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Three models for predicting fuel consumption for agricultural tractors with partial
drawbar loads were compared. Data were collected from eight John Deere tractors, JD
7230R (e23), 7250R (e23), 7270R (e23), 7290R (e23), 7290R (IVT), 8320R (16 speed),
8345RT (IVT), 8370R (IVT). The tractors were tested with 7 load levels per speed at
four different travel speeds as close as possible to 4, 7.5, 10, and 13 km·h-1. The IVT
tractors were operated in Auto mode and the geared tractors were shifted up three gears
and throttled back to the same travel speeds as the IVT tractors. The 7 loads were
selected at 30, 40, 50, 60, 70, 75, and 80% of drawbar pull at maximum power at the
selected speed. Model 1 (fuel consumption as a liner function of drawbar power),
currently used in OECD Code 2, Section 4.4.8 (OECD, 2014), resulted in a unique
equation for each speed. When the slopes for each tractor were compared, 79% of the
comparisons were not significantly different. For 80% of the tractors, the second variable
in Models 2 and 3 were determined to be significant. For 80% of the tractors, Model 2
was determined to be more accurate than Model 3. . While Model 1 was found to be
more accurate than Model 2, the requirement of having a separate equation for each
speed limits the practical application of Model 1. Model 2 had only slightly larger error
than Model 1, but has the additional flexibility of being applicable over a range of speeds.
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Introduction
According to the U.S. Department of Energy (Energy Efficiency, n.d.) energy

efficiency is one of the easiest and most cost effective ways to combat climate change,
improve air quality, improve the competitiveness of our businesses and reduce energy
costs for consumers. The agricultural industry in the United States is a significant
consumer of energy, particularly from petroleum products. Reduction in the use of
petroleum products and increasing efficiency of equipment has been a major focus since
the inception of petroleum powered machinery.
The agricultural sector is the largest consumer of off-highway diesel, accounting
for 5.4% of the total use in the U.S. in 2010 (Hoy et al., 2014). Considering tractors are
the primary power unit for most mechanized agricultural operations, much of the focus
on increasing efficiency has been directed towards tractors.
Currently there are two main approaches to fuel conservation when considering
tractor power transmission systems and operation: continuously variable transmissions
(CVT) and the Shift Up Throttle Back (SUTB) methodology. CVT transmissions utilize
computer controlled technology to select the optimal engine speed and gear ratio to
supply the power necessary, while still maintaining travel speed and high fuel efficiency
(Renius and Reisch, 2005). SUTB methodology is utilized when less than full power is
required (Grisso et al., 2014). The operator controls the transmission and throttle so the
tractor operates in as high a gear and as low an engine speed as practical while still
delivering the required power at the desired travel speed with high fuel efficiency.
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The Nebraska Tractor Test Lab (NTTL), following OECD Code 2 (OECD, 2014)
test procedures, mainly tests the efficiency of tractors at full power, and only a small
amount of data is collected at partial load where the higher fuel efficiency of CVT
transmissions and SUTB would be obtained. However, many operations do not require
maximum power from the tractor. The actual power demands vary from field to field and
operation to operation. Given the interest in reducing fuel consumption, increased data
collection on the fuel savings that could be obtained as a result of CVT transmissions and
SUTB operation would be welcomed information.
There is an optional test in OCED Code 2 Section 4.4.8, Fuel consumption test at
varying drawbar loads, which outlines a testing procedure for collecting data on fuel
consumption at varying drawbar loads at less than maximum power using SUTB or CVT
transmissions (OECD, 2014). This test includes three travel speeds, 7.5 km·h-1, 10 km·h1

and 13 km·h-1, and five drawbar loads, 30%, 40%, 50%, 60% and 75% of pull at

maximum power for each travel speed as was determined during the official testing for
maximum power, with the tractor unballasted, front drive engaged (if applicable), and at
rated engine speed.
This approach required a separate equation to be developed for predicting fuel
consumption at each travel speed tested. Limiting the fuel consumption prediction
equations to specific speeds limited the usefulness of the equations. If a model could be
developed that encompassed a wider range of travel speed, it would be preferable.

3

2

Literature Review
Predicting fuel consumption is an important factor in effective farm management.

Two ASABE standards are available for fuel use estimation. The fuel consumption
estimation methods used in these standards are very general so the estimates obtained are
not expected to be highly accurate. The Nebraska Tractor Test Lab (NTTL) follows the
OECD Code 2 procedure to confirm actual fuel usage under load, but the information
collected is largely at full throttle and full load which does not take into account the fuel
savings of the SUTB method or CVT transmissions at reduced throttle and partial loads.
Accurate models for fuel consumption at partial throttle and loads and at multiple speeds
would aid in the financial estimation associated with fuel usage along with aiding
manufacturers with marketing efforts.
2.1

Tractor Loading
In agricultural operations, a variety of work will be performed by the same

tractor. Each of these operations will have different power requirements. Howard et al.
(2013) described the body of research outlining the wide range of power necessary for the
varied tractor operations in agriculture. Studies cited have power requirements as low as
26.4% of maximum available tractor power (McLaughlin et al., 2008) to as high as 97%
of the maximum power available from the tractor (Ricketts and Weber, 1961). This
makes a compelling argument for increasing the number of data points collected at partial
loads.
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2.2

Current ASABE Standards
ASAE EP 496.3 (ASABE, 2015a) section 6.3.2.1, Average fuel consumption for

tractors, includes a formula based on data from NTTL reports to estimate the average
gasoline consumption of a tractor in L·h-1 over the course of one year. The estimate of
volumetric fuel consumption for diesel tractors is 73% of the volumetric fuel
consumption of gasoline engines. The formula is:
“Qavg = 0.305 ∙ Ppto
where:
Qavg is average gasoline consumption, L·h-1;
Ppto is maximum PTO power, kW”
The coefficient in this formula assumes a range of load conditions and operations
without respect to throttle setting. The drawback to this approach is that while it may be
useful to estimate total annual tractor fuel use, it will not accurately predict fuel
consumption for particular operations with their associated ranges of loading and throttle
setting.
In ASAE D 497.7 (ASABE, 2015b), Agricultural Machinery Management Data,
section 3, Tractor performance, the formula in section 3.3.3 is used to calculate specific
fuel consumption for farm tractor and combine diesel engines at full and partial loads and
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throttle settings during a particular operation. NTTL test data (1980-2005) were used to
determine coefficients for the following formulas.

SFC = (0.22 +

0.096
) PTM
X

Where:
SFC = Specific Fuel Consumption volume, L ∙ kW −1 ∙ h−1 ,
X = fraction of equivalent PTO power available,

X=(

P
Prated

)

Where:
P = equivalent PTO power required by current operation, kW, and
Prated = rated PTO power available, kW.
PTM = partial throttle multiplier
PTM = 1 – (N - 1) * (0.45*X - 0.877)
Where: N = ratio of partial throttle engine speed to full throttle engine speed at
operating load
N = (npt/nft)
Where:
npt = partial throttle engine speed, rpm,
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nft = full throttle engine speed at maximum power for the regular (not
shifted up) gear/speed, rpm.
ASAE EP 496.3, section 6.3.2.2 defines a method for predicting fuel consumption
in L·h-1 for a specific operation based off the results of the specific fuel consumption
calculated from ASAE D497.7. The equation is:
Qi = SFC ∙ PT
Where:
Qi = estimated fuel consumption for a particluar operation, L ∙ ℎ−1
SFC = specific fuel consumption for the given tractor,
determined from ASAE D497, clause 3, L ∙ kW −1 ∙ h−1
PT = total tractor power (PTO equivalent) for the particular operation, kW
Both ASAE EP496.3 and D497.7 show drawbar power as being 87% of PTO
power for a Mechanical Front Wheel Drive (MFWD) or Front Wheel Assist (FWA)
tractor on concrete, and 88% for a 4-Wheel Drive (4WD) or Tracked tractor on concrete.
This factor is needed when determining the PTO equivalent power corresponding to a
drawbar power value with these standards.
The method of estimating fuel consumption in ASAE D497.7 is more accurate for
specific operating conditions than ASAE EP496.3, section 6.3.2.1, but still relies on
averages from NTTL reports, which only include data for fuel consumption with reduced
engine speed and load at one travel speed and two partial loads.
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The two ASABE standards referenced are dated and need to be reviewed for
accuracy. For example, ASAE EP 496.3 references the average gasoline consumption for
a tractor. Gasoline has not been a common fuel for tractors in quite some time. With the
improvement of technology and fuel these standards need revisited.

