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Summary

The basic principle of the LT3 drive system is a planetary gearing with a rotatable ring gear. Rolling piston
cylinders enable this rotation by acting on the cam disk shaped outside of the ring gear which fix or loosen
the ring gear accordingly. By fixing the ring gear via the cylinders the gear ratio corresponds to the normal
mechanical ratio of the gearing which is given by the combination of the planet gears and the ring gear. By
loosening the ring gear completely there is no more power transmission to the carrier; hence, the carrier
doesn’t rotate anymore. In between, the rotational speed can be adjusted continuously between 0 and the
maximum speed within a few milliseconds, “online”, as it were, depending on the compensatory need.

The technology was verified by the chair of Mobile Machines (Mobima) at Karlsruhe Institute of
Technology. During the current second development process, the controlling of the system via high
pressure components was elaborated. Furthermore, LT3 was designed for high torques up to 8,000 Nm. A
feasibility study for heavy-duty vehicles was completed successfully in 2016. The LT3 technology
thereupon was downsized for smaller systems. Possible applications for LT3 are all systems where
synchronisation functions or to allow a superposition of the rotation speeds are necessary, especially with
the objective to substitute the differential gear in electric vehicles with central motor.

In today’s differential gears advanced driver-assistance systems normally intervene by brake action on the
critical wheel. However, LT3 enables a planned control of each driven wheel. With that, active Torque
Vectoring is possible which can operate foresightedly in every driving situation. Saving potential mainly in
production is the result of using the LT3 system. Viscous coupling or Haldex unit as well as Torsen
differential as well as ASR assistant are no longer needed. In E-mobility application, mainly in small
vehicles, space could be used in a better way or rather the packaging could be designed more favourable.

LT3 Drive realizes 3 functions in one unit: reduce of rmp from engine to wheels; compensation of
differential rpm between the driven wheels; active torque vectoring. Neither spur gear nor any differential
in the drive train are needed. Power distribution of the central motor is purely mechanical an thus highly
energy efficient. An active torque vectoring with optimal power allocation to the wheels allows a
previewing steering manoeuvre in self-driving connected vehicles. This ensures optimum utilization of the
installed engine power, improved performance characteristics and lower energy consumption and wear.
Production costs are the same or even lower applying LT3.
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1 Motivation

Most of today’s vehicles have a central drive and the wheels are driven mechanically. In doing so, the
differential fulfils a significant role by enabling the drive of multiple wheels that remains free from
distortion having only one power source. Such gearings aren’t only used in lateral distribution to distribute
the power between the wheels of one axle but also in longitudinal distribution to distribute the power
between the different axles. Therefore, vehicles with four-wheel-drive have generally three differentials.
One disadvantage in distributing the traction force between the wheels via differentials is that the maximal
traction force for all wheels is limited by the wheel with the worst traction. In particular when the road
surface is bad or when high traction forces have to be transmitted this disadvantage comes into effect. By
locking the differential bad traction in such situations can be avoided, although cornering isn’t slip-free and
torsion-free anymore. The locking device on the axles needs additional space and increases the mass inertia
as well as drag losses. Furthermore, the individual control of torque and speed of each wheel isn’t possible
at all or only with high technical effort in those systems.

That’s why an ideal mechanical drive must offer the possibility to fully utilise the traction potential of each
wheel just like in a locked drivetrain. At the same time, it must allow cornering without difficulty. For this,
each driven wheel must be controllable individually and independently of the other wheels.

Those requirements only can be satisfied by a mechatronisation of the drivetrain. The Line Traction 3
system (L T3) represents one possible approach and will be presented in the following.

