
Review Not peer-reviewed version

Advanced Electric Vehicle Powertrain

Design and Analysis of Transmission

Power Losses

Attila Csobán * and Adolfo Senatore

Posted Date: 31 December 2024

doi: 10.20944/preprints202412.2570.v1

Keywords: electric vehicle drivetrain; gear drives; oil churning loss; gear losses; efficiency; windage losses;

seal friction

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/4128904
https://sciprofiles.com/profile/94491


 

 

Review 

Advanced Electric Vehicle Powertrain Design and 
Analysis of Transmission Power Losses 
Attila Csobán 1,* and Adolfo Senatore 2 

1 Institute of Materials and Mechanical Engineering, University of Pannonia, Egyetem u. 10,  
Veszprém, 8200, Hungary 

2 Department of Industrial Engineering, University of Salerno, Fisciano (SA), ITALY 
* Correspondence: csoban.attila@mk.uni-pannon.hu 

Abstract: The aim of this paper is to provide insight into the drivelines of today’s electric passenger 
and heavy-duty vehicles and to understand the sources of power losses in these driveline gearboxes. 
Knowing the losses that occur in a gear drive gives us the opportunity to reduce them. This means 
longer range and longer lubricant life. It can be seen that it is important to address gear oil lubrication 
losses, reducing them means less frequent oil change intervals and therefore lower maintenance costs. 
The article also highlights further areas for research and provides a comprehensive insight into the 
design of electric vehicle powertrains. 

Keywords: electric vehicle drivetrain; gear drives; oil churning loss; gear losses; efficiency; windage 
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1. Introduction 

In modern electric vehicles, we find a wide variety of drive trains. There are constant ratio and 
variable ratio gearboxes. In the case of gearboxes with selectable ratios, there are usually two speeds 
to provide the appropriate speed range for the vehicle. The powertrain of electric vehicles is therefore 
of a much simpler design than that of their conventional internal combustion engine-powered ones. 
For conventional vehicles, there are several manual, robotised or semi-automatic (6 to 8 speeds), DSG 
(double clutch), CVT gearless (continuously variable transmission), D-CVT direct shift CVT, and to-
roidal variator. The eCVT powertrain developed for hybrid vehicles can achieve excellent power 
sharing and summation between the internal combustion engine and the electric motor. Of course, 
electric vehicle manufacturers have also developed a variety of powertrain designs for both passen-
ger cars and heavy-duty vehicles. Electric vehicle manufacturers seem to have had to switch to pro-
ducing components for electric cars in an extremely short time. It is true that the major manufacturers 
had predicted the direction of development well in advance, but to the outside eye the time to market 
for the redesigned products was quite rapid. It is also important to know that the machine compo-
nents, which are the building blocks of the machines, are compatible to a certain extent at a certain 
level. For example, if we look at either a dry or a wet clutch [1], we can already see that the geometry, 
production technology and materials used for the main components are similar, and often identical. 
The same clutch disc housing, or differential, is used by manufacturers for several models, for several 
different power units. 

The main target functions in the development are to eliminate running noise and increase range. 
One of the most effective ways to increase range is to increase the efficiency of the system. However, 
to assess the efficiency of a complex system, we need to know the exact source of the losses. To do 
this, we also need to know the exact design of the engine under test. It is therefore important to un-
derstand the powertrain developments of vehicle manufacturers so that their performance losses can 
be taken into consideration. One of the main objectives of this article is to provide researchers with a 
comprehensive overview of the development directions to be taken in this area, the state of the art 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 31 December 2024 doi:10.20944/preprints202412.2570.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202412.2570.v1
http://creativecommons.org/licenses/by/4.0/


 2 of 22 

 

and the theoretical background of efficiency calculations. Our aim is to provide basic ideas for further 
research in this summary article. 

2. Reasons for the Simplicity of Electric Vehicle Powertrain Designs 

The simplicity of electric vehicle gearboxes is largely due to the characteristic curve of the power 
source, the motor. Compared to the characteristic curve of a conventional internal combustion engine, 
the characteristic curve of an electric motor provides a more optimal torque distribution and a wider 
speed spectrum. The characteristic curve shows that the maximum torque of the engine is available 
from the moment of starting, that the speed range is very wide and the efficiency is also favorably 
high. For example, the Tesla Model S engine speed can range from 0–18000 rpm. Compared to an 
internal combustion engine for an average passenger car, this is a significantly wider range. Gasoline 
engines have an average maximum engine speed of 6000–7000 rpm, diesel engines even less, on av-
erage 4–5000 rpm. In addition, combustion engines can deliver maximum torque and power over a 
given speed range, but their characteristic curve shows a rather drastic drop in efficiency (either in 
consumption or in low torque output) outside the optimum range. The narrow optimum operating 
range of internal combustion engines means that emissions can only be reduced by the introduction 
of several torque converters with discrete modifications. This explains today’s trend towards a steady 
increase in the number of gears in the vehicle’s engine, from 3 to 4 gears in the beginning to 6 to 10 
gears today. This is understandable, of course, since the more the engine’s characteristic curve is 
finely approximated by the more gears, the more favorable the driving dynamics become. In contrast 
to internal combustion engines, electric motors in vehicles can deliver maximum torque at low engine 
speeds and have a much wider speed range. The average car has a 101.5 kW power source and trans-
mission of 180 kg, giving a power density of 0.564 kW/kg, compared to Tesla’s 31.8 kg, 262.5 kW 
motor, which gives 8.253 kW for every kilogram. This is one of the reasons why the electric vehicle 
engine does not require any structural stages. 

