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Wang, G. and Zoerb, G.C. 1990. Indirect determination of tractor
tractive efficiency. Can. Agric. Eng. 32:243-248. Increasing the trac
tive efficiency of farm tractors can lead to an increase in tractor
productivity and fiiel savings. To optimize tractive efficiency, the
value of this efficiency should be monitored as the soil strength and
travel reduction vaiy. This paper presents an indirect method of deter
minationof the tractor tractive efficiency from the measured drawbar
pull and travel reduction. The method was based on the traction ratio
equation developed by Wismer and Luth (1973). A tractor traction
index was defined. This index was used as a substitute for the soil cone

index and advantages of this traction index are described. Field tests
werecarried out to evaluate the feasibility and accuracy of the method.
Results showed agreement between the direct-determined and the
indirect-determined tractive efficiency.

INTRODUCTION

Efficient operation of farm tractors includes: (1) maximizing
the fuel efficiency of the engine; (2) maximizing the tractive
efficiency of the traction elements; and (3) matching the trac
tor with the implement or selecting an optimum travel speed
for a given tractor-implement system. Many studies have been
conducted in the area of pneumatic tire traction performance.
Some of the contributors include Bekker (1960), Freitag
(1966), Turnage (1972), Wismer and Luth (1973), Taylor
(1973), Dywer et al. (1974), Gee-Clough et al. (1978), Domier
and Willans (1978) and Mckyes (1985). Tractive efficiency is
a measure of the percentage of tractor axle power that is
transformed into drawbar power. Three factors affect the trac
tive efficiency, namely net traction ratio, motion resistance
ratio and travel reduction. The net traction ratio and the motion

resistance ratio are influenced by soil strength, tire size and
inflation pressure, dynamic wheel load and travel reduction.
Tractive efficiency can be monitored to indicate the efficient
use of engine power and therefore, assist the tractor operator
in the selection of tractor ballast to improve tractive efficiency.
Traditionally, tractor tractive efficiency, e, is calculated from
the measured axle power and drawbar power.

e-
Drawbar Power

Power into Driving Axles (1)

Measuring the driving axle power requires complicated and
expensive equipment, such as a telemetry system (Musonda et
al. 1983) or slip rings (Parkhill and MacMillan 1986). The
power delivered to a tractor axle is transformed partially into
drawbar power, and the remaining power is lost due to the motion
resistance of the wheels (including driving wheels and steering
wheels)and the travelreduction.Equation 1 is rewritten as:
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e =
HDJP.

HDJ*. + MJi.
(i-rj?.) (2)

where HD.P. represents horizontal drawbar pull, MJi. repre
sents motion resistance, and TJR. represents travel reduction.
Usually the drawbar pull and travel reduction can be measured
easily; thus, the only unknown is the motion resistance. The
objective of this study was to derive and test a method of
estimating the tractor motion resistance and to develop an
algorithm for the determination of tractor tractive efficiency.

THEORY AND METHODS

Basic equations

Several empirical equations for traction prediction have been
developed by researchers. Through literature review and ex
perimentation, Wismer and Luth (1973) developed a traction
prediction equation for a single powered wheel. The equation
is an exponential function of travel reduction and is rewritten
as:

Tr = PIW = 0.75 [1 - exp(-0.3CS;7 - (12/Cn + 0.04) (3)

where:

Tr = net traction ratio
P = net wheel pull
W = dynamic wheel load
Cn = wheel numeric, Cn = CdblW
C = soil cone index

d = unloaded tire diameter

b = unloaded tire width

S = travel reduction (fraction)

Wismer and Luth also derived an equation for predicting the
motion resistance ratio, which is the last expression in Eq. 3:

Rr= 1.2/C + 0.04 (4)

where, Rr is the motion resistance ratio, which is the ratio of
the wheel motion resistance to the dynamic wheel load.

In the Wismer and Luth equation, the travel reduction is
defined as one minus travel ratio. The travel ratio is the ratio

of distance travelled per revolution of the traction device,
when producing output power, to the rolling circumference
under the specified zero condition (ASAE S296.3 1987). The
zero condition, as defined by Wismer and Luth, is that of zero
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input torque for the drive wheel. Equations 3 and 4 were
developed for pneumatic tires which had a ratio of b/d « 0.3
and a ratio of tire deflection/section height 8/h « 0.2. Re
striction on S/h was associated with a ratio of rolling
radius/diameter r/d « 0.475. The equations were restricted
also to cohesive-frictional soils of moderate compactibility.