2.3

Predicting Fuel Consumption
Efforts have been made to create more precise models for predicting fuel

consumption at reduced engine speeds. Grisso et al. (2004) utilized over 20 years of
NTTL data to develop an equation that more accurately predicted fuel consumption at
reduced engine speeds than the equation found in ASAE D497.7. They used the NTTL
data, both at full throttle and the limited reduced throttle data to develop an equation that
took into account the percent reduction in engine speed and the ratio of PTO power to
rated PTO power. The equation is as follows:
“Q = (0.22 ∙ X + 0.096)(1 − (−0.0045 ∙ X ∙ NRed + 0.00877 ∙ NRed )) ∙ Ppto
Where:
Q = diesel fuel consumption at partial load and full/reduced throttle, L·h-1
NRed = the percentage of reduced engine speed for a partial load from full throttle,
%
X = the ratio of equivalent PTO power to rated PTO power, decimal
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Ppto = rated PTO power, kW

RPMF − RPMR
NRed = (
) ∙ 100%
RPMF
RPMF = full throttle engine speed at rated power, rpm
RPMR = reduced throttle engine speed, rpm”
Predicted values from this new equation were plotted against the actual fuel
consumption numbers from the NTTL reports. The Pearson correlation coefficient value
for the over 8000 data points was 0.989. This model is based largely on full throttle and
full power data in the NTTL reports, as partial load tests for each tractor were only done
at 75% and 50% of full power, and only two data points for each tractor were obtained
with reduced engine speed.
Because the coefficients in the equation above were obtained using averages of all
the tractors tested, Grisso et al. (2008) made the equation above more accurate for
specific tractors by replacing the average coefficients with the actual data from the NTTL
report for each tractor. Using the new equation, 88% of the tractors tested had an
improved prediction. As in Grisso et al. (2004) the model in this paper was based largely
on full throttle and full power data in the NTTL reports.
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2.4

Current Testing Standards
The NTTL uses the tractor testing standards developed by the OECD outlined in

Code 2. Fuel consumption data are collected, but most of the tests are performed at rated
engine speed or maximum power. Four data points are collected at reduced engine speed
utilizing auto mode or the SUTB method. These data points are collected at two travel
speeds, with 50% and 75% of the pull at maximum power for the associated speed.
These limited results do not provide sufficient data to accurately estimate fuel
consumption for different speeds and a wider range of loads.
In an effort to create a fuel efficiency test that more closely represents common
tractor operating conditions in Europe, the Deutsche Landwirtschafts-Gesellschaft –
German Agricultural Society created the DLG PowerMix test (Profi, 2006). This test
measures fuel consumption for 12 different dynamic cycles representing the mix of
common tractor operations found in Europe. The mix consists of 1) drawbar work, 2)
drawbar and PTO work, and 3) drawbar, PTO and hydraulic work. As this test is a
dynamic one, it would be very difficult to replicate as it is unlikely that the hardware and
software with the same dynamic performance could be obtained. In addition to the
difficulty of replicating this test, there is a question regarding the applicability of the test
as the operations simulated in the test are likely not as commonly used in areas of the
world other than Europe.
Coffman et al. (2010) recognized that the current testing criteria in OECD Code 2
did not sufficiently capture the fuel consumption reduction that can be obtained by CVT

10

transmissions operating in Auto mode. The resulting study collected data on fuel
consumption when the CVT tractor was operated in auto mode at partial loads, allowing
for reduced engine speed at a set travel speed. The study used the same tractor in both
auto and manual mode with manual throttle set at full throttle. One travel speed was
selected, 9 km·h-1, and 17 different loads were applied. The order of load application was
randomized to allow for the evaluation of whether the order affected the results. After
the transitional data were filtered out, it was found that there was no effect of the order in
which the loads were applied. Travel direction did appear to have an effect, but it was
determined that was likely due to a slope of the test surface. It was concluded that there
was a reduction in the fuel consumption when the tractor was operated in auto mode at
loads 78% or less of pull at maximum power, compared to operation in the manual mode
at full throttle.
Howard et al. (2010) expanded the testing of fuel efficiency of tractors at partial
load to include both CVT tractors in auto mode and geared tractors in a shift up throttle
back operating mode. Howard’s study included two tractors, John Deere 8295R IVT
(CVT transmission), and a John Deere 8295R PowerShift (geared transmission). Three
speeds were chosen between 5 km·h-1 and 11 km·h-1, common field operation speeds.
Six loads were tested from 30% to 80%, in 10% increments, of the pull at maximum
power at the selected travel speed.
The order in which Howard et al. (2010) applied test loads was randomized and,
like Coffman (2010), the order of loading was found to make no impact on the results.
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The model developed for predicting fuel consumption used power as the sole independent
variable in a linear relationship. With this approach, a separate slope of fuel consumption
over power was determined for each speed. The resulting slopes were all very similar
and the intercepts were reported to be linearly related to travel speed.
Howard et al. (2013) recommended an optional testing procedure that could be
added to the OECD Code 2 for determining the fuel consumption of a CVT transmission
or geared tractor using the shift up throttle back method at varying drawbar load levels.
The recommendation was accepted and was inserted into the OECD Code 2 procedures
as section 4.4.8, Fuel consumption test at varying drawbar loads. The test procedure
matches that of Howard’s design with the exception of test loads. Instead of the 70% and
80% loads, OECD Code 2, section 4.4.8 uses a 75% load as the 75% load is already part
of the mandatory test criteria.
OECD Code 2, section 4.4.8.1 describes how the results of optional test 4.4.8
should be presented. Along with a table containing all the pertinent tractor performance
information, there are graphical representations of fuel consumption as a function of
drawbar power. One graph per speed is required with the equation for the best fit line of
the hourly fuel consumption as a function of drawbar power. An example is provided in
section 3.3.6 in the OECD code 2 specimen test report.
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2.5

Objectives
The overall objective for this project was to evaluate three models for fuel

consumption of agricultural tractors with partial drawbar loads and reduced engine
speeds. The model Howard et al. (2013) used (Model 1) had fuel consumption as a linear
function of drawbar power, with a separate set of coefficients for each speed tested.
Model 2 had fuel consumption as a multiple linear function of drawbar power and the
travel speed reported in the official Nebraska Tractor Test report at maximum power and
rated engine speed, unballasted, with front drive engaged (if applicable) for the
gears/speeds tested. Model 3 had fuel consumption as a multiple linear function of
drawbar power and engine speed.
Specific objectives were:
1.

For each of the eight tractors tested, determine if any significant differences
existed among the slopes (fuel consumption over power) for different
gears/speeds obtained using Model 1.

2.

For each of the eight tractors tested, determine whether the slopes of: fuel
consumption over travel speed for Model 2, or fuel consumption over engine
speed for Model 3, were significant (different than zero).

3.

For each of the eight tractors tested, determine which of Models 2 and 3 was
more accurate in predicting fuel consumption.

4.

For each of the eight tractors tested, determine which of Models 1, or the more
accurate of 2 and 3, was more accurate in predicting fuel consumption.
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5.

Determine how a fuel consumption model could be used to develop strategies
for tractor operations to reduce fuel consumption.

6.

If appropriate, propose changes to the OECD Code 2 Section 4.4.8.1,
Presentation of results, portion of Section 4.4.8, Fuel consumption test at
varying drawbar loads, and the associated portion of the test report.

14

3

Materials and Methods

3.1

Design Concept
Howard et al. (2013) described the challenges associated with using dynamic load

cycles, which were deemed very difficult to replicate with hardware and software at
different test stations. Therefore, like Howard et al., the procedure used for data
collection in this project was similar to OECD Code 2 standards with steady-state loading
allowing for replication regardless of test car and software differences.
3.2
3.2.1

Test Development
Tractor Selection
Eight tractors were used in this study. The selection was based on availability as

these particular models were already at NTTL for official testing. Deere & Company
(Waterloo, IA) donated the time and test engineers for these additional tests. All tractors
were normal production models in all respects, as required by OECD Code 2. The eight
tractors used for this study are listed in Table 3.2 along with their corresponding assigned
label referenced throughout the rest of the study. In accordance with OECD Code 2
(2014), sections 4.4.2 Drawbar power and fuel consumption test, unballasted tractor, and
4.4.8 Fuel consumption test at varying drawbar loads the tractors were all tested
unballasted.
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Table 3.1 Test tractor model descriptions and reference names.
Tractor Model

Transmission Option

Reference Name

John Deere 7230R

PowerShift (e23, geared)

Tractor A

John Deere 7250R

PowerShift (e23, geared)

Tractor B

John Deere 7270R

PowerShift (e23, geared)

Tractor C

John Deere 7290R

PowerShift (e23, geared)

Tractor D

John Deere 7290R

IVT (continuously variable)

Tractor E

John Deere 8320R

PowerShift (16 speed, geared)

Tractor F

John Deere 8345RT

IVT (continuously variable)

Tractor G

John Deere 8370R

IVT (continuously variable)

Tractor H

3.2.2

Test Design
Data were collected for the geared transmission tractors using the shift up throttle

back (SUTB) methodology. The tractor operated in as high a gear and as low an engine
speed as practical while delivering the required power at the desired travel speed with a
high fuel efficiency. This resulted in shifting up 3 gears. The number of gears shifted up
for each geared tractor was agreed upon by the manufacturer and NTTL prior to the test
for that tractor. The tractors with CVT transmission were set to auto mode and utilized
their control technology to select the optimal engine speed and gear ratio to supply the
power necessary while still maintaining the set travel speed.
Table 3.2 Gear number used for operation at maximum drawbar power, and shifted up
and throttled back (SUTB) with partial drawbar load for the four test speeds for each of
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the tractors with geared transmissions. All tractors were tested unballasted with front
drive engaged. Maximum power operation was conducted at rated engine speed.
Tractor
Intended travel
speed, km·h-1
4

