POLITECNICO DI TORINO

Master of Science Degree
in Automotive Engineering

Master’s Thesis

Power loss analysis of a two-speed transmission for
next-generation electric vehicles

W

(1 : \

/ iii SR

\~"l||llllliiiiii;i. neifi (Y| $2#

!
W\ 1859 ,f.
N e
= d*

Academic supervisor Candidate
Prof. Aldo Sorniotti Stefano Lovigu

Company supervisor
Ing. Fabio Viotto

Academic year 2023/2024



Abstract

The global transition towards a COs emission reduction in the transportation sector
forces the OEMs to rethink in a more efficient way how to convert and transmit
the energy to produce motion for the vehicles. Recent years have seen an increasing
transition to the electrified vehicles, both hybrid electric vehicles (HEVs) and bat-
tery electric vehicles (BEVs). To efficiently promote the adoption of electric vehicles
(EVs), accurate energy consumption estimates and, consequently, the ability to eval-
uate drivetrain efficiency are essential requirements. A critical consideration for EVs
is the selection between single-speed and multi-speed transmissions, as it significantly
affects overall vehicle efficiency. This thesis provides a comprehensive review of re-
cent research and technical progress present in literature related to the evaluation of
efficiency and performance of the different types of transmission applications in EVs.
The investigation of the power losses in the new Dana two-speed transmission for
electric vehicles is addressed in this thesis through two simulation models: a trans-
mission model and a vehicle model. The former calculates transmission power losses
to obtain overall efficiency maps. An innovative approach is employed to break down
the total power loss into individual components or the sources that generate them,
by creating percentage maps. The latter is the vehicle model, where the transmission
loss maps generated in the previous model are integrated. To investigate the realistic
behavior of the transmission in terms of energy losses, three different driving cycles
are simulated and their results are analyzed to provide a comprehensive understand-
ing of the transmission’s energy losses. The work proposes an innovative approach
to accurately predicting transmission losses and efficiency. The detailed analysis of
the three driving cycles provides valuable insights into the transmission’s energy loss
mechanisms, enabling better optimization and design improvements. This study un-
derscores the potential of two-speed transmissions to enhance energy consumption
performances in upcoming electric vehicles.



Introduction

A transmission is a mechanical system used to transfer power from an engine or an
electric motor to the wheels or other driven components of a vehicle or machinery.
It is an essential device in vehicles because it adjusts the input power’s speed and
torque to meet various operational needs by using a series of gears. By changing
the gear ratios, a transmission can increase torque while reducing speed or increase
speed while reducing torque, enabling efficient performance across different driving or
operational conditions. Nowadays, multi-speed transmissions are exclusively adopted
for internal combustion engine (ICE) vehicles, with only a few exceptions for their
application in electric vehicles.

In literature, most studies on multi-speed transmissions for electric vehicles eval-
uate efficiency by focusing on motor operating points to maximize high-efficiency
operation. They assess applicability by comparing simulation results of electric ve-
hicle models with single-speed and multi-speed transmissions across different driving
cycles. In the majority of these papers, only the motor’s efficiency is considered, as
in [60, 61, 62], and in some cases, as in [63], the inverter efficiency as well, while the
loss contributions from the transmission are sometimes overlooked in these compar-
isons. However, to comprehensively enhance the whole efficiency of the automotive
powertrain system, it is essential to account for all aspects of powertrain, includingh
transmission power losses. There are only a limited number of studies that address
the complete transmission’s power losses, with most of them focusing primarily on
manual transmission [66, 67, 68, 69, 70]. Some papers, on the other hand, as
[64], incorporate efficiency data obtained from experimental bench tests. However,
this assumes that the transmission already exists. For preliminary studies during
the design phase, when it is not possible to obtain this data due to the absence of
a physical model, power losses are estimated through theoretical models. This is
precisely the focus of this thesis. In this work, the power losses within a two-speed
transmission are discussed. To the author’s knowledge, there is no study on power
losses for a two-speed transmission specifically designed for electric vehicles with
the same layout as the transmission analyzed in this thesis, apart from the analy-



sis in [18], where the efficiency of the first two-speed transmission model by Dana
Graziano, formerly Oerlikon Graziano, is calculated using an efficiency model devel-
oped and experimentally validated by Oerlikon Graziano itself. However, no details
are provided about this model. The only similar work is [65], which analyzes power
losses in a DCT two-speed transmission for electric vehicles applying the ISO 14179-1
standard (American-derived version of the 14179 standard). In contrast to Xingxing
and coworkers’ study, this thesis analyzes power losses in a different transmission
type for electric vehicles: an AMT two-speed transmission; moreover employing a
different loss model, the ISO 14179-2 standard (German-derived version of the 14179
standard). The difference between the two standards lies in the evaluation of gear
losses, particularly the load-dependent meshing losses, which require more detailed
data for the German version, thereby enhancing its comprehensiveness.

The thesis’ work extended beyond establishing the overall efficiency of the
transmission at different operating points of the electric motor. It also involved cre-
ating percentage maps that dissected the total efficiency into its distinct loss
components, thereby determining the impact of each type of loss on the efficiency
of the entire system under varying operating conditions. Moreover, the analysis ex-
tended beyond categorizing losses by type to analyze the physical components of
the transmission that contributed to these losses, utilizing percentage maps.
Specifically, the thesis is structured as follows:

The first Chapter of this thesis justifies the use of a multi-speed transmission in
electric vehicles by explaining the benefits, the types of multi-speed transmissions
available, and the optimal number of gears to adopt, all while specifically referencing
electric vehicles.

Chapter 2 introduces the solution of a 2-speed transmission developed by Dana,
detailing its layout with components and power flows in both first and second gears.

As just explained, the transmission converts power from the electric motor to
the wheels; however, this conversion is not free. In fact, the transmission exhibits
a non-constant efficiency across different operating conditions. Chapter 3 addresses
the topic of efficiency in transmissions in detail.

Chapter 4 delves into the detailed presentation of two models of the Dana 2-speed
transmission developed within the Matlab/Simulink environment. These models are
meticulously designed to accurately estimate power losses occurring within the trans-
mission system.

Lastly, Chapter 5 analyzes and discusses the outcomes derived from the Mat-
lab/Simulink models presented in Chapter 4, in order to obtain a comprehensive
overview of the total efficiency of Dana 2-speed transmission solution and the vari-
ous sources of power loss that contribute to inefficiencies.
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Chapter 1

Electric drivetrain solutions

1.1 Overview

Today’s available solutions for Battery Electric Vehicles (BEVs) layouts are mainly
two: the centralized system configuration (single or multi-motor coupling powertrain)
and the off board distributed system configuration (in-wheels motors).

{a) Central motor drive vehicle architecture (b)) IWM drive vehicle architectun:

Figure 1.1: eDrivetrain solutions [57]

Despite no transmission system is needed for the off board distributed configuration,
this solution affects the comfort and the safety of the vehicle because of the increase
in the unsprung mass [1]. The centralized system consists of a motor and a single or
multi-ratio gearbox; nevertheless, multi-motor driving systems can be used to better
manage energy utilization together with an improvement in performances, by means
the implementation of various driving modes [2]. In order to minimize mass, volume,



losses and costs of the drivetrain, the single motor powertrain configuration is the
most suitable solution [3, 4, 5].

1.2 Single-speed vs multi-speed transmission

A great part of single motor powertrain solutions adopts a single reduction gear to
sufficiently match the torque and the speed requirements of the vehicle for various
road conditions by choosing an adequate motor and reduction gear combination [6].
This is possible because the electric motor produces consistent torque in its entire
speed range, in addition, above its base speed, the motor power output is constant,
so no need for more gears to control the wheels is requested.

However, a multi-speed transmission can be used to further improve vehicle’s per-
formance (top speed, increase in acceleration, gradeability) and fuel consumption
(optimization of the motor/inverter operating points, overall mass and volume re-
duction) for the single motor centralized layout. To properly implement these kinds
of transmissions, a control for the gearbox and a shift strategy study are needed [7];
disadvantages in adopting this solution may be the raise in the manufacturing cost
for the EV and a lower gearbox efficiency than a single-speed gearbox.

Motor Motor Operation at
Operation Low Efficiency Regions
Zone is Avoided by Muiti
~ - e speed Gearbox
= g
Motor Motor T
oy | g |-
Drive Drive 14+
= =
Battery Battery Shift
Control
Baseline: Motor with a single fixed ratio Proposed : Motor with multiple gear ratios (3 shown)

Figure 1.2: Single reductor vs multi-speed gearbox [58]

The main performance indexes to consider while evaluating a multi-speed gearbox for
EVs applications are production coast, energy consumption, dynamic performances
and driving comfort. Basing on the specific application, a different weight could be
assigned to each of them.



1.3 Multi-speed gearbox overview

The main types of multi-speed gearboxes used in the automotive field can be clas-
sified into the following categories: manual transmission (MT), automated manual
transmission (AMT), dual clutch transmission (DCT), automatic transmission (AT)
and continuous variable transmission (CVT). There are other types of less conven-
tional architectures researchers focused on: infinitely variable transmission (IVT),
inverse-automated manual transmission (I-AMT) and magnetic gear transmission
(MGT).

The gearset of an AT is usually composed by a set of planetary gears properly con-
trolled to achieve various gear ratios. To enable the engine connection to the driveline
during gearshifts, a torque converter is used.

The MT is the simpler gearbox solution, the gearshift is performed manually by the
driver by disconnecting the engine by means of a shift lever connected to a clutch.
AMTs are based on the MT but they use a transmission control unit (TCU) to
automatically control the shift. The I-AMT is similar to the AMT, rather than a
synchronizer it includes a clutch for the connection of the second gear, while the first
gear is engaged by the synchronizer. DCT is a solution that uses two shafts, one for
the even gears and one for the odd gears. The two shafts are both connected to the
motor by two independent clutches, by controlling the two clutches simultaneously
it is possible to achieve a seamless gearshift. Differently from the previous cases, the
CVT enable the gear ratio to vary in a continuous way within a defined ratio range
thanks the use of taper discs and a belt. IVT is based on the same concept of the
CVT but a fixed ratio and a planetary gearset are added to reduce the minimum
ratio, even to negative values [8]. In the MGT a magnetic field is used to transmit
force instead of gears. The gear ratio is determined by the ratio of magnetic pole
pairs on the inner and the outer rotors in the case of a coaxial magnetic gear, or by
the planetary gear ratios for the planetary magnetic gear.