The traction equation given by Gee-Clough et al. (1978)
takes a similar form as that developed by Wismer and Luth
(1973). The equation is shown as:

Tr = To[l - exp (-KS)l (5)

where Toand K are functions of the mobility number, which is
expressed as:

Af =

(6)

Cdb

W
—L_l1+ b/2d\

The mobility number includes the wheel numeric used by
Wismer and Luth. For a given tire and tire load, there are two
parameters (soil cone index, C and tire deflection, 8) to be
given in order to calculate the mobility number.

Brixius (1987) presented traction predictionequationsforsingle
bias ply tires. His equations were revisions ofequations developed
by Wismer andLuth (1973). The equations are rewritten as:

WW = 0.88[1 - txp(-0.1Bn)][l - expr-7.55;7 + 0.04 (7)

/?r= -J- + 0.04 +
Bn

0.55

Bi
0.5 (8)

where, H is gross traction andBn is called mobility number,
which is defined by Brixius as:

Fig 1. A diagram showing the forces acting on a tractor.
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Cdb (1 + 5 8/h)
n W(1+3 b/d) (9)

Brixius considered the effect of travel reduction on the
motion resistance ratio. Although the mobility number was
used to provide a wider application range, for regular agricul
tural tires no improvement in prediction was evident using
mobility number (Self and Summers 1988). Because of its
simplicity, the equations from Wismer and Luth (1973) were
applied in this study. The same definition of travel reduction
is used here as used by Wismer and Luth.

From Equation 3, if Tr and S are known, Cn can be deter
mined. Then, according to the definition of wheel numeric,
Cn-CdblW^ the soil cone index can be calculated. In the
expression, d and b are given, W is the dynamic wheel load.
The dynamic wheel load on a single wheel equals one half of
the total dynamic wheel load on the front or rear axle. The total
front and rear wheel dynamic loads can be calculated from the
following equations (see Fig. 1):

Wf= Wsf-DylB-Dx(tim Q)/B

Wr = Wsr + DylB + (x/B + iJDftan 0)

where:

Wf = total front wheel dynamic load (reaction)
Wr = total rear wheel dynamic load (reaction)
Wsf= total front wheel static load
Wsr = total rear wheel static load
D = horizontal drawbar pull
B = tractor wheelbase
y = height of drawbar
x = distance of drawbar pin behind the rear axle
0 = drawbar pull angle

(10)

(11)
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For dual wheels, the tire section width is taken to be twice
thatofa singlewheel. Thenet traction ratioof a driving wheel
equals the ratio of the net traction to the dynamic wheel load.
For a two wheel drive tractor, the net traction of the driving
wheels is equal to the horizontal drawbar pull plus the motion
resistance of the front wheels. Thus, the net traction ratio of a
two wheel drive tractor is:

Tr = (D + Rf)IWr (12)

where/?/is the motion resistance of the front wheels. For a four
wheel drive tractor, the horizontal drawbar pull is distributed
between the front and the rear wheels. It is difficult to deter
mine quantitatively the fraction of pull on each wheel. Thus,
the net traction ratio of a four wheel drive tractor was consid
ered as the ratio of the horizontal drawbar pull to the total
tractor weight, that is:

Tr = DIWt (13)

where Wt is the total tractor weight. If the size of front tires is
different from that of rear tires, the average wheel numeric, Ca
is estimated by the following equation:

Ca = 2C(dfbf+drbr)/Wt

where:

(14)

df, bf= unloaded tire diameter and section width of front
wheels

dr, br = unloaded tire diameter and section width of rear
wheels

For a four wheel drive tractor, if the horizontal drawbar pull
and the travel reduction are measured, the wheel numeric can
be determined from Eqs. 3 and 13. The soil cone index can be
computed by Eq. 14. For a two wheel drive tractor, the motion
resistance of front wheels is involved in the computation of the
traction ratio (see Eq. 12). The motion resistance of the front
wheels is equal to RrjWf, where Rrfis the motion resistance
ratio of the front wheels and is determined by Eq. 4. Thus, for
a two wheel drive tractor, the cone index should be computed
from Eqs. 3,4 and 12. Once the soil cone index is obtained, the
wheel numeric can be calculated, therefore, the motion resis
tance of the tractor can be estimated from Eq. 4. The tractor
tractive efficiency then can be computed by Eq. 2.