7.5

10

13

Operating
condition

A

B

C

D

F

Maximum
power

5

5

5

5

4

SUTB

8

8

8

8

7

Maximum
power

9

9

9

9

7

SUTB

12

12

12

12

10

Maximum
power

11

11

11

11

9

SUTB

14

14

14

14

12

Maximum
power

13

13

13

13

11

SUTB

16

16

16

16
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Howard et al. (2013) utilized three test speeds within the 5 km·h-1 to 11 km·h-1
range. For this study it was decided to add one more test speed for a total of four speeds,
and widen the speed range to 3 km·h-1 to 13 km·h-1. The four speeds used were as close
as possible to 4, 7.5, 10, and 13 km·h-1.
As discussed in the literature review, the power requirement for tractor work is
often less than full power. Therefore 7 loads were selected at 30, 40, 50, 60, 70, 75, and
80% of drawbar pull at maximum power at the selected speed. These loads represent the
range of power necessary for most common tractor drawbar power loads.
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The order of loading was not randomized since both Howard et al. (2013) and
Coffman et al. (2010) found there was no interaction between the load order and fuel
consumption. Also, Howard and Coffman’s coefficient of determination for their
predictions was so high, the interaction of the loading order would have been so small, it
would have been insignificant. Therefore, for simplicity, data were collected for speed 1
at 80% load, and then the load was reduced to 75%. The next load was 70%, and then the
loads were reduced in the order of 60%, 50%, 40%, and 30% of drawbar pull at
maximum power for the selected speed. The same pattern was used for speeds 2, 3 and 4.
The order of tractors was also not randomized as many of the tractors were not
available simultaneously because of their OECD testing schedule. Each tractor was
tested completely before moving to the next available tractor.
3.2.3

Test Location
All of the testing took place at the Nebraska Tractor Test Lab in Lincoln,

Nebraska, USA. This facility satisfies all the requirements of OCED Code 2 (2014) for
drawbar testing with a clean, flat, concrete surface. A diagram of the test track is shown
in figure 3.1, (Howard, 2010).
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Figure 3.1 Diagram of the Nebraska Tractor Test Lab Track (from Howard, 2010).

3.2.4

Instrumentation & Data acquisition
OECD Code 2, section 4.4.8.1 (2014) describes all of the data that should be

submitted with the report. Table 3.3 displays the information required and how it was
captured and stored.
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Table 3.3 Required data and collection/log method
Required Data
Gear/Speed
designation
Drawbar power,
kW
Drawbar pull, kN
Travel speed,
km·h-1
Engine speed,
rpm
Fan speed, rpm
Slip, %

Hourly fuel
consumption,
kg⋅h-1
Specific fuel
consumption,
g·kW·-1h-1
Fuel temperature,
C
Coolant
temperature, C
Engine oil
temperature, C
Atmospheric
temperature, C
Relative
humidity, %
Atmospheric
pressure, kPa

Collection method
manually collected via test engineer

Logged
LabVIEW 2012, 12.0f3

calculated in LabVIEW

LabVIEW 2012, 12.0f3

load cell, Interface 1232ALD-100K, two
in series for redundancy
BEI Motion Systems Company,
M20DB-37-360-ABZ-3304R-EM16-5V
pulse encoder mounted on a 5th wheel
1 pulse per revolution, optical sensor,
Banner D12E2P6FV
1 pulse per revolution, optical sensor,
Banner D12E2P6FV
slip is calculated between wheel
encoders (Simpson SE-600) and the 5th
wheel
Coriolis mass flow rate meter,
Micromotion,
CMFS015M324N6BMECZZ
calculated in LabVIEW

LabVIEW 2012, 12.0f3

Thermocouple, Omega Type K

LabVIEW 2012, 12.0f3

Thermocouple, Omega Type K

LabVIEW 2012, 12.0f3

Thermocouple, Omega Type K

LabVIEW 2012, 12.0f3

Weather station, Omega, WI Series,
ZEDBTHP
Weather station, Omega, WI Series,
ZEDBTHP
Weather station, Omega, WI Series,
ZEDBTHP

LabVIEW 2012, 12.0f3

LabVIEW 2012, 12.0f3
LabVIEW 2012, 12.0f3
LabVIEW 2012, 12.0f3

LabVIEW 2012, 12.0f3

LabVIEW 2012, 12.0f3
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3.2.5

Load control
The test load was controlled through the NTTL test car. The test car is a

Caterpillar articulated dump truck that was modified to fulfill the needs of OECD Code 2
official testing. The test car is outfitted with two National Instruments controllers for
data acquisition, load control and data logging. The exterior mounted controller is a NI
CRIO 9073 (National Instruments, Austin, Texas) and the controller inside the cab is a NI
PIX1042Q. The software interface is LabVIEW version 12.0F3 with custom coding
written by NTTL test engineers.
3.3

Test Procedure
The speeds and gears selected were those that gave nominal speeds closest to the

required 7.5, 10, and 13 km·h-1 speeds (OECD Code 2, 2014). It was decided to select a
fourth speed for this study to be added to the lower end of the speed range, at
approximately 4 km·h-1 . This addition would cover a wider range of field work than the
three speeds required in the OECD guidelines. Following the premise of the SUTB
methodology the geared tractors were shifted up as many gears as possible while still
providing the necessary power and travel speed, in this case three gears. The CVT
tractors were operated in auto mode and set as close to the desired travel speed as
possible given the resolution of the tractor’s controller.
The target loads for each load percentage were based off the drawbar pull at
maximum power for each given speed from the official test report, except for the pull at 4
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km·h-1 . Since the official testing did not include a test at 4 km·h-1 that was the first data
collected after the tractor reached operating temperature. This allowed for the
calculations necessary to determine the target drawbar pulls for each load percentage.
According to NTTL Report 2090 (NTTL, 2014) the pull at maximum drawbar power for
Tractor A in 9th gear (closest to 7.5 km·h-1) was 66.89 kN, for 11th gear (closest to 10
km·h-1) was 50.57 kN, and for 13th gear (closest to 13 km·h-1) was 37.28 kN. From
testing it was determined that the pull at maximum power for 5th gear (closest to 4 km·h1

) was 97.88 kN. Table 3.4 shows the target load levels for Tractor A.

Table 3.4 Target drawbar load levels for Tractor A
Load
Setting
1
2
3
4
5
6
7

% of Load @
max power
80%
75%
70%
60%
50%
40%
30%

Speed 1
78.30
73.41
68.52
58.73
48.94
39.15
29.36

Load (kN)
Speed
Speed 2
3
53.51
40.46
50.17
37.93
46.82
35.40
40.13
30.34
33.45
25.29
26.76
20.23
20.07
15.17

Speed 4
29.82
27.96
26.10
22.37
18.64
14.91
11.18

This same pattern of data collection through the NTTL test reports and load
calculation was repeated for tractors B through H. The target drawbar load levels for all
tractors are listed in Table A.1 in the appendix.
Due to the larger loads exceeding the maximum load generation capability of the
NTTL test car, additional load units were towed behind the test car when necessary
(Figure 3.2). The additional load units were modified tractors, including a John Deere
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5020, John Deere 6030, and a John Deere 8560. The John Deere 5020 and 6030 have a
valve between the exhaust manifold and exhaust stack that could be closed to increase the
air pressure in the engines. The John Deere 8560 used an eddy current brake retarder
attached to the PTO to add additional load beyond that created by the engine. The
operator of each additional load unit selected the gear appropriate for the travel speed,
closed a valve in the fuel line to stop fuel flowing to the load unit engine, and released the
clutch. This resulted in the wheels of the load unit powering the engine, which acted as
an air compressor since no fuel was supplied to the engine. As the load requirement
decreased, the load unit transmissions were shifted to neutral to minimize the load they
applied. As necessary, the additional load units were unhooked from the test car if their
weight alone caused the load to exceed the target load.

Figure 3.2 John Deere 8345RT during tests with the NTTL Test Car and three additional
load units on the test track at the Nebraska Tractor Test Lab on 4 November 2014.
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All travel of the tractors around the track during testing was performed in a
clockwise direction. Warmup runs were used to bring the hydraulic and engine fluids of
the tractor being tested and the NTTL test car to operating temperature. Once operating
temperature was reached, the NTTL engineer requested the operator of the tractor being
tested to set the gear/speed for the first test speed. The NTTL engineer would do a
calculation to determine the gear necessary for the NTTL test car and the additional load
units. Once the test engineer notified the load units of their gear selection, the operator of
the tractor being tested was told to proceed. One by one the load units released their
clutches, if used, and finally the NTTL test car would apply its load. The NTTL test car
reduced the load through the corners and the additional load units, if used, were shifted to
neutral or their clutch was depressed through the corners to reduce side-loading the test
tractor if the test load was above 50% of the weight of the tractor being tested to reduce
tire wear and the risk of stalling.
Data were collected over a 61 m travel distance, minimum. Due to the length of
the straightaways, it was possible to collect two datasets per straightaway. A minimum
of four datasets per treatment was collected. The information included in a dataset was
one measurement of each of the quantities identified in Table 3.3. The NTTL test
engineer observed real-time output for key data (power, fuel consumption, and load) for
consistency. Once the NTTL engineer saw the key data values level out to a relatively
steady state, data collection would begin.

