight two times greater than the smaller one), producing
20,000 Nm of drive wheel force lead to the same standardized drive wheel torque.
Taking actual machine weight into calculation would totally influence the standardized
torque and underestimate the real situation: A tractor produces 20,000 Nm drive wheel
force at a machine net weight of 10 t. By ballasting the tractor with additional 5 t, the
resulting standardized torque would decrease by 1/3 without compromising structural
integrity (the additional weight coming from front ballast and not from stronger compo-

nents).

Figure 36 shows quotients from Eq.(9) and Eq.(10) for actual tractor models. A high
correlation between tractor class and calculated quotient at low standard deviation is
found. The correlation is higher for tractor net weight, R? = 0.91 than for the average
of tractor net and tractor gross weight, R? = 0.89. For this reason, measured torque on
the drive wheel side is related to tractor net weight and tractor standard wheel size.
Gearbox output torque was converted to overall drive wheel force (no front wheel as-

sist) by means of Eq.(12). The axles are calculated separately by Eq.(13) and Eq.(14).
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Figure 36: Product of tractor weight (net and mixed weight) for standard and system
tractors of the most important manufacturers worldwide, standard wheel sizes,
n =250, 2017.

_ Drive wheel torquesyeran (12)

Gnet * Tprive wheel

M= Drive wheel torquegront axie (13)

0.4 * Gnet * Trront wheel

_ Drive wheel torquegear axie (14)

0.6 * Gnet * TRear wheel
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3.3 Scenario Definition

An overview of the methodic steps to generate a tractor lifetime load spectrum for dif-
ferent assemblies and the definition of different farm types for the scenarios is given

in Figure 37.

3.3 Scenario

3.3.2 333
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Figure 37: Detailed view of methodic part scenario: from application load spectrum to

tractor lifetime load spectrum.

3.3.1 Tractor usage

Tractor utilization varies greatly. An older estimation of tractor usage by tractor power
class [11] from 1994 is shown in Figure 4. Since this time, average power per tractor
increased which caused a shift in the application spectrum. This increase in tractor

power is shown in Figure 38. The trend line has an R? of 0.95 and shows that an
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average tractor in 1994 had 74 kW. 23 years later the average German tractor power

in 2017 is 105 kW which equals an increase of almost 45 %.
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Figure 38: Installed tractor power, 12 month moving average; shipments Germany
from VDMA.

Taking this into account, the test tractor positioning is drawn in Figure 39 with a second
axis for tractor power today. The positioning of the test tractor by the adjusted tractor
power scale matches the application experiences. This power segment has to fulfill a
wide variety of tasks and is still used as front loader tractor. As pointed out by the red
marks in Figure 39 the test tractor is at the upper end of a front loader tractor scale but
there are still some higher-powered tractors using front loaders. At the same time, it is
the tractor segment with the widest variety of applications. Nevertheless Figure 39
shows only annual average tractor application spectrum while different application sce-

narios for the test tractor are needed.
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Figure 39: Annual application time for tractors; from [11]. Adjusted power rating based

on increasing tractor power from 1994 to 2017 and positioning of test tractor added.

3.3.2 Application scenarios

For validation of the method, different scenarios of tractor lifetime application shall be
generated. Based on the previously described average annual applications of tractors
within different power classes, Figure 40 shows the lifetime application spectra of a
standard tractor within the 120-140 kW class. The five scenarios use the general farm
types which are defined by the BMELV (Federal Ministry of Food and Agriculture) [84]
and shall show extremes between the individual tractor usage. The calculation for the
usage is based on the farm descriptions from below and planning data from plant pro-
duction systems from KTBL [85]:

#1 Contractor:
Medium size contractor, > 10 tractors; heavy pull applications are done by larger
tractors; silage compaction is done by larger tractors. Typical applications: crop
care, grassland incl. baling, seeding and transport. No ploughing or grubbing.
#2 Dairy:

80 ha; tractor is the largest tractor and does most of the work; 120 cows, self-
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#3

#4

#5

Annual application time ¢

mechanized: grassland applications, slurry, silage compaction, no arable farming
which means no ploughing or grubbing.

Hog:

80 ha, 1,500 hogs; tractor is the largest tractor and does most of the work; self-
mechanized: slurry, crop care, ploughing, grubbing and seeding.

Cashcrop small:

150 ha, crop rotation: WW-WR-SG; no organic fertilization, 3x tillage, 3x crop
protection on average; tractor is the largest tractor and does most of the work,
including ploughing and grubbing.

Cashcrop large:

1,500 ha, crop rotation: WW-WR-SG; tractor is the smallest tractor and does

only crop care and fertilization, transport and seeding; no ploughing or grubbing.

100
1 Idle
[ Manuring
11 Crop protection/Fertilization
% 3 Ploughing/ Grubbing
3 Grass harvest
3 Seeding
ilage compaction
60 [ Baling
[ Transport
40
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4 (eig

Figure 40: Stacked annual application times of standard tractors for five different sce-

narios as defined as typical farms, tractor power range 120-140 kW.
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While Figure 40 shows the applications based on the scenarios Table 10 lists the re-
sulting application spectrum based on the measurements. Because there is no load
spectrum data for all applications available, the data which comes as close as possible
was chosen. Although Table 10 only shows the share of different applications, it seems
to be relatively clear that scenarios with a high share of tillage will lead to high load on
the tractor while lighter applications such as greenline or transportation puts lower

loads on the machine.

Table 10: Application spectrum for different scenarios, #1 contractor, #2 dairy, #3 hog,

#4 cashcrop small, #5 cashcrop large.

Scenario

% 1 2 3 4 5
Tillage - - 35 50 25*
Slurry - 10 10 - -
Manure 10 5 - 5% 10**
Greenline 15 30 - - -
Baling 5 5 - - 10
Transport 35 25 25 20 30
PTO others 10 - 5 - -
Idle 25 25 25 25 25

* includes seeding
** instead of lime spreading
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3.3.3 Tractor lifetime load spectra

The tractor lifetime load spectra which are shown in Figure 41 and Figure 42 have

been calculated on the basis of Table 10. The left side shows engine side related load

spectra as engine output and gearbox input in standardized engine torque. The right

side shows drive wheel related load spectra as gearbox output, front and rear axle in

standardized drive wheel torque.
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Figure 41: Tractor lifetime load spectrum for scenarios #1 contractor and #2 dairy,

engine and drive wheel side.
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Figure 42: Tractor lifetime load spectrum for scenarios #3 hog, #4 cashcrop small and

#5 cashcrop large, engine and drive wheel side.
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3.4 Load calculation

The necessary steps for calculating assembly-specific load sums for tractor lifetime
load spectrum and reference load spectrum are shown in Figure 43 as well as the

deduction of the reference load spectra.

3.4 Load calculation

Load sum
— reference load
spectrum 1...n

Reference
load spectra

Load sum
assembly 1..n

v

Load sum
. engine output

Load spectrum
engine output
Load spectrum
gearbox input
Load spectrum
gearbox input

— 3.4.1

Load sum

Load sum
. gearbox output/
,,,,,,,, B

Load spectrum | Load sum front"
front axle . axle

Pseudo damage calculation 1...n

]

Load spectrum ;'Load sum rear ",
rear axle 5\ axle W

Eq.(15)

Figure 43: Detailed view of methodic part load calculation: from tractor lifetime load

spectrum to load sums, deduction of reference load spectra.