2 Technology

The LT3 drive is based on a controllable planetary gearing system which consists of the planetary gearing
and a hydro mechanical unit:

- Electronic control unit :
- Proportional valve
- Radial piston system (Hydromechanics)
- Planetary gearing
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Figure 1: Exploded view hub version of LT3 [1]

The Hydromechanics are based on the radial piston principle and the proportional flow control valve which
are well-known in mobile hydraulics. In LT3 drive the ring gear is, in contrast to standard planetary drives,
fixed by rolling pistons. The cam disc design of part of the ring gear can be located on the outer or the inner
outline of the ring gear. If the stroke ring is charged by a torque, it can turn together with the ring gear of
the planetary gearing in the direction of the torque, as far as a controllable stroke movement of the rolling
pistons is permitted. If the movement of the rolling piston is blocked, the stroke ring can’t turn.
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Figure 2: Hydrostatic unit of LT3

The difference in relative speed of the wheels is calculated as a function of the fix parameters, namely the
wheel track, the wheel diameter and the wheel base, and the variable parameters, as there are: the steering
angle and the vehicle speed. The speed difference is then transferred to the LT3 actuators. Thus, each wheel
is controlled individually as a function of the steering geometry and the driving dynamics.

Each wheel is driven mechanically in a permanent way. Only the relative speeds will be adapted by the
hydrostatic unit. The distribution of torque on the driven axle is no longer determined by the ECU and
controlled mathematically.

Differential technology reacts, LT3 drive acts. LT3 has the potential to replace differential gears in all
wheel-driven vehicles. In LT3, distortions in the drive won’t even arise. A vehicle being equipped with LT3
drives is adjusted automatically to every driving situation. If one wheel hasn’t wheel grip for example (it is
up in the air) it won’t spin. All wheels turn only as fast as the programming does allow. Traction remains
fully preserved.

3 Principle of the wheel control

With LT3 each wheel is driven mechanically in a permanent way and only the relative speeds of the inside
wheels are adapted while cornering. The different relative speeds of the wheels are calculated as a function
of the fix parameters, namely the wheel track, the wheel diameter and the wheel base, and the variable
parameters, as there are: the steering angle and the vehicle speed. The speed difference is then adjusted at
the wheels by the LT3 actuators. Thus, each wheel is controlled individually as a function of the steering
geometry and the driving dynamics [2,3].

By using a planetary gearing, it is possible to overlap the rotation speeds and at the same time to conform to
the torque requirements. The sun gear is driven, the carrier is connected to the wheel and the ring gear is
fixed. In the following, a configuration to increase torque known from utility vehicles is shown (cf. figure
3).
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Figure 3: Principal of the wheel hub unit of the LT3 System

In LT3 the ring gear is fixed by rolling pistons, in an analogous way to a hydrostatic radial piston unit. The
stroke ring can be located on the outer or the inner outline of the ring gear.

If the rotation speed must be adjusted, the stroke ring can turn together with the ring gear of the planetary
gearing in the direction of the applied torque; on condition that a controllable stroke movement of the
rolling pistons is permitted by the valve in the hydrostatic circuit. By overlapping the rotation speeds, the
speed of the carrier and thus the wheel speed can be adjusted (cf. figure 4) [2,3,4].
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Figure 4: Circumferential speeds on the planetary gearing: on the left with fixed ring gear, on the right with speed
adaption [4]

The torque transmitted to the wheel remains unaffected on condition that the power machine can fulfil the
torque-request. With this configuration of the drivetrain it is possible to control each wheel individually
concerning rotation speed or torque [4].
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4 Testing

The first prototype of the hub drive was tested by the Karlsruhe Institute of Technology KIT in June 2015.
The properties of LT3 have been tested with the focus to functionality, heat development, improvement of
the traction. In particular, the response time of the system were scientifically and practically verified and
validated on the test bench. [3,4]
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Figure 5: Step response of the prototype with a positioning time < 500ms [4]

Together with the measured data (cf. figure 5) it was possible to achieve a model of the LT3 and to precede
an additional investigation based on Hardware in the loop method named MOBIL (cf. figure 6) to achieve a
frontloading effect in the process of development for different vehicles. It is now possible to get results for

different vehicles, powertrain combinations and control strategies, without big efforts of building up a great
number of prototype vehicles. [5]

As in most Mechatronics systems, the basic set-up is very simple. The system provides a lot of
opportunities in the design of the drivetrains, is very flexible and robust. The functionality is significantly
determined by the operating strategy.
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Figure 6: Test method MOBIL applied to LT3 [5]

