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Abstract: Earlier, I created a mathematical model of the gear unit, in which the value of the tooth
friction was determined during precalculation and then entered into the model as a constant pa-
rameter. In this paper, I investigate how much viscosity oil is required at different operating points
for a single-stage gear unit with plastic gears to function properly and how this affects the tooth
friction and, hence, the loss of energy in the gear unit. Once the investigations are complete, the tooth
friction is determined using an automated MATLAB function, which allows the tooth friction to be
re-determined at each operating point. This allows for a more accurate strength dimensioning of the
plastic gears in the gear unit and a more accurate model describing the gear unit’s behaviour.

Keywords: energy efficiency; tooth friction; operating point

1. Introduction

The aim is to design and optimise a powertrain that can be installed in an electric
racing car. In many cases, an electric racing car is driven by a hub motor. The purpose of
building and developing the current powertrain model is to be able to investigate other
powertrain designs from an energy point of view.

Within the energy analysis of the powertrain, special emphasis will be given to the
study of the gear tooth friction and its impact on the energy loss of the powertrain. Since the
gearbox is designed for an energy-efficient racing car, its design is different from classical
solutions for road vehicle propulsion. This means that the gearbox does not have a separate
housing, bearings and sealed oil lubrication, but the use of a lubricant is necessary, and the
characteristic properties of the lubricant, such as its viscosity, need to be determined and its
effect on the tooth friction investigated [1].

During the pre-design of the gearbox, the value of the tooth friction was determined
during a precalculation and then entered into the model as a constant parameter. The
problem with this approach is that it is not automated, so during the energy analysis or
a possible optimisation of the gear unit, tooth friction is always present in the model as
a constant value, whereas in reality, the value of the tooth friction is different at different
operating points [2].

2. Presentation of the Concept of the Single-Stage Gear Unit Model

As already mentioned in the Introduction, the aim is to design and optimise a power-
train that can be installed in an electric racing car. The purpose of building and developing
the current drivetrain model is to test the energetic behaviour of a drive train with plastic
gears in the drivetrain. The following characteristics have been taken into account in the
development of the mathematical model:

e  The power source is an internal-rotor permanent-magnet motor;

o  The gearbox is a single-stage unit with plastic gears;
e  The gearbox has no separate housing, bearings and sealed oil lubrication;
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So, a rigid frame and running gear must be designed and constructed;
The bearing and seal friction loss on the drive side are reflected in the engine model;
The bearing and seal friction loss on the output side are reflected in the vehicle
running resistance;

e  The lubrication of the gearbox is achieved by greasing every run.

Taking into account the characteristics listed above, the following two driveline vari-
ants should be considered:

e  Mathematical modelling of a single-stage gearbox with plastic gears for the case of an
external gear connection, as shown in Figure 1a;

e Creating a mathematical model of a single-stage gearbox with plastic gears for the
case of external-internal gear contact, as shown in Figure 1b.
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Figure 1. An illustration of the (a) physical design of a single-speed gearbox with external plastic
gears and an illustration of the (b) physical design of a single-speed gearbox with external-internal
plastic gears.

2.1. The Gear Materials

Plastic gears are used in applications where their load capacity is sufficient but other
favourable properties may be important, such as the following:

Smooth, quiet running;
Corrosion resistance;
Wear resistance;
Impact resistance;

Low weight.

The abovementioned properties have led to the possibility of using plastic gears for
the drive train designs described in the previous section [3].

Two types of plastic gears are generally used for gear manufacturing.

One is Polyoxymethylene, also known as Polyacetal (POM), a synthetic engineering
plastic. Its technical properties are based on the fact that as a thermoplastic (partially
crystalline), it is easy to process, and its chemical structure gives it a high tendency to
crystallise. It is often used as a base material for plastic gears and plain bearings.

The other plastics typically used are polyamides (Pa), which are polymers whose
monomers are linked by amide bonds. There are natural polyamides (e.g., proteins), but
there are also known man-made polyamides, most of which are thermoplastic polyconden-
sation plastics. The molecules of man-made polymers contain carboxyamide groups in a
linear polymer chain, which are regularly spaced [4].
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In general, they have a relatively high strength (70,110 MPa) and hardness (Rockwell
hardness: M 85-M 98) and good fatigue strength, damping capacity and slip properties
(1 =0.15-0.5), as well as wear resistance. They can be used in a relatively wide temperature
range (—40 °C to +140 °C).

Their main applications are bearing bushings, support bearings, guide and wear plates,
conveyor rollers, rope pulleys, cams, stops, gears, racks and sprockets.

Gears mounted on the shaft of the driving electric motor are made of polyamide (Pa),
and large gears mounted on the wheel are made of polyoxymethylene (POM).

2.2. Definition of the Lubrication System

Examining Figure 1a, it can be seen that the drive in this drive system is a single-
stage gear drive using plastic gears. The gearbox does not have a closed housing, so oil
lubrication is out of the question, which is why it is advisable to use plastic gears, because
in this case, grease lubrication or, if necessary, dry running without lubrication is not a
problem [5].

In the case of greasing, it is advisable to grease the gears at the beginning of each race.