If any of the key indicators were outside of an
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acceptable range, additional datasets were collected till the requirements were met. The
same test engineer collected data for all of the tractors for consistency.
The loads for each speed were adjusted on-the-go, without requiring the tractor to
stop. The NTTL test car would adjust the controller to vary the load and as required the
additional load units would shift into neutral to reduce load.
Once the data for the 7 load levels were collected for speed 1, the process was
repeated for speeds 2, 3 and 4.
3.4

Data analysis

3.4.1

Modeling fuel consumption as a function of power, by speed
The approach developed by Howard et al. (2013) determined a separate fuel

consumption equation for each test speed (Model 1). Use of Model 1 with the data from
this experiment resulted in the following equations for fuel consumption for speeds 1, 2,
3 and 4:
̂1 = 𝑏1 + 𝑚1 ∙ 𝑃
𝑄
̂2 = 𝑏2 + 𝑚2 ∙ 𝑃
𝑄
̂3 = 𝑏3 + 𝑚3 ∙ 𝑃
𝑄
̂4 = 𝑏4 + 𝑚4 ∙ 𝑃
𝑄
Where,
𝑄̂ i = predicted fuel consumption (kg·h-1) for speed i,
𝑏i = fuel consumption prediction intercept (kg ∙ h−1 ) for speed i,
𝑚i = fuel consumption prediction slope (kg ∙ kW −1 ∙ h−1 ) for speed i, and
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𝑃 = drawbar power (kW)
To enable statistical comparison of the slope values from Model 1, the following
regression model was used. This version enabled comparison of the slope for speed 1
versus the slopes for speeds 2, 3, and 4.
Equation 3.1
Qij = β01 + β11 ∙ VI1 + β21 ∙ VI2 + β31 ∙ VI3 + β41 ∙ Pij + β51 ∙ VI1 ∙ Pij + β61
∙ VI2 ∙ Pij + β71 ∙ VI3 ∙ Pij + εij
Qij = [β01 + β11 ∙ VI1 + β21 ∙ VI2 + β31 ∙ VI3 ]
+ [β41 + β51 ∙ VI1 + β61 ∙ VI2 + β71 ∙ VI3 ] ∙ Pij + εij
Where,
Qij = fuel consumption (kg ∙ h−1 ) for load level i and speed j,
β01 . . . β31 = intercept (kg ∙ h−1 ) terms,
β41 . . . β71 = slope (kg ∙ h−1 ∙ kW −1 ) terms for comparing slopes from
speeds 2 (𝛽51 ), 3 (𝛽61 ), and 4(𝛽71 ) with the slope for speed 1 (𝛽41 ).
0 for speeds 1, 3, and 4,
VI1 = Velocity index 1, = {
1 for speed 2,
VI2 = Velocity index 2, = {

0 for speeds 1, 2, and 4,
1 for speed 3,

VI3 = Velocity index 3, = {

0 for speeds 1, 2, and 3,
1 for speed 4,

Pij = drawbar power (kW) for load level i and speed j.
When the velocity index values are applied to this equation, it can be separated into the
following four equations, one for each speed as follows:
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Qi1 = β01 + β41 ∙ Pi1 (for speed 1 with VI1 = VI2 = VI3 = 0)
Qi2 = (β01 + β11 ) + (β41 + β51 ) ∙ Pi2 (for speed 2 with VI1 = 1, and VI2 = VI3
= 0)
Qi3 = (β01 + β21 ) + (β41 + β61 )
∙ Pi3 (for speed 3 with VI2 = 1, and VI1 = VI3 = 0)
Qi4 = (β01 + β31 ) + (β41 + β71 ) ∙ Pi4 (for speed 4 with VI3 = 1, and VI1 = VI2
= 0)

These equations show that if β51, β61, and β71 are not significantly different from
zero, then the slopes (of fuel consumption over power) for speeds 2, 3, and 4 are not
significantly different from the slope for speed 1. This allowed comparison of the slope
for speed 1 with the slopes for speeds 2, 3, and 4, but did not allow comparison of the
slope for speed 2 with the slopes for speeds 3, and 4, nor for the comparison of the slope
for speed 3 with the slope for speed 4.
In order to perform the comparisons of the slope for speed 2 with the slopes for
speeds 3, and 4, the analysis was repeated with the following changes:
Equation 3. 2
𝐐𝐢𝐣 = 𝛃𝟎𝟐 + 𝛃𝟏𝟐 ∙ 𝐕𝐈𝟏 + 𝛃𝟐𝟐 ∙ 𝐕𝐈𝟐 + 𝛃𝟑𝟐 ∙ 𝐕𝐈𝟑 + 𝛃𝟒𝟐 ∙ 𝐏𝐢𝐣 + 𝛃𝟓𝟐 ∙ 𝐕𝐈𝟏 ∙ 𝐏𝐢𝐣 + 𝛃𝟔𝟐 ∙ 𝐕𝐈𝟐
∙ 𝐏𝐢𝐣 + 𝛃𝟕𝟐 ∙ 𝐕𝐈𝟑 ∙ 𝐏𝐢𝐣 + 𝛆𝐢𝐣
0 for speeds 1, 2, and 4,
VI1 = Velocity index 1, = {
1 for speed 3,
VI2 = Velocity index 2, = {

0 for speeds 1, 2, and 3,
1 for speed 4,
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VI3 = Velocity index 3, = {

0 for speeds 2, 3, and 4
1 for speed 1

When the velocity index values are applied to this equation, it can be separated into the
following four equations, one for each speed as follows:
Qi1 = (β02 + β32 ) + (β42 + β72 )
∙ Pi1 (for speed 1 with VI1 = VI2 = 0, and VI3 = 1)
Qi2 = β02 + β42 ∙ Pi2 (for speed 2 with VI1 = VI2 = VI3 = 0)
Qi3 = (β02 + β12 ) + (β42 + β52 )
∙ Pi3 (for speed 3 with VI1 = 1, and VI2 = VI3 = 0)
Qi4 = (β02 + β22 ) + (β42 + β62 ) ∙ Pi4 (for speed 4 with VI2 = 1, and VI1 = VI3
= 0)
These equations show that if β52, β62, and β72 are not significantly different from zero,
then the slopes (of fuel consumption over power) for speeds 3, 4, and 1, respectively, are
not significantly different from the slope for speed 2.
The pattern of these analyses was followed to compare the slope for speed 3 with
the slope for speed 4.
3.4.2

Fuel Consumption as a function of drawbar power and travel speed
Model 2 predicted fuel consumption from drawbar power and the travel speed

from the Nebraska Tractor Test report for the tractor at maximum drawbar power,
unballasted, front drive engaged, and at rated engine speed at the selected travel speed as
follows:
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Equation 3. 3
𝑄M2ij = 𝛽2 + 𝑚12 ∙ 𝑃𝑖𝑗 + 𝑚22 ∙ 𝑆𝑡
Where,
𝑄M2ij = Model 2 fuel consumption, (kg ∙ h−1) as a function of drawbar power
with load level i, and reported travel speed j,
𝛽2 = Model 2 intercept, (kg ∙ h−1 ),
𝑚12 = Model 2 slope of fuel consumption over power, (kg ∙ kW −1 ∙ h−1 )
𝑚22 = Model 2 slope of fuel consumption over travel speed, (kg ∙ km−1 )
𝑃𝑖𝑗 = drawbar power (kW) with load level i and travel speed j, and
St = travel speed (km·h-1) from the Nebraska Tractor Test Report for the tractor at
maximum drawbar power, unballasted, front drive engaged, and at rated engine
speed for the selected travel speed.

3.4.3

Fuel Consumption as a function of drawbar power and engine speed
Model 3 predicted fuel consumption from drawbar power and measured
engine speed as follows:

Equation 3. 4
𝑄M3ij = 𝛽3 + 𝑚13 ∙ 𝑃𝑖𝑗 + 𝑚23 ∙ 𝑆𝑒
Where,
𝑄M3ij = model 3 fuel consumption, (kg ∙ ℎ−1 ) as a function of drawbar power
with load level i, and speed j,)
𝛽3 = Model 3 intercept, (kg ∙ h−1 )
𝑚13 = Model 3 slope of fuel consumption over power, (kg ∙ kW −1 ∙ h−1 )
𝑚23 = Model 3 slope of fuel consumption over engine speed, (kg ∙ min ∙ h−1
∙ rev −1 )
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𝑃 = drawbar power (kW) with load level i and speed j, and
𝑆𝑒 = measured engine speed, (rpm).