 

Figure 1. The characteristic curve of a typical PM permanent magnet motor [2]. 

3. Advanced Electric Car and Heavy Vehicle Engines 

Fixed Ratio Gearboxes, Tesla and GKN Gearbox Types 

Porsche was many decades ahead of its peers and one of its very first cars had four electric wheel 
hub motors, but perhaps one of the best-known pioneers of our time is Tesla. Its predecessor, the 
Model S, also needs just 2.28 seconds to reach 60 miles per hour, making it one of the top three fastest 
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production cars in 2018. Despite serious, and certainly exaggerated, performance figures for every-
day use, the powertrain is extremely simple. But it’s not just the Tesla Model 3 that has a simple 
constant-ratio gear train, it’s also found in the Nissan Leaf, the Volkswagen ID.4, the Mercedes EQS 
SUV and the BMW iX. 

Tesla’s gear drive is a simple two-stage, constant (i = 9.73) ratio, helical geared cylindrical gear 
unit. The gear axles are supported by simple deep groove ball bearings. 

The gears are helical gears to reduce noise levels, but of interest is the prototype shown on the 
left of the figure below, which still has spur gears. 

  
(a) (b) 

Figure 2. A prototype with straight teeth (a), on the right the current production design (b) [2]. 

The gearbox is fitted with a conventional open differential. The traction control is software-con-
trolled with energy dissipation and selective braking. 

 
Figure 3. Simple construction and open differential as the final drive [2]. 

GKN is one of the top 100 automotive suppliers [3]. As early as the 1950s, they produced engines 
for the Jaguar XK120, later for the Mini, and today for car manufacturers such as Jeep, BMW and 
Porsche. Today, they are also among the best in electric propulsion, with several solutions for differ-
ent types of cars. 

GKN Gen II eAxle Constant Ratio Gearbox 

This type is used in the BMW 2 Series Active Tourer 225xe. Its operation is similar to that of the 
Tesla in that it is a fixed-ratio gearbox with two-stage (having two gear pairs), but the differential can 
be disengaged from the drive. 
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Figure 4. A BMW 2 GKN gearbox [4,5]. 

The whole unit weighs 20.2 kg, has a length of 457 mm, a width of 229 mm and a height of 259 mm. 
The i = 12.5 gear ratio is capable of accelerating the BMW 2 Series to 125 km/h, so this drive is 

not an all-electric but a hybrid type. At higher speeds, an electromechanical clutch disengages the 
electric drive to minimize power loss from the reverse drive and to protect the drive from failures 
caused by lubrication inadequacy and excessive heat build-up due to excessive revs. During braking, 
the clutch reconnects the system to allow the energy generated during braking to be recharged to the 
battery. In this case, only the internal combustion engine is responsible for propulsion. GKN’s soft-
ware is responsible for the transition between all-electric, hybrid and all-combustion operations. The 
electric motor drives the rear axle, the combustion engine the front. The maximum torque is 2000 
Nm, delivered by a 64 kW electric motor. The mechanical efficiency of the system is favorable at 
around 96%. 

GKN Co-Axial eAxles 

This system is fitted to Volvo XC90 T8 Twin Engine models. Plug-in hybrid, PHEV technology for 
short, so like the GKN two-speed eAxle engine, it has both an internal combustion engine and an electric 
motor and also feeds energy generated during braking back into the batteries (regenerative breaking). 

 

Figure 5. GKN gearbox with co-axial construction [6]. 

This powertrain is also offered for hybrid and electric cars. The gearbox and the electric motor 
form a single unit for compactness. To save space, the motor’s output shaft is toothed, forming a direct 
drive shaft and drive gear for the gearbox first stage. As with the GKN Gen II eAxle, an electromagneti-
cally controlled clutch in the differential disconnects and deactivates the electric drive in the higher 
speed range. The drive is located on the rear drive axle. In the Volvo XC90, the front axle is driven by 
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an internal combustion engine, so this model is also all-wheel drive. Thanks to helical gears, the noise 
level is low. The engine has an efficiency of 97.5%, a maximum torque of 2400 Nm, and overall dimen-
sions of 263 mm × 310 mm × 293 mm. Without lubricating oil, the total weight is 15 kg. 