3.4.1 Pseudo damage calculation and load sum

While single stage tests can easily be compared to each other, load spectra cannot be
compared directly because they are not a single stage test. For comparison damage
accumulation hypothesis is required as mentioned in 2.2.1. But Wohler curves depend
on a lot of different factors and are almost unique and very hard to achieve the more
complex the assemblies’ design gets. Figure 44 shows different exemplary Wéhler
curves for an assembly for tooth root, tooth flank, bearing and shaft. It points out the

complexity of precise damage calculation. As gearboxes do not consist of one shaft



62 Material and Method

and one bearing and also not every gear, shaft or bearing is engaged and loaded with
stress all the time it would be an enormous effort to calculate single component and
subcomponent damage separately. There are different possibilities to take all the dif-
ferent curves into consideration. For example the minimum of all or an average of the
curves. But this would make the approach more precise as possible only for a single
machine. Nevertheless by using a hypothetical Wéhler curve (h) with overall slope ex-
ponent k= 5 from “FKM-Guidline” (Research Curatorship for Mechanical Engineering)

[86] a good indication of past stress can be calculated for the overall assembly.

100 ‘
% NOANEAY a class distribution
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70 Sy \\\\ = d
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Figure 44: Class distribution of loads and Woéhler curves for different components

within the drivetrain with hypothetical Wéhler curve; edited from [23].

The pseudo damage calculation works similar to the Miner’s rule which has been de-
scribed in chapter 2.2.1. The number of load cycles n of the measured load spectrum
is compared at class mean to the hypothetical Wéhler curve (h) which gives the poten-
tially possible number of load cycles N by means of Eqg. (1). Summing up the class
individual loads by Eq.(15) the load sum L is calculated. L is generated separately for

every assembly.
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k
=31
Ry (15)
i=1
Load sums are calculated for the reference load spectra as well as for the measured

tractor lifetime load spectra.

3.4.2 Reference load spectra

A standardized load spectra for a standard tractor is described in chapter 2.2.4. This
is used as a basis for derivation of assembly specific reference load spectra. The orig-
inal curve is interpolated according to the descriptions in chapter 3.2.5 to fit individual

class mean from measured load spectra.

3.4.2.1 Engine

Existing engine load spectra are described in chapter 2.2.5.1. These were measured
and developed for standard tractors without front wheel assist and manual shift trans-
mission. As shown in Figure 14 peak loads are mainly caused by clutch operation and
gear shifts. The suggested load spectrum is listed and compared to the published load

spectrum in Table 11.

Table 11: Engine reference load spectrum, original and adapted, listing by Renius def-

inition from [12], maximum torque adapted.

Distribution Renius 1976 Suggestion
% n Standardized torque*
Lower end I 100 0 0
Central point 1 50 0.76 1.16
Maximum torque I 45|3.0 1.08-1.15 1.4
Peak load v 0.0033 25 -

*Eq.(11)
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The suggested engine reference load spectrum is presented in Figure 45. Both curves
start at 100 % and 0 torque. CVT is integrated more deeply into tractor drivetrain man-
agement than the manual shift gearbox in 1976. Drive controller adjust the transmis-
sion ratio in a way to droop the engine to its most efficient point. For this reason the
distribution of the engine load spectrum changed to nearly 50 % higher torque levels
at the central point of the load spectrum. Modern engines have other torque behavior
which leverages the point of maximum torque to 140 % of standardized engine torque
at 3.0 % frequency. Because the test tractor uses a CVT, which runs much smoother,
because clutching and speed adaption between engine and gearbox input side is done
by hydraulic swash plate pumps, the suggested engine load spectrum is cut at 140 %

of standardized engine torque.
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Figure 45: Reference engine load spectrum of manual shift tractors; from [12]. Addi-
tional red curve indicates engine reference load spectrum for CVT tractors. The dotted
line is a projection similar to the black curve. The roman numbers indicate important

positions for load spectrum calculation.
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3.4.2.2 Gearbox input

Load spectrum for engine output and gearbox input are very similar as long as the
whole engine power output is transferred to the drivetrain. Rear-PTO can consume a
high portion of engine power output, but time of engagement during tractor lifetime is
on average below 10 %. Tractors are rarely equipped with front-PTO and the activation
time is even lower than for the rear-PTO. For these reasons PTO is not considered for
gearbox input load spectrum. Additional losses from engine to gearbox are caused by

auxiliaries:

. Cooling fan

. Alternator

L] Air conditioner
L] Air compressor

L] Hydraulic pump for break.

Pichelmaier published losses for a special 3-axle tractor design under heavy pull con-
ditions [30]. These have to be adjusted to a standard MFWD tractor. The assumed
losses are displayed in Figure 46. In total auxiliaries end up with 26 % peak losses.

During tractor lifetime the amount of power consumption varies greatly.

2%

Strain gauge 1.5%

D Losses by auxiliaries

Figure 46: Power losses for a 3-axle tractor (387 kW nominal power) with double en-
gine concept from engine to CVT gearbox during grubbing, working speed 9 km/h,

working depth 20 cm; losses edited from [30; 79].
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Analysis of the measurements in Figure 47 shows 10 - 12 % losses between engine
output and gearbox input on average. For this reason, a general loss of 10 % between
engine output and gearbox input is assumed. This means that generally, tractor engine
power measured at rear PTO should not result in more than 10 % losses in comparison

to rated tractor nominal engine power.
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Figure 47: Average power losses during heavy pull applications between engine out-

put and gearbox input due to auxiliaries, indicated by the hatched area.

3.4.2.3 Gearbox output

Load spectrum for drive wheel side has been published by Renius [12]. The original
load spectrum, the black curve in Figure 48, fits well to heavy pull applications but is
too hard for tractor lifetime reference. The suggested red curve for gearbox output of
CVT tractors equals 80 % of the original load spectrum. This means that the load dis-

tribution stays the same but stress level is reduced to 80 %.
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The measured gearbox output torque is virtually transformed in standardized rear drive
wheel torque. Because the measured torque at gearbox output is in focus, losses fur-
ther down the drivetrain are not considered. This allows the comparison to the black
curve which was measured directly at the drive wheel of a tractor without front wheel

assist.
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Figure 48: Reference gearbox output load spectrum for manual shift tractors; from

[12], additional red curve adapted for gearbox output load spectrum of CVT tractors.

