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Traction

P, = engine gross flywheel power

b, = tractive power developed by the wheel
P, = power transferred to the wheel axle
r = wheel rolling radius
r, = torque radius of the wheel
R = vertical reaction force of the wheel
s = travel reduction ratio, or slip
T = torque transferred to the wheel axle
T, = tractive efficiency of the wheel
v, = actual velocity of the wheel
v, = implement velocity
v, = theoretical velocity of the wheel
W = dynamic wheel load
Introduction

Tractors were created to reduce human and animal labor inputs and increase
efficiency and productivity in crop production activities (Schueller, 2000). The
main use of tractors is to pull implements such as tillage tools, planters, cultiva-
tors, and harvesters in the field and, to some extent, on the road (Renius, 2020).
To pull implements efficiently, a tractor needs to generate traction between
the tires and the soil surface. Traction is the way a vehicle uses force to move
over a surface.

Quite early in tractor development, the direct transfer of power from tractors
to implements was made possible by using power take-offs (PTOs) that trans-
fer rotary power to implements and machines and by using hydraulic systems
to lift and lower implements and to move parts of attached machines. Pulling
implements is still the most common use of tractor power. The field capacity
of agricultural machines, i.e., the field area that can be covered per unit time,
has caused bigger implements to be developed and used. The increased sizes
require greater traction from the pulling tractor. More efficient systems to
create the tractive force are necessary to provide the large forces necessary
to pull those implements.

The efficiency of how tractors convert the power generated by an engine to
the power required to pull the implements depends on many variables associ-
ated with the tractor and the soil conditions. Traction is especially important
in agriculture as field soils are not as firm as the roads used by cars and trucks.
This chapter presents the basic principles of traction applied to agricultural
machinery.




Outcomes

After reading this chapter, you should be able to:

 Explain how tractors develop tractive force

 Describe the effect of some important variables on the tractive force

* Calculate how much power a tractor can develop when pulling an implement

* Calculate the power requirements to match tractors to implements

Concepts
Traction and Transport Devices

According to the American Society of Agricultural and Biological Engineers
(ASABE Standards, 2018), there are two types of surface contact devices associ-
ated with the motion of a vehicle: traction devices and transport devices. A trac-
tion device receives power from an engine and uses the reactions of forces from
the supporting surface to propel the vehicle, while a transport device does not
receive power, but is needed to support the vehicle on a surface while the vehicle
is moving over that surface. Wheels, tires, and tracks can be traction devices if
they are connected to an engine or other power source; if not connected, they
are transport devices. The main components of an agricultural tractor are pre-
sented in figure 1. In this example, the tractor is 2-wheel drive, so the large rear
wheels, which receive power from the engine, are the traction devices, and the
small front wheels are the

transport devices. All wheels

would be traction devices

if the tractor were 4-wheel Rear wheels:
drive. The engine is connected traction device
to the traction device by the
drive train, often consisting of
a clutch, transmission, differ-
ential, axles, and other com-
ponents. (The drive train is
not discussed in this chapter.)
The drawbar is an attachment
point through which the trac-

tor can apply pulling force to
an implement. Figure 1. Schematic view of a two-wheel drive agricultural tractor.

Front wheels:
Drawhar transport device

e

Mechanics of Traction

The simplest way of analyzing the traction produced by a traction device,
such as a wheel or track, is to consider friction forces that act at the contact
between a traction device and the surface when the system is in equilibrium.
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For simplification the machine is assumed to be moving at a
constant velocity on a non-variable surface (figure 2). A traction
device (hereafter simplified to the most common implementa-
tion as a “wheel”) has two main functions: to support the load
acting on the wheel axle (W) and to produce a net tractive force
(H). The force Wis generally called the dynamic load acting on
the wheel. The dynamic load depends on how the weight of the
tractor at that point in time is distributed to each wheel. If
the system is in equilibrium, the surface reacts to Wby applying

Figure 2. Simplified diagram of the variables related 3 vertical reaction force (R) to the wheel. In the contact between
to a wheel developing a net tractive force. the surface and the wheel, a friction force (F;) is generated. To

-

@ = angular velocity of )
the wheel

F. = friction force

H = net tractive force

R = vertical reaction
force of the wheel

T = torque transferred
to the wheel axle

v, = actual velocity of
the wheel

W = dynamic wheel load
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keep equilibrium in the horizontal direction, the magnitude
of the net tractive force H is equal to the magnitude of the friction force F,. To
produce a net tractive force H, the friction force needs to be overcome. This
is done by applying a torque (T) to the wheel axle. This torque is proportional
to the torque produced by the tractor engine according to the drive train, includ-
ing the current transmission ratio.