Test equipment

Field tests were conducted to verify this indirect method of
determining tractor tractive efficiency. A Steiger Bearcat
4WD tractor was used to perform the tests. The tractor had the
same size of tires on both front and rear wheels. It was loaded
with a field cultivator of 10 metres width. The horizontal

drawbar pull was measured with a strain gauge drawbar dyna
mometer. Vertical load on the drawbar hitch was not

measured, but was estimated from the horizontal pull and the
pull angle. The pull angle was approximately seven degrees
for the tractor-implement system. The tractor drive shaft speed
was measured by a magnetic pickup sensor. See Fig. 2 for the
installation of the drive shaft speed sensor. A magnetic pickup
mounted on a fifth wheel was used to measure ground speed.
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LEAD WIRE TO RECEIVER

-ANTENNA

9V BATTERY

STRAIN GAUGES

DRIVE SHAFT

Fig 2. A schematic diagram showing the installation of
shaft speed sensor and transmitter on the drive shaft.

This wheel was located to run in a tractor tire track.

The front and rear drive shaft torques were measured by
strain gauges. Axle torques were obtained using the gear ratio
between the drive shafts and the axles, with assumed mechan
ical efficiency of 95 percent. A telemetry system, produced by
Physical Measurement Devices, Inc., was used to collect the
torque signals from each shaft. The telemetry system consisted
of two transmitters and two receivers. The transmitters, one
mounted on each drive shaft, were powered by nine volt
batteries. These transmitters transformed the d.c. output volt
age signal of the strain gauge bridge into a FM radio signal.
The receivers picked up the radio signal and converted this
signal back to a d.c. voltage signal. Fig. 2 shows the drive shaft
and the transmitter on the shaft. All transducer signals plus the
voltage from the receivers were collected by a Campbell Sci
entific 2IX micrologger and recorded with a cassette recorder.

RESULTS AND DISCUSSION

It was found from the field tests that the motion resistance ratio

of powered pneumatic tires varied with travel reduction..Tests
by Steinkampf and Jahns (1985) and Wang et al. (1989) also
showed the motion resistance ratio is a function of travel

reduction. Brixius (1987) presented an expression which
showed the linear relationship between travel reduction and
motion resistance ratio. Fig. 3 shows the relationship between
the motion resistance of the Steiger tractor and travel reduc
tion. The motion resistance was obtained by subtracting the
horizontal drawbar pull from the gross traction. The gross
traction is the axle torque divided by the rolling radius. The
rolling radius was measured using the method given by Brixius
(1987). Equation 4 was modified to include the effect of travel
reduction on the motion resistance ratio. The motion resistance

ratio for the Steiger Bearcat tractor can be approximated as:

Tr = 1.2/Cn + 0.04 + 0.5 (S - 0.08) (15)

Throughout the calculations the motion resistance ratio was
computed from Eq. 15 instead of Eq. 4.
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Table I. Soil conditions for 1987 Steiger tractor tests

Soil

Surface

Soil

Type
Soil cone index

kPa

Moisture

content %

Firm

Summer fallow

Tilled

Clay loam
Loam

Loam

890

730

430

14

17

16

The tractive efficiency was plotted versus travel reduction
in Figs. 4, 5 and 6. The soil conditions for the tests are listed
in Table I. As shown, the efficiency obtained from this indirect
method is close to the efficiency obtained by measuring the
axle power. The accuracy of the indirect method depended on
the estimated motion resistance as given by Eq. 15. This
estimated motion resistance was affected by the net traction
ratio predicted and the selected traction model, Eq. 3. For a
4WD tractor, the net traction ratio of the front wheels was
considered to equal that of the rear wheels. But, in an actual
situation, they are not equal. There are a few factors which
influence the net traction ratio, including dynamic wheel load,
soil strength and tire sizes. In this case, the traction perfor
mance of a 4WD tractor is not equivalent to that of a single
drive wheel. Thus, the traction ratio from Eq. 13 is only an
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Fig3. Motion resistanceratio of the Steiger Bearcat tractor
vs travel reduction.
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Fig 5. Comparison of tractive efficiency obtained from
two different methods on summer fallow soil.
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Fig 6. Comparison of tractive efficiency obtained from
two different methods on tilled soil.