3.4.4

Evaluation of Models 1 through 3
Multiple linear regression analyses were done using the LINEST function

in Excel, which gave estimates of the regression parameters and standard errors of the
parameter estimates. In order to determine if the value for a parameter (model
coefficient) was significantly different from 0, the t-test statistic was determined by
dividing the estimate for the parameter by the standard error for that parameter. The
Student’s t distribution table value for each parameter comparison was determined to be
2.086 using a two-tailed alpha value of 0.05, and the 20 degrees of freedom for the
regression on 28 data points. The Student’s t distribution table value for each parameter
comparison was determined to be 2.059 for Models 2 and 3 using a two-tailed alpha
value of 0.05 and 25 degrees of freedom.

Absolute values of t-test statistics greater than

2.060 were determined to be significantly different than zero, in which case the parameter
was considered significant.
The approach mentioned above along with the description of evaluation
found in section 3.4.1 was used in the evaluation of Model 1 results. The t-test of
parameter significance was also used to evaluate the significance of the additional
variables in Models 2 and 3, travel speed and engine speed, respectively.
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The predictive fuel consumption equations were obtained from each linear
regression for Models 1, 2, and 3 and used to determine the predicted fuel consumption
values for each of the models at each load and speed combination. The fuel consumption
prediction errors were calculated by subtracting the predicted fuel consumption values
from the measured fuel consumption values. The standard deviation of these errors was
calculated for each model.
When comparing Model 2 and Model 3, the standard deviation of the fuel
consumption prediction errors were calculated for each model.

The mean of the

differences between the standard deviations was then calculated. A paired t-test was
performed to determine if the mean difference was significantly different from zero. In
order to determine if the mean difference was significantly different from 0, the t-test
statistic was determined by dividing the mean difference by the standard error. The
Student’s t distribution table value for each parameter comparison was determined to be
2.365 using a two-tailed alpha value of 0.05, and the 7 degrees of freedom for the mean
on 8 data points. Absolute values of t-test statistics greater than 2.365 were determined to
be significantly different than zero, in which case the difference between the models was
considered significant.
When comparing Model 1 with Models 2 or 3 the standard deviations of the fuel
consumption prediction errors were compared using a paired t-test. The standard
deviations of these errors were compared in the same way as the standard deviations of
the errors from Models 2 and 3 were compared as described above.
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4

Results and Discussion

Three methods were investigated for estimation of fuel consumption at partial
drawbar loads. Howard et al. (2013) utilized drawbar power as the sole independent
variable in a linear relationship, so this was the first model investigated, Model 1.
Howard (2010) also reported that the intercept in the linear relationship appeared to be
linearly related to travel speed. To investigate this possibility, two modifications of that
model were developed, one with travel speed (Model 2) and one with engine speed
(Model 3). The goal of incorporating a speed effect in the model was to develop a
general model that could be used to estimate fuel consumption across the speed range
tested, rather than requiring a separate model for each speed.
4.1

Discussion of results for Tractor A
The process used for analyses of the results for the three fuel consumption models

is described in this section (4.1) for Tractor A. The following section (4.2) expands the
discussion to include the results for the three fuel consumption models for all of the
tractors tested (Tractors A through H).

4.1.1

Fuel Consumption as a function of power only, by speed
Model 1, the approach developed by Howard et al. (2013), resulted in the

following equations for fuel consumption with Speeds 1, 2, 3 and 4:
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̂1 = 𝑏1 + 𝑚1 ∙ 𝑃
𝑄
̂2 = 𝑏2 + 𝑚2 ∙ 𝑃
𝑄
̂3 = 𝑏3 + 𝑚3 ∙ 𝑃
𝑄
̂4 = 𝑏4 + 𝑚4 ∙ 𝑃
𝑄
Where,
𝑄̂ i = predicted fuel consumption (kg·h-1) for speed i,
𝑏i = intercept (kg ∙ ℎ−1 ) for speed i,
𝑚i = slope (kg ∙ kW −1 ∙ h−1 ) for speed i,
𝑃 = drawbar power (kW)
The slopes and r2 values determined for tractor A with this approach are shown in
table 4.1. Although separate slopes of fuel consumption over power were determined for
each speed, they appeared to be similar, as mentioned in Howard (2010).
Table 4.1 Regression results for model 1, fuel consumption as a function of power only,
by speed for Tractor A.
Speed i
(km⋅h-1)

Slope mi

Intercept bi

(kg ∙ kW −1 ∙ h−1 )

(kg ∙ h−1 )

r2

1

0.2411

2.4504

0.99901

2

0.2400

2.3985

0.99898

3

0.2316

3.2232

0.99954

4

0.2325

3.8003

0.99952

Table 4.2 gives the results of the regression analysis for tractor A using equation
3.1 in chapter 3. Parameters with an absolute value of the t-test statistic greater than the
critical (table) t-value of 2.0860 were significantly different than zero. The results
showed that β51 and β71 were not significantly different than zero, so the slopes of fuel
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consumption over drawbar power for speeds 2 and 4 were not significantly different from
the slope for speed 1. As the absolute value of the t-test statistic for β61 was slightly
greater than the critical t-value, the slope for speed 3 was significantly different from the
slope for speed 1.
Table 4.2 Regression results for comparison of slopes for speeds 2, 3, and 4 with the
slope for speed 1 for Tractor A.
Parameter
Estimate

β01
β11
β21
β31
β41
β51
β61
β71
2.4503* -0.0519 0.7728* 1.3499* 0.2410* -0.0012 -0.0095* -0.0086

Student’s
11.5664 -0.1733 2.5928 4.5263 69.1958 -0.2665 -2.1594
t-test
statistic
Critical t2.086
value
* regression parameter estimate values followed by an asterisk were significantly
different than zero.

-1.9475

Table 4.3 gives the results of the regression analysis for tractor A using equation
3.2 referenced in chapter 3. If β52 = β62= 0, then the slopes of fuel consumption over
power for speed 3 (β52 = 0), and speed 4 (β62 = 0) (and speed 1, β72 = 0, but this
comparison was tested with the previous model) were not significantly different from the
slope for speed 2 (β42). The results showed that β52 was significantly different than zero
and β62 was not significantly different than zero, so the slope for speed 3 was
significantly different from the slope for speed 2, while the slope for speed 4 was not
significantly different from the slope for speed 2.
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Table 4.3 Regression results for comparison of slopes for speeds 3, and 4 with the slope
for speed 2 for Tractor A
β62
-0.0074

β72
0.0012

Student’s t- 11.3319 2.7683
4.7025
0.1733 89.2021 -2.1917
-1.9457
test
statistic
Critical t2.086
value
* regression parameter estimate values followed by an asterisk were significantly
different than zero.

0.2665

Parameter
Estimate

β02
2.3985*

β12
0.8248*

β22
1.4019*

β32
β42
β52
0.0519 0.2400* -0.0083*

The pattern of these analyses was followed to compare the slopes of fuel
consumption over power for speed 3 with speed 4, and it was determined that the slope
for speed 3 was not significantly different from the slope for speed 4. In summary, out of
a total of six comparisons among the slopes, four of the differences were not significant,
and two were significant, which indicated that it might be a reasonable simplification to
determine a pooled slope value for all four speeds.
4.1.2

Comparison of fuel consumption as functions of power and travel speed vs. power
and engine speed
Howard (2010) indicated the intercepts associated with each regression in Model

1 appeared to be a function of speed. Two new models were developed to investigate this
possibility, one with an independent variable of travel speed (Model 2, equation 3.3) from
the drawbar section of the Nebraska Tractor Test report (maximum power in selected
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gears, unballasted, front drive engaged, at rated engine speed), and the other with an
independent variable of measured engine speed (Model 3, equation 3.4). To simplify
these models, the assumption was made that the slope of fuel consumption over power
was the same for all speeds. These models each resulted in a single equation for fuel
consumption that was valid for any speed within the range of speed included in the test.
Linear regression analyses were done for Model 2 and Model 3. The results are shown in
Table 4.4.
Table 4.4 Regression results for Model 2 and Model 3 for Tractor A.
Model 2
Model 3
Tractor
m2
m1
b
m2
m1
b
A
0.0901* 0.2341* 2.3592* 0.0035 0.2347* -1.5508
* regression parameter estimate values followed by an asterisk were significantly
different than zero.
Parameter m1 is the slope of fuel consumption over power for both Models 2 and
3. It was expected to be significant, and was highly significant for both Models 2 and 3.
Parameter m2 was the slope of fuel consumption over reported travel speed for Model 2
and the slope of fuel consumption over engine speed for Model 3. For tractor A, m2 was
determined to be significant for Model 2, and not significant for Model 3.
The regression results of Model 2 for tractor A had an r2 value of 0.9980 and a
standard deviation of the fuel consumption prediction errors of 0.2411 kg·h-1. The
regression results of Model 3 for tractor A were less favorable, with an r2 value of 0.9958
and a standard deviation of the errors value of 0.3524 kg·h-1.