When moving, the wheel (figure 2) rotates with a constant angular veloc-
ity (w), and this angular speed is proportional to the engine rotation speed,
depending on the gearing ratio in the drive train. The wheel has an actual
velocity v,, which is equal to the angular velocity multiplied by the wheel’s
rolling radius reduced by the slip (as discussed below). In an equilibrium
situation, w and v, are constants. The power transferred to the wheel axle
(P,) can be calculated as the product of the torque (T') and the angular veloc-
ity (w), as shown in equation 1. The tractive power developed by the wheel
(P, is the product of the net tractive force (H) and the actual velocity (v,),
as shown in equation 2. The tractive efficiency of the wheel (T;) can be cal-
culated as the ratio between tractive power and the wheel axle power, as
shown in equation 3.

P =Tw 1

F=Hv, @
P

T, =P—t ©)

where P = power transferred to the wheel axle (W)
T = torque transferred to the wheel axle (N m)
= angular velocity of the wheel (rad s™)
P, = tractive power developed by the wheel (W)
H = net tractive force (N)
v, = actual velocity of the wheel (m s™")
T, = tractive efficiency of the wheel (dimensionless)




The friction force (F; in figure 2) is generated by the interac-  Table 1. Equivalent coefficient of friction for a

tion between the wheel and the surface. The friction force tractor wheel working on different surfaces.

can be calculated by multiplying the reaction force (R) by

the equivalent friction coefficient (u). Table 1 presents some Surface type

Equivalent coefficient

of friction (u)™

typical values. Because R is equal to the dynamic load act-

. . . Soft soil
ing on the wheel axle (W) and the net tractive force is equal I
L . Medium soil
to the friction force, the tractive force can be calculated as . |
the product of the equivalent coefficient of friction and the m so!
Concrete

0.26-0.31
0.40-0.46
0.43-0.53
0.91-0.98

dynamic load, as:

& These values were estimated based on data presented by

H = p w @) Kolator and Bialobrzewski (2011).

where ¢ = coefficient of friction (dimensionless).

The theoretical velocity (v,) is determined by the wheel’s rotational velocity
(w) times the rolling radius (r) as shown in equation 5, but the actual wheel
velocity (v,) is less due to the relative motion at the interface between the
wheel and the surface. This relative motion is the travel reduction ratio,
commonly called slip, and is defined as the ratio of the loss of wheel veloc-
ity to the theoretical velocity, that is, the velocity that wheel would have
if there was no loss. Equation 6 shows how the travel reduction ratio can
be estimated:

=wr 5)

t a (6)

where v, = theoretical velocity of the wheel (m s™)
7= wheel rolling radius (m s™)

s = travel reduction ratio, or slip (dimensionless)

The travel reduction ratio is an important variable for wheel tractive force analy-
sis. The travel reduction ratio of a wheel can vary from 0 to 1 depending on wheel
and surface conditions. When the travel reduction ratio is equal to 0, there would
be no relative motion between the periphery of the wheel and the surface. The
wheel rotation causes a perfect translational motion relative to the surface. How-
ever, experience has shown that for a wheel to develop a tractive force, there
must be relative motion (slip) between the wheel and the surface. Therefore, a
wheel generating tractive force needs to have a travel reduction ratio greater
than zero. When a wheel generates more tractive force, the travel reduction ratio
increases, and the actual wheel velocity reduces. When the travel reduction
ratio is equal to 1, the wheel does not move forward when it rotates. The models
used to calculate the tractive force generally use the travel reduction ratio as one
of the variables.

Traction
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Figure 3. Diagram of the variables related to a

wheel developing a net tractive force (H) including
the gross tractive force (F) and the motion resis-

Another important concept when analyzing the traction
process of a moving wheel is the motion resistance force (F,)
(figure 3). If a wheel is moving, the wheel and the surface
deform. Energy is spent to produce this deformation. The
resistance produced by the wheel and surface deforma-
tions must be overcome to allow the wheel to move. Con-
sidering the existence of the motion resistance force, in the
contact between the wheel and the surface, it is necessary
to generate a friction force greater than the motion resis-

tance force (F).