In Figure 48 the original gearbox output load spectrum and the adapted one for CVT
tractors is shown. Numbers 1 to III are defined in chapter 2.2.5.2. The dashed line
indicates the split point between “static” and “dynamic” loads. While “static” loads are
mainly generated by field operation and can hardly exceed 1.0, the points above are
caused by load peaks due to manual shift or environmental effects such as soil com-
paction. 1.0 marks the point of maximum driving force of front wheel assist tractors on
an underground with driving force coefficient x = 1.0. Higher drive wheel torque can
only be generated due to dynamic effects or transfer of down force from implement to
tractor. For the CVT curve this point is shifted to the left side of the diagram. According
to Renius the 10 % point of a drive wheel side load spectrum marks the static point of
heavy pull operations like ploughing. For the suggested load spectrum this point equals
= 0.5 which is a realistic value on average for most of the soils [87; 88]. Under heavy

pull conditions, CVT tractors show a load spectrum which is shifted more to the right.
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Up to the 1 % point the curves stay above the suggested reference. Due to an engine
transmission control, CVT tractors reach higher torque for a higher portion of time. The
front wheel assist also increases driving force because the whole traction potential is
used instead of using just the rear drive axle as is the case for tractors without front
wheel assist. However, the original load spectrum is too heavy in comparison to the

measurements done with the test tractor and is reduced for this reason.

3.4.2.4 Axles

The original load spectrum was published for a standard tractor without front wheel
assist. Modern standard tractors in Europe are mostly equipped with front wheel assist.
Depending on the application, soil condition and driving speed the front axle drive can
be engaged or disengaged. When the front axle drive is disengaged, power split in
drivetrain behaves as has been measured by Renius. In these cases, the load spectra
are comparable. When the front axle drive is engaged, power is split between rear and
front axle analog to weight distribution. Because this is statically influenced by coun-
terweight and mounted implement, and dynamically influenced by soil and operating
speed an overall weight distribution of 40 % front axle and 60 % rear axle is assumed
which equals static axle weight distribution during most of the field operations of the

test tractor.

For the rear axle the reference load spectrum for gearbox output from chapter 3.4.2.3
is used and multiplied by static axle load distribution. For a comparison of the meas-
ured rear axle load spectrum with the reference load spectrum, the axle efficiency has

to be taken into account. Drive wheel torque is standardized by Eq.(13).

Front axle load spectrum refers to Meiners [36], who published front axle load spectrum
for field and front loading operation. This given load spectrum is also reduced by a
factor of 0.8 so that overall load distribution is the same, but stress levels are reduced.
The front axle torque is standardized by Eq.(12) and the assumed front axle weight
distribution of 40 %. Furthermore, none of the test results showed the same rare load
peaks - loads left of 10-® % frequency. The assumed front axle reference load spectrum
is cut for this reason at this point. Both reference load spectra are displayed in

Figure 49.
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Figure 49: Reference front axle load

spectrum for manual shift tractors, from [36], the

additional red curve is adapted to CVT tractors. The dotted red curve shows rear axle

reference load spectrum for CVT tractors; adapted from red curves from [12].
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This axle weight distribution is confirmed by Figure 50 which shows a ratio of un-
ballasted rear axle weight of 61.1 % and ballasted tractor weight ratio of 59.2 %. The
data is based on 47 tractors which were measured by the DLG for the powermix test
[89].

3.5 Evaluation

The final evaluation of the damage sums can be made using the relation to standard
operation hours or direct comparison to other tractors, which is described in Figure 51

in detail.

3.5.1 Load factor

Load sum Ea.(16)
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Figure 51: Detailed view of methodic part load factor: from load sums to standard

operation hours or alternatively direct tractor ranking.
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3.5.1 Load factor

For the calculation of the load factor (LF) of an operation hour the ratio of tested load
sum Lress and the reference load sum Lgererence has to be calculated by means of
Eq.(16). This is done for each assembly. At this point detailed tractor evaluation is
possible for each assembly.

LF = _ LTest (16)

LRe ference

For consolidation of the individual load factors to one overall tractor load factor, as-
semblies are weighted by their individual retail price ratio. All load factors are multiplied
by the weight factors, which are shown in Figure 51, and are summed up. This overall
load factor can be used to evaluate the tractor operation hours. Therefore, the opera-
tion hours from the hour meter are corrected by the load factor. The resulting hours
equal standard operation hours, which in this case, are related to the reference load
spectra suggested in chapter 3.4.2. In addition, tractors can be directly compared at
different points in their 10,000 h. This method provides an “absolute” indication of trac-

tor stress and allows an evaluation of the economy of specific machine.

3.5.2 Load ratio

To make a comparison of different tractors within a certain power range, another cal-
culation has to be done. First the assembly-specific load sums have to be consolidated.
This is described in 3.5.1. The resulting overall tractor load sum Lrractora can be directly
compared to another tractor Lrractor 5 by means of Eq.(17) and is called load ratio (LR).
Because the real past loads are relevant for tractor evaluation, it is not necessary to
reference the LR to operation hours. A tractor with low operation hours will generally
have a lower load sum than tractors with higher operation hours on their meter. This
results in a lower LR. This method shows the relative advantage or disadvantage in

comparison to at least one other tractor and can never be considered on its own.

LR = M (17)
LTractorB
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3.6 Simplification of measurement

The test tractor was equipped with a variety of additional sensors which are not state-
of-the-art in tractor series production and which increase the cost of the machine. The
types of sensors and measuring set-up is described in chapter 3.2.2. This extra infor-
mation allows an analysis of whether the same information can be gathered by using

more global vehicle controller area network (CAN)-Bus data.
To do this, calculated load factors are compared with:

L] Engine fuel consumption
L] Engine torque load by engine electronic control unit (ECU)
. Engine fuel consumption corrected for average engine speed

= Gearbox input torque for pull only applications.

By comparing fuel related parameters, the question of whether or not strain gauges
are redundant and can be replaced by data gathered from engine ECU, can be an-
swered. By comparison of ECU engine output torque and strain gauge measured gear-
box input torque and gearbox ECU torque the signals are analyzed for their accuracy

in belongings of torque peaks.
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4 RESULTS AND DISCUSSION

4.1 Tractor lifetime load spectrum
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Figure 52: Assembly specific load spectra for different tractor lifetime application sce-

narios #1 contractor, #2 dairy, #3 hog, #4 cashcrop small, #5 cashcrop large. The black

dotted line indicates the reference load spectra from 3.4.2.
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After applying the described method, the lifetime load spectra shown in Figure 52 are
the basis for the further discussion. The references from chapter 3.4.2 are added to
the load spectra for a better overview. Data in the plot is standardized by means of
Eq.11 - Eq.14. The number of the curves corresponds to the number of the scenarios
from 3.3.2:

#1  Contractor

#2 Dairy

#3 Hog

#4  Cashcrop small

#5 Cashcrop large.

411 Engine

Figure 53 presents the engine lifetime load spectrum in detail. It shows engine ECU
calculated output torque in relation to engine nominal torque. The engine ECU esti-
mates output torque by injection time, actual engine speed and internal friction, which
is stored as a correction function on the engine ECU. In contrast to all other plots, the
engine output load spectra does not vary greatly. Frequencies below 1 % can only be
observed for curve #5 which ends close to 150 % of engine nominal torque at 0.30 %
frequency. Curves #1 and #2 show almost the same characteristics, with curve #2
showing slightly higher frequencies at the upper end. The general distribution of curves
#1, #2 and #5 is very similar and shows a characteristic knee point slightly above
100 % engine torque. This knee point comes from the engine transmission manage-
ment which adjusts the transmission ratio to drop the engine to a fuel-efficient opera-

tion point at high torque.