These results were

combined with the results from Tractors B through H so a paired t-test could be
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conducted on the resulting samples of standard deviations of the fuel consumption
prediction errors for Models 2 and 3.
4.1.3

Comparison of fuel consumption predictions as functions of power only vs. power
and travel speed
Model 1 had a more accurate estimate of fuel consumption with a standard

deviation of the errors of 0.1367 kg·h-1 while Model 2 had a standard deviation of the
errors of 0.2411 kg·h-1, about 75% higher than for Model 1. These results were combined
with the results from Tractors B through H so a paired t-test could be conducted on the
resulting samples of standard deviations of the fuel consumption prediction errors for
Models 1 and the better of Models 2 and 3. Model 1 gave more accurate estimates of fuel
consumption, with the drawback that it has a separate prediction equation for each of the
individual speeds included in the test. In comparison, Model 2 gave slightly less accurate
estimates of fuel consumption, with the advantage of having a single equation which was
valid over the range of speeds included in the test.
4.2

Discussion of results for Tractors B through H
Section 4.1 laid out the pattern for evaluating the results of the different models

for predicting fuel consumption. This pattern was followed for evaluating the results for
tractors B through H.
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4.2.1

Model 1 results, fuel consumption as a function of power only by speed for
tractors A-H
Table 4.5 shows the results obtained from Model 1, determining a separate

equation for fuel consumption as a function of power, for each travel speed included in
the test for each of tractors A through H. As was determined for Tractor A, Tractors B
through H also had very similar slopes for speeds 1 through 4. Following the
methodology outlined in section 4.1.1 the slopes among the different speeds within each
tractor were all compared to determine if any differences were significant. The results of
those comparisons are also shown in Table 4.5.

Table 4.5 Regression results for fuel consumption as a function of power only, by speed
for Tractors A through H.
Number of significant
differences among slopes
Tractor A, 2 significant
differences

Tractor B, 0 significant
differences

Tractor C, 0 significant
differences

Speed

Slope (kg·h-1·kW-1) a

Intercept
(kg·h-1)

r2

1
2
3
4
1
2
3
4
1
2
3
4

0.2411 B
0.2340 B
0.2316 A
0.2325 A,B
0.2334 A
0.2378 A
0.2306 A
0.2343 A

2.4504
2.3985
3.2232
3.8004
2.7918
2.6546
3.6896
4.3619
3.2846
2.5232
2.5124
4.5793

0.9990
0.9990
0.9995
0.9995
0.9975
0.9977
0.9984
0.9976

0.2316 A
0.2390 A
0.2403 A
0.2261 A

0.9946
0.9930
0.9851
0.9812
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Number of significant
differences among slopes

Speed

Slope (kg·h-1·kW-1) a

Intercept
(kg·h-1)

r2

1
3.1647
0.2170 A,B
0.9978
2
2.0766
0.2309 B
0.9996
Tractor D, 1 significant
difference
3
3.7011
0.2182 A,B
0.9986
4
6.1066
0.2010 A
0.9834
1
3.4104
0.2247 A
0.9995
2
1.7269
0.2496 B
0.9965
Tractor E, 4 significant
differences
3
1.5145
0.2517 B
0.9972
4
4.3790
0.2220 A
0.9993
1
3.7318
0.2091 B
0.9966
2
3.3513
0.2151 B
0.9981
Tractor F, 2 significant
differences
3
4.6235
0.2052 A,B
0.9977
4
7.0240
0.1935 A
0.9986
1
2.0744
0.2532 B
0.9963
2
3.9968
0.2360 A
0.9985
Tractor G, 3 significant
differences
3
6.0769
0.2248 A
0.9986
4
7.9137
0.2253 A
0.9978
1
2.8279
0.2282 A
0.9983
2
2.2540
0.2329 A
0.9986
Tractor H, 0 significant
differences
3
2.2570
0.2347 A
0.9966
4
4.2172
0.2260 A
0.9955
a
Slopes for different speeds within the same tractor followed by the same letter were not
significantly different.

For three of the eight tractors tested (B, C, and H), there were no significant differences
among the slopes of fuel consumption over power for the four different speeds. Of the
total 48 comparisons among slopes within tractors, across all eight tractors, there were 36
(75%) comparisons for which the differences were determined to be not significant.
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After further review and consideration, it was decided that testing at speed 1
(approximately 4 km·h-1), did not fit well with the concept for the test. It is most likely
that operators would only use that low speed when the operation required the high
drawbar pull capabilities available at that low speed. In these situations, the tractor
would likely be loaded to near maximum power, not the partial drawbar loading that was
the focus of this experiment.
When speed 1 was eliminated from the comparisons, four of the eight tractors (B,
C, G, and H) had no significant differences among the Model 1 slopes for speeds 2, 3,
and 4. When speed 1 was eliminated from the comparisons, 24 comparisons among
Model 1 slopes within each tractor remained, and only five of those differences, or about
21%, were significant. Since about 79% of the differences among slopes were not
significant, it was reasonable to use a model for fuel consumption with the same slope of
fuel consumption over drawbar power (Models 2 or 3) over the range of speeds within
which the tractor was tested.
4.2.2

Comparison of fuel consumption predictions as functions of power and travel
speed vs power and engine speed for Tractors B-H
As mentioned in sections 2.3 and 4.1.2, the intercepts associated with each

regression in Model 1 appeared to be a function of speed. Two new models were
developed to investigate this possibility, one with an independent variable of travel speed
from the drawbar section of the Nebraska Tractor Test report (maximum power in
selected gears, unballasted, front drive engaged, at rated engine speed) (Model 2), and the
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other with an independent variable of measured engine speed (Model 3). Linear
regression analyses were done for Model 2 and Model 3. The results are shown in Table
4.6.
Table 4.6 Regression results for Model 2 and Model 3 for tractors A through H.
Model 2
Model 3
Tractor
m2
m1
b
m2
m1
b
A
0.0901* 0.2341* 2.3592* 0.0035 0.2347*
-1.5508
B
0.1903* 0.2322* 1.9864* 0.0238* 0.2311* -28.64608
C
0.0735 0.2333* 2.7887* -0.0114 0.3825* 24.3838*
D
0.1678* 0.2152* 2.5513* 0.0109* 0.2138* -10.4076*
E
0.0328 0.2403* 2.3104* 0.0068* 0.1994*
-3.4288*
F
0.2082* 0.2044* 3.1415* 0.2044* 0.0070*
-4.8219*
G
0.3438* 0.2302* 2.5884* 0.1514* 0.0132*
-5.7418
H
0.1192* 0.2287* 2.1683* 0.2116* 0.0041*
-0.7097
*regression parameter estimate values followed by an asterisk were significantly different
than zero.
For Model 2, the m2 parameter of fuel consumption over travel speed, was
significantly different from zero for 6 of the 8 tractors (75%). The m2 parameter for
Model 3, fuel consumption over engine speed, was also significant for 6 out of 8 tractors
(75%). While this result did not show one model to be more accurate than the other, it
did validate the inclusion of Models 2 and 3 in the evaluation.
Table 4.7 shows the coefficient of determination and the standard deviation of the
fuel consumption prediction errors for both of these models for tractors A through H.
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Table 4.7 Results from the regressions of models 2 and 3 for tractors A through H.

Model 2, Power and Travel Speed

Model 3, Power and Engine Speed

0.9980

standard deviation of
the errors, kg·h-1
0.2411

0.9958

standard deviation of the errors,
kg·h-1
0.3524

B

0.9970

0.3289

0.9903

0.5959

C

0.9891

0.6938

0.9887

0.706

D

0.9944

0.5220

0.9928

0.5948

E

0.9957

0.4891

0.9978

0.3474

F

0.9962

0.4313

0.9969

0.3925

G

0.9934

0.6618

0.9826

1.0706

H

0.9972

0.5258

0.9966

0.5787

Tractor

r2

A

r2

Using the paired t-test described in 3.4.4 it was determined that there was no
significant difference between the means of the standard deviations of the errors for
Models 2 and 3. Both models did a good job of predicting fuel consumption. While
neither model was better than the other (higher r2 value) for every tractor, for six of the
eight tractors (75%), Model 2 had a smaller standard deviations of the errors than Model
3, so Model 2 was selected for comparison to Model 1.
4.2.3

Comparison of fuel consumption predictions as functions of power only vs. power
and travel speed or power and engine speed for Tractors B through H.
Using the paired t-test described in 3.4.4 it was determined that there was a

significant difference between the mean standard deviations of the errors between Model
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1 and Model 2 or 3. In all of these comparisons, Model 1 was more accurate than either
of Models 2 or 3. Table 4.8 shows the standard deviation of the errors in estimated fuel
consumption for each of the three models.
Table 4.8 Average fuel consumption and standard deviation of errors in fuel consumption
for Tractors A through H using three different models.
Model 1,
power only,
by speed
Average fuel
consumption,
Tractor
kg⋅h-1
19.73
A
21.52
B
24.14
C
22.43
D
24.17
E
25.55
F
30.11
G
29.57
H