Two-Speed Gearboxes with Optional Gear Ratio 

Although Tesla engineers also developed a switchable two-speed gearbox, they found it struc-
turally complex and costly, so they stuck with a fixed gear ratio. Of course, other car manufacturers 
are trying to add value to their developments. So did the Audi e-tron GT and the all-wheel drive 
Porsche Taycan. These models boast two complete drivetrains. The constant-ratio drive to the front 
wheels is for everyday cruising, the first, high-ratio gear of the two-speed drive to the rear wheels is 
for maximum acceleration in sport mode, while the second gear is for high efficiency in high-speed 
cruising. From a design point of view, the key difference is that the two gears are either a forced-
synchromesh mechanism or a double-clutch construction, similar to DSG gearboxes. 

GKN Two-Speed eAxle Gearbox 

This transmission is used in sports cars, where maximizing performance is a priority. An exam-
ple is the BMW i8 hybrid. 

 

Figure 6. Two-speed gearbox with a forced-synchromesh mechanism [2]. 

The gearbox is rated by the manufacturer at 97% efficiency, maximum torque 2800 Nm, mass 27 
kg, enclosure dimensions 325 mm × 562 mm × 313 mm. The gear ratio of the first gear is i1 = 11.38, the 
second gear i2 = 5.85. The gearbox mechanism is located on the input shaft together with the conven-
tional Borg-Warner forced synchronous mechanism. 
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AVL Two-Speed Gearboxes with Double Clutch 

AVL has also developed several types of gearboxes for electric passenger and heavy-duty vehicles. 
One such two-stage gearbox with a double clutch selector mechanism is shown in the figure below. 

 

Figure 7. Two-speed drivetrain for EV (electric vehicle) by AVL [7]. 

Multi-Speed Drives 

Naturally, manufacturers try to keep the motors in the most optimal operating range. This is 
achieved by including as many gears as possible to cover the entire speed range. 

  
(a) (b) 

Figure 8. Three-speed gearbox from Ricardo engineers [8]. 

Hybrid Drive Trains 

Toyota Prius 

Toyota started production of the first Prius in 1997. The Toyota Hybrid System, the car’s drive 
system, was developed to reduce emissions. By combining an internal combustion engine with an 
electric motor and generator, Toyota has achieved a technology that was at the cutting edge of tech-
nology in the 1990s without significantly changing the size or weight of the car. The Prius incorpo-
rates the basic components of a conventional car engine, with the addition of the elements needed for 
hybrid propulsion. 
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Figure 9. The Toyota Prius powertrain concept [https://www.researchgate.net/figure/Schematic-of-Toyota-
Prius-powertrain_fig2_281675229]. 

The Toyota Prius 1.5 HSD has a 1500 cm3, 55.1 kW, four-cylinder internal combustion (gasoline) 
engine. Thanks to regenerative braking, the alternator generates electricity which is stored in the bat-
tery. The electric motor produces a further 48.56 kW and 400 Nm of torque. The energy from the two 
motors is combined by a power splitter planetary gearbox, allowing the car to be driven either sepa-
rately or by the electric motor and internal combustion engine simultaneously. The electric motor, 
designated as the alternator, is also responsible for starting. 

The planetary gear’s sun wheel is connected to the internal combustion engine’s alternator, its ring 
gear to the electric motor and its planetary gear lever to the internal combustion engine. This allows the 
two engines to run in parallel, their power being added together thanks to the planetary gear. 

 

Figure 10. A simple planetary gear for splitting or summarizing the power of the motors [9]. 
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Figure 11. Toyota Gen2 CVT and Gen3 eCVT drivetrains without the differentials [10]. 

The third-generation Prius now features a new technology called eCVT. The “e” refers to the 
electric transmission of the gearbox. The mechanical transmission is fixed, with no conical pulleys or 
special chains. The virtual transmission is controlled by a computer. The alternator generates elec-
tricity and feeds a high-torque electric motor that drives the wheel axles through the gears. The speed 
of the electric motor is adjusted by computer control to the desired speed of the car. In most cases, 
the electric motor drives the car, while the engine is responsible for charging the battery and power-
ing the alternator. The internal combustion engine only drives when its fixed gear ratio is optimal. At 
cruising speed, this corresponds to gears 3 and 4 for normal petrol cars. At this point, the electric 
motor provides hardly any torque, and the petrol engine mostly does the work. 

Multimode eTransmissions 

The following gearbox, like the previous ones, allows a combination of an electric motor and an 
internal combustion engine. Three different modes are available: all-electric, series hybrid, parallel 
hybrid or combustion engine only. Its special feature is that it has 2-2 outputs and inputs. Its two 
input shafts are used by the two drive motors, and its two output shafts are used by the driven wheel 
axle and the generator that charges the battery for the electric drive. 

 

Figure 12. Multimode eTransmission [11]. 

The pure electric mode can accelerate the car to 116 km/h or put it into reverse. In this mode, the 
combustion engine is completely disconnected from the drive. 
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In series hybrid mode, the internal combustion engine drives the alternator, thus charging the 
battery. This mode is activated when the battery charge is low or when high power is needed. 