5 LT3 in E-Mobility

The replacement of the differentials in cars can be seen as an “eruptive technology” in the drivetrain.
Especially in electric vehicles there is a high potential for saving space and costs when the differential is no
more needed. At the same time provides the necessary speed difference for the wheels. Thanks to the high
mechanical flexibility different topologies of mechanical drivetrains can be realized. Especially for electric
drives this can result in interesting approaches. LT3 units can be arranged at any position: either centrally
on the axle similar to the ordinary differential (cf. figure 7) or, as mentioned before, in the wheel hub (cf.
figure 1) as a concept for utility vehicles for example.
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Figure 7: Compact version of LT3 with exploded view [1]

Basically, a systematic LT3 drivetrain in i.e. a 4-wheel-drive vehicle looks like this:

Primary Drive

Figure 8: Driveline of a LT3 system for full control of each wheel
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Figure 9: Generic Driveline of a conventional On Demand system.
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Remarkable is the simple structure and the small number of components (cf. figure 8), even though all
wheels are controlled individually. By comparison, standard drivetrains are a lot larger (cf. figure 9).

5.1 Configuration in E-mobility

In a conventional vehicle concept with a central electric power machine where all wheels should be
controllable individually, LT3 offers benefits in the positioning of the electric motor in the vehicle.
Different possible arrangements are shown in the blue part of the drivetrain; these are all located previous
to the LT3 units in the sense of the power flow. In the blue part elements to transform the characteristic
maping can be integrated additionally; figure 10 shows the example with two gear stages. The appropriate
basic ratio of the drivetrain is given by this fix gearing; in addition to this, the ratio of the planetary gearing
can be used to simplify mapping adapting measures.
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Figure 10: Arrangement of the LT3 driveline and different positions of the electrical machine in 4WD

Different configurations can be realized easily, also for simple drivetrains like two-wheel drive vehicles. As
shown in figure 11, the electric machine can be directly integrated in the axle; both ends of the rotor shaft
are in each case connected to a wheel via a LT3 unit. The drivetrain is more compact and the mass inertia is
lower than for a comparable drive with differential. The LT3 unit with its planetary gearing undertakes the
task to create the speed difference while cornering, and the adaption of the characteristic map of the motor
to the vehicle conditions. The reduction of the rotation speed, which is provided by the crown wheel of the
differential in standard drivetrains, is realized via the planetary gearing in LT3.

Figure 11: LT3 in different configurations [1]
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Electrical driven high-performance vehicles are generally equipped with individual motors in each wheel.
This has a considerable influence on the technical and financial effort for the drive system, in particular for
the power electronics of each motor, as well as on the total weight.

In a single-wheel drive system with a mechanical power of 80 kW for example, it can happen that one
single motor must provide up to 60% of the power in some driving situations. Thus, you need a mechanical
power provision of 48 kW (equivalent to 60% of the 80 kW engine power) on each driven wheel which
corresponds to 192 kW in total.

In addition to that, each motor needs an individual power electronics which consumes additional energy. At
the same time, it reduces the range and increases the manufacturing costs.

In the configuration with electrical wheel motors other disadvantages are the higher unsprung masses, the
temperature influence during the braking process and power losses when the motors rotate slowly.

In any case, the use of one central motor and a mechanical torque distribution is more energy-efficient.
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Figure 12: LT3 electric 4-wheel-drive

E-mobility in rural areas will particularly depend on the infrastructure of the loading possibilities. But
exactly in those areas there are a lot of commuters (e.g. from mountainous areas) and users of off-road
vehicles (e.g. for agriculture and forestry) who rely on four-wheel drive. To satisfy the requirements of
those kinds of customers, the electric vehicles should have a great range. An energy-efficient central drive
with a mechanical power transmission without drive shafts would be a big advantage especially for this
customer group.

5.2 Comparison of efficiency of differential and LT3 system

One question that is often discussed in the context of LT3 is the energy efficiency. In the following, the
efficiency of LT3 will be compared with the efficiency of standard differential gearing.