approximation. This unequal net traction ratio possibly con
tributed somewhat to the error in estimating the tractive
efficiency. As mentioned earlier, the vertical load on the draw
barhitchwascalculated from themeasured horizontal pulland
theestimated pullangle of seven degrees. Fora tractor pulling
a semimounted implement, the error caused by disregarding
the effect of the vertical load was small. Figure 7 shows the
plots of motion resistance ratiowith and without considering
the vertical load on the tractor hitch. As can be seen, the
difference between the two plots is very small.

Asshown inFigs. 4,5 and6, theestimation erroris large if the
travelreduction is small.Usually, low travel reductionresultsin
more scatter in data (Upadhyaya et al. 1988). A satisfactory
prediction was obtained when the travel reduction was within the
range from 8 to 15 percent.

In this study, the soil cone index was estimated from the
measured horizontal drawbar pull and the travel reduction.
Although it has the same dimension as the index measured
witha conepenetrometer (ASAES313.2 1987),themagnitude
of the estimated index may differ from the measured cone
index (Wang and Zoerb 1987). To distinguish the measured
soil cone index from the estimated, the latter was called trac
tion index, //. From literature and this study, the net traction
ratio can be generalizedby the followingequation:

WANG and ZOERB
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Tr = Coll - txp(ciCnS)] + (C2/Cn + C3) + C4(S - C5) (16)

For a drive wheel in different soils, the net traction ratio
equation may take the same form but with different constants.
If the constants in Eq. 16 were determined for each combina
tion of tractor and soil, the equation could be used for a similar
tractor-soil condition with good accuracy. But it is not practi
cal to conduct field tests for every tractor-soil condition,
because soil conditions may vary from season to season and
from place to place although the tractor is the same. Nonethe
less, it is possible to partially compensate for the error caused
by soil condition change by the following method:

With the use of the traction index, //, the wheel numeric is
called modified wheel numeric, Cm, which is:

Cm=hbdlW (17)

Substituting Cnby Cm, Eq. 16 becomes:

Tr= c0[l - txp(-ciltbdS/W)] + (ciWIhbd + C3) +
C4(S - cs) (18)

If all the coefficients (c0, ci, ... ,cs) are considered to be
constant, the traction index, /*, will be able to compensate for
the errors caused by the variation of soil strength, tire size and
shape, and tire inflation pressure, provided it is obtained using
the method described earlier. Since it is obtained for a specific
tractor-soil condition, the traction index can not be used for
other tractor and other soil conditions. But it can be used for

the same tractor with similar soil conditions. For a specified
farmstead, a certain tractor will be used for years and the soil
conditions will not change very much for a given season in a
specified field. Thus, the concept of traction index shows a
usefulness for individual farms. The traction index can be

obtained by making a single test run or more test runs for better
accuracy. The index can be determined at any time for the
purpose of monitoring tractor tractive efficiency.

CONCLUSIONS

1. Tractor tractive efficiency can be determined indirectly
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from travel reduction and horizontal drawbar pull. The
method was based on the traction equation developed by
Wismer and Luth (1973). Field test results showed the
method provided reasonable accuracy within the travel
reduction range from 8 to 15 percent. The prediction
error became smaller with the increase of the tractive

efficiency. This indirect method can be applied for the
field performance monitoring of farm tractors.

2. The concept of tractor traction index was introduced. The
traction index was used just as the soil cone index, but it
was obtained from the measurement of drawbar pull and
travel reduction. Traction index represents tractor trac
tion ability not just soil strength. It partially compensates
for the errors caused by the variation of soil strength, tire
size and shape, and tire inflation pressure. The index can
be determined at any time during the field operation.
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