In parallel hybrid mode, the combustion engine and the electric motor drive together thanks to 
the hydraulic clutch. In other modes, the clutch is disengaged. The maximum torque of the drive unit 
is 2000 Nm. The combination of modes results in extremely good fuel consumption. At average cruis-
ing power, only 1.5 litres of fuel are required to cover 100 kilometres. The car is also fitted with two 
power units, one for the front axles and one for the rear axles. 

Schaeffler Planetary Gearbox with Spur-Geared Differential 

The gearbox contains three planetary units, one of which is the differential itself, the other two 
units control the torque distribution between the drive shafts by means of a control or auxiliary motor. 

 
Figure 13. The Schaeffler planetary coaxial ACTIVeDRIVE gearbox with electric differential [12]. 

Because of their high-power density and high efficiency, planetary gears are not only being used 
in passenger cars but also in the drivelines and hub drives of electric heavy vehicles. 

UQM Technology 

 

 

  

Figure 14. Eaton two-speed (a) and four-speed (b) gearboxes for buses [13]. 

One of the main developments in the field of heavy-duty vehicle powertrains has been the wheel 
drive. Wheel drive raises very delicate issues and it is not at all useful to subject a complex drive 
system to the high dynamic loads of a wheel with a swinging inertia. 
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Figure 15. Planetary wheel hub drives for heavy-duty trucks and buses [14]. 

To overcome the disadvantages of wheel hub drives, manufacturers have developed electrically 
driven rear bridges. A particular challenge in this development is to ensure that the driving dynamics 
of the retrofitted vehicles are not changed, or at least only minimally, to improve drivability. Weight 
is also important, as it is not advisable to install a very heavy drivetrain at the expense of payload. 

 

Figure 16. Electric rear bridge for trucks [15]. 

4. Development Areas, Opportunities 

In modern gear drives, the focus is increasingly on reducing noise and vibration levels, increas-
ing efficiency and gearbox lubrication efficiency, and increasing load capacity. Knowledge of the gear 
efficiency and the resulting temperature distribution is particularly important for high-load, high 
power-density gear planetary gears, which have a small heat-dissipating surface and can easily over-
heat without cooling. Almost all of the power losses due to friction, lubricant churning and windage 
losses are converted to heat, which increases the gearbox temperature. Excessive temperature rise 
can cause deterioration of the lubrication condition, chafing of tooth surfaces, reduced lubricant life, 
even damage, and exceeding the thermal capacity of the gearbox. Although the currently known 
power loss of electric drive trains is only 15 to 20% of installed power, compared to 64 to 75% of 
conventional internal combustion engines, according to U.S. Department of Energy sources, it is im-
portant to reduce these losses to reduce costs, reduce our ecological footprint and increase range. 

5. Power Losses of Gear Drives 

Accurate calculation of gear losses is a complex task: it requires a complex knowledge of the 
structure, mechanics, tribology, hydrodynamics and thermodynamics. The friction of the associated 
gear teeth accounts for the largest part of the losses, but bearing friction is also significant, and in 
high-load, high-speed gearboxes, losses due to oil mixing, sealing and possibly drag must be taken 
into account. 
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Gearbox Gear Efficiency 

The power loss of a gear drive is determined by tooth friction loss, bearing friction loss, lubricant 
churning loss, windage loss and seal friction loss. It can be written symbolically as follows [16]: 

𝑃௩ = 𝑃௭ + 𝑃௞ + 𝑃௣ + 𝑃஻ + 𝑃௪ᇣᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇥ
௉೥బ

+ 𝑃௟ + 𝑃௟଴ + 𝑃஽ + 𝑃௫  (1)

The most significant is the tooth friction loss Pz, for which several methods have been developed 
and used in practice [16–55]. The relationships are usually derived using the friction forces and slid-
ing velocities during tooth contact, assuming an average tooth friction coefficient. 

For example, Niemann and Winter [19] described the following relationship for calculating the 
power-dependent tooth friction loss Pz: 

𝑃௭ = 𝑃௜௡ ⋅ 𝜇௭ ⋅ 𝐻௩  (2)

where Hv is the loss factor considering the tooth contact conditions: 

𝐻௩ =
𝜋 ⋅ (𝑖 + 1)

𝑧ଵ ⋅ 𝑖 ⋅ 𝑐𝑜𝑠(𝛽௕)
⋅ (1 − 𝜀ఈ + 𝜀ଵ

ଶ + 𝜀ଶ
ଶ) (3)

The gear efficiency, tooth friction loss Pz and idling loss Pz0 are also taken into consideration: 

𝜂௭ =
𝑃௕௘ − (𝑃௭ + 𝑃௭଴)

𝑃௕௘
 (4)

Regarding the friction force on the tooth, the sliding relations of the teeth and a constant tooth 
coefficient of friction, Duda [20] derived the proposed relation for calculating the gear efficiency of 
an involute gear pair, which includes the number of teeth and the geometric relations of tooth contact: 
the partial transverse contact ratios. In technical practice, in most cases, the partial transverse contact 
ratios are less than 1. Then, according to Duda, the relation can be written in the following form: 

𝜂௭ = 1 − 𝜇௭ ⋅ 𝜋 ⋅ (𝐸ଵ + 𝐸ଶ) ⋅ ൬
1

𝑧ଵ
±
1

𝑧ଶ
൰ (5)