1.4 Multi-speed gearbox for electric vehicles

In order to be competitive in the automotive industry, the transmission system of
a Battery Electric Vehicle (BEV) must meet high efficiency targets and a seamless
gearshift behavior. Focus on efficiency is crucial, because it directly impacts the
vehicle’s overall performance, energy consumption and range.

Additionally, seamless gearshifting enhances driving experience by improving the
comfort and gearshift quality, significant factors for the satisfaction of an electric
vehicle consumer.
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Ensuring that, the transmission operates with minimal energy loss and with smooth
and imperceptible gears transition. A multi-speed transmission for BEVs can con-
tinuously varies the gear (CVT) or utilize a discrete gearbox, which shifts between
predetermined gears.

Although the adoption of a Continuously Variable Transmission (CVT) system max-
imizes the working points distribution of the motor/inverter system, its adoption
presents drawbacks in efficiency [9, 10, 11] and in speed of response at launch [12].
As result, a discrete multi-speed transmission seems to be the most cost effective
solution for controlling the operating conditions of the motor for an assigned driver
power demand.

The efficiency of a manual transmission (MT) can reach 97% [13] but because in
an electric vehicle, changing gears is not intuitive for users due to the motor’s quiet
operation, they are practically not used in EVs applications; also the automated
manual transmission (AMT) efficiency is comparable to the MT’s one, but AMTs
are affected by torque gap during gearshift due to the disengagement of the clutch
to allow the synchronization; so they cannot guarantee a seamless gearshift behav-
ior. The I-AMT was introduced to overcome the driving comfort limitations of a
traditional AMT, by reducing its traction interruption during gearshift [14]. ATs
instead, allow a seamless gearshift but have no longer efficiency than MTs (up to
86% according [13]), mainly because of viscous shear losses in the torque converter,
due to that they are not suitable for EVs. DCT permits to have a higher efficiency
than an AT system with torque converter and the capability to fill in the torque
gap during gearshift, allowing seamless longitudinal accelerations. Anyway DCTs,
when coupled with engines able to generate considerable torque, need wet clutches.
Wet clutches are used to dissipate the big amount of heat produced during power-on
gearshift. As a result, DCT efficiency is reduced by churning and ancillary power
dissipation associated with the wet clutch pack. The adoption of MGT could be
attractive due its benefits deriving from the contactless mechanism, anyway its ef-
ficiency is low, and the production cost is prohibitive (because the large number
of magnets used) for the application in the automotive field. Research literature
shows that among the various solutions, AMTs and DCTs are the most promising
ones. Although I-AMT, IVT and MGT have been studied, they have not yet real
applications. In [15] a complete analysis between the abovementioned transmission
layouts is done. Latest designs and real application gearboxes are examined and
compared. Authors inspected the relative cost and the relative mass of the various
gearbox topologies respect to the MT solution, taken as a reference (factor=1). The
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best performance, after the MT reference one, for both cost and mass is achieved
by the AMT and the I-AMT (factor=1.09), followed by the DCT (1.32). The worst
value is for the IVT (1,88). No values are reported for the MGT since it is still at
the research stage, so no sufficient data is available. The qualitative study conducted
by Machado and coworkers also shows that the DCT is ranked highest for potential
dynamic performance, due to its benefit in reducing the torque gap. While the high-
est potential drivetrain efficiency index is shared among DCT, AMT and I-AMT,
the maximum gearbox efficiency index is for the MT. Overall, they concluded that
clutch-less AMTs and DCTs are the most common and promising technologies.

1.5 Gears number for an electric vehicle gearbox

Besides the investigation on the most suitable type of gearbox, the academic liter-
ature also investigated the most convenient number of gears to be adopted for an
EV to achieve a compromise between performances, costs and efficiency. In partic-
ular, Ruan et al. [16] compared alternative multi-speed powertrains (two-, three-,
four-speed DCT) in a hybrid cycle application that combines FTP75 for the city cy-
cle and HWFET for the highway cycle. The results demonstrate that the two-speed
DCT, among the three proposed, shows the best energy utilization rate improvement
with respect to the reference single-speed transmission (+16.4% for the B-class case
study, + 9.6% for the E-class case). [17] investigated motor efficiency among three
types of multi-speed transmissions in pure electric vehicles (BEVs) driving on an
urban and a highway driving cycle. The results indicate that an increasing number
of gears could make the motor work in a steady efficient driving status. Fang and
coworkers stressed that the obtained rate improvement in motor efficiency depends
on the driving routes, this fact, combined with the increasing cost of a transmission
with more gears, led them to finally state a two-speed transmission is enough for an
EV driving mostly on non-complex routes. Lastly, [18] and [19] assert two-speed
transmission system represents the best compromise between the benefits derived
from a multi-speed transmission and the simplicity of a compact and lightweight
drivetrain.
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Chapter 2

The novel Dana 2-speed
transmission

The necessity of high efficiency also for high performance applications together with
the need of a seamless gearshift to emulate the behavior of the single reduction
gear solution typical of an EV, combined with constrains in costs, led the company
Oerlikon Graziano together with Sorniotti and co. [18, 20] to investigate a new type
of transmission suitable for EV that could represent an alternative to the DCT and
overcomes its drawbacks. A novel 2-speed transmission has been developed from the
Oerlikon Graziano single-speed unit. A transmission layout including a dual stage
reduction and a single dry clutch, able to combine the high mechanical efficiency
typical of an AMTs and with a torque fill capability to allow seamless gearshifts,
was presented. The main benefit of this new solution is to reduce the production
costs respect to the DCT’s ones, by granting similar performances, even in high
power operational conditions, and lower power dissipation. A seamless gearshift
control system [21] has been also specially developed for the transmission to ensure
an optimal gear change.

2.1 The transmission layout

The transmission studied in [18] and [20] is the first version of the Dana 2-speed
transmission, which was later followed by a new version that is the subject of this
study. The first version presents a layout as depicted in Figure Specifically,
the transmission comprises a dual stage reduction; the first gear is achieved through
a device known as Selectable One Way Clutch (SOWC), while the second gear is
attained via a friction clutch. It includes three shafts: the motorshaft, where the
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friction clutch is mounted; the layshaft 1 where the SOWC is mounted, and a third
shaft, the differential shaft, where the differential gear is keyed on, serving as the
final reduction stage that transmits motion to the half shafts, and subsequently to
the wheels.

The key component of this transmission is the One Way Clutch (OWC), a device
consisting of two main parts that automatically engages or disengages basing on the
relative speeds of the two parts. The second clutch is a traditional friction clutch
that can be engaged or disengage with a pressure command.

Friction | eMotor
Clutch |

SOWC

Differential

Figure 2.1: Transmission layout: first version
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The selectable one way clutch SOWC

The OWC is an unidirectional motion device, also known as freewheel or overrun-
ning clutch. It can be seen as a mechanism composed of two discs: the driving
disc and the driven disc, represented in Figure as the blue and the green parts
respectively. The clutch is actively engaged and transmits power when the driving
component rotates faster than the driven component. Conversely, when the driven
part starts rotating faster than the driving part, the clutch disengages so that the
driven component, usually a shaft, can keep spin faster and freely without the up-
stream components of the system controlling it. This is the overrunning condition,
from which the overrunning clutch device also derives its name.

Figure 2.2: One Way Clutch [22]

As we will see in the following sections, the OWC does not allow energy recovery
during braking when the first gear is engaged, because, in such a condition, it would
be in overrunning condition. To perform regenerative braking in first gear, it is
necessary to prevent the clutch from disengaging when the driven component rotates
faster than the driving component. To achieve this, the OWC has been replaced
with an evolved version of it, called Selectable One Way Clutch (SOWC). Unlike the
OWC, the SOWC, when properly activated, allows torque transfer in both directions
of rotation.

Specifically, the SOWC has two operating modes: it can be activated (ON mode)
or deactivated (OFF mode). Contrary to the standard OWC, the ON mode of the
SOWC prevents the driven part from moving freely under no circumstances, thanks

15



to a mechanism that, if properly activated, rigidly couples the two discs in both the
directions. This allows to transfer power from the motor to the wheels and from the
wheels to the motor, allowing both traction and regeneration.

The new Dana two-speed transmission design

Unlike the original version, the new version of the Dana 2-speed transmission com-
prises a three-stage reduction with four shafts. The first reduction occurs between
the motor shaft and layshaft 1, the first or second gear reductions between layshaft 1
and layshaft 2, and the final reduction between layshaft 2 and the differential shaft.
Its layout is shown in Figure As for the first version, the first and second gear
selections are performed using a selectable one-way clutch (SOWC) and a traditional
clutch, respectively.

Friction |
Clutch |

-T- eMotor

Differential

Figure 2.3: Transmission layout: new version [22]
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2.2 Transmission power flow

The power flow in a battery electric vehicle, in driving condition, is considered pos-
itive from the electric motor to the wheels. In such instance, the electric motor
generates power, converting electrical energy from the battery into mechanical en-
ergy, typically in rotational motion of a rotating shaft (the motor shaft). This shaft
transfers the power into the gearbox. Then, a set of reduction stages, modifies the
power by increasing torque and reducing speed. A final gear reduction, the differen-
tial, finally distributes the mechanical power to drive the vehicle’s wheels by splitting
it between the left and right wheels.

In contrast, the transmission power flow for an electric vehicle is considered negative
when it flows from the wheels to the motor; this case is the regenerative condition
(hereafter shortened as regen).

