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Influencing tactors of the gearbox In
efficiency of electrical traction drives

The usage of electrical drives in agriculture has reached mobile machines with drag force
requirements, e. g. tractors. There are suggestions to optimize the electrical powertrain of
passenger cars to reduce the energy consumption. During the optimization process the whole
system, consisting of electrical and mechanical components, has to be considered. Effects of
important factors and indicators are discussed in the following article.
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mm Most traction drives in on-road applications are imple-
mented as three-phase drives, especially asynchronous ma-
chines (ASM) and permanent magnet synchronous machines
(PMSM). One of the most important reasons for using three-
phase drives is its high power density, i.e. a low ratio of mass
to drive power. Table 1 compares the two types of electrical
machines.

An exemplary characteristic curve of a controlled electri-
cal device is shown in Figure 1. Through closed loop control
of the power electronics, it is possible to maintain a constant
drive torque M,,, over a certain speed range (hereinafter re-
ferred to as basic speed range BS) (Figure 1, a). If the speed is
increased beyond the BS, the drive’s nominal torque is reduced

Comparison of permanent magnet synchronous machine and asynchro-
nous machine
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with increasing rotation speed, due to the fact that the magnet-
izing current falls if a constant voltage is applied. This area is
referred to as the field-weakening area FW. The characteristics
of the motor current in this area depend on the machine typ
(e.g. ASM or PMSM) and the design of the electrical drive. As
a result, the characteristic curve of the machine has areas of
increasing power and areas of constant power (Figure 1, b).

At a given voltage and a finite thermal load capacity of the
electric drive, a maximal torque M,,,, can be produced (see Fig-
ure 1, a). In this state, the machine is heating up, until after a
certain time a destruction of the machine can be expected. At
a continuous torque M,,,, however, a permanent operation is
possible. The increase of the drive torque beyond the nominal
torque is hereinafter referred to as overload operation.

Both types of electrical drives differ in their efficiency.
PMSM achieve higher efficiency at lower rotation speeds and in
partial load range. ASM can be advantageous at high rotation
speeds [1]. For both types, an optimal efficiency range exists
regarding either power or rotation speed.

Electrical drives in on-road applications

As they reach a higher power density, PMSM are used more
often in mobile applications than ASM. Due to reasons of larger
dimensions, wheel hub drives or direct drives are considered to
be optimal in mini-vehicles. However, if more powerful engines
are needed, central drive solutions are more and more predomi-
nant [2, 3, 4]. This results from a demand for high wheel tor-
ques to reach high accelerations on the one hand, as well as a
demand for higher vehicle top speeds on the other hand.

The requirement for a high starting torque can be achieved
by using a largely dimensioned and thereby heavy machine
without a mechanical transmission, or using the overload op-
eration of a “smaller” electrical drive.

The top speed depends on the wheel rotation speed. High
rotation speeds do not pose a problem for electrical machines.
Currently available PMSM are able to run in the field-weaken-
ing area at top speeds of 12000 rpm and more.
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While the required drag force increases with the vehicle
velocity, the drive torque decreases at higher rotation speeds,
resulting in an operation point at which the vehicle reaches its
top speed.

The battery is responsible for a significant share of the vehi-
cles’ production costs as well as its weight. Therefore at a given
vehicle range, the energy consumption and the efficiency of the
drive train are significant cost factors. It is an important aspect
of the development of such vehicles to adapt the range with the
highest efficiency of the electric machine to the power needs of
the vehicle. Energy savings of up to 16 percent with regard to
the particular driving cycle can be achieved [4].

For electrical traction drives in passenger cars, suggestions
have been made to optimize energy efficiency of the electrical
drive train [2].

Drag force needs of a tractor
Mobile working machines can be categorized, according to

energy consumption, electrical drives are more and more used
in vehicles with a high share of continuous drag forces [6].

The demands on tractors shall not be discussed in detail in
this paper, as they are already described in the literature, e. g.
in [7]. To select a suitable traction drive, the vehicles' wheel
rotation speeds as well as the necessary wheel torques have to
be known. Due to the various applications of tractors, it is pref-
erable to be able to convert the maximal engine power, at every
vehicle speed, into traction power.

In Figure 3, a list of typical tasks for tractors and its cor-
responding vehicle speeds is given [8]. The resulting velocities
range from about 4 until 40 km/h. The speed limit for tractors
of today 50 km/h, is reached more and more frequently and
an increase of the maximum speed is currently discussed [9].