Model 2,
power and
travel speed

Model 3,
power and
engine speed

Standard Deviation of Errors in Fuel
Consumption Estimation, kg ∙ h−1
0.2411
0.3524
0.1367
0.3289
0.5959
0.2562
0.6938
0.7060
0.6506
0.5220
0.5948
0.4067
0.4891
0.3474
0.3094
0.4313
0.3925
0.2930
0.6618
1.0706
0.3508
0.5258
0.5787
0.4482

While Model 1 was statistically the most accurate, the difference between the
models was small, as the largest difference in standard deviations of the errors between
Models 1 and 2 was 0.311 kg⋅h-1 (0.6618 kg⋅h-1 - 0.3508 kg⋅h-1) for Tractor G. Putting
this difference in perspective relative to the average hourly fuel consumption for each
tractor, Tractor C had the largest standard deviation of the fuel consumption errors as a
percent of average fuel consumption (24.14 kg·h-1), at 2.87% for Model 2 and 2.69% for
Model 1. Tractor G had the largest difference between the models in standard deviation
of the fuel consumption errors as a percent of average fuel consumption (30.11 kg·h-1), at
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1.04% (2.20% for Model 2 minus 1.16% for Model 1). In addition, there were some
practical limitations to Model 1, and some advantages to Models 2 and 3. The advantage
of Models 2 and 3 is that a single equation could be used to estimate fuel consumption for
any travel speed across the speed range tested, rather than requiring collection of data and
determining a separate equation for each speed.
The statistical evaluation of the models showed Model 1 as the most
accurate model across all 8 tractors, but a visual presentation of the fuel consumption
data shows how well all three models predict the fuel consumption.
Figures 4.1, 4.2, and 4.3 show the measured fuel consumption, and the predicted
fuel consumption for each of the three models for Tractor A with travel speeds of 7.04,
9.49, and 12.69 km⋅h-1 (speeds 2, 3, and 4), respectively.
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Figure 4.1 Fuel consumption values versus drawbar loads for Tractor A at a travel speed
of 7.04 km⋅h-1 (speed 2) measured, and predicted with Models 1 (M1), 2 (M2), and 3
(M3).
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Figure 4.2 Fuel consumption values versus drawbar loads for Tractor A at a travel speed
of 9.49 km⋅h-1 (speed 3) measured, and predicted with Models 1 (M1), 2 (M2), and 3
(M3).
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Figure 4.3 Fuel consumption values versus drawbar loads for Tractor A at a travel speed
of 12.69 km⋅h-1 (speed 4) measured, and predicted with Models 1 (M1), 2 (M2), and 3
(M3).

This practical review of the results further validates the value of using a single
model for the entire range of speeds tested instead of Model 1 and a single equation for
each travel speed. The simpler, more widely applicable approach of Model 2 (because it
is inclusive of all speeds within the test range) would provide sufficiently accurate fuel
consumption information necessary for farm managers to make informed decisions
regarding their tractor field operations.
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4.3

Uses of models of tractor fuel consumption at partial drawbar loads.
Models of fuel consumption of tractors at partial drawbar loads can be useful to

evaluate strategies for operation of the tractor during field work. The graphical
representation of Model 1, fuel consumption over drawbar power, by speed (Figure 4.4),
as required by OECD Code 2, section 4.4.8, gives the reader a visual representation of
how well the model fit the data, but is not helpful for evaluating strategies for operation.
Although OCED Code 2, section 4.4.8.1 required that each speed be graphed separately,
they were combined in Figure 4.4 for comparison purposes. As previously mentioned,
testing at speed 1 (approximately 4 km·h-1) did not fit well with the concept for the test.
For the remainder of the discussion, speed 1 results will be excluded.
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Figure 4.4 Tractor A fuel consumption as a function of drawbar power (Model 1) for
speeds 2, 3, and 4.

For many implements, especially ones with lower drawbar pull that would
correspond to the partial drawbar loading that is the focus of this paper, drawbar pull
tends to be independent of speed. Figure 4.5 shows the measured fuel consumption
values for speeds 2, 3, and 4 for Tractor A as a function of drawbar pull.
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Figure 4.5 Tractor A fuel consumption as a function of drawbar pull for speeds 2, 3, and
4.

If not thoughtfully evaluated, it could be concluded that the most efficient
operation of the tractor comes at the lowest speed, because for a given drawbar pull the
fuel consumption rate at the lowest speeds is lower than at the higher speeds. This
conclusion does not consider all of the relevant information, because the duration of the
work is not considered. Fuel would be consumed at a lower rate at the lower travel
speed, but that consumption would continue for a longer time period because it takes
longer to cover the same field area at lower speeds. To overcome this shortcoming, fuel
consumption should be displayed in terms of fuel consumed per total amount of work
done, or specific fuel consumption, as shown in Figure 4.6.
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Figure 4.6 Tractor A specific fuel consumption from measured values as a function of
drawbar pull for Tractor A.
Evaluation of Figure 4.6 results in a different conclusion. It is clearer that for any
particular drawbar load, the highest gear/speed that can provide that pull has the lowest
overall fuel consumption, or highest overall fuel efficiency. This conclusion agrees with
the concept of shift up and throttle back to conserve fuel.
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5

Summary and Conclusions

The overall objective of this project was to evaluate three models for fuel
consumption of agricultural tractors with partial drawbar loads and reduced engine
speeds.
Model 1 (fuel consumption as a linear function of drawbar power, by speed) used
a separate equation for each tested speed. A comparison of the slopes among the
different gears/speeds within each tractor determined that the majority of the time, the
slopes were not significantly different from each other. When considering the three
highest speeds most applicable to partial load operation, 4 of the 8 tractors (50%) had no
significant differences among the slopes. Of the 24 total comparisons among the three
slopes within each of the 8 tractors, 19 (79%) were not significantly different. These
findings suggest that for an individual tractor, the slope of fuel consumption over power
could be considered to be constant, independent of tractor gear/speed.
Models 2 and 3 each added a second variable to the fuel consumption prediction
model, travel speed and engine speed, respectively. For 6 of the 8 tractors (75%) the
second variable was determined to be significant for both Models 2 and 3.
To determine which of the new models, Model 2 or Model 3, was more accurate, the
standard deviation of the fuel consumption errors were compared. While there was no
statistical difference between the means of the standard deviation of the errors, for 6 of
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the 8 tractors (75%), Model 2 (power and travel speed) had smaller standard deviations of
the fuel consumption errors.
For all 8 tractors, Model 1 was determined to be more accurate than Model 2 with the
difference between the standard deviations of the fuel consumption errors determined to
be statistically significant. When the standard deviations of the errors of the two models
was compared to the average fuel consumption of the tractors during the tests, the largest
error was less than 3%, and the largest increase in the error from Model 1 to Model 2 was
about 1%. However, Model 2 had an advantage in that a single equation for fuel
consumption was applicable over the range of gears/speeds tested, rather than the
approach of Model 1 requiring a separate equation for each travel speed. Since the
increase in error was small, and with only one equation Model 2 was simpler and more
widely applicable, Model 2 was determined to be a better model of fuel consumption for
tractors with partial drawbar loads. A more practical model that is useful over a wide
range of field speeds can provide managers with information necessary to make informed
decisions on the best tractor and implement combination for their desired operation.
Plots of fuel consumption models with specific fuel consumption as a function of
drawbar pull were determined to be useful for farm managers to develop strategies for
tractor operations to reduce fuel consumption. These plots agreed with the concept of
shift up and throttle back to conserve fuel.
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5.1

Future Research
Additional research is needed to determine how best to use a fuel consumption model

to compare the efficiencies of two tractors. This study was limited to a very small sample
of tractors, all from the same manufacturer and all of a similar platform. Testing with
additional models from a variety of manufacturers is necessary to determine if the results
are consistent.
Many field operations require the use of drawbar power along with hydraulic and pto
usage. Testing already exists for partial pto power, but not for hydraulic loads. Creating
a test for partial hydraulic loading and developing a strategy for combining all of these
tests would be useful information.
As data are collected for a significant number of tractors, it would be beneficial to
explore developing a universal model that could be used for any tractor. This would
allow for the creation of a tool useful for farm managers to estimate fuel consumption for
tractors that have not yet been tested.
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6

Proposed amendments to OCED Code 2, section 4.4.8.1

Due to the conclusions of this study, it is the recommendation of the author to
amend section 4.4.8.1 of OECD Code 2, Presentation of Results.
6.1

Current requirements
Currently, section 4.4.8.1 requires that for each tested speed a unique graph of

hourly fuel consumption values be plotted against drawbar power and fitted with the
equations for best fit lines (OECD, 2014).
6.2

Proposed changes
As is currently required, hourly fuel consumption values shall be plotted against

drawbar power. But, instead of inserting a best fit line (Model 1), the predicted fuel
consumption values using Model 2 (power and travel speed) should be plotted as a line.
A separate graph shall be shown for each speed tested, but the equation and r2 values for
Model 2 should not be shown on each graph as it would be identical for each graph.
Figure 6.1 provides an example of the suggested graph components.
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Figure 6.1 Sample graph for OCED Code 2, section 4.4.8.1 suggested changes

Since each speed has an identical equation for predicting fuel consumption, a
table should be included in that reports the equation for Model 2, the r2 value and the
standard deviation of errors. Table 6.1 is provided as an example.
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Table 6.1 Sample Table for OECD Code 2, section 4.4.8.1 suggested changes.
Transmission operating
condition

GT at SUTB

Fuel Consumption Prediction
Equation (kg⋅h-1)
Fc = 2.3592

kg
kg
+ (0.2341
)
h
kW ∙ h
kg
∙ Pij + (0.0901
) ∙ St
km

R2 value

Standard Deviation
of the errors
(kg⋅h-1)

0.9980

0.241

Where,
Fc = predicted fuel consumption, kg⋅h-1,
Pij = drawbar power (kW) with load level i and travel speed j, and
St = travel speed (km·h-1) from the Nebraska Tractor Test Report for the tractor at maximum
drawbar power, unballasted, front drive engaged, and at rated engine speed for the selected
travel speed.