2.2.1 Power flow in first gear

In Figure the power flow, in driving condition in first gear, is showed for the last
version of the product. The transmission presents three reduction stages: the power
generated in the electric motor, encounters a first reduction stage (from motor shaft
to layshaft 1), a second stage, which varies according to the gear engaged, and the
final ratio (the differential ratio). When the first gear is engaged, power flows across
the first stage, then passes in the second stage through the SOWC, and finally in
the differential stage. First gear reduction is achieved through the SOWC: during
driving conditions, the friction clutch is disengaged, allowing the power flow to pass
solely through the one-way clutch (OWC). During regeneration (Figure [2.7), the
SOWC is set to ON mode to allow the power to flow through it, thereby preventing
overrunning.
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Figure 2.5: Transmission power flow in 15 gear - Regen
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2.2.2 Power flow in second gear

When in second gear, the power is transmitted to the layshaft 2 through the friction
clutch. From here, power is then transferred to the third shaft via the differential,
which splits the power flow into the two halfshafts connected to the wheels.

As seen before in Figure in first gear the electric motor delivers torque that
passes through the SOWC, which is set to ON mode to enable regenerative braking.
Instead, in second gear (Figure and , the hydraulic system operates the
friction clutch, while the SOWC is set to OFF mode, working as a standard OWC.
Under these circumstances, the speed imposed by the second gear to the layshaft
2 is higher than the speed that the first gear imposes on the driving component of
the OWC. Consequently, the driven part, integral with the layshaft 2, rotates at a
higher speed, and thus not allowing the SOWC to transmit torque to the layshaft 2.
Resulting in all the power flow passing through the friction clutch.
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Chapter 3

Power losses 1n a transmission

Recent legislation, particularly in California and the EU, portends more stringent re-
quirements for road transport CO4 emissions across the globe. Additionally, reducing
energy consumption and conserving resources, are becoming increasingly important
areas of interest for consumers. This drives vehicle manufacturers to enhance the
efficiency of their products. To achieve these targets, optimizing the efficiency of
the powertrain is essential. Since transmissions are one of the main components in
a vehicle powertrain, their powerlosses cannot be considered negligible in the total
powertrain losses [23].

Transmission power losses are inefficiencies that result in the loss of energy as it is
transmitted from the engine (or electric motor) to the wheels of a vehicle, or vice
versa during regenerative braking (EVs only). They can significantly affect the over-
all efficiency and performance of a vehicle. These losses occur due to a variety of
factors, including mechanical inefficiencies, thermal effects, and dynamic interactions
within the transmission system. Understanding and addressing these power losses
is crucial for optimizing vehicle performance and energy efficiency. Especially, for
internal combustion engine (ICE) vehicles, this means improving fuel economy and
reducing emissions, while, for electric vehicles (EVs), it means enhancing battery
range. Optimizing transmission efficiency is thus a critical area of focus, especially
as electric vehicles become more widespread. Researchers have spent lot of effort to
build models able to estimate transmission power losses. These models are essential
for understanding how different factors, such as friction, lubrication, and mechanical
design, impact the overall efficiency of the transmission. By using these models,
engineers can identify areas for improvement and implement design changes or new
technologies to reduce losses and enhance the performance of the entire powertrain.
Therefore, summing up, the importance of transmission efficiency is crucial in auto-
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motive field for improving fuel economy and satisfying the growing consumer demand
for more efficient and environmentally friendly vehicles.

3.1 Power loss sources

This section presents a detailed overview of the different types of power losses that
can occur within a transmission: losses in a gearbox are originated from gears Py,
bearings Pyy, seals Pyp, and auxiliary elements Pyy [24]. Consequently, the total
power loss Py is the sum of these power losses contributions, considering all the
elements comprising the transmission.

Py =Pyyz+ Py + Pyp + Pyx

Literature [25] divides gearbox losses in load independent (subscription 0) and load
dependent losses (subscription P).

Power loss Gears Bearings Seals Auxiliaries
Py = Pyzo ¥ Pyzp + Pypo + Pvip + Pyp + Pyx
No-load losses l l 1 l
Load dependent losses

Figure 3.1: Transmission power losses sources [46]

Load dependent power losses occur when torque is transferred while independent
power losses occur regardless of whether torque is being transmitted. In fact, gears
and bearings produce losses even when no load is transmitted, due to the rotation
of shafts, which causes them to be dragged in the lubricant. More specifically, it is
possible to distinguish the following loss components:

e Gear Power Losses - composed by a load dependent component Pyyzp and
a load independent component Py
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e Bearing Power Losses - composed by a load dependent component Pyyp
and a load independent component Pyr,g.

e Shaft Seal Power Losses

e Auxiliaries Power Losses

3.1.1 Gear Power Losses

Gear power losses Pyyz refer to the total energy dissipation resulting from the in-
teraction and operation of gears within a transmission system. Pyy can include a
load-dependent component Pyzp and another component Pyyo that is independent

of the load .

Load dependent component

Gear load depending losses refer to energy losses, within a transmission, that is
generated because of load is transmitted through to the gears. They mainly result
from the frictional force generated at the contact points between gear teeth (known
as meshing friction). Ohlendorf [26] was the first introducing a theoretical approach
to calculate the load dependent losses in gears. This approach is still today used in
the ISO-14179-2.

Myzp = MinpmHy
My 7 p Gear load dependent resistant torque
M;x Input torque
L Constant friction coefficient

Hy Gear loss factor

Load independent component

Gear load independent losses, also known as Churning Losses, are the component
of gear losses which occur regardless of whether torque is being transmitted or not.
Churning losses are due to swash and squeeze effects in splash lubrication, resulting
from gears turning in a fluid, which can be either lubricant oil or an oil-air mixture,
or they are due to oil impulses in spray lubrication. Load independent gear losses
can be seen as formed by the following contributions:
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e Splash lubricated gears case:
Myzo=Myzg+ Myzpr+ Myzy
e Spray lubrication case:

Myzo= Myzqo+ Myzr+ Myzy

Where:
My, Gear load independent resistant torque

My 7o Contribution due to the displacement of the oil in the contact area between
the teeth (negligible if oil stream meets the regressing contact area)

My 7 pr Resistance torque of the gear wheel when rotating in an oil bath
My 7 Impulse loss torque caused by the oil stream in spray lubrication

My 7y Air drag due to air or oil mist, composed of the loss of the gear wheel itself
MVZyy and the loss in the contact area between the teeth MVZyg

Churning Squeezing Windage

Figure 3.2: Transmission Churning losses [27]

Most power losses models of spinning gears present in literature are based on dimen-
sional analysis, because of the difficulty of the phenomenon. Mauz [28] investigated
various influencing factors experimentally, resulting in the formulation of an equation
where spinning direction, oil viscosity, oil volume, and housing effect were taken into
consideration. Since many parameters are required in the Mauz’s equations, and also
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its validity range is limited, another model for the oil churning losses prediction is
derived and currently employed in the ISO 14179-2 [24].

1
Ty =Cgsp-Cy-e " Vro

The parameters Cgp, C; and C, depend on the immersion depth and on the gears
dimensions.

3.1.2 Bearing Power Losses

The main contribution for bearing power losses Pyp, arise from rolling and slid-
ing friction, lubrication losses and seal losses. In vehicle gearboxes, rolling contact
bearings are predominantly used. For these types of bearings, six distinct loss con-
tributions can be identified, as illustrated in Figure |3.3} Friction from rolling and
sliding interactions between the rolling elements and bearing rings (contribution 1
and 2), sliding friction deriving from interactions between the cage bar and the bear-
ing rings (contribution 3), sliding friction occurring between cage and rolling element
front surface (contribution 4), friction from sliding between rolling element and outer
ring (contribution 5), and friction from interactions between cage and rolling element
(contribution 6).

Figure 3.3: Bearing losses types [29)]
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As previously observed, one of the factors influencing power loss in bearings is their
type. Due to the wide variety of bearings available on the market, manufacturers
provide empirical models to estimate the drag torque. Two main approaches are
present in literature:

1. The Palmgren approach that splits the drag into a torque dependent and a
torque independent part

2. The SKF approach that investigates where each loss is generated

Palmgren approach

The Palmgren approach, used by INA /FAG [30] and also included in the ISO 14179-
2 [24], consists in splitting the total resistant torque into a load dependent torque
Myr,p and load independent torque My, o contribution. This formulation was pub-
lished by Palmgren [31] and represented the first comprehensive approach to calcu-
lating drag torque in rolling contact bearings.

My = Mypo+ Myrp

Where:

My, Bearing load independent resistant torque

My, p Bearing load dependent resistant torque

SKF approach

SKF investigate a more detailed model [32] for calculating the frictional moment of
a bearing, assigning each type of loss to its specific location within a bearing.

MVL = Mrr + Msl + Mseal + Mdrag

Where:
M,., Rolling frictional moment
My Sliding frictional moment

Meas Frictional moment of seals

Myqq  Frictional moment of drag losses, churning, splashing etc.
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3.1.3 Shaft Seal Power Losses

Radial shaft seals losses Pyp are attributable to the loss torque generated by the
friction between the sealing lip and the rotating shaft. A simple formulation to
estimate shaft seals losses is provided by Linke [33].

30
Myp = [145 — 1.6 - 6 + 350 - log(log(vs + 0.8))] - 1077 - d?, - —
™

Where:
dy Shaft diameter
0 Oil temperature
Vi Kinematic viscosity of oil at 40 °C

3.1.4 Auxiliaries Power Losses

Auxiliaries losses Pyx in a transmission system refer to the general power losses that
occur due to components other than gears, bearings, and seals. Examples of auxiliary
power losses include those caused by clutches and synchronizers. These losses can
be expressed as:

Pyx = Pyppr + Pvs + Py + Pyna

Where:
Pyppr Rotary union loss
Pyg Synchronization loss
Pyg Clutch loss

Pyna  Oil pump loss
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Rotary union loss

Rotary unions loss Pyppr is due to the friction between the lateral surfaces and de-
pends on oil pressure and shear flow in the pressure chamber. According to Gronitzki
[34] the loss torque in a rotary union can be described as the sum of three main loss
sources:

Myvppr = 2My + 2M7r + Mig1

Where:
M; Friction torque due to the oil leakage
My Friction torque between the groove and the seal ring

My Friction torque due to shear flow between the outer and the inner shaft, in
a pressurized chamber

Figure 3.4: Rotary union losses areas [29]
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Synchronization loss

Synchronization losses Pyg are due to the fluid drag between synchronizer and friction
cone.

Use drag data based on measurements provided by the manufacturer.

Clutch loss
Clutch losses Pygk are due to the fluid drag between disc of wet multi-disc clutches.