Efficiency of a differential gearing:

One important parameter of a differential is the locking value S or rather the Torque Bias Ratio “TBR” (S
of 0% means completely loose, S of 100% completely locked). It is a measure of the internal friction in the
differential and characterizes its ability for self-locking. A lot of friction (high value of S) is good for
starting on different road conditions of both sides of the axles. But it is bad for cornering. A compensation
of the difference of distances travelled by the two wheels is only possible when the force difference
between the right and the left wheel is equal with the friction force (which is created by the friction effect
as it is the case in self-locking Torsen-differentials for example). As a result, distortions in the drive and tire
wear occur.
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Depending on the application field of the vehicle compromises regarding the locking value S are accepted.
For passenger cars, the value is approximately 12%, for special vehicle and Torsen-differentials it is up to
60%. The special case of S=100% can be released by a differential lock.

When driving straight, that means while the function of the differential is not needed, only gearing losses
up to 6% depending on the ratio and the gear tooth type occur. In this case, the locking value hasn’t any
influence on the comparison of the power loss.

The loss of efficiency is calculated according to the following formula whereby the desired and the
necessary locking value are parameters.

_,_ Ao TBR-1_  Aw
Toin =27 0y TTBR+1 O

Equation 1: Efficiency of a differential depending on Torque Bias Ration or slip

The power transmissions in differentials always depends on the weakest wheel. In critical situations
(without locking system), it can happen that one wheel slips through causing the loss of mobility of the
vehicle.

Efficiency of LT3 drive:

If no rotation speed compensation between the wheels is needed, the power loss is equal to the loss in the
planetary gearings (whether in the wheel hub version or the in the compact version). The power loss in the
LT3 drive and in a differential can be considered equal when driving straight.

When full speed compensation is needed, for example when driving a 360° curve, about four wheel
revolutions between the inner and the outer wheels must be compensated. At the outer wheel, there is no
compensation needed, thus, there aren’t any losses. The inner wheel revolves about four revolutions less (in
a 360° curve!). In this (unusual) driving situation the power loss at the inner wheel is about 4,75% while its
value at the other wheels is in between.

A 360° curve, of course, won’t occur in normal driving conditions. Normally, a significantly less number of
revolutions must be compensated (1/2 of revolution = 45° curve). For this steering operation, the power
loss is less than 0,6% at the inner wheel. For that reason, we can assume an average power loss of 0,2-
0,5 % at each driven wheel in normal driving conditions.

Comparing the power losses of the two systems in 2WD vehicles you can notice that LT3 isn’t superior to
standard drive systems.

However, the advantage of LT3 regarding the power losses has a great impact in 4WD vehicles having two
transverse and one longitudinal differentials since the gearing losses of all differentials add up.

The advantage of LT3 is even greater in vehicles which are already equipped with planetary hub reduction
axles. The planetary gearing achieves the mechanical transmission, whereas the differential compensation
is realized by the hydrostatic unit directly at the ring gear. Here, only the power loss due to the speed
compensation occurs (max. 4,75% at the ‘low wheel’). There aren’t any differentials at all, thus, they do not
cause any power loss. Nevertheless, LT3 offers the same advantages as an open differential but with the full
functionality of a differential for heavy duty for use in terrain.

Consequences of LT3 for efficiency:

In the above comparative observations, the axle shift, the drag losses of the differentials, the float angle of
the wheels or the dynamic behaviour of the vehicle are not taken into consideration. The real power losses
can only be determined by a comparison of two concrete vehicles — one with a conventional differential, the
other one with a LT3 drive.
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Given the complexity of the parameters, a precise and practical simulation can’t be realized. In the
experiments with the existing test specimen and simulation approach it was demonstrated that the
efficiency of the drive system only depends on the operating strategy of the concrete vehicle. The higher
the necessary locking value for the intended application and the number of driven axles, and depending on
the drive form (wheel hub or direct drive), the greater the advantage of LT3 regarding the efficiency of the
drivetrain.

The development of a drivable prototype will permit a concrete comparison after conclusion. Especially for
that reason we will use a close-to-production version of the system with the aim of demonstrating the
concrete differences.
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