58

7

References

ASABE. (2015a). ASAE EP496.3 FEB2006 (R2011) Agricultural machinery
management. ASABE Standards 2015. St. Joseph, Mich.: ASABE

ASABE. (2015b). ASAE D497.7 MAR2011 Agricultural machinery management data.
ASABE Standards 2015. St. Joseph, Mich.: ASABE

Coffman, Bart A., Kocher, Michael F., Adamchuk, Viacheslav I., Hoy, Roger M., and
Blankenship, Erin E. (2010). Testing fuel efficiency of a tractor with a
continuously variable transmission. Applied Engineering in Agriculture
26(1):31-36. –Accessed online at
http://www.digitalcommons.unl.edu/biosysengfacpub on 30 October 2014.
Energy Efficiency | Department of Energy. (n.d.). Accessed online at
http://www.energy.gov/science-innovation/energy-efficiency on 9 January 2015.
Grisso, R. D., M. F. Kocher, and D. H. Vaughan. (2004). Predicting tractor fuel
consumption. Applied Engineering in Agriculture 20(5): 553-61. Accessed online
at https://pubs.ext.vt.edu/442/442-073/442-073_pdf.pdf on 14 January 2015

Grisso, R. D., D. Vaughan, and G. Roberson. (2008). Fuel prediction for specific tractor
models. Applied Engineering in Agriculture 24(4): 423-28. Accessed online at
http://bsesrv214.bse.vt.edu/Grisso/Papers/Fuel_Prediction_DS.pdf on 14 January
2015.

Grisso, R., Pitman, R., Perumpral, J.V., Vaughan, D., Roberson, G.T., and Hoy, R.M.
(2014). “Gear up and throttle down” to save fuel. Virginia Cooperative Extension
Publication 442-450 (revised). Blacksburg, VA.: Virginia Tech. Accessed online
at: http://pubs.ext.vt.edu/442/442-450/442-450_pdf.pdf on 10 June 2015.

Howard, C. N. (2010). Testing fuel efficiency of tractors with both continuously variable
and standard geared transmissions. Unpublished M.S. thesis. Lincoln, Neb.:
University of Nebraska. Accessed online at
http://digitalcommons.unl.edu/biosysengdiss/10 on 10 October 2014.

59

Howard, C.N., Kocher, M.F., Hoy, R.M., Blankenship, E.E. (2013). Testing the fuel
efficiency of tractors with continuously variable and standard geared
transmissions. Transactions of the ASABE 56(3): 869-879. Accessed online at
http://www.digitalcommons.unl.edu/biosysengfacpub on 10 October 2014.

Hoy, Roger M., Rohrer, Rodney, Liska, Adam, Luck, Joe D., Isom, Loren, and
Keshwani, Deepak R. (2014). Agricultural Industry Advanced Vehicle
Technology: Benchmark Study for Reduction in Petroleum Use. Accessed online
at http://avt.inl.gov/pdf/agindustry/AgIndustryAVTbenchmarkStudy.pdf on 3
January 2015.

McLaughlin, N. B., Drury, C.F., Reynolds, W.D., X. M. Yang, X.M., Li, Y.X.,
Welacky, T.W., and Stewart, G. (2008). Energy inputs for conventional primary
tillage implements in a clay loam soil. Transactions of the ASABE. 51(4): 11531163.

NTTL (Nebraska Tractor Test Laboratory). 2014. Nebraska OECD Tractor Test 2090 –
Summary 939 John Deere 7230R Diesel e23 Transmission. Lincoln, Nebraska.
University of Nebraska – Lincoln. Accessed online at: http://tractortestlab.unl. On
6 July 2015.

OECD. (2014). Code 2, OECD standard code for the official testing of agricultural and
forestry tractor performance. Paris, France: Organization for Economic
Cooperation and Development. Accessed online at:
http://www.oecd.org/tad/code/02-Code%202-Final-July%202014.pdf on 10
October 2014.

Profi (2006). DLG PowerMix – dawn of a new tractor testing era. Accessed online at
http://www.leb.esalq.usp.br/disciplinas/Molin/leb5004/Material_para_leitura/Nov
oMetodoDLGProfi042006.pdf on 27 October 2015.

Renius, K.T., and Reisch, R. (2005). Continuously variable tractor transmissions. ASAE
Distinguished Lecture No. 20. St. Joseph, Mich.: ASAE.

60

Ricketts, C. J., and Weber, J.A. (1961). Tractor Engine Loading. Agricultural
Engineering. 42(5):236-239, 250, and 252.

61

8

Appendix

Table A.1: Target drawbar load levels for all tractors at all speeds.
Load
(kN)
Tractor

A

B

C

D

Load
Setting
1
2
3
4
5
6
7
1
2
3
4
5
6
7
1
2
3
4
5
6
7
1
2
3
4
5
6
7

% of Load @
max power
80%
75%
70%
60%
50%
40%
30%
80%
75%
70%
60%
50%
40%
30%
80%
75%
70%
60%
50%
40%
30%
80%
75%
70%
60%
50%
40%
30%

Speed 1

Speed 2

Speed 3

Speed 4

78.30
73.41
68.52
58.73
48.94
39.15
29.36
80.65
75.61
70.57
60.49
50.41
40.32
30.24
81.42
76.34
71.25
61.07
50.89
40.71
30.53
79.42
74.45
69.49
59.56
49.64
39.71
29.78

53.51
50.17
46.82
40.13
33.45
26.76
20.07
59.98
56.24
52.49
44.99
37.49
29.99
22.49
63.78
59.79
55.80
47.83
39.86
31.89
23.92
69.11
64.79
60.47
51.83
43.20
34.56
25.92

40.46
37.93
35.40
30.34
25.29
20.23
15.17
44.77
41.97
39.17
33.58
27.98
22.38
16.79
47.36
44.40
41.44
35.52
29.60
23.68
17.76
52.04
48.79
45.54
39.03
32.53
26.02
19.52

29.82
27.96
26.10
22.37
18.64
14.91
11.18
33.02
30.96
28.90
24.77
20.64
16.51
12.38
34.77
32.60
30.42
26.08
21.73
17.38
13.04
38.59
36.18
33.77
28.94
24.12
19.30
14.47
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Load
(kN)
Tractor

E

F

G

H

Load
Setting
1
2
3
4
5
6
7
1
2
3
4
5
6
7
1
2
3
4
5
6
7
1
2
3
4
5
6
7

% of Load @
max power
80%
75%
70%
60%
50%
40%
30%
80%
75%
70%
60%
50%
40%
30%
80%
75%
70%
60%
50%
40%
30%
80%
75%
70%
60%
50%
40%
30%

Speed 1

Speed 2

Speed 3

Speed 4

83.69
78.46
73.23
62.76
52.30
41.84
31.38
97.15
91.07
85.00
72.86
60.72
48.57
36.43
120.34
112.82
105.29
90.25
75.21
60.17
45.13
101.44
95.10
88.76
76.08
63.40
50.72
38.04

61.60
57.75
53.90
46.20
38.50
30.80
23.10
81.56
76.46
71.37
61.17
50.98
40.78
30.59
76.28
71.51
66.74
57.21
47.67
38.14
28.60
87.31
81.86
76.40
65.49
54.57
43.66
32.74

52.50
49.22
45.94
39.38
32.82
26.25
19.69
60.75
56.96
53.16
45.56
37.97
30.38
22.78
57.16
53.59
50.02
42.87
35.73
28.58
21.44
67.40
63.19
58.98
50.55
42.13
33.70
25.28

36.08
33.83
31.57
27.06
22.55
18.04
13.53
44.39
41.62
38.84
33.29
27.75
22.20
16.65
42.46
39.80
37.15
31.84
26.54
21.23
15.92
50.44
47.29
44.14
37.83
31.53
25.22
18.92