Use drag data based on measurements provided by the manufacturer.

Oil pump loss

Oil pump losses Pyna depend on system pressure, temperature and oil viscosity.

Use drag data based on measurements provided by the manufacturer.

3.2 Power losses modelling

A complete model to estimate transmission losses can be built by choosing from
literature the proper sub-models for each loss contribution. The grade of complexity
and the available transmission’s data can drive the choice of a model over another.
In [35] a comparison between a model built by using ISO 14179-2 sub-models and
a model, referred to as joint overall model, built by the combination of various sub-
models taken from the literature (integration model for the mesh gearing losses,
Changenet model for oil churning and the SKF model for bearing losses) is carried
out on a two-speed transmission. Results show that the joint overall model predicts a
higher efficiency than the ISO 14179-2 methods and it gives a better overall efficiency
prediction for the analyzed transmission. The joint overall model is also used in
[36], where authors proposed a novel method to improve power losses estimation
in a transmission by eliminating the deviation between simulation results obtained
with joint overall model and the experimentally measured data from test bench. The
methodology is based on identifying some parameters that can reduce the efficiency
deviation between the simulation results and measurements by using a sensitivity
analysis. The two transmissions study cases both show that the methodology is
reliable.

Since this work aims to estimate the losses of a transmission that is still under study
and has not yet entered production, it is not possible to compare the results obtained
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through a prediction model with experimental measurements. For this reason, a loss
prediction model that employs sub-models from the well-established ISO 14179-2
standards has been chosen.

3.2.1 The ISO approaches

The International Organization for Standardization (ISO) is a global federation com-
prising national standards bodies from various countries. Its primary mission is to
develop and publish international standards that promote quality, safety, efficiency,
and interoperability across various industrial and commercial sectors. These stan-
dards are developed by ISO technical committees, where member bodies and relevant
international organizations collaborate to define best practices and common require-
ments.

The ISO 14179 is a thermal rating method that utilizes an analytical model, based
on heat balance, to calculate the thermal transmittable power for a single or mul-
tiple stage gear drive that are lubricated with mineral oil. Two proposals exist for
this standard, the American proposal ISO 14179-1 and the German proposal ISO
14179-2.

Below is the official definitions directly derived from the standard [37]:

ISO 14179-1

The procedure ISO 14179-1 is based on the calculation method presented in AGMA
(American Gear Manufacturers Association) Technical Paper 96FTM9 [38]. The
bearing losses are calculated from catalogue information supplied by bearing manu-
facturers, which in turn can be traced to the work of Palmgren. The gear windage and
churning loss formulations originally appeared in work presented by Dudley, and have
been modified to account for the effects of changes in lubricant viscosity and amount
of gear submergence. The gear load losses are derived from the early investigators
of rolling and sliding friction who approzimated gear tooth action by means of disk
testers. The coefficients in the load loss equation were then developed from a multiple
parameter regression analysis of experimental data from a large population of tests
in typical industrial gear drives. These gear drives were subjected to testing which
varied operating conditions over a wide range. Operating condition parameters in
the test matrix included speed, power, direction of rotation and amount of lubricant.
The formulation has been verified by cross checking predicted results to experimental
data for various gear drive configurations from several manufacturers.
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ISO 14179-2

The procedure ISO/TR 14179-2 is based on a German proposal whereby the thermal
equilibrium between power loss and dissipated heat 1s calculated. From this equilib-
rium, the expected gear oil sump temperature for a given transmitted power, as well as
the maximum transmittable power for a given mazximum oil sump temperature, can be
calculated. For spray lubrication, it is also possible to calculate the amount of exter-
nal cooling necessary for maintaining a given oil inlet temperature. The calculation
15 an iterative method.

3.3 Influence factors on transmission power losses

3.3.1 Gear losses - load independent

The addition of lubricant in a gearbox is crucial for reducing friction and wear of
the gears by forming a lubricating film between their flanks. This film minimizes di-
rect metal-to-metal contact and helps dissipate the heat generated during operation.
The cooling effect provided by the lubricant is essential to maintain the structural
integrity of the gears, preventing a loss in their mechanical strength. However, the
introduction of lubricant also has negative consequences, such as increased energy
losses and a decrease in overall transmission efficiency.

Gear speed and direction of rotation

The dependance between load independent gear losses and increasing rotational
speed was reported by Seetharaman and coworkers [39]. As the rotational speed
increases, the lubricant oil is splashed around more intensively, thus generating more
churning losses. This phenomenon is visible in Figure [3.5] where a FZG gear test
was carried out at different rotational speeds [40].

Figure 3.5: Lubricant splashing at different velocities (from the left: wheel rotating
at 145 rpm, 290 rpm, 580 rpm) [41]
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In the work done by Seetharaman et al. [39] it is also reported that the sense
of rotation of the gears have an influence on the gear churning losses: standard
rotational direction (Figure of gears gives lower gear churning losses respect
to the opposite direction. In this scenario, greater attention must be given to the
scuffing phenomenon because the centrifugal force causes most of the oil to be hurl
off the gear teeth before they engage again.

270° 90°

Figure 3.6: Standard (left) and changed (right) rotational direction for FZG test rig

Immersion depth

Otto [42] investigated the oil immersion depth influence in a sump lubricated gear-
box. Three different oil depth configurations (3-module at pinion, 3-module at gear,
1-module at gear) were tested and the respective oil churning to the oil at shaft center
configuration compared. It was observed that reducing the immersion depth leads
to a corresponding decrease in churning losses (more than 50% reduction was found
when immersion depth is reduced from center line to 3 times module of the gear).
One significant drawback of reducing the immersion depth is the potential compro-
mise of the cooling performance. When the gears are not sufficiently immersed, the
lubricant cannot effectively dissipate the heat generated during operation. This issue
becomes particularly critical at high speeds and under heavy loads, where the heat
generated can be substantial. In the worst-case scenario, the pinion bulk may reach
temperatures high enough to cause the material to temper, leading to a loss of its
mechanical properties and potentially resulting in failure.

Oil viscosity

Terekhov [43], Michaelis [44] and Mauz [28] investigated the influence of oil viscosity
on churning losses. Terekhov and Michaelis documented that increasing oil viscosity
led to an elevation in churning losses. Terekhov specifically noted this trend with high
viscosity oils, whereas Michaelis observed it irrespective of the oil type. Additionally,
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Mauz highlighted a correlation with operating speed: at lower speeds, higher viscosity
oils amplified churning losses, whereas at higher speeds, an increase in oil viscosity
actually reduced churning losses. In order to optimize lubrication and efficiency, the
Computational Fluid Dynamics (CFD) method can be employed during the initial
phases of transmission design, this approach allows for the visualization and analysis
of oil flow within a gearbox in a more flexible way compared to traditional methods
involving transparent gearbox designs and direct measurements. In this specific
context, it is noteworthy to discuss the research carried out by Liu and colleagues
[27], who examined the no-load power losses in the FZG rig using a CFD model based
on the finite volume method. Their study focused on investigating how oil viscosity
and circumferential speed impact the oil flow characteristics of different lubricants
(specifically FVA2, FVA3, and FVA4) during a FZG test. They compared the results
from their CFD simulations with high-speed camera recordings of real-world FZG
tests (Figure . This comparative analysis provided insights into the accuracy and
reliability of using CFD simulations to predict and analyze oil flow behaviors within
gearbox testing environments.

Housing dimension

The research conducted by Changenet and Velex [45] indicated that gear churning
losses in dip-lubricated gearboxes are significantly influenced by the dimensions of
the housing. They introduced flanges and deflectors around the gears in both axial
and radial directions to mitigate these losses (Figure. It was found that adjusting
the oil volume while maintaining a constant immersion depth can effectively reduce
gear churning losses. Specifically, at higher speeds, reducing the lubricant volume
tends to increase churning losses, although this behaviour is no longer visible at lower
speeds, as declared by the authors. Nevertheless, it is important to emphasize that
in practical applications, within a fixed transmission design context, variations in oil
volume influences variation in immersion depth. Consequently, contrary to initial
expectations, decreasing lubricant volume does not necessarily result in increased
churning losses due to these interrelated factors.

They also conducted an analysis of both the influence of axial clearance between the
gear face and the gearbox wall, and the effect of radial clearance between the gear
tip radius and a deflector. These components were specifically introduced for the
purpose of the experiments.

Differently from Figure [3.8 the test was carried out with a single pinion. For this
particular configuration, it was observed that a reduction in axial clearance led to a
decrease in gear churning losses, highlights the importance of minimizing the distance
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Figure 3.7: Comparison between simulated oil distribution and high speed camera
recordings for FVA3, FVA2 and FVA4 at oil temperature of 40°C and for different
circumferential speeds of 0.9; 1.4; 2.1 m/s. [27]
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Deflectors

Flanges

Figure 3.8: Housing shape modifications [45]

between the gear face and the gearbox wall to enhance efficiency. On the other hand,
the introduction of radial deflectors, which were intended to guide the lubricant
flow around the gear tip radius, had a negligible effect on reducing churning losses.
This suggests that while axial clearance is a critical factor, radial deflectors do not
contribute substantially to mitigating losses in this setup.

3.3.2 Gear losses - load dependent

Load gear losses result from sliding and rolling of the tooth flanks, of the wheel and
the pinion, against each other on the path of contact (Figure .
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Figure 3.9: Path of contact [35]

Power losses resulting from gear meshing Pyzp are calculated as follows:

Pyzp = FR($) : Vrez(-T)

Where z is a generic point along the path of contact.

The friction force Fr(x) can be expressed as the product Fy multiplied by p(z):

Pyzp = Fy(x) - p(x) - Vi ()

By multiplying ;}Jﬁ . % = 1 with the previous equation, it becomes:
Fy(z V,(x
Puyp = Fyxmas - FN—() )V g‘(/ )
Nmazx

Where V,(z) is the sliding velocity and V' the pitch line velocity.

Figure [3.10[ shows the trend of gjvv @) p(z) and @, factors characterizing the load

dependent gear losses, along the path of contact of Figure (3.9}
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Figure 3.10: Load, friction coefficient and sliding speed along path of contact [46].