In comparison, the curves #3 and #4 keep above the curves #1, #2 and #5 and turn
vertical below the 50 % frequency. Both curves end at the same level of #1 and #2 at
engine maximum torque. According to Table 10 the scenarios behind #3 and #4 are
characterized by the high amount of tillage. For these applications the complete engine
torque is required constantly. This explains the missing knee point to load peaks at

10 - 20 % as curves #1, #2 and #5 show. The main reason for the missing knee point
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is the lack of sensor data for engine output torque. Engine ECU only calculates torque
up to engine maximum torque and cuts off torque peaks above.
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Figure 53: Engine load spectra for different tractor lifetime application scenarios,
#1 contractor, #2 dairy, #3 hog, #4 cashcrop small, #5 cashcrop large. The black dot-
ted line indicates the reference load spectra from 3.4.2.

The curves #3 and #4 are the only curves that cross the engine reference while all
others stay below the reference. Taking the basics of fatigue and pseudo damage cal-
culation into account the scenarios should cause low load factors for curves #1 and

#2, a medium load factor for curve #5 and the highest load factors for curves #3 and
#4.

The method of pseudo damage calculation is used to evaluate the engine as well alt-
hough damage mechanisms vary for engines in comparison to pure mechanical as-
semblies such as gearboxes or axles. Based on the MAN patent [66], weighting factors
for the specific operation points would be sufficient but nowadays none of the engine
manufacturers published the necessary information.
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4.1.2 Gearbox input

The middle left plot in Figure 52 shows results for the gearbox input side. Because of
the lack of gear shifts or clutch operation in CVT tractors the general distribution is
relatively smooth and close to engine output curves. Curves #1 and #2 reach about
200 % engine nominal torque at 10 % frequency, curves #3 - #5 stay at lower torque
levels. Nevertheless, this diagram shows the previously described problematic of using
calculated ECU values instead of strain gauge measured ones. While curves #3 and
#4 do not show a knee point on the engine output side they do have a knee point on

the gearbox input side because of the different measuring principle.

Two general distributions can be characterized in the plot. While curves #3 - #5 follow
the engine output, curves #1 and #2 have another distribution. They stay above large
sections of the load spectrum below curves #3 - #5 but cross them at the end. The gap
between the curves between 50 % frequency and 0.5 % frequency is caused by power
consumption for other components within the tractor. Because auxiliary losses do not
vary greatly over a tractor lifetime load spectrum, the difference is caused by PTO
operation. Table 10 shows 40 % PTO applications for curve #1 and 50 % for curve #2.
While curves #3 - #5 use the biggest portion of engine output torque for driving #1 and
#2 do also use some amount for PTO. The lower amount of PTO work or PTO power
consumption for curves #3 - #5 is expressed by the slightly bigger gap between the

curves and the reference right from the start.

None of the curves reaches loads above 200 % engine nominal torque although the
older sources show such high peak loads. The original source from Renius [12] used
a manual shift, clutch operated, rear wheel driven tractor for measurements. The upper
part of the load spectrum was calculated based on the idea of single hard clutching
events and the clutch maximum friction torque of 250 %. A CVT tractor is not equipped
with such a clutch and is operated in another way. Gears are shifted automatically and
much smoother, there are hardly any high torque peaks on the gearbox input side,

caused by gear shifts.

All curves cross the gearbox input reference curve. By means of pseudo damage cal-
culation the resulting load factors should build two groups. Curves #1 and #2 have

lower load factors than curves #3 - #5.
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41.3 Gearbox output

The gearbox output load spectra are shown on the middle right plot in Figure 52. Stand-
ardization is done by means of Eq.(12). Although the chosen reference is from 1976
[12], general distribution is still valid. While curves #3 - #5 are more bulbous than the
reference, curves #1 and #2 are straighter. This is caused by the engine transmission
management system which sets transmission ratio in a way that engine speed is
drooped to a point of high efficiency and high output torque. In contrast to the original
load spectrum for the rear axle which had a more equal distribution, the curves #3 - #5
have a higher amount of time at high load levels. This is expressed by the steep start
from 100 % to 20 % where the knee point of the curves is located. Below 20 %the
curves show less incline. The heavy load scenarios #3 and #4 show the highest torque
level except of the load peaks from curve #5. Relative frequencies stay below 125 %
standardized drive wheel torque at 0.05 % relative frequency for #3 and #4. The other
curves show load peaks up to 10 % between 110 % and 130 % of standardized drive

wheel torque.

The reference equals 80 % of the original load spectrum. The reduction was done be-
cause only heavy pull applications such as tillage came close to the original load spec-

trum for the drive wheel. This is due to three factors:

1.  The standardization method which takes machine net weight into consideration:
Because the test tractor has a relatively high net weight in comparison to the
engine power, all measured torque peaks were divided by the high net weight
and resulted in a lower standardized drive wheel torque.

2. For the original drive wheel reference load spectrum, the measurement was done
closer to the tire-soil contact than in the test tractor. The strain gauges were po-
sitioned directly behind the gearbox output and on the drive shaft to the front axle.
In the current measurements wheel forces of the test tractor were calculated and
not measured directly in the drive wheel.

3. Original measurement was done on a standard tractor without front wheel assist.
This kind of tractor do not use the full tractor pulling-force potential because the
remaining driving potential of the front axle is not used to generate traction. The
overall generated torque within the drivetrain of these tractors is lower than for

the tested tractor which used front wheel assist most of the time.
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Two curves, #1 and #2, stay below the reference. Both have more non-driving force
related applications in their load spectrum, for example transportation, greenline or
stationary PTO operation. Thus, both show less load cycles at high drive wheel torque

levels.

All curves do not angle directly to the left from the 100 % point on the right bottom of
the plot. This is because both engine side plots, engine output and gearbox input load
spectra, are fully affected by the amount of idle time while the drive wheel side usually
stands still during idling. Idling makes up to 25 % of tractor operation time [1]. During
this time the tractor engine runs at 900 min™' at very low loads and tilts the load spec-
trum to the left side. Because the drive wheel side usually stands still during idle, the
gearbox output load spectrum does not change as classification is done speed-syn-
chronous. Figure 52 shows relative number of load cycles. In an absolute plot gearbox
output distribution would be the same but completely shifted to the relating 75 % point

in terms of number of load cycles.

41.4 Axles

The lower left of Figure 52 shows the front axle load spectrum which is standardized
by means of Eq.(13), the lower right shows the rear axle load spectrum which is stand-
ardized by means of Eq.(14). Because of this individual standardization, the load spec-
tra of rear axle and front axle cannot be summed up to a 100 % cumulative frequency
load spectrum for gearbox output. Further effects such as recirculating torque during
reverse push operation (e.g. pushing silage on the silage bin) can exceed the weighted
gearbox output torque. Similar effects come from tension due to forerun of the front

axle on surfaces with high p.

The front axle load spectrum behave relatively smoothly and keep to the original drive
wheel curve distribution for rear axles from Renius [12]. Nevertheless the front axle
field load spectrum from Meiners, published in 1984 [36], is used as front axle refer-
ence. Because the original curve showed higher loads than those achieved during any
measurement, the curve was reduced to 80 % of the original curve, analog to the gear-
box output load spectrum reference from Renius. Measured loads are calculated

based on front axle net weight distribution and front wheel size. Because both are
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smaller than the numbers for gearbox output or rear axle the quotient for standardiza-
tion decreases and calculated standardized drive wheel torque reaches equal loads

than rear axle.