@ = angular velocity of )
the wheel

F = gross tractive force

H = net tractive force

R = vertical reaction

force of the wheel

rolling radius

= torque transferred

to the wheel

F_ = motion resistance
force

v, = actual velocity of
the wheel

W = dynamic wheel load
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tance force at the wheel-surface contact to produce a trac-
tive force. This friction force is now termed the gross tractive
force (denoted by F). Thus, the gross tractive force would be
the net tractive force generated by the wheel if there was no motion resis-
tance. Adding the concepts of motion resistance and gross tractive forces to
figure 2 results in figure 3, which is an improved representation of forces act-
ing on a wheel.

If the wheel represented in figure 3 has no motion in the vertical direction
(z axis), the wheel is in static equilibrium in this direction. In this condition, the
summation of forces in the z (vertical) direction is zero. Therefore,

2F,=0 (7a)
R-W =0 (7b)
R=W (7¢)

where F#, = any force applied to the wheel in z direction (N)
R = vertical reaction force of the wheel (N)

If the actual speed of the wheel represented in figure 3 is constant, the hori-
zontal forces are in static equilibrium in this direction and the sum of the
horizontal forces is zero. Therefore,

DF=0 (8a)
F—Fr -H=0 (8b)
H=F-F (8¢)

where £, = any force applied to the wheel in x direction (N)
F'= gross tractive force (N)
F_= motion resistance force (N)

Based on equation 8c, the gross tractive force (F) must be the net tractive force
(H) plus the motion resistance force (F,). If both sides of equation 8c are divided
by the dynamic load (W) acting on the wheel, resulting in equation 9a, three




dimensionless numbers, i.e., i1, U, and p, are created as shown in equations 9c,
9d, and 9e. The first one is the net traction ratio (), defined as the net tractive
force divided by the dynamic load. The second one is the gross traction ratio
(1), defined as the gross tractive force divided by the dynamic load. And the
third one is the motion resistance ratio (u), defined as the motion resistance
force divided by the dynamic load.

H_F_FK (92)
wow W

Hy =t~ P (9b)
H

-2 9¢)
o=
F

o= (od)

R .

P e (%e)

Equation 9b shows that (1, i, and p are not independent. By using a technique
called dimensional analysis, functions were developed to predict how p, and
p change as a function of the wheel variables and soil resistance. This analysis
is presented by Goering et al. (2003) and is beyond the scope of this chapter.
If y,, p, and W are known, the tractive force generated by the wheel can be
predicted using equation 10:

H=(pu,—p)W (10)

The R, F, and F. forces (figure 3) act on a point called the wheel resistance
center. This point is not aligned with the direction of the dynamic load W
but is a little bit ahead of it. This horizontal distance is called the horizontal
offset (e). The static analysis of a towed wheel (figure 4) shows that the wheel
resistance center is not aligned with the direction of the dynamic wheel load.
In a towed wheel, there is no torque applied to its axle. The soil reaction (G)
at the resistance center is the resultant of the R and F. forces. The direction
of the G force passes through the wheel center. To move the towed wheel
at a constant actual velocity (v,), a net tractive force (H) equal to the motion
resistance force (F,) needs to be applied to the wheel. For the wheel to keep
an angular velocity constant, the sum of the momentums at the center of the
wheels must equal zero. Goering et al. (2003) showed that the horizontal offset
can be calculated with equation 11.

Traction
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Figure 4. Diagram of forces acting on a towed

wheel.
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angular velocity of )

the wheel
horizontal offset
soil reaction at
resistance center
net tractive force

= vertical reaction

force of the wheel
rolling radius
motion resistance
force

= actual velocity of

the wheel
dynamic wheel load
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= Re-F r=0 (11a)
Va
F
e=—r (11b)
H=F R
AT r F
' ). e=—"Lr (11¢)
2—L v
OQ
G where e = horizontal offset (m).

By using equation 10, the tractive force can be predicted.
The other important information in the wheel traction
analysis is to predict how much torque needs to be trans-
ferred to the wheel axle to generate the tractive force (H). In equation 5,
the wheel radius is used to convert the rotational angular velocity to the theo-
retical wheel velocity. The wheel radius can also be used to calculate the torque
necessary to produce the wheel tractive force. The torque (T) necessary to keep
the angular velocity of the wheel constant and produce the net tractive force is the
product of the gross tractive force and the torque radius of the wheel, as given by:

r=rr, 12)

where 7, = torque radius of the wheel (m).