Gear geometry

One of the factors influencing the load gear losses is the relative velocity of teeth
in mesh: a reduction of the sliding velocity contact path, concentrated around the
pitch point with zero sliding (visible in Figure , reduces the mesh losses. Hoehn
et al. [47] compared standard FZG type C gears and low loss gears, with minimum
sliding speed (Figure , at different operating conditions. The tests demonstrate
a reduction in total gearbox power losses ranging from 75%, at low speeds, to 35%,
at high speeds, when employing alternative low-loss gear designs, featuring smaller
module sizes and transverse contact ratios compared to standard designs. Addi-
tionally, they noted decreased energy losses associated with the use of an increased
pressure angle. The same conclusion is present in [48], where authors, following
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a comparison of various gear geometries, observed reduced energy losses associated
with smaller module sizes and shorter gear teeth geometries.

Figure 3.11: Geometry of standard C type gears (left) and lowloss gears (right) [46].

Surface roughness

The benefits of superfinishing on frictional losses were discussed in [49]. Britton et al.
investigated the impact of surface finishing on frictional losses, revealing a reduction
of approximately 31% (at the highest loads and speeds) with superfinished gear
teeth, with a roughness average (Ra) of 0.05 pm compared to ground gear teeth with
Ra=0.4 pm. The advantages of superfinishing become particularly pronounced at
elevated oil temperatures. Furthermore, they noted a decrease in tooth temperature
across the entire operating range.

Coatings

While literature focuses on fine surfaces and the use of low-viscosity lubricants as a
way to enhance gearbox efficiency and minimize churning losses, Sjoberg [50] pro-
posed an alternative approach. He noticed that the employment of a manganese
phosphate coating to gear surfaces can lead to reducing the coefficient of friction
during sliding. This coating not only lowers the risk of scuffing but also, according
to [51], allows for a substantial reduction in gearbox lubricant requirements. Thus,
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coatings adoption on gears offer the dual benefit of improving frictional characteris-
tics and optimizing lubrication management within the gearbox system.

Oil type and additives

As previously seen, a critical factor influencing load-dependent gear losses is the co-
efficient of friction between the gears, which directly impacts gearbox efficiency. In
the field of boundary lubrication the use of additives can be beneficial. According
to the tests conducted by Doleschel [52], a reduction in the boundary friction co-
efficient was observed under conditions of low speeds, high temperatures, and high
pressures when utilizing soluble molybdenum-thio-phosphate additives. Conversely,
under mixed and elastohydrodynamic (EHL) lubricationoperating conditions, signif-
icant variability based on the type of base oil used was found [53]. Various base oil
types with different viscosity grades were evaluated in a FZG-FVA efficiency test.
A potential reduction of friction in gear mesh is observed compared to lubrication
with a mineral oil case, approximately 10-20% with a polyalphaolefin plus ester type
base oil, around 20-30% with a polyglycol type base oil, and up to 50% when using
a polyether type base oil.

3.3.3 Bearing losses - load independent and dependent

Several factors influence no-load and load dependent bearing losses, among the var-
ious factors, no-load losses depend on the bearing type, size, arrangement, lubricant
viscosity, and supply characteristics. On the other hand, load-dependent bearing
losses are influenced by factors such as bearing type, size, lubricant type, applied
load, and sliding conditions. These variables collectively determine the efficiency and
performance of bearings within mechanical systems, emphasizing the importance of
selecting appropriate bearings and optimizing lubrication to minimize energy losses
across varying operational conditions.

Bearing type

In [54] a no-load dependent bearing losses comparison among different types of
bearings with the same load capacity (C=20kN) and the same utilization ratio
(P0/C=0,1) is carried out, the results are visible in Figure [3.12] Cylindrical roller
bearings exhibit the minimal power loss compared to other types of radial bearings.
Similarly, taper roller bearings also show low power losses, however, this advantage
is observed in unloaded bearing arrangements. In practical applications involving
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cross-loading configurations, such as those requiring axial preloading, taper roller
bearings experience significantly increased no-load losses.

Radial bearings Axial bearings

6 | Maximumn

@ Minimum

fy" dm® (10° mm?)

N 0 B F C=20kN

Figure 3.12: Influence of bearing type on no-load losses [54].

A similar comparison can be made for load-dependent losses [3.13] In this case
cylindrical roller bearings consistently exhibit the lowest radial power losses among
radial bearing types. Taper roller bearings also demonstrate low power losses under
load conditions, primarily attributed to their small diameter. This comparative
analysis underscores the advantageous performance characteristics of both cylindrical
and taper roller bearings in different load scenarios, emphasizing their suitability for
various mechanical applications where minimizing power losses is critical.
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Figure 3.13: Influence of bearing type on load losses [54].

Arrangement

Another factor influencing bearing power losses is the arrangement of bearings within
the transmission system. Regarding this topic, it is noteworthy to mention the work
done by Hoehn et al. [46], who proposed an alternative bearing solution for a man-
ual transmission. Preloaded cross locating taper bearings of the original design are
substituted with locating four-point contact ball bearings and non-locating cylindri-
cal roller bearings, on the gearbox shafts, and cross locating angular contact ball
bearings of the final drive wheel for the alternative proposed design (Figure .
Bearing losses were calculated according the SKF approach: for medium load and
medium speed conditions at 40°C oil temperature, a reduction of the bearing losses
of more than 50% was found for the alternative design. At high gear oil temperature
(90°C) the improvement is reduced at around 20% because the preload is reduced
almost to zero.
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Cross locating taper roller bearings . o .
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Cross locating angular contact ball bearings

Figure 3.14: Alternative bearing design in a manual transmission [55].

Real measurements were conducted by von Petery [56] to compare bearing losses in
two different designs of a BMW rear axle. The study examined both the original
bearing design, which featured a cross-locating taper roller bearings arrangement,
and an alternative solution employing a cross-locating arrangement of double- and

single-row angular ball bearings (Figure [3.15)).

Original Alternative ==

Figure 3.15: Bearing designs for a BMW rear axle [56].
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Chapter 4

Methodology

In this Chapter, a detailed description of the methodologies and tools employed in
the execution of this research is provided. The objective of this thesis is to perform
a predictive analysis to calculate the power losses within the innovative 2-speed
transmission by Dana, which will be used in electric vehicles. At the time this thesis
was written, the transmission under study had not yet entered production and was
in the final stages of its development. The analysis is conducted on a model that
utilizes the formulas specified in the ISO 14179-2 standard for all contributions to
power loss, with the exception of the friction clutch loss data, which was supplied
directly by the manufacturer of the component.

The entirety of this research was conducted using the Matlab/Simulink/Simscape
environment. The use of Matlab proved to be indispensable for the implementa-
tion of the equations and control mechanisms, as well as for the post-processing of
the resulting data. The integrated Simulink/Simscape environment facilitated the
modeling of the entire transmission system model and a corresponding vehicle model
through the use of predefined blocks, including the management of gear shift.

Two distinct Simulink /Simscape models have been developed as part of this research.

The first model is designed to represent the architecture of the transmission sys-
tem, serving as a crucial tool for deriving detailed information concerning the trans-
mission’s efficiency under various operating conditions. This model plays a funda-
mental role in understanding how different factors influence the overall performance
and efficiency of the transmission.

The second model has been created with the specific purpose of performing com-
prehensive vehicle simulations across various driving cycles. It is an evolution of the
one previously utilized in [59], offering enhanced capabilities in the evaluation of
vehicle performance, in terms of efficiency analysis, over diverse driving scenarios.
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In the following sections, each of these models will be presented in greater detail,
aiming to offer a clear understanding of their roles and contributions to the final
objectives of this research.

4.1 Transmission model

As an initial step, a model representing the Dana 2-speed transmission system (Fig-
ure was created within the Simulink/Simscape environment. The main purpose
of this model is to generate efficiency maps, both overall efficiency maps and effi-
ciency maps which express the percentage contribution of each type of loss relative to
the total transmission loss, as functions of motor torque and speed. Since the maps
are intended to be obtained at constant gear, this transmission model is designed to
operate exclusively in either first or second gear, without considering the dynamics
of gear shifting. This approach has allowed for a simplified modeling process for cer-
tain components that would otherwise require more detailed attention due to their
contributions during gear changes.
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Figure 4.2: Transmission complete model
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The operating logic of the transmission model is illustrated in the flowchart in Figure
[4.3] The purpose of the model is to create transmission efficiency maps, which will
subsequently be implemented in the second model, the vehicle model, to conduct
simulations on driving cycles. The transmission model operates based on a Matlab
script, within which the model parameters are set. The Matlab script also defines the
main simulation parameters, such as the engaged gear, the transmission operating
condition (drive or regen) and, through a for loop, it provides the input torques and
speeds for the transmission model created in Simulink.

Transmission model flowchart

Input data  |—Pp» 2 Speed Transmission —P» Power - S

Losses generation

Forces between gears
&
Load on bearings

Figure 4.3: Flowchart of the Transmission model

The Simulink model operates the transmission in steady state at the torque and
speed values determined by the Matlab script. The torque values are imposed on
the transmission model via a block called Ideal Torque Source, positioned upstream

of the transmission system (Figure [4.4]).
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Figure 4.4: Torque input

The speed values, on the other hand, are controlled through a PID controller that
takes as input the difference between the angular speed set by the Matlab script and
the speed measured through the Ideal Rotational Motion Sensor block. The output
value is then provided to the transmission model via a block called Ideal Angular
Velocity Source, shown in Figure [4.5]

vel PID(z)

Motor Angular Velocity [rpm] VELOCITY GAIN

&=

Figure 4.5: Speed input

These blocks are included in the “2 Speed Transmission” submodel. Within it, Ideal
Torque Sensors are positioned, they communicate with the “Forces between gears &
Load on bearings” submodel. The measured torque is used to calculate the forces
exchanged between the gears in the three spatial directions and to calculate the forces
acting on the bearings. These forces are fed back into the “2 Speed Transmission”
submodel, where specific blocks calculate the system’s power losses. These losses are
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introduced into the model as resistant torques, reducing the output power compared
to that initially received from the motor. Subsequently, the losses values are sent
to the “Power Losses” block, where the total transmission losses are calculated for
each input torque and speed value. Additionally, this submodel splits the total losses
based on the type or based on the components generating them.