The (+) sign applies to the outer gearwheel connection, and the (-) sign applies to the outer-inner 
gearwheel connection. The tooth friction coefficient μz used in the relationships presented in the cal-
culation of gear efficiency is based on experience or measurements. Its exact calculation is also a com-
plex task because its value depends to a large extent on the friction condition: lubricant and lubrica-
tion method, operating conditions: load, speed, temperature, and gear material, design, surface con-
dition, roughness. A suitable correlation is given, for example, in ISO TC 60 for the determination of 
the average coefficient of friction [24]: 

𝜇௭ = 0,12 ⋅ ඨ
𝑤௡஼ ⋅ 𝑅௔

𝜂ெ ⋅ 𝑣ఀ஼ ⋅ 𝜌௡௘஼

ర
 (6)

Calculating the Bearing Friction Losses 

Several researchers have worked on the determination of friction loss in rolling bearings, including 
Stribeck [56], Palmgren [57], Bartels [58,59], Eschmann [60], Gupta [61], Hansberg [62], Hollatz [63], Jörg 
Koryciak [64], Korrenn [65], Liang [66], Potthoff [67], Scherb [68] and Siepmann [69]. The first relation 
for the calculation of friction loss in rolling bearings was given by Stribeck in 1901. 

By separating the performance-dependent and independent loss components and by an 
extensive study of the parameters influencing the losses, one of the most widely used models was 
developed by Palmgren. 

In recent years, SKF has developed a new, more accurate calculation model [56] for the 
calculation of friction losses in rolling element bearings, which takes more parameters into account 
than the previous one but increases the number of calculations. Accurate calculation of bearing losses 
is particularly important for electric vehicles, where high bearing efficiency is a prerequisite due to 
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the high system efficiency [70]. In the case of electric vehicle bearings, practical tests should also be 
carried out to check that leakage current does not cause bearing damage [71]. 

Oil Churning Losses of Gears 

The oil churning work of a gear immersed in lubricant increases the power loss, which is very 
difficult to calculate given the complex and complicated flow conditions. Several researchers have 
developed models to calculate oil churning loss, for example, Niemann [19], Yasutsune Ariura [72], 
Taku Ueno [73], Walter [74], Mauz [75], Terekhov [76,77], Maurer [78], Dick [79], Sax [80], Schimpf 
[81], Leimann [82,83], Lauster [84], Butsch [85] and Dirk Strasser [17]. Niemann [19] gave an 
approximate relation for cylindrical and conical gear pairs. For the determination of oil churning 
losses in high-performance gear drives, Terekhov and Spitko [76,77] derived, based on the laws of 
fluid mechanics, relations which consider the oil churning loss as the sum of the losses due to oil 
expel and disc friction losses. Dirk Strasser [17] measured the oil expel loss components due to oil 
displacement and disc friction as a function of speed. Butsch [85] was the first to develop a model for 
calculating oil churning losses in gears. C. Changenet [35] (based on Boness’ equations) derived the 
following relation of the oil churning loss torque Mch for immersion lubrication: 

𝑀௖௛ =
1

2
⋅ 𝜌 ⋅ 𝜔ଶ ⋅ 𝑟ଷ ⋅ 𝐴஻ ⋅ 𝐶்ொ (7)

where the dimensionless torque CTQ, depending on the flow conditions, can be calculated as follows: 
If: 𝑅𝑒௖ =

ఠ⋅௥⋅௕

ఔ
< 6000: 

𝐶்ொ = 1,366 ⋅ ൬
𝑏௠
𝑑
൰
଴,ସହ

⋅ ൬
𝑉଴
𝑑ଷ
൰
଴,ଵ

⋅ 𝐹𝑟ି଴,଺ ⋅ 𝑅𝑒ି଴,ଶଵ. (8)

If: 𝑅𝑒௖ =
ఠ⋅௥⋅௕

ఔ
> 9000: 

𝐶்ொ = 3,644 ⋅ ൬
𝑏௠
𝑑
൰
଴,ଵ

⋅ ൬
𝑉଴
𝑑ଷ
൰
ି଴,ଷହ

⋅ 𝐹𝑟ି଴,଼଼ ⋅ ൬
𝑏

𝑑
൰
଴,଼ହ

 (9)

If the Reynolds number is 6000 <Rec <9000, the value of CTQ and Mch can be determined by linear 
interpolation between the above values. 

C. Changenet et al., also investigated the effect of the axial and radial clearance between the 
housing surrounding the gears and the wheels on the oil friction losses. Theoretical relationships 
were described and their validity was verified by measurements. 

Dirk Strasser wrote his doctoral thesis on the influence of tooth head and tooth root clearances 
on oil friction losses [1]. He investigated in great detail the influence of tooth clearances, geometry 
and speed conditions on oil friction losses on his own designed measuring equipment. Using a simple 
hydrodynamic model to approximate the tooth connection, he has described the relationships for the 
calculation of oil churning losses. 