When grease lubrication is used, as with oil lubrication, the viscosity of the chosen
lubricant is of key importance. In the case of lubricating fats, this should be interpreted as
the lubricant having a harder soap framework that encloses the base oil. During use, the
soap skeleton breaks down and the base oil comes out, which performs the lubrication. For
different types of grease, the viscosity of the base oil varies, typically depending on the use,
as follows [6]:

e  The base oil viscosity of lubricating greases for bearings and gears under low loads
and relatively high speeds is typically around 20 ¢St at 40 °C.

e  For lubrication of general ball and roller bearings, a base oil viscosity of 80-200 cSt
is appropriate.

e  For heavy-duty, low-speed equipment (industrial equipment), a base oil viscosity of
150-500 cSt is required. Greases with even higher base oil viscosities are also available
for special conditions.

2.3. Drive Unit Parameter Vector Determination

The drive unit model is constructed so that the drive unit loss is determined by a steady-
state examination at work points. This work point examination makes both dynamical
and analytical mathematical model application possible during optimisation. Parameter
determination has key importance in model construction, by which the drive unit can be
optimised [7]. These parameters are independent variables, which can unambiguously
determine a given drive unit [8]. Parameter vectors create a space, in which drive unit
optimisation is achieved. The drive unit parameter vector is determined as in Equation (1):

pli, m, aw, b, «, 8] 1)

where:

Transmission ratio, [—], i;
Module, mm, m;

Centre distance, mm, ay;
Gear width, mm, b;
Pressure angle, rad, «;
Helix angle, rad, $3.

2.4. Tooth Friction Change Analysis

In the creation of mathematical models, compared to conventional gear unit models,
some loss sources are omitted, partly because they are left out of the system due to the
design and partly because the loss source is coupled to other units of the vehicle, so the
mathematical model of the gear unit omits the oil friction, seal friction and bearing friction
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loss models, since the engine does not have its own enclosed housing, bearing and sealing
system [9].

The nature of the tooth friction variation (Figure 2) and the minimum and maximum
values of tooth friction (Table 1) of the single-stage gearbox with external gears were also
determined during the run.

e  Gear unit parameters: p = [6 4 200 20 0.349 0];
e  Testrange: ny = 10...300 rpm; My, = 2...32 Nm;
e  Viscosity of the selected lubricating grease base oil: v = 220 mm?/s.
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Figure 2. Characteristics of tooth friction variation in a single-stage gearbox with external plastic
gears (p = [6 4 200 20 0.349 0]. Test range: ny = 10...300 1/min; My, = 2...32 Nm; lubricating oil
viscosity v = 220 mm?/s).

Table 1. Minimum and maximum value of tooth friction.

Torque [Nm] Speed [rpm] Tooth Friction [—]
32 10 0.06595
2 300 0.01918

2.5. Relationship Between Lubricant Viscosity and Cumulative Loss Energy

To carry out the sensitivity test, the working points (M, ny), the dwell time (t) and
the vector of the gear unit parameter (p) were defined, and these values are given in Table 2.

Table 2. Setting parameters to perform the sensitivity test.

Working Points 1 2 3
My [Nm] 0 14 32
Ny [rpm] 285 285 285

t[s] 755 755 216
Engine parameter vector: p =16, 4,200, 20, 0.349 0]

The results of the study are shown in Table 3 and Figure 3.
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Table 3. Sensitivity of the gearbox model to changes in lubricating oil viscosity.

Standard Viscosity Levels [mm?/s] Cumulative Energy Loss []]
22 3378.58
68 3192.21
100 3130.91
150 3067.75
220 3009.26
320 2953.13
460 2899.77
680 2843.39
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Figure 3. Relationship between cumulative loss energy change and lubricant viscosity.

From the analysis, it can be concluded that a unit of change in the viscosity level
resulted in an average cumulative energy loss change of ~2% (~66.9 ]), but since the change
is non-linear, this interpretation is uncertain.

When the full viscosity range is considered, the change is ~15.84% (~535.2 ]). By
analysing Figure 3, it can be concluded that the effect of a viscosity change on the energetic
behaviour of the engine is significant and therefore relevant for optimisation.

3. Testing and Inspection of Gear Teeth Under Competition Conditions

This is important, because gear unit damage during a race can significantly reduce the
vehicle’s ability to compete and its energy efficiency.

There are two ways to check the tooth structure in a competitive environment: the
first is visual inspection, which can be used to screen out more serious defects, and the
second is a tooth gap check, which can be performed on several tooth contacts to quickly
determine the condition of the gears.

After competitions, the gears can be taken out of the gear unit and precision measure-
ment and testing can be carried out in a laboratory environment using standard measuring
procedures and measuring instruments. The results obtained can be combined with the ex-
perience gained in the competitions to determine the direction of the gearbox development.

4. Conclusions

Earlier, a mathematical model of the gear unit was created, which allows for the
energetic analysis of a vehicle gear unit over its entire operating range. The shortcoming of
this model is that the value of the tooth friction was determined during precalculation and
then entered into the model as a constant parameter, thus not taking into account that in
reality, the tooth friction varies with the change in tooth geometry and working points.
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Tooth curl is also significantly influenced by the viscosity of the lubricant selected,
which varies partly as a result of temperature and partly as a result of load. The studies
presented in this paper have shown the viscosity of the oil required by the gear unit at
different operating points for proper operation and how this affects the tooth friction and,
hence, the gearbox energy loss.

The studies showed that the effect of oil viscosity is tangible, so the determination of
the tooth curl and oil viscosity is incorporated into the gear unit model using a MATLAB
(R2021b) function, so that it is re-determined at each operating point and for each geometry
change. With this modification, the estimation of energy loss generated by the mathematical
model describing the energy behaviour of the gear unit has been made more accurate,
helping designers define near-optimal engine parameters already in the pre-design phase.
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