Losses split
typology

Total
Losses

Losses split

source of loss

Figure 4.6: Power Losses submodel logic

For each pair of motor speed and torque values, the computed losses are sent back to
the Matlab script, which stores them in a matrix before proceeding to the next step
of the for loop with new torque and speed values, in order to complete the range of
torques and speeds that the motor can provide.

Finally, the Matlab file post-processes the obtained matrices to generate the trans-
mission efficiency maps, which will then be analyzed in the Results Chapter (Chapter
. This step involves refining and organizing the data to ensure accuracy and clarity
in the efficiency maps. These maps are crucial as they provide a visual representa-
tion of the transmission’s efficiency performance across different operating conditions,
highlighting areas of optimal efficiency.

It has been identified that the main submodel is the “2 Speed Transmission” sub-
model, and alongside this submodel, several “satellite environments” were created to
support the main model by calculating the necessary factors for determining power
losses.
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Specifically, these submodels are:

- The submodel dedicated to calculating the loads acting on the transmission
bearings and loads exchanged between the different gear stages of the trans-
mission, which is essential for determining load-dependent losses

- The submodel for calculating the properties of the lubricant

- The submodel focused on calculating the actual losses themselves

In the following paragraphs, the aforementioned models will be analyzed.

4.1.1 Transmission submodel

The Dana 2-speed transmission was modeled using blocks from the Simulink /Simscape
library. Two possible power flows are clearly visible in Figure 4.7, The upper branch
represents the power flow path when the transmission operates in first gear, while
the lower branch represents the path for second gear. The model aims to create
efficiency maps given a specific gear, therefore it does not need to perform gear shifts
as it operates either in first or second gear exclusively. Gear selection is controlled by
a dedicated flag signal. When set to 1, it allows power flow only through the upper
branch. When set to 2, the flag signal engages the friction clutch, allowing power
flow solely through the lower branch.

The loss contributions from gears and bearings are accounted for in dedicated blocks.
The “Gear loss” blocks calculate the power losses that occur in the gears whereas the
“Bearing loss” blocks account for the losses that occur in the bearings. Within these
blocks, the equations from the ISO 14179-2 standard are implemented to calculate
both load-dependent and load-independent power losses for the gears and bearings.
The inputs for these blocks include data related to the geometry of the gears and
bearings, lubricant properties such as density and viscosity, oil level for the gears,
and information signals originated in the subsystem “forces between gears & loads
on bearings”, which is analyzed below.

The model also includes angular speed and torque sensors, which are useful for
blocks responsible for calculating losses and for the “Forces between gears & Loads
on bearings” subsystem. The loss contributions calculated by the dedicated blocks
are then fed into the model as torque signals. The resisting torque accounts for the
operating conditions of the transmission (driving or regeneration) by adjusting the
sign of the torque signal accordingly.
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4.1.2 Forces between gears & Loads on bearings submodel

FORCES BETWEEN GEARS & LOADS ON BEARINGS

Bearing B

Figure 4.8: Forces between gears & Load on bearings submodel

The “Forces between gears & Loads on bearings” submodel, visible in Figure [4.9] rep-
resents the foundational starting point for enabling the comprehensive transmission
system model to execute all necessary calculations required for generating transmis-
sion efficiency maps. Its purpose is to calculate the forces exchanged between the
various reduction stages of the transmission, as well as to determine the loads acting
on the bearings, as the motor input torque and angular velocity conditions vary.

The initial step in this process was to conduct a thorough study of the transmission’s
geometry. Given that not all the transmission shafts are aligned on the same plane,
it was necessary to reference the local forces, which were obtained through free-body
diagrams, to a global coordinate system, through the use of rotation matrices. The
translation to a global reference frame ensured that forces and moments of different
shafts were calculated using equilibrium equations referenced to the same global
coordinate system. However, to ensure data confidentiality, the specific layout of
the transmission, including the precise inclination angles between the various shafts,
cannot be disclosed in this document.

As shown in Figure[1.9] the “Forces between gears & Load on bearings” submodel is
composed of four additional submodels, each of which accounts for the corresponding
transmission shaft and calculates the interactions associated with it. The submodels,
presented below, are named according to the shaft they reference: motor shaft,
layshaft 1, layshaft 2, and differential shaft.
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Figure 4.9: Forces between gears & Load on bearings submodel

Motor shaft

This submodel is dedicated to calculating the forces and moments of components
interacting with the motor shaft. It is of fundamental importance since, under drive
conditions (when the power from the motor to the wheels is positive), it is the
starting point for determining all the forces and moments acting on the rest of the
transmission system. Among the input signals are those concerning the geometric
characteristics of the transmission, which are crucial for calculating the force compo-
nents in the global coordinate system. Additionally, a torque flag signal is an input
to this model too, and it is used to determine whether the transmission is in drive
condition (positive power from the motor to the wheels) or regen condition (positive
power from the wheels to the motor) at any given moment.
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Figure 4.10: Motor shaft computation

Starting with the torque generated by the motor and acting on the rotor, which is
fixed to the motor shaft, it is possible to establish the force exchanged in the first
stage by knowing the geometry data of the gears. This force is then decomposed into
its axial, radial, and tangential components, relative to the local coordinate system.
The Matlab first block in Figure 4.10] includes both the equation for calculating the
exchanged forces and rotation matrices that allow the axial, radial, and tangential
components (referred to the local coordinate system of the motor shaft) to be ex-
pressed in the global coordinate system of the transmission. The following block
contains the equilibrium equations. It takes as input the forces exchanged between
the gears from the previous block and computes the reaction forces. The output
from this block is utilized by the subsequent block, tasked with calculating the loads
acting on the bearings. This block incorporates equations provided by the bearing
manufacturers, which vary based on the type and size of the bearings used, whose
specifications cannot be disclosed due to confidentiality reasons.

55



Layshaft 1

Similarly to what was seen for the motor shaft submodel, the submodel used for the
layshaft 1 (Figure also contains three main blocks. However, unlike the motor
shaft, layshaft 1 exchanges forces with two shafts through three gears. As a result,
the blocks in this model involve more variables compared to the previous model. In
the first block, the forces exchanged between the gears and the two shafts (motor
shaft and layshaft 1) are projected onto the global coordinate system. The second
block uses the equilibrium equations to calculate the reaction forces, which are then
taken as input by the subsequent block to determine the loads on the bearings.
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Layshaft 2

The layshaft 2 submodel operates using the same procedure as the layshaft 1 sub-
model, as shown below.
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Differential

As the final step, the differential submodel calculates the output forces of the trans-
mission under drive conditions. If the transmission is operating in regeneration mode,
the submodel becomes the first step in calculating the forces, as in this case, the power
flows from the wheels to the electric motor. Similar to the previous models, the last
block is dedicated to calculating the forces acting on the bearings, specifically those
of the differential shaft.
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Figure 4.13: Differential computation
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4.1.3 Lubricant properties submodel

The submodel “Oil properties” is designed to calculate the properties of the lubricat-
ing fluid. This data is subsequently utilized by other submodels to perform various
calculations. In particular, the submodel provides the specifications for the oil jet at
the first stage, which is the only stage lubricated by an oil jet. Additionally, it de-
termines the oil specifications for lubricating the other stages, crucial for calculating
load-independent losses. Furthermore, the submodel supplies the oil specifications
necessary for calculating losses in the friction clutch.
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Figure 4.14: Oil properties submodel - blocks
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4.1.4 Power losses computation submodel

POWER LOSSES

EFFECTIVE POWER
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Figure 4.15: Power losses submodel

The “Power losses submodel” represents the final stage of the comprehensive model.
Embedded in the submodel, there are various blocks specifically designed to calculate
the power losses occurring within the transmission system, quantified in terms of
power in Watts. The blocks are crucial for providing a detailed assessment of the
transmission’s efficiency by breaking down the power losses into specific categories.
In particular, the power losses submodel consists of four primary blocks: the “total
losses” block, the “losses per component” block, the “seals losses” block, and the
“losses per type” block, as illustrated in Figure

The “total losses” block aggregates all the power losses within the transmission,
providing a complete measure of the overall efficiency.

The “losses per component” block offers a more detailed breakdown, calculating
the power losses attributed to individual components of the transmission, such as
shafts or bearings. This helps in identifying which parts of the system are the most
inefficient and may need further optimization.

The “seals losses” block deals with the power losses due to the seals within the
transmission.

Finally, the “losses per type” block categorizes the losses by type, such as load de-
pendent and load independent losses in bearings or gears, providing a deeper insight
into the nature of the inefficiencies.
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4.2 Vehicle model

The second Simulink/Simscape model employed in this thesis is the vehicle model.
The main purpose of this model is to obtain efficiency measurements of the trans-
mission over various driving cycles. These driving cycles encompass the range of
operational points that a transmission might encounter under real-world driving
conditions. As will be discussed in Chapter 5], the specific driving cycles simulated
for this study include the New FEuropean Driving Cycle (NEDC), the Worldwide
Harmonized Light Vehicles Test Procedure (WLTP), and the Federal Test Procedure
(FTP-75). Their simulation provides an extensive evaluation of the transmission’s
performance in terms of efficiency, offering valuable insights into its real-world be-
havior.

The vehicle model used in this thesis (Figure is an advanced evolution of the
model presented in [59]. It is composed of several interconnected submodels that ex-
change information with one another to simulate the overall vehicle dynamics. These
submodels include the vehicle model, which simulates the physical and mechanical
properties of the vehicle; the control model, which manages the control strategies
and decision-making processes; and the power loss model, which calculates the power
losses occurring within the vehicle’s transmission.

VEHICLE MODEL

HE

Figure 4.17: Vehicle model
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4.2.1 Vehicle submodel

The vehicle submodel comprises several components, that are interconnected to sim-
ulate the overall dynamics of the vehicle itself. Each component is represented by
specific blocks within the Simulink/Simscape environment: the battery, electric mo-
tor, transmission, and vehicle body.