The load spectra show peaks up to 160 % standardized drive wheel torque at
103 % for the curves #1 and #2 and slightly less common peaks at the same load level
at frequencies of 5*10* to 1.5*10 for curves #3 and #4. Two types of load spectra can
be characterized. The higher loads are shown by curves #3 - #5. Up to the 1 % point
their frequency distribution is close to the reference. Below the 1 % point #3 - #5 show
decreasing incline. The curves #1 and #2 keep below the reference which is the result
of applications with low demand for front-wheel assist driving power. Transportation is
one example for applications, where front-wheel assist is only partly engaged during
breaking. Over the range of 10 % to 102 % all curves have almost the same slope but
#1 and #2 show steep ends. These are caused by peak loads which are generated by
applications such as silage compaction. During silage pushing and compaction the
front axle drive wheel load is low most of the time, but it increases dramatically when

pushing the silage up to a silage bin.

While the scenarios #1 and #2 stay below the reference, curves #3 - #5 cross the ref-
erence at 0.1 % and 120 % standardized drive wheel torque. The resulting load factors
should behave in the same manner. Meiners’ reference for front axle during field oper-
ation still exceeds the heaviest measurement on the test tractor. This reached 160 %
standardized drive wheel torque in comparison to 240 % according to Meiners. Again,
measurements were done with a manual shift clutch-operated tractor which explains
the steeper curve from the 1 % point. At this point field operation influence ends and

dynamic and shift effects begin.

The rear axle load spectrum shows similar characteristics for the curves #3 - #5 like
the Renius drive wheel load spectrum from 1976 [12]. The curves #1 - #4 reach loads
up to 160 % standardized drive wheel torque at 3*102 to 3*10* % cumulative fre-

quency while #5 exceeds it slightly with 175 % at 2*10-® % frequency.

The reference curve is based on the reduced drive wheel load spectrum (which is ex-
plained in chapter 3.4.2.3) and rear axle net weight distribution and wheel size (see
chapter 3.4.2.4). This causes a higher standardization quotient than for the front axle

so that standardized loads show almost the same load levels as front axle, e.g. #3 - #5
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front axle in Figure 52 bottom left. The PTO- and transportation-influenced scenarios
#1 and #2 show a bulbous line to the left side around the 10 % point, which comes

from low load applications such as transportation, mowing or silage compaction.

While #1 and #2 start below the reference load spectrum and cross the reference at
2 % frequency and 75 % load, #1 or #2 cross at 3*10-% and 100 % standardized drive
wheel load. The other curves stay above the reference right from the start. This indi-

cates high load factors on the rear axle for all scenarios, especially for #3 - 5.

41.5 PTO

In addition, Figure 52 shows the results from rear PTO measurement. PTO was not
taken into account for the calculation of the following encompassing load factor in chap-
ter 4.2, but it was considered for load ratio comparison in chapter 4.3. Standardization
has been done based on engine nominal torque by means of Eq.(11). PTO reference

load spectrum is taken from Meiners (Meiners hard) [36].

Up to the 0.1 % point, curves show almost equal distribution characteristics, but peak
loads depend a lot on the chosen scenario. While #3 and #4 show loads of 250 % of
engine nominal torque at 0.1 to 0.05 %, curve #5 ends at 360 % load at 2*107 %.
Scenario #1 and #2 show peaks around 102 %, at #2 420 % and #1 500 % engine
nominal torque. The scenario is mainly influenced by heavy PTO operation such as
square baling and corn milling. The interaction with extremely heavy centrifugal forces
on implements, especially during their engagement causes high load peaks. Also, the
oscillating piston for compression of the straw or grass material causes highly dynamic
loads. Scenario #2 is more influenced by mowing and baling. Because mowing has a
high-power consumption on the PTO but runs with less load peaks the curve is

smoother.

All curves stay above the reference load spectrum. #2 keeps closer to the reference,
#3 - #5 end closer to the PTO reference curve. The PTO load spectra vary greatly for

different application scenarios which makes comparison to Meiners difficult.
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Tests showed load factors up to 25 due to the big gap to the reference load spectrum.
A simple lift of the curve was not possible because general frequency distribution did
not match the curves at all. For this reason, PTO was not considered for load factor
calculation. Nevertheless, the gap between all curves and the reference curve indi-
cates generally higher loads on the PTO drivetrain in comparison to the measurements
published by Meiners. An increase of the reference curve by 200 % from 100 % engine

nominal torque at 1 % frequency to 200 % is suggested but not tested so far.

4.2 Load factor

The following load factors compare the lifetime load spectrum of the individual assem-
blies to a reference load spectrum for the specific assembly. The reference load spec-
tra are described in chapter 3.4.2 and are equivalent to a standard operation hour.
Table 12 shows the resulting load factors for the different scenarios #1 - #5. Assuming
10,000 h of tractor lifetime, the LF have to be interpreted as follows: #1 engine LF is
0.21 which means the engine’s operation hours equal 2,100 standard operation hours.
Gearbox input scenario #4, LF 1.65 equals 16,500 standard gearbox input hours.
While the resulting standard engine hours for #1 stay below 10,000, the gearbox input
#4 exceeds the 10,000 standard hours. As the LFis based on loads and not on real

damage the tractor does not necessarily show fatigue or failure for two reasons:

1 The kexponent for the fictive Wohler curve influences the weighting of single
high loads in ratio to low loads. Increasing the k& from 5 to « weights all load
classes equally. This shifts load factor focus more to operational states at lower
loads than peak-based single events at high loads. Nevertheless concept of fa-
tigue demands a k exponent.

2 Reference does not meet engineers reference load spectra for machine design.
In this case the LF shows a crossing of the 10,000 standard operation hours
without failure occurrence, because real references have different distribution or
generally higher load levels. Once more, using the real reference load spectrum
does not guarantee a failure at that moment when the 10,000 standard operation
hours has been reached or exceeded, because engineers usually add safety fac-

tors on top to reduce the probability of failures.
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The Wohler curve provides the statistical probability of material or component failure,
but can vary greatly for a single machine. Keeping this in mind, the LF have to be seen

as a load indicator on assembly level.

Table 12: Resulting LF for different tractor scenarios. Overall LF is weighted: engine

35 %, gearbox input 15 %, gearbox output 15 %, front axle 15 % and rear axle 20 %.

Assembly Scenario1 Scenario2 Scenario3 Scenario 4 Scenario 5
Contractor Dairy Hog Cashcrop S Cashcrop L
Engine 0.21 0.20 0.89 1.03 0.70
Gearbox input 0.16 0.11 1.41 1.65 1.1
Gearbox output 0.04 0.08 5.54 5.79 4.21
Front axle 0.02 0.03 1.12 1.15 0.98
Rear axle 0.05 0.11 4.38 4.60 3.93
Overall LF 0.12 0.12 2.46 2.64 2.02

Further consolidation of the assembly-specific LF to one encompassing LF for the
tractor is done by weighting the individual assembly LF by price. The ratio is shown in
chapter 3.5.1. It is obvious that scenarios #3 - #5, which are mainly influenced by cash-
crop applications such as tillage, show higher LF than scenarios #1 and #2. The tractor
from the small cashcrop scenario shows the highest loads for each assembly because
of the highest portion of heavy tillage work, while the tractor from scenario #1 (contrac-

tor) and #2 (dairy) show the lowest load factors.