The wheel radius defined in equation 5 is different from the torque radius of
the wheel defined in equation 12 because of the interaction of the wheel and the
surface, which varies on a soft soil surface. Generally, a rolling radius based on
the distance from the center of the wheel axle to a hard surface is used. Therefore,
equation 13 can be used to estimate the torque acting at wheel axle:

T=Fr (13)

Engine Power Needed to Produce a Tractive Force

ASABE Standards (2015) presented a diagram (figure 5) of the approximate
typical power relationship for agricultural tractors. Tractors can be specified
by their engine gross flywheel rated power (P,). One of the standards used to
define the engine gross flywheel rated power is SAE J1995 (SAE, 1995). The
rated power defined by this standard is the mechanical power produced by
the engine without some of its accessories (such as the alternator, the radia-
tor fan, and the water pump). Therefore, the engine gross flywheel rated
power is greater than the net power produced by the engine. The approxi-
mate engine net flywheel power can be estimated by multiplying the gross
flywheel power by 0.92. The power at the tractor PTO is about equal to the
engine gross flywheel power multiplied by 0.83 or the engine net flywheel
power multiplied by 0.90.




The power that the tractor can generate to pull implements, often termed
drawbar power because many implements are attached to the tractor’s draw-
bar, depends on the tractor type, i.e., 2-wheel drive (2WD), mechanical front
wheel drive (MFWD), 4-wheel drive (4WD), or tracked. The surface condition
where the tractor is used has an even greater effect. Using these two pieces of
information, coefficients that show estimates of the relationship between the
drawbar power and the PTO power is given in figure 5.

The drawbar power required to pull an implement is:

PDB = E Vi a4

where 7, = drawbar power (W)
£, = force required to pull an implement (N)
v, = implement velocity (m s™")

The force required to pull an implement depends on the implement. For
example, the force required to pull a planter F, is the force required per row
times the number of rows:

£, =/, 1s)

where f, = force required per row of planter (N row ™)
n_= number of rows

Once the required drawbar power is determined, the values in figure 5 can be
used to calculate the estimated needed gross flywheel rated power of a tractor
to pull the implement.

Gross Flywheel

I
Applications ¢ 0.92

[ Net Flywheel |
The concepts of traction and tractor power are necessary for v 0.99

properly matching the tractor to an implement. Agricultural | Transmission Input |

operations cannot be performed if the tractor cannot develop

y 0.90-0.92

0.90

0.83

enough power or traction to pull the implement. As implements |

PTO

have increased in size over the years, it is necessary that the

v

tractors have enough power and enough traction for the tasks  [Tractor Tractive Condition

they have to perform. Choosing a tractor that is too large Type [Concrete] Firm Tilled Soft
will negatively impact agricultural profitability because larger 2WD | 0.87 0.72 0.67 0.55
tractors cost more than smaller tractors. An oversize tractor MFWD | 0.87 0.76 0.72 0.64
may also increase fuel consumption and exhaust emissions. | 4WD 088 | 077 | 075 | 070
This is significant because even the most efficient tractors get |_Irack | 0.88 076 | 0.74 0.72
less than 4 kWh of work per liter of diesel fuel. ¢

Tractors range greatly in size (e.g., figure 6). For example, one | Drawbar

large contemporary manufacturer sells tractors from 17 to 477kW.  Figure 5. Diagram of the approximate power rela-

The weight of the tractor must be enough to generate sufficient tionships in agricultural tractors (types are defined in
traction force, as shown in equation 10. However, besides the cost  the main text) and soil conditions (ASABE, 2015).
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Figure 6. Typical contemporary (a) small and (b) large tractors.
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of adding weight, additional weight may increase soil compaction and depress crop
yields. It is therefore necessary to understand these concepts to design tractors and
implements. The capabilities of the tractor’s engine, power transmission elements,
and wheels need to be appropriately scaled. There needs to be a trade-off between
making them large and powerful with making them compact and inexpensive. The
above analyses can be used to guide tractor choice and design.

The concepts are also applied to other types of agricultural machinery, such
as self-propelled harvesters and sprayers. For these machines to be able to
complete their tasks, they need to be able to move across agricultural soils.
The same calculations can be used to determine if there is enough power and
to design the various components on those machines. The wheels, axles, and
power transmission components must be able to withstand the forces, torques,
and power during the machines’ use.

Examples
Example 1: Tractive force

Problem:

Calculate the tractive force produced by a tractor wheel that works on a firm
soil with a dynamic load of 5 kN. The wheel velocity is 2 m s If the tractive effi-
ciency is 0.73, what is the power that needs to be transferred to the wheel axle?