Battery

The battery block is a crucial element that consists of an ideal voltage source, mod-
eled by the “DC Voltage Source” Simulink/Simscape block. This source is designed
to maintain a constant voltage across the battery terminals, irrespective of the cur-
rent being drawn by the battery. In addition to the ideal voltage source, the battery
block includes a series resistor. This resistor is essential for modeling the power losses
that occur within the battery system, thereby providing a more accurate represen-
tation of the battery’s behaviour.

Electric motor

Connected to the battery block is the electric motor block. This component features
a permanent magnet synchronous motor (PMSM), which is modeled in Simulink
using the “Motor and Drive (System Level)” block. This block also integrates the
inverter, which is crucial for converting the direct current (DC) from the battery
into alternating current (AC) needed to drive the motor. The function of the elec-
tric motor block is to transform the electrical energy provided by the battery into
mechanical energy, used to move the vehicle.

The efficiency of the motor and inverter unit is a significant factor when dealing with
the overall efficiency of the vehicle. To accurately account for this, the block includes
an efficiency map. This map provides a representation of the motor’s efficiency as a
function of motor torque and speed.
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Figure 4.18: Transmission block

The transmission block represents a detailed model of the Dana 2-speed transmission.
It is quite similar to the one discussed in the previous section, with the key difference
being that the regeneration dynamics are accounted for in greater detail. Specifically,
the SOWC (Selectable One Way Clutch) behaviour is modeled using three clutches
Simulink /Simscape blocks: two “Unidirectional Clutch” blocks and one “Disc Fric-
tion Clutch” block, as shown in Figure [4.19] This setup allows for the control of
the bidirectional behavior of the SOWC, in particular, in driving conditions, when
the power flows from the motor to the wheels, the “Disc Friction Clutch” block is
disengaged, and the power flow occurs solely through the unidirectional clutch (the
lower branch of Figure . Conversely, during regenerative braking, a pressure
signal engages the disc friction clutch, enabling the power flow to pass through it. In
series with the disc friction clutch is a second unidirectional clutch, but it is oriented
in the opposite direction. This specific configuration of two oppositely directed uni-
directional clutches placed in parallel function as a sort of rigid body with 1 degree of
freedom, allowing motion not only in a unidirectional manner but in both directions.
This configuration permits the power flow to travel back up to the motor.
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Figure 4.19: Selectable One Way Clutch

Vehicle body

The vehicle dynamics were modeled using the Simulink/Simscape “Vehicle Body”
block, which accurately simulates the longitudinal behavior of a two-axle vehicle.
This model outputs the vehicle speed used to calculate the velocity error, which is
input to the PID block.

The torque generated by the transmission is split through a differential and dis-
tributed between the two half-shafts before reaching the drive wheels. The “Vehicle
Body” block interfaces with the transmission via the drive wheels, receiving torque
from the half-shafts. The brakes were simulated using “Ideal Torque Source” blocks.
The braking system is configured with a fixed distribution of 75% front and 25% rear
braking torque. At the rear, braking is performed by using dissipative brakes, while
at the front, braking is regenerative through the use of the electric machine. Dissi-
pative braking is limited to the rear axle because, in the simulation scenarios, front
brakes were unnecessary due to the electric motor’s ability to perform regenerative
braking effectively even under high torque conditions across the three simulated cy-
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cles. Anyway, for a more realistic representation, 100% regenerative braking (solely
using the motor without the use of the brakes) is applied to the rear axle for ve-
hicle accelerations up to 0.15g. Beyond this acceleration threshold, braking force
distribution is shifted to 75% front (regenerative braking) and 25% rear (dissipative
braking).
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Figure 4.20: Vehicle body block

4.2.2 Control submodel

The control submodel includes the driver block and the block responsible for man-
aging the gear shift logic.

The primary function of the driver block is to ensure that the vehicle follows the driv-
ing mission, which is essentially a reference speed signal generated by the Simulink /Simscape
“Drive Cycle Source” block. To achieve this, a PID control system is employed. This
control system calculates the torque request to be supplied to the motor at each sim-
ulation step, based on the difference between the vehicle’s speed and the desired
speed indicated by the driving cycle.

The block that handles the gear shift logic is designed to optimize driver comfort.
The gear shift logic within the model is implemented using the Matlab’s Stateflow
tool. The Stateflow diagram takes the torque request signal as input from the driver
block and manipulates this signal to achieve optimal gear shifting. For more detailed
information on the functioning of this gear shift logic, please refer to [59].
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4.2.3 Power loss submodel

The part of the model responsible for calculating power losses during driving cycles
is carried out by the power loss submodel. Within this submodel, there are two main
blocks. The first block is tasked with calculating the total transmission losses, and
its output is fed back into the vehicle model as a resistive torque to account for the
power loss caused by the transmission. The second block’s (Figure purpose
is to break down the total losses into categories. Specifically, the total losses are
divided by type, such as losses caused by gears, bearings, or those dependent or not
on transmitted load. Additionally, the losses are categorized by component, referring
to each component of the transmission, such as the bearings of a particular shaft or
a specific gear stage.

To obtain this detailed information, efficiency maps are used, which are functions of
motor speed, torque, and the engaged gear. These efficiency maps are the same ones
derived from the transmission model described in the previous section. In Simulink,
the “3-D Lookup Table” block is utilized to input the efficiency map data in table
form. The results generated by these two blocks will be analyzed in the following
chapter.

TYPE COMPONENT

Figure 4.21: Power losses blocks
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Chapter 5

Results

5.1

Motor & Inverter efficiency

The efficiency plots of the motor-inverter group are provided directly from the man-
ufacturer. Figures and show the efficiency plots for positive and negative
torques used for the simulations of the driving cycles..
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Figure 5.2: Motor + Inverter Efficiency - Regen

5.2 Transmission efficiency

Figure |5.3| and show the efficiency maps of the 2-speed transmission obtained by
the real-time transmission efficiency calculator model developed in Matlab/Simulink
environment, details of which are described in Chapter [l The overall system effi-
ciency in first and second gear is computed for a lubricant temperature T=40° and
for the drive condition, when the power transmitted from the motor to the wheels is
positive, and the vehicle moves forward.
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Motoring

Transmission Efficiency Map - Gear 1 Drive
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As the above graphs show, in second gear the transmission efficiency is higher than
in first gear. This is mainly due to the fact that, in second gear, the amount of
load transmitted between the gears is lower than in first gear, because of the major
loss contribution, for the whole transmission loss, is the gear meshing. Below, the
following paragraphs and graphs will highlight this concept.

Furthermore, when in first gear, the wet clutch is an additional source of power loss.
When disengaged, clutch plates rotate with different velocities, while immersed in a
viscous oil. The relative velocity of the immersed friction discs generates a viscous
drag between them.

Accordingly, plots shown above highlight how load dependent losses and clutch loss
are impactful in the assessment of the total transmission efficiency.

Equivalent maps (Figure and are obtained for the Regenerative case, here-

after shortened as Regen, the case in which the power transmitted from the wheels
to the motor is positive, and the vehicle moves forward.
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Figure 5.5: Efficiency map 1st gear
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Figure 5.6: Efficiency map 2nd gear

The considerations previously outlined, for the drive case, also apply in this instance.
Specifically, the wet clutch and load dependent factors, contribute to the raised losses
observed in the case of first gear.

5.3 Motor-Inverter vs Transmission efficiency

The following graphs present a comparison between the efficiency of the transmis-
sion system and the efficiency of the motor-inverter unit. This comparison seeks
to determine whether the efficiency of the transmission can be overlooked or if it
holds an importance in the overall system energy evaluation. The graphs show the
difference between the value of the motor-inverter group efficiency and that of the
transmission. Therefore, regions with negative values on the graphs indicate areas
where the motor-inverter efficiency is lower than that of the transmission, whereas,
regions with positive values highlight areas where the transmission efficiency is lower
to that of the motor-inverter.
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Motoring

Transmission vs Motor-Inverter Efficiency Map - Gear 1 Drive
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Figure 5.7: Efficiency Comparison Gear 1 Drive

Transmission vs Motor-Inverter Efficiency Map - Gear 2 Drive
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Figure 5.8: Efficiency Comparison Gear 2 Drive
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Figure 5.9: Efficiency Comparison Gear 1 Regen
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Figure 5.10: Efficiency Comparison Gear 2 Regen
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Analysis of the graphs reveals that, in nearly all operational areas, the transmission
system demonstrates higher efficiency than the motor-inverter group. However, it is
important to note that, despite the motor-inverter efficiency being generally lower,
the margin of difference between the two efficiencies is quite small. This observa-
tion suggests that the energy losses within the transmission are nearly as significant
as those within the motor-inverter assembly. Consequently, this implies that the
transmission’s efficiency is a critical factor and cannot be neglected in an energy
assessment.

5.4 Transmission losses contributions by typology

In order to gain a clearer understanding of the efficiency trend for the total efficiency
maps, the contribution that each source of loss gives to the overall transmission
power dissipation has to be analyzed. The loss sources that have been investigated
in this work result from the gears, the bearings, the wet clutch, and seals. Their
contribution is examined and analyzed below as part of the research.

Calculations revealed that shaft seals have an insignificant impact on the total loss,
with their contribution amounting to a percentage ranging between 10e-17% and 10e-
8% of the total dissipation. Given this minimal effect, further discussion regarding
seals is deemed unnecessary and thus omitted.
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Bearing load independent loss

Transmission Bearings Load Independent Contribute - Gear 1 Drive
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Figure 5.11: Bearing load independent contribute in first gear

The plot showing the bearings independent contribute (Fig. points out that,
at low torque values, this type of loss becomes more impactful in the overall summa-
tion. This occurs because, at low transmitted torques, bearings experience a reduce
load, consequently, the percentage contribution attributed to independent loss carries
greater significance. Furthermore, this type of loss escalates with increasing shaft
angular velocity.

Indeed, at higher speeds, bearings encounter heightened frictional resistance torque,
stemming from factors such as greater centrifugal force and temperature elevation.
Hence, at low loads and high speeds, this form of loss exerts a more pronounced
influence on the total calculation.
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Bearing load dependent loss

Transmission Bearings Load Dependent Contribute - Gear 1 Drive
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Figure 5.12: Bearing load dependent contribute in first gear

The relevance of bearing load dependent loss, in relation to overall power dissipation,
seems to grow as both speed and load increase. This phenomenon is largely due to
the inherent characteristics of bearing load dependent loss, which naturally rises with
an increase in load, thereby, as the load intensifies, the portion of power dissipation
attributable to bearing load also increases.