If the drag force F,,, is calculated according to equation 1
from the power P,,, provided by the engine, the curve in Fig-
ure 4 can be plotted.
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their tasks, into machines with and without continuous drag F zug (V) =P nenn "V (Eq. 1)
forces. Tractors use a major share of the engine power for pull-
ing purposes, which is why they are categorized as machines
with continuous drag forces [5]. For further reduction of the
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An electrical machine with a large field-weakening area and
an almost constant power in this area seems to be well suited
for the task of drag force generation.

The hyperbola of the field-weakening area of an electrical
motor fits almost ideally to the drag force hyperbola as both
curves are based on a constant power supply at increasing rota-
tion speed. (Figure 1, a and Figure 4)

To generate the necessary torque for a high drag force with-
out using additional transmissions, the electrical drives would
have to have a large and often unsuitable diameter as well as a
high mass. This conflict has been discussed several times and
was solved by [10] by using an additional gear reduction.

For a mobile working machine with continuous drag forces
only the continuous load range of an electrical machine can be
used. A short overload operation seems to be only necessary
in certain situations with high drag force demands. It should
be noted that the demand for a high torque overload capacity
and a large field-weakening area cannot be fulfilled at the same
time [11].

The overall gear ratio can be calculated using equation 2.
For a speed range of 4-50 km/h as it is given in Figure 3, it is
Pgeschwindigkeit = 12,9. This ratio (or spread) cannot be achieved
with machines currently available on the market. PMSM and

ASM that are suitable for automotive applications reach accord-
ing to equation 3 a value of @40 = 3 (up to 4) in the field-
weakening area at constant power output.

In order to use standard electrical motors, a possibility has
to be found to adapt the overall gear ratio resulting from the
different working speeds (Pgeschwindigkeit) t0 the overall engine
spread (®gnirien)- Normally, this can be done using a shift trans-
mission that provides the additional spread according to equa-
tion 4. The following calculations are made according to [12].

The transmission’s gear spread (Qgeriene) has to be divided
into gears so that an uninterrupted drag force hyperbola ap-
proximating the ideal drag force hyperbola can be implemented
(Figure 4). Using gear transmissions implies that an integer
number of speeds has to be used. Applying a constant gear step
without overlapping rotation speeds of the drive in different
gears the number of gears can be calculated according to equa-
tion 5.

¢Geschwindigkeit = vmax / Vmin (Eq' 2)
(DAntrieb = nmax /nnenn (Eq 3)
qDGeschwind[gkeit = qDAntrieb ’ goGetriebe (Eq 4)
ZGang = log(/’,{nmeb ((DGetriebe) + 1 (Eq 5)

One possibility to implement an integer number of gears is
to choose an oversized electric drive and use the nearest lower
integer number of gears. Thereby, the usable engine spread can
be extended as the required power output is reached at rota-
tion speeds below the corner speed (n,e,,) (Figure 5). A higher
drag force could be used if a machine with higher power output
would be chosen, provided that this would not be limited by the
energy source or the traction limit.

The second possibility is to choose the nearest higher inte-
ger number of gears. The drag force curve aligns with the ideal
drag force hyperbola over the whole speed range (Figure 6). As
a result of the adaptation of the gear steps, the speeds overlap
in the different gears (Figure 5, at the bottom).

The velocities that can be reached in each gear using the
nominal power are displayed below the drag force curves (Fig-
ure 5 and Figure 6).

Optimization approach

To reduce losses of the electrical machine, it is useful to operate
it in the range of optimal efficiency. By increasing the num-
ber of gears, the drive could be operated in its optimal rotation
speed range. Figure 7 shows a drag force curve for a 5-speed
drive. An example using two, three and five gears demonstrates
how the efficiency of the electric drive as a function of vehicle
speed changes, using only a small part of the constant power
area of the drive with the highest drive efficiency. Figure 8
shows that increasing the number of gears allows to operate the
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drive over a wide range of vehicle speeds in its optimal drive
efficiency area.

As every gear pair causes mechanical losses, an optimum
for motor and gearbox losses has to be found. An iterative strat-
egy based on simulation results taking into account electrical
and mechanical losses according to Figure 9 is proposed.

Conclusions

Electrical drives that provide a large constant power area are
well suited to reach a close approximation to the ideal drag
force hyperbola using a small number of gears. Increasing the
number of gears allows adapting the drives’ operating points
to the vehicle speed enables the use of the high efficiency of
electrical drives even better. The estimation of mechanical and
electrical losses in the drive train is an essential information for
the optimization process. An iterative strategy to optimize the
energy consumption is proposed.
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