LF for engine are relatively close together and span from 0.20 for dairy up to 1.03 for
cashcrop small. Engine LF in scenario #4 are 5 times higher than loads of scenarios
#1 and #2. Only scenario #3 and #4 reach or come close to 1.00 because all other
scenarios stay below the reference load spectrum (see Figure 52). Scenario #5 shows
medium loads because the load spectrum stays in between curves #1 - #4. The lowest
engine load factor is observed for scenarios #1 and #2. Achieving a LF above 1.0 for
the engine is almost impossible because the engine-ECU calculated output torque is

cut off at the engine’s maximum torque level.
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On the gearbox input side, the situation is basically the same but the LF vary more.
The lowest LF is achieved by #2 (dairy) with 0.11 and the highest by #4 (cashcrop
small) with 1.65. Past loads for scenario #4 are almost 16 times higher than for sce-
nario #2. Scenarios #1 and #2 show lower gearbox input load factors in comparison to
engine output load factors while #3 - #5 show rising LF. This is because of the assumed
high portion of PTO work in contractor and dairy applications (see Table 10). The rising
LF for scenarios #3 - #5 is a result of dynamic effects during field operation which were
measured on the gearbox input side, not the engine side. However the LF followed

the engine output LF and maintained a relative advantage between the tractors.

The gearbox output side is mainly influenced by heavy pull applications such as grub-
bing or ploughing. These applications are not considered in scenarios #1 and #2 but
play a big role in scenarios #3 - #5, which explains the large differences of 0.04 - 0.08
to 4.21 - 5.79. Past loads on drive wheel side of the gearbox show LF which are 100

times higher for the tillage-driven load spectra.

Front axle results are a bit closer looking at the LF but the range is still extensive.
Scenario #1 ends at 0.02 while scenario #4 achieves 1.15. Nevertheless, the heavy
tillage scenarios come close to the assumed reference: #3 1.12; #4 1.15; #5 0.98.
Contractor and dairy tractors show a greater ratio of applications where front wheel
assist is not engaged but passively driven and therefore only subjected to very low
loads. In comparison to the front axle the rear axle reaches load factors from 3.93 to
4.60 for cashcrop large and cashcrop small scenarios. Again, the load factors reflect
the visible grouping of the gearbox output load spectra #1, #2 and #3 - #5. When add-
ing front axle and rear axle load factor, the resulting LF almost meets the gearbox
output load factor. For scenarios #1 and #2, the previously described effects, such as
recirculating power or forerunning of the front axle, exceed the low load factors so that

this does not work under low load factor conditions.

For the overall tractor load factor, the whole tractor is evaluated by one load factor.
Table 12 shows relatively low LF of 0.12 in the contractor and dairy scenario, which
means that a tractor under these assumed conditions would be loaded only by 12 %
in comparison to a standard reference tractor. In contrast cashcrop large show overall
LF of 2.02 and cashcrop small LF of 2.64 which means that tractors under these as-
sumed conditions would be subjected to a load of 264 % of a standard reference trac-

tor. In other words, for 1 operation hour on the cashcrop large tractor, the smart tractor
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meter would count 2.02 standard operation hours while it would count 0.12 standard

operation hours for the contractor or dairy tractor.

The LF behave like their positioning in Figure 52 where scenarios #1 and #2 stay
completely left of the reference load spectrum and scenarios #3 - #5 stay completely
above. The extreme range between the different scenarios is one of the things which
makes tractor design very complicated. While the average of all scenarios would per-
fectly fit the reference, single machines are far above or far below. Of course, most
tractors show better mixed-applications scenarios but the basic problem stays the

Same.

4.3 Load ratio

In order to calculate a load factor, it is necessary to have a reference load spectrum
which represents a standard operation hour. This reference load spectrum is difficult
to find, sometimes impossible, especially when comparing tractors from different man-
ufacturers. To avoid this problem but still evaluate different tractors in comparison to
each other, the load ratio is used (see 3.5.2). The method of load ratio always com-
pares the load sums of the tractors to one specific tractor. Table 13 lists the resulting
LR for different tractors in comparison to tractor E which is set as 1.0. Load sums are
taken from the different scenarios #1 - #5. The PTO LR is also listed but is not consid-
ered in the overall LR calculation. The LR provides information about relative advantage
or disadvantage of tractors in comparison to a reference tractor. The lower the resulting
LR, the lower the past loads on the specific assembly or the whole tractor. This provides
better transparency for tractors on the used market and indicates relative advantages
to other tractors. Using the example of Table 13 tractor E is set as basis for the analy-

sis. This causes all values to change to 1.0.

Engine LR of tractor A and B only show 24 % and 23 % of tractor E, respectively, while
tractors C and D cumulated 153 % and 195 % of the engine load sum of tractor E,
respectively. From an engine point of view, in comparison to tractor E, tractors A and

B have a relative advantage, while tractors C and D have a relative disadvantage.
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Table 13: Resulting LR for different tractor scenarios, related to tractor E. Overall LR
is weighted: engine 35 %, gearbox input 15 %, gearbox output 15 %, front axle 15 %
and rear axle 20 %. The scenarios are exemplary and equal the previously described

application scenarios: #1 contractor, #2 dairy, #3 hog, #4 cashcrop small and #5 cash-

crop large.
Assembly Tractor A Tractor B Tractor C Tractor D Tractor E
Scenario1  Scenario2  Scenario 3 Scenario 4 Scenario 5
Engine 0.24 0.23 1.53 1.95 1.00
Gearbox input 0.11 0.08 1.51 1.96 1.00
Gearbox output <0.01 0.01 1.74 2.33 1.00
Front axle 0.01 0.01 1.75 2.34 1.00
Rear axle 0.02 0.05 1.40 1.87 1.00
Rear PTO* 3.60 2.13 1.28 0.23 1.00
Overall LR 0.10 0.10 1.57 2.06 1.00

*) Not considered for overall LR calculation

The effect of high power consumption PTO implements is obvious when comparing
engine and gearbox input load ratio. Tractors A and B have reduced values, but trac-
tors C and D show increased values because most of the engine output torque was
transferred to the gearbox and was used for pulling. The light used tractors A and B
were only loaded with 8 % - 11 % of gearbox input load compared to tractor E, C and

D, which ranged from 151 % - 196 % gearbox input load.

The range for gearbox output load ratio is even greater. While tractors A and B show
values close to 0, tractors C and D are subjected to loads of 174 % - 233 % of tractor
E. LR for the front axle is similar to gearbox output, but LR for the rear axle is slightly
lower. The lack of any heavy pull applications for tractors A and B is seen in the rear
axle LRof 2 % - 5 %. In contrast, tractors C and D cumulate 140 % - 187 % of the trac-

tor's E load sum.