Solution:
Assume an equivalent coefficient of friction of 0.48, the mean value for firm soil
presented in table 1. Calculate the tractive force using equation 4:

H=uW =0.48x5=2.4kN

Now, calculate the tractive power for the tractor wheel using equation 2:




P =Hv, =2.4x2=48kW

Calculate the power that needs to be transferred to the wheel axle for using
equation 3 with the given tractive efficiency of 0.73:
P .
P =t _ 48 6.58kW
7. 0.73
This value of needed power can be used to design the various power trans-
mission components. The power consumption can also be used to calculate the
power demanded of the ultimate power source, probably an engine, to calculate
fuel consumption and, thereby, costs of a particular field operation.

Example 2: Torque and travel reduction ratio, or slip

Problem:

A wheel on another tractor receives 40 kW from the tractor powertrain. The
wheel rotates at 25 rpm, which is an angular velocity, o, of 2.62 rad s™. (Note:
2n rad x 25 rpm/60 min s = 2.62 rad s™) If the rolling radius of the wheels is
0.81m and the speed of the tractor is 2 m s, calculate the torque acting on the
wheel and the travel reduction ratio (commonly known as slip).

Solution:
Calculate the torque acting on the wheel T for a power P, of 40 kW using
equation 1:

A =ﬂ= 15.28 Nm
2.62

W
@

Calculate the power to be transferred to the wheel for producing 2.4 kN of
tractive force at 2 m s of wheel speed using equation 3:

p=f_ 28 g ssiw
. 0.73
Calculate the theoretical velocity of the wheel v, for a rolling radius r of

0.81 m using equation 5:

v =0r=262x081=2.12ms"

Since the actual velocity of the wheel is 2 m s, which is less than the theoreti-
cal velocity of the wheel, calculate the travel reduction ratio s using equation 6:

v,—v, 2.12-2.00

t a

v 2.12

t

s = =0.057, or 5.7%

In addition to providing guidance to the design of the agricultural machine
and its power consumption, calculation of the slip is useful to determine how
fast the operation will be performed. Excessive slip can also have adverse effects
on the soil’s structure and inhibit plant growth.

Traction
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Example 3: Tractive force and power

Problem:

Consider a wheel that works with a dynamic load of 10 kN, a motion resistance
ratio of 0.08, and a gross traction ratio of 0.72. Find the tractive force that the
wheel can develop. If this wheel rotates at 40 rpm and the rolling radius of
the wheel is 0.71 m, how much power is necessary to move this wheel?

Solution:
Calculate the gross tractive force developed by the wheel F using equation 9d:

F=p,W=072x10=7.2 kN

Calculate the motion resistance F. of this wheel using equation 9e:
F. = pW =0.08x10=0.80kN
The tractive force H developed by the wheel, according to equation 8c, is the
difference between the gross tractive force and the motion resistance:

H=F-F =72-0.8=64kN

Calculate the torque necessary to move this wheel using equation 13:

T=Fr=72x0.71=5.11kN m

Calculate the power P necessary to turn the wheel using equation 1:

27N 2x x40

P =To=T =511x——=214kW
60

w

Example 4: Engine gross flywheel power

Problem:

Calculate the necessary power of a MFWD tractor to pull a 30-row planter.
According to ASABE Standards (2015), a force of 900 N per row is required to
pull a drawn row crop planter if it is only performing the seeding operation.
The speed of the tractor will be 8.1 km h™ (2.25 m s™). The soil is in the tilled
condition. Consider that the tractor should have a power reserve of 20% to
overcome unexpected overloads.

Solution:
Calculate the drawbar force needed to pull the planter using equation 15:

F, = f.n, =900x30 = 27,000 N

12 ¢ Traction




Calculate the drawbar power P, needed to pull the planter using equation 14:

By =F,v, =27,000x2.25 = 60,750 W
Therefore, the tractor needs to produce a drawbar power of 60.75 kW. From
figure 5, find that the coefficient that relates the drawbar power to the PTO
power of the tractor for a MEWD tractor working on tilled soil condition is 0.72.
Thus, the tractor PTO power Py, should be:
Py,  60.75

_ DB

= = =84 kW
O 072 072

Considering that the coefficient that relates the PTO power to the engine
gross flywheel power is 0.83 (figure 5), the engine gross flywheel power P, is:

B 84.375

P = PTO _

> = =102 kW
0.83

Considering a reserve of power of 20% to overcome unexpected overloads,
the tractor selected should have an engine gross flywheel power at least 20%
greater than that needed to pull the 30-row planter, or 1.2 x 102 kW = 122 kW.

These calculations will help the farm manager select the proper tractor for
the operation.
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