Using the measured results, he determined the following relationships of oil expel and disc 
friction torque losses for immersion and injection lubrication by regression analysis. 

Disc friction loss torque for the drive shaft: 

𝑀௣௟భ
= 1,45 ⋅ 10ିଶ ⋅ ൬

𝑟௔భ
𝑟଴

+
1

𝑖
⋅
𝑟௔మ
𝑟଴
൰ ⋅ ൬

𝜈

𝜈଴
൰
ିଵ,଴ହ

⋅ ቆ
𝑣௥ೢ

𝑣௥ೢ బ

ቇ

଴,଴ଷ⋅ቀ
௠೙
௠೙బ

ቁ

⋅ ൬
𝑚௡

𝑚௡଴

൰

ଵ
଻
⋅ 𝜈 ⋅ 𝜌 ⋅ 𝐴஻ ⋅ 𝑣௥ೢ  (10)

The loss of oil expels: 

𝑀ொଵ = 𝐶்ொ ⋅ 𝜌 ⋅ 𝑣௧
ଶ ⋅ 𝑏 ⋅ ℎ௪ ⋅ 𝑟௪భ

 (11)

where the CTQ torque factor is given by the following relationship when the small wheel does not 
reach the oil level: 

𝐶்ொ = 19,51 ⋅ ൬
𝑧ଶ
𝑧ଵ
൰
ଵ,଺

⋅ 𝑅𝑒ଵ
ି଴,ଷଷ⋅ 𝐹𝑟ଵ

ି଴,଻ଷ ⋅ ൬
𝑏ଵ
𝑑ଵ
൰
ଵ,଴଻

⋅ 2,29
൬ଵି

௝೙
∗

଴,଴ହ
൰ (12)
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In the event that both wheels are partially (13) or completely (14) submerged in the lubricant: 

𝐶்ொ = 11,74 ⋅ ൬
𝑧ଶ
𝑧ଵ
൰
ଵ,଻

⋅ 𝑅𝑒ଵ
଴,ଶଵ⋅ 𝐹𝑟ଵ

ିଵ,ଶ଺ ⋅ ൬
𝑏ଵ
𝑑ଵ
൰
ଵ,ଵଽ

⋅ 2,59
൬ଵି

௝೙
∗

଴,଴ହ
൰ (13)

𝐶்ொ = 12,84 ⋅ 10ିଶ ⋅ ൬
𝑧ଶ
𝑧ଵ
൰
଴,଼

⋅ ቆ
𝑄̇௘

𝑄̇௘଴
ቇ

଴,ହ଺

⋅ ቆ
𝑣௥ೢ భ

𝑣௥ೢ బ

ቇ

ିଵ,ଽଵ

⋅ ൬
𝜈

𝜈଴
൰
଴,ଶସ

⋅ ൬
𝑏ଵ
𝑑ଵ
൰
ଶ,ହଵ

⋅ 2,88
൬ଵି

௝೙
∗

଴,଴ହ
൰
⋅ 𝑐𝑜𝑠(2,34 ⋅ 𝛽) (14)

where the reference values are: ν0 = 1 [mm2/s]; 𝑄̇e0 = 0,1 [l/min]; vrw0 = 1 [m/s]. 
The oil lubrication work in gears also places considerable stress on the oil, mechanical stress is 

dangerous for the molecular structure, the resulting significant temperature rise is problematic from an 
oxidation point of view, and the resulting wear also reduces the service life of our lubricating oil. The 
oil churning losses are also presented and the expeled and squeezd oil volume is calculated in [86]. 

  
(a) (b) 

Figure 17. Oil expel (both sides of the gear tooth contacts), oil churning and disc churning losses (both sides of 
the gears) of the spur (a) and helical (b) gears [17]. 

In vehicles, the peripheral speed of the gears varies over a wide range. The rotating wheels also 
mix air into the oil during oil circulation, and the intense foaming of this air can reduce the oil’s load 
capacity. An example of foaming is illustrated in a motorcycle gearbox [87], where the variation of 
the amount of oil applied and the state of the oil-air mixture with speed is clearly shown. 

  
(a) (b) 
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(c) (d) 

Figure 18. Gearbox at standstill (a), at engine idle speed (n~800 rpm, (b), at 3000 rpm (c) and maximum engine 
speed (n~6000 rpm, (d) [88]. 

Another failure that can occur in submersible lubricated drives is cavitation, which not only 
damages the gear pumps. 

 

Figure 19. Cavitation during exit from tooth contact [89]. 

Due to the complexity of the flows in oil circulation processes and the multitude of factors that 
influence losses, the optimisation of gearbox lubrication is nowadays performed with advanced flow 
analysis software. 

 
Figure 20. Flow simulation of a constant ratio electric vehicle gearbox [90]. 
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Windage Losses in Gearboxes 

Air disturbance (windage) in high-speed gearboxes causes a loss that is essentially independent 
of the power transmitted, with the greatest effect on the peripheral speed of the gears, in addition to 
the geometry of the wheels and the viscosity of the lubricant. The lubricating oil adhering to the tooth 
surfaces is dispersed by centrifugal force in the form of a spray in the gearbox housing: an oil mist is 
formed, which is beneficial from the lubrication point of view, but increases the power loss, because 
the friction between the oil mist, which has a higher density than air, and the wheel body of the 
rotating gears can be significant. 