As mentioned above, rear PTO loads have a huge impact on the gap between engine
output and gearbox input. In comparison to tractor E, tractor A achieves the highest LR
at 360 %; tractor B at 213 % and tractor C at 128 %. Since PTO evaluation in terms of
load factor was not possible because of missing reference load spectrum, it was not
taken into account for LF calculation and for this reason is also not considered for the
overall LR in Table 13.
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When considering the complete tractor, the trend which already was apparent for as-
sembly LR continues. Tractors A and B have the lowest overall LR and therefore the
biggest relative advantage in comparison to tractor E. Tractors C and D both show
higher load ratio than tractor E and for this reason have a relative disadvantage in

comparison to tractor E.

Taking rear PTO LR of 10 % into consideration for overall tractor LR calculation and

reducing all other assemblies by 2 %-points changes the resulting overall LR:

. Tractor A: 0.46
. Tractor B: 0.31
Ll Tractor C: 1.54
= Tractor D: 1.87

Overall LR of tractor A and B increase while C and D slightly decrease because of the
less intense usage of the PTO. Tractor B now has the absolute advantage. But the
assumed 10 % weighting for PTO LR is quite high compared to the remaining 28 %
for the whole gearbox. For this reason it does not make sense to take PTO LR into

calculation of overall tractor LR but it brings more transparency into the tractor’s past.

Besides the relative advantage or disadvantage, using LR calculation can help a buyer
to find a used tractor that fits their need more precisely. While a cashcrop farmer prob-
ably would look for good engine and gearbox condition, a dairy farmer who looks for a

tractor for powering the fodder mixing trailer puts the focus on engine and PTO.

Because the method of load ratio counts and evaluates past machine loads independ-
ent from tractor size, age or operation hours, it can be used for direct comparison of
tractors from different manufacturers, tractors of different age or different size. On the
other hand, the LR only cumulates machine load but does not make any prediction of

remaining lifetime.
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5 TRANSFER-ASPECTS TO REAL APPLICATION
5.1 Simplification of measurement

To evaluate the potential of simplified measuring methods different aspects are dis-
cussed in the following chapter. Results from the calculation of average fuel consump-
tion per hour, engine load by fuel load, engine load by time and engine load by revolu-
tions are displayed in Figure 54. In addition, Table 14 lists engine torque load by en-

gine speed corrected fuel consumption from engine map.
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Figure 54: Comparison of engine load related parameters which were gathered from
vehicle CAN-Bus.

Table 14 and Figure 54 show that overall fuel consumption for a tractor works well as
an indicator for engine load as long as the engine operates at an optimal point in the
engine map. For heavy-pull field operation like ploughing and grubbing, the engine
transmission control unit sets the transmission ratio to the point of maximum torque
which is in the range of 1,200 - 1,600 min-!. Here the calculation of engine load by
engine ECU results in 73.04 % engine torque and 73.37 % by fuel consumption. Tak-
ing average engine operation speed into account, shifts corrected engine torque to

69.17 % and 72.81 %, respectively. Results for grubbing are similar and show less
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deviation between the simple calculation of engine torque by fuel consumption, the

engine ECU calculated parameters and the results from the engine map.

Table 14: Comparison of alternative engine torque calculation methods, instead of

strain gauge measuring.

@ Engine speed @ Engine torque load
% nominal engine torque
min"’ by ECU by fuel con- by fuel consumption
sumption and average engine
speed
Baling 1,949 61.77 81.91 78.49
Mowing 1,994 70.31 93.89 89.48
Ploughing 1,602 73.04 73.37 69.17
Grubbing 1,539 73.16 75.78 72.81

For constant engine speed applications such as baling or mowing, due to the need of
a certain PTO speed, the engine runs at a less efficient point of the engine map. At this
point output torque and fuel consumption do not match anymore. While real engine
output torque for baling is 61.77 % of nominal torque, itis 81.91 % by fuel consumption.
Taking the average engine operation speed into consideration, changes the engine
torque load to 78.49 %. The offset stays the same as for torque calculated by fuel
consumption. The same gap is shown in the analysis of the mowing application. This
large offset of about 20 %-points comes from the fixed high engine speed which runs
the engine at a point of high specific fuel consumption. Also the different engine con-
troller strategy - fixed speed - causes the engine to use high injection rates to keep

speed as close as possible to the engine target speed.

Another problem using the ECU calculated engine torque is that this system only pro-
vides positive torque within the range of 0 - 125% of engine nominal torque, as evident
in Figure 55. While the ECU calculated load spectrum ends at 2 % frequency, the
measured gearbox input side load spectrum shows single load peaks up to a relative
frequency of 0.001 %. The highest ECU calculated torque is at 125 %, while measured

torque goes up to over 180 % nominal torque. The slight shift between the ECU engine
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torque curve and the strain gauge gear box input torque is a result of moderate losses

by auxiliaries, already described in chapter 3.4.2.2.
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Figure 55: Comparison of ECU calculated engine output load spectrum and strain
gauge measured gearbox input load spectrum for ploughing with a standard tractor.
The dotted black line indicates 125 % engine torque, which is the maximum engine

ECU calculated engine output torque.

The diagram in Figure 56 shows measured gearbox output torque at the gearbox car-
rier shaft. Both curves, the strain gauge measured torque and the gearbox ECU calcu-
lated curve show good correlation, but the strain gauge measured torque stays about
10 % above the gearbox ECU calculated torque curve. Although the ECU calculated
curve in Figure 57 shows good reaction to effects within the drivetrain, the real strain
gauge measurement detects higher peaks. The ECU calculates positive torque only.
With the short negative peaks coming from subtraction of the front axle, it is not possi-
ble to distinguish between positive and negative torque when vehicle status changes

from pull to push. This however is clearly detected by a strain gauge measurement.

Taking the data and analyses from this chapter into account, engine fuel consumption

can be used as a basic indicator for general operation but does not meet the needs of
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a load based tractor evaluation system because it does not consider effects from the

environment or dynamic effects within the drivetrain.
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5.2 Further optimization of the suggested method

The described method uses sensor data from the tractor drivetrain. This data is ana-
lyzed and evaluated under aspects of fatigue. In addition to the drivetrain, other com-
ponents are also subjected to stress. A lot of components have structural functions,
like the tractor frame, front and rear lift, engine, gearbox and axles. Some of them are
evaluated by the described method under aspects of fatigue within the drivetrain, but
not for structural fatigue. Modern tractors are equipped with acceleration sensors for
the breaking system and gyroscopes for the steering systems. Electronically controlled
front and rear lifts exert pressure in the lifting cylinders. Also, data from the front sus-

pension could be used to detect forces and shocks which influence structural fatigue.

Single events do have serious impact on several components within a tractor. Engine
start procedure at very low temperatures, engine stall due to PTO overload or over-
heating of hydraulic pumps can also cause severe damage and should also be con-
sidered. The presented method does not take these single events into account be-
cause it is very difficult to evaluate them without specific data and knowledge. Never-
theless, these single events should at least be detected and recorded additionally for

further qualitative tractor evaluation.

The tractor lifetime load spectra were scaled up to the common expected lifetime of
10,000 h. Real measurements for the application load spectra are between 5 - 50 h.
Experience shows that load spectrum characteristics stay very stable after 2 hours of
measurement, but single peak events at the area of high torque usually do not occur
during the measurement period. For this reason, load spectrum for different applica-
tions could show load peaks left from the last point and for this reason result in higher

load factors or load ratio than in the presented analysis.