Several researchers, including Anderson and Townsend, have developed mathematical models 
to describe air resistance. Anderson’s model did not take into account the geometrical characteristics 
of the gears, such as the gear modulus and the tooth bending angle. Townsend’s computational 
model is much more detailed, regarding the effect of the amount and distribution of oil mist atomized 
in the gearbox air space on power loss by the air-oil mixture parameter ζluft [91], and the distance 
between the gear body and the gearbox wall, the guard or the oil baffles by the parameter λluft. 

If the air space of the planetary gear is free of oil spray, and oil mist, then: 

𝜍௟௨௙௧ = 1 (15)

Provided there is a free air space around the wheels: 

𝜆௟௨௙௧ = 1 (16)

If the gears are surrounded by oil baffles or a protective cover: 

𝜆௟௨௙௧ = 0,7 (17)

And if the gears are tightly surrounded by oil baffles or protective coverings: 

𝜆௟௨௙௧ = 0,5 (18)

According to Townsend, drag is the power loss, in watts, on the i - ed external gear: 

𝑃௟௨௙௧೔ = 𝑛௜
ଶ,ଽ ⋅ ൫0,16 ⋅ 𝑑௜௟

ଷ,ଽ + 31,623 ⋅ 𝑏௜
଴,଻ହ ⋅ 𝑚௡೔

ଵ,ଵହ ⋅ 𝑑௜௟
ଶ,ଽ൯ ⋅ 10ିଵ଻ ⋅ 𝜍௟௨௙௧ ⋅ 𝜆௟௨௙௧ (19)

Anderson and Loewenthal described the following relationship for calculating the power loss 
due to drag based on the results of disc friction tests on turbines [42]: 

𝑃௟௨௙௧೔ = 𝑛௜
ଶ,ଽ ⋅ ൫0,16 ⋅ 𝑑௜௟

ଷ,ଽ + 31,623 ⋅ 𝑏௜
଴,଻ହ ⋅ 𝑚௡೔

ଵ,ଵହ ⋅ 𝑑௜௟
ଶ,ଽ൯ ⋅ 10ିଵ଻ ⋅ 𝜍௟௨௙௧ ⋅ 𝜆௟௨௙௧ (20)

Seal Friction Losses 

The torque loss caused by the sealing of the gearbox shafts is essentially independent of the 
power transmitted through the shaft. The micro- and macro-geometric structure, material properties, 
operating temperature, lubrication condition, and the degree of cavitation between the peaks of 
roughness, all influence the frictional torque loss of seals. This loss is mainly determined by the 
interfacial pressure and the geometry of the shaft and seal. Most of the time, elastomer seals are in 
contact with metallic shafts, and the exploration of their friction and wear processes is the basis of 
current tribological research. In addition to the complex and complicated calculations, it is also 
possible to determine the approximate frictional power loss of seals [38]. 

A simple estimation can be made using the following relation: 

𝑃௦௟ = 7,69 ⋅ 10ି଺ ⋅ 𝑑௧ ⋅ 𝑛௧ (21)

The following relationship gives a more precise result [16]: 

𝑃௧ = 10ି଻ ⋅ [145 − 1,6 ⋅ 𝑡௦ + 350 ⋅ 𝑙𝑔𝑙𝑔(𝜈ସ଴ + 0,8)] ⋅ 𝑑௧
ଶ ⋅ 𝑛௧ (22)

The model of Marco Silvestri, Edzeario Prati and Alessandro Tasora [92] is based on visco-
elastohydrodynamic (VEHD) lubrication theory, which recognizes the deformation of the sealing lip 
of the spring sealing ring and the pressure distribution of the lubricant film formed there. 
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As an example, the following graphs show the power losses and their components of a properly 
designed and improperly designed cylindrical gear. It can be seen that significant power loss and oil 
swirl loss can be saved by correct design. 

  
(a) (b) 

  
(c) (d) 

Figure 21. Loss components of a single-stage, straight-gear gearbox under favorable operating conditions (a-b) and 
loss components of this gearbox under unfavorable operating conditions (c-d) [17]. In Figs: PL—power dependent 
component of bearing friction losses, PL0—power independent component of bearing friction losses, Pz—power 
dependent component of tooth friction losses, Pz0—power independent component of tooth friction losses, PD—
seal friction losses, PQ—oil expel losses, PPl—oil churning and disc friction losses, Pvv—windage power losses. 

6. Summary 

The Future of Electric Powertrain Designs 

In conclusion, the design of the transmissions in electric vehicles is very diverse. Improvements 
have been made to vehicle dynamics, to operate the engines within a high-efficiency speed range and 
to achieve maximum acceleration and high-top speeds. However, as the complexity of gearbox 
designs, system complexity and the number of components installed increases, the cost and the 
ecological footprint of production increases dramatically. In the future, constant ratio, geared or 
planetary gearboxes will likely continue to be the predominant drive system. 

Based on the information processed so far, the future electric vehicle powertrains are therefore 
expected to be simple constructions built from common machine components. However, there are 
many interesting development opportunities in maximizing the load capacity and efficiency of machine 
elements designed using structural optimization. This is particularly necessary because the torque 
elasticity and dynamics of electric cars are much higher than those of conventional internal combustion 
engines. As a consequence, stronger machine components, bearings and gears are needed. For gears, 
on the other hand, the design guideline is divided according to objective functions. Noise reduction and 
smooth running require small tooth normal modules, high gear ratios and helical gears, while the load 
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and torque surge rates require large modules and smaller gear ratios. Modification of the teeth is a very 
important design consideration. Tooth tip modification and tooth length modification play a key role 
in tooth surface fatigue and noise levels. Of course, there are even more interesting areas of research in 
this field. Macro geometric research on tooth profiles and optimization of the lubricating oil additive 
package are important areas. These all increase the lifetime of the lubricating oil and the efficiency of 
the system. However, to calculate efficiency and accurately calculate the temperature of the wheel body 
and oil sump, it is also necessary to know the power losses. 

It is also particularly important to look at gearbox losses, including oil lubrication losses, because 
knowledge of the causes of these losses will allow lubrication systems to be optimized, lubricating 
oil additives to be determined correctly and oil life to be increased, which will also result in significant 
financial savings. 

The direction of development is diverse, but one thing is for sure, gear drives are found in all 
designs, so maximizing their efficiency and designing them cost-effectively will always be a 
challenging engineering task. 

Appendix 

Tooth Friction Losses 

b—gear width [mm], 
dw1—operating pitch diameter of the pinion [mm]. 
i—gear ratio [-], 
Pin—input power [W], 
PB—power loss of oil accelerating [W], 
PD—power loss of seal friction [W], 
Pk—oil expel power loss [W], 
Pl—power dependent component of bearing friction losses [W], 
Pl0—power independent component of bearing friction losses [W], 
Pp—oil churning loss [W], 
Pw—windage loss [W], 
Px—power losses from other sources [W], 
Pz—power dependent component of tooth friction losses [W], 
Pz0—power independent component of tooth friction losses [W], 
vcs—sliding speed between the maiting teeth [m/s], 
v—the lubricant inlet speed (sum of tangential speeds of the tooth profiles) [m/s], 
vr—the sum of the rolling speeds [m/s], 
v(x)—coincidence velocity of tooth profiles along the contact line [m/s], 
vtC—sum of tangential velocities at the principal point [m/s], 
wt—gear tooth specific load [N/mm], 
z1—tooth number of the pinion [-], 
z2—tooth number of the gear [-], 
βb—helix angle at the base circle [rad], 
ε1; ε2—partial transverse contact ratios [-], 
εα—transverse contact ratio [-], 
η—dynamic viscosity of the lubricant at operating temperature [Pas], 
ηM—dynamic viscosity of the lubricant at atmospheric pressure at wheel body temperature [mPas], 
ηz—gear efficiency [-], 
μz—coefficient of tooth friction [-], 
ν;νk—kinematic viscosity of the lubrican [mm2/s], 
ne(x)—equivalent radius of curvature along the contact line [mm], 
—equivalent radius of curvature of the connected tooth profiles [mm]. 
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Oil Churning Losses 

AB—the contact area of the gear body and the oil [m2], 
b—gear width[mm], 
bm—immersion depth of the gear [mm], 
d—pitch circle of the gear [m], 
Fr—Froude-number, Fr=Ω2×RP/g, where: g=9,81 m/s2, 
Mch—torque loss from the oil churning [Nm], 
Mpl—disc churning loss component from oil churning [Nm], 
MQ1—torque loss of expel [Nm], 
Re—Reynolds-number, Re=Ω×RP2/ν, 
Rec—critical Reynolds-number, 
r—pitch radius of the gear [m], 
v—tangential speed at pitch radius [m/s], 
V0—oil volume [m3], 
1—index of the pinion, 
2—index of the gear, 
ωangular velocity of the immersed gear [rad/s], 
ν—kinematic viscosity of the lubricant [m2/s], 
ρ—density of the lubricant (oil) [kg/m3]. 

Windage Losses 

b—gear width [m], 
d—pitch circle diameter [m], 
dl—feet circle diameter [mm], 
mn—normal modul [mm], 
n—absolut rotational speed of the gear [1/min], 
ηo—dynamic viscosity of the lubricant [Ns/m2]. 

Seal Friction Losses 

dt—shaft diameter [mm], 
Mr—friction torque [Nm], 
nt—absolut rotational speed of the shaft [1/min], 
Pi—pressure under the seal lip [N/m], 
Psl—power loss [W], 
ts—oil temperature [°C], 
ν40—kinematic viscosity of the lubricant at 40 [°C] temperature [mm2/s]. 
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