Pseudo damage calculation was used to compare tractor lifetime load spectrum to ref-
erence load spectrum. The quality of the results depends on the quality of the reference
load spectra used. The author adapts published load spectra because of a lack of other
sources but it would be better to take the load spectra which was used for the tractor

design instead.

The test tractor was equipped with additional, expensive and fragile strain gauge sen-
sors which are not available for tractor series production. Load assumption can be

done based on calculated engine torque and calculated gearbox torque by ECUs but
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does not satisfy all demands because this procedure does not take external effects
into account. For this reason, further research on the field of affordable and robust
torque sensors for tractor series production is necessary. Interesting approaches were
published by Wieckhorst et al. [90].

All data was stored on the tractor data logger on the machines and was analyzed later
manually. A series system should ideally use telemetry to transfer the data from the

machines all over the world to a server where the data storage and analysis is done.

Nevertheless, the described method shows the potential of a more transparent and
more precise evaluation method of tractors. It allows the evaluation of a tractor in an
objective way based on past, real machine loads instead of counting operation hours
which is state of the art nowadays. The two aspects of load factor and load ratio can

help in specific ways.

5.3 Looking forward

Today tractors are evaluated by their manufacturing year, operation hours and visual
condition. While machines such as combines or forage harvesters store additional data
like hectares harvested, engine and process hours, plus more detailed information
such as hours straw chopper in usage, common tractors simply have a lack of infor-
mation, although tractors are the most commonly used piece of agricultural equipment.
As shown in Figure 39 and Figure 40, application-type varies over the year and de-
pends highly on farm size, farm type and many other factors. It is almost impossible to
estimate real tractor usage and even harder to estimate real tractor loads because

these vary greatly, as shown in Figure 52.

The presented method can fulfill these demands and make tractor load history more
transparent. This provides both, the customer and the manufacturer with better infor-
mation and increases the knowledge base for them. A telemetry-based system can be
used to record and analyze tractor load spectra at the assembly level. Knowing loads
of the entire tractor fleet helps to promote more precise tractor development. Nowa-

days some tractors are equipped with sensors and are sent to test farms. Based on
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the results gathered from these tractors, the lifetime load spectra are generated. Un-
fortunately, this is not as precise as knowing load data from the entire global tractor

fleet.

During tractor field validation, where pre-series machines are sent to test customers
all over the world (which is a costly procedure), occurring damages can be related to
the achieved load factor. This procedure would be even more interesting, when the
internal load spectra, that were used for tractor design are set as reference load spec-
trum. By checking the individual load factor of a tractor, it becomes obvious if the tractor
is subjected to a load greater than the manufacturer originally assumed or recom-
mended (LF > 1.0) or if test objectives are not fulfilled (LF < 1.0).

Product portfolio can be optimized based on load factors. For example regions with
very high loads on specific assemblies due to local conditions are equipped with heavy
duty components or the flagship models of a series, which are technically already at

the cutting-edge, are not taken into the regional product portfolio.

On the second hand market customers frequently fail to evaluate the object of pur-
chase correctly because of an information asymmetry [10]. By means of LF or LR
customers have more transparency about a tractor’s history and get precise infor-

mation about real loads on the different assembilies.

The described method can be used as indication for individual tractor maintenance
intervals. Nowadays engine or gearbox oil change is done equally on a timely basis,
but the loads vary a lot as shown. Based on load information, maintenance intervals
can be shortened or enlarged to fit customers individual machine load behavior. This

reduces cost of operation and guarantees a high uptime rate.
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6 CONCLUSION

Tractors face varying loads depending on farm type and size, geographical location,
and many other factors. Nevertheless, tractors are evaluated by operation hours which
do not consider these varying loads [91]. Customers and tractor manufacturers need
more transparency in tractor usage and past loads. Condition monitoring is an ap-
proach which can help to fulfill these needs but adds additional costs to the tractor.
There is a demand for an assembly-level-method to evaluate tractors based on their

real loads.

To this end, a test tractor was equipped with strain gauges to measure torque flow
within the drivetrain. Application-specific load spectra were classified speed-synchro-
nous and scaled to a tractor lifetime load spectrum for each assembly. Different sce-
narios were generated by choosing the applications founded on typical farm types. By
means of a pseudo damage-calculation method the tractor lifetime load spectra were
compared to common reference load spectra [12; 36]. These were adapted to the dif-
ferent characteristics of CVT tractors and were set as reference operation hour. A hy-
pothetical Woéhler curve was introduced for weighting of load level in belongings of

damage contribution.

The resulting load factors show a wide range between the different scenarios. While
some assemblies, such as the engine, result in load factors between 0.20 - 1.03 (which
already display extreme differences), others, like the gearbox output, generate load
factors from 0.11 - 4.60. The load factor relates the measured tractor lifetime load
spectrum to a reference load spectrum, which is considered to be the lifetime average
load spectrum of 1 standard operation hour. Taking the load factor of 0.20 for the en-

gine means 1 operation hour will equal 0.20 standard operation hours.

Because a valid reference load spectrum is needed for load factor calculation, a load
ratio is introduced. This compares directly the calculated load sums of the tractors and
gives an indication of the relative advantage of a tractor in comparison to another trac-
tor can be used. This helps to evaluate tractors from different manufacturers. Both
methods meet specific demands and the results show that the qualitative statement is

not changed by choosing one or the other variant of the method.

Knowledge about the actual torque within the tractor drivetrain is necessary for this

method, but current series-production tractors are not equipped with such sensors. For
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this reason, an analysis was done to determine if the method works without the strain
gauge sensors by calculation of torque, based on engine ECU torque output and gear-
box ECU torque output. The results show that a basic indication can be given but it
does not register load peaks which are caused by external effects and torque split
between front and rear axle changes dynamically during field operation. This makes a

statement regarding axle load impossible.

The described method evaluates tractor loads but does not calculate tractor damage
or remaining lifetime. An indication into these directions is not possible because first of
all, precise damage calculation requires knowledge of the components’ Wéhler curve
and second of all it only gives a statistical probability of failure. This means that alt-
hough failure is predicted, the tractor does not necessarily fail. This reduces the
method’s credibility. The calculation of remaining-lifetime is even more inaccurate be-
cause in addition to the uncertainty of damage calculation, future tractor usage must

be predicted, which is not possible to do with precision.

This method offers better knowledge about machine usage and resulting loads for trac-
tor manufacturers and can also help customers on the used-machinery market to get
more transparency about past machine loads. Manufacturers can design future ma-
chines more precisely due to a better knowledge of load spectra, furthermore tractor
validation can be done based on the resulting load factor. Regional product adapta-
tions for specific high load demands can be done to increase durability. Failures during
product validation can be related to the actual assembly load factor and help to evalu-

ate the importance of individual failures.

Load-based evaluation of tractors has great potential, but further research in the field
of robust and simple torque sensors for series application should be done. A next step
to make the method more comprehensive might be to take structural loads and single

events such as engine cold starts or engine stalls into consideration.
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