Moreover, there is an evident dependence on speed as well. It is important to note
that the data is presented in percentage terms relative to the total power dissipation.
The underlying reason for this observed behavior lies in the diminishing significance
of meshing contributions, which are the most substantial factors in power dissipation,
as speed increases. Essentially, while the meshing contribution’s impact wanes with
higher speeds, the bearing load dependent loss becomes more pronounced, highlight-
ing its increasing relevance in the overall power dissipation framework. This inter-
play between bearing load dependent and gear meshing contributions underscores
the complex dynamics involved in power dissipation under different operational con-
ditions.
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Gears churning loss
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Figure 5.13: Gears churning contribute in first gear

As the graph shows, the churning losses contribution of the whole transmission, in
first gear, is below 2% of the total power dissipation, for loads higher than 20% of
the maximum available torque. For these type of losses, it is reasonable to expect an
increase of power losses when the gears angular rotation increases. Also, churning
losses strongly depends on the immersion depth of the gear in the transmission oil.
For this particular 2-speed transmission case, the amount of gears immersion depth
is sufficient to guarantee a proper lubrication for the components, even if the oil
level depth is lower than other oil lubricated transmissions. For this reason, the
contribution of the churning losses is not so prominent in the whole system, and
therefore, the churning losses increases slightly with the gears velocity.
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Gears meshing loss
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Figure 5.14: Gears meshing contribute in first gear

As expected, the most relevant contribution in transmission losses is the friction
generates between the gears of the stages that are transmitting power. In fact the load
dependent loss component of the gears is the major source of loss, with percentages
that reach even more than 80% of the total, for those operating points that lay on
the torque most demanding area. The load dependency is quite evident, especially
at low torques, where the bearing independent loss contribution is dominant.
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Wet clutch loss
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Figure 5.15: Wet clutch contribute in first gear

The figure [5.15 presents the loss contribution of the wet clutch. It is evident that the
losses due to the clutch are particularly significant in the region where the torque is
low. In this area, the viscous friction losses between the clutch discs, which rotates at
different speeds, are considerable, accounting for up to 50% of the total transmission
losses in certain operating points.

5.5 Transmission losses contributions by compo-
nent

In this paragraph, a similar analysis to the previous one has been conducted, at-
tributing the sources of loss to the specific components that generate them, instead
of categorizing them by type. Below, efficiency maps of each individual component
of the transmission are presented, expressed as a percentage of the total transmission
losses. This approach aids in understanding the impact of each component on the
overall inefficiency of the system. This information is valuable in the design phase,
as it can indicate whether a component should be redesigned to improve system
efficiency.
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Bearings
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Figure 5.16: Motor shaft bearings contribute in second gear
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Figure 5.17: Layshaft 1 bearings contribute in second gear
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Figure 5.18: Layshaft 2 bearings contribute in second gear
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Figure 5.19: Differential bearings contribute in second gear
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Gears
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Figure 5.20: Stage 1 contribute in second gear
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Figure 5.21: Stage 2_1 bearings contribute in second gear
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Transmission Stage 2_2 Contribute - Gear 2 Drive
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Figure 5.22: Stage 2_2 bearings contribute in second gear
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Figure 5.23: Stage 3 contribute in second gear
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5.6 Driving cycles

To effectively evaluate the impact of transmission power losses in real driving appli-
cations, the Simulink model of a vehicle described in Chapter [4] has been utilized.
The key components that this model includes are:

- The vehicle model, composed by:

— The battery system

— The electric machine

— The 2-speed transmission
— The vehicle body model

- The control systems, composed by:

— The driver model

— The gearshift control system

Through this modeling and simulation approach, the study aims to provide a detailed
assessment of how transmission losses affect vehicle performance across different stan-
dardized driving conditions.

The Simulink model was configured to accurately replicate the speed of three different
driving cycles. It has been calibrated, by employing a PID controller, to precisely
follow the speed profiles provided by the Simulink “Drive Cycle Source” block. The
following figures are derived from a simulation of the model on the NEDC driving
cycle, to provide an example of how the model operates. The graphs illustrate
several aspects: the accuracy of the control system in following the speed profile
(Figure , the speed and torque of the motor throughout the cycle (Figures m
and , and the selected gear (Figure . In particular, gear selection depends
on the driving torque demand and the vehicle’s speed. When at low torque demands,
the gearshift logic already shifts the gear at a defined velocity that is lower than 10
km/h, this explains why the vehicle stays in second gear for the majority of the
driving cycle duration.

Figures from to show the temporal variation of loss contributions through-
out the cycle, each contribution is expressed as a percentage of the total loss. They
are computed in the vehicle model using the maps described in Section 5.4}
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Vehicle Velocity vs Profile Velocity
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Figure 5.25: Motor speed
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Figure 5.32: Clutch Losses

In order to analyze transmission performance in terms of energy efficiency, simula-
tions of the WLTP, NEDC and FTP75 driving cycles were conducted. The driving
cycles used, represent the different possible set of operational conditions that a ve-
hicle might encounter in real world scenarios. This is essential in order to provide a
comprehensive assessment of the impact of transmission losses across various driving
profiles.

Figures from to illustrate the duration of time the transmission operates
within specific regions of the transmission map, plotted as a function of torque and
motor speed. Additionally, the average efficiency for each area of the map where the
transmission operates is also displayed. The analysis is conducted for the NEDC,
WLTP and FTP75 driving cycles.

90



NEDC

Cycle Time and Average Efficiency Map - Gear 1 Drive - NEDC
T

100% : .
@ Efficiencies @ T=40°
Motor Curve -
80%
g 60%
E
&~ 40% \ i
Time=0.64s
‘eta_=0.03 —
m \
20% Time=12.45s | Time=1.23s
etam=0.93 etam=0.96
Time=73.13s |. Time=5.61s
0% eta;=0.92 | 020,92 b .
00 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
w_ . [rpm]
Figure 5.33: Cycle time and average efficiency
100% Cycle Time and Average Efficiency Map - Gear 2 Drive - NEDC
° I OEfﬁciencies @ T=40°
Motor Curve H
80% I
S 60%
E
&~ 40% \
Time=11.84s
eta_=0.94 —
m E \
20% Time=54.75s | Time=70.67s | Time=35.58s | Time=18.06s
eta =0.94 eta,=0.97 eta =0.97 eta =0.97
ime=122.48s Time=166.19s Time=132.85s| Tine=8,71s
etalﬂ=n 93 A“ﬂm—n 95 m. . mm_u‘gak e b e D S——
0%
0 1000 2000 3000 4000 5000 6000 7000 8000 900 10000
w . [pm]

Figure 5.34: Cycle time and average efficiency
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The graphs above presented do not include the regenerative braking data for first
gear. This is because, throughout all three simulated cycles, the transmission does
not engage first gear during regenerative braking. The transmission’s design restricts
downshifting during regenerative braking, due to its gearshift logic that maintains
the gear the vehicle was in at the start of the regenerative braking event throughout
its duration. Given the torque demands and speed profiles of each cycle, and the
gearshift map used, there is no instance where regenerative braking initiates in first
gear, for all three simulated cycles. As a result, there are no graphs reporting regen-
erative braking case in first gear.

The results in Fig|5.42} [5.43[ and [5.44] show the energy losses contribution, expressed
as a percentage of the overall transmission energy loss, for the WLTP, NEDC and
FTPT75 test cycles.
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Figure 5.44: Power losses contribution for FTP75

The analysis reveals that the contributions to the transmission losses exhibit a con-
sistent trend across all the driving cycles tested. Specifically, approximately 50% of
total transmission losses is attributable to the gear meshing. The remaining 50% of
the transmission losses are distributed among the three other sources of loss: bearing
losses, both load independent and dependent, and gear churning losses. Among these,
load independent bearing losses represents the largest contribution. While, both load
dependent bearing losses and gear churning losses account for the remaining portion
of the transmission losses, and their contributions are found to be approximately
equal.
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Figure 5.45: Power losses contribution for different driving cycles

A comparison of the power loss contributions across the different driving cycles is
shown in Fig [5.45] The primary source of energy loss in a transmission is due to
gears. In particular the meshing component of the gear loss is the main cause of
energy dissipation within the transmission. Contrary to initial expectations based
on the churning losses map, where churning losses appear to have limited significance,
simulations of driving cycles reveal that churning losses are far from insignificant.
This notable contribution is attributable to two key reasons:

During the simulation of the driving cycles, the maximum torque request from the
motor by the cycles is much lower than the motor’s maximum torque capacity. Con-
sequently the motor operates predominantly within a low load range, above 35% of
its maximum torque. In this range, as discussed in the preceding paragraph, churning
losses become relevant.

Furthermore, the gearshift logic at low loads, requires the transmission to upshift in
second gear as soon as the vehicle reaches a speed of approximately 10km/h. As a
result, the transmission operates in second gear for the majority of the time of the
cycles. Since, as highlighted in the previous section, churning losses in second gear
are higher than in first gear, due to the increased rotational speed which agitates
more lubricant, this further explain the non negligible impact of the churning losses
on the total power losses.

Therefore, despite these losses appearing negligible in efficiency maps, compared
to the other sources of losses, their impact becomes significant while simulating
real world applications, by means of the driving cycles. In fact, the operational
characteristics typical of driving cycles emphasized the importance of considering
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churning losses in transmission efficiency assessment, particularly under low load
conditions.
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Figure 5.46: Power losses of the transmission component for different driving cycles

The innovative contribution of this study lies in the energy loss analysis and its
distribution among the various components that constitute the transmission sys-
tem. Figure [5.46|illustrates the share that each transmission element contributes to
the overall energy dissipation across three different driving cycles (NEDC, WLTP,
FTP75). The partition of losses among the transmission components exhibits the
same trend across the all driving cycles tested.

The analysis reveals that the first stage is responsible for the highest energy

dissipation for all the three driving cycles. Stage 1 is the gear where the highest
speeds in the entire transmission are reached, as it is the first reduction gear and so
directly connected to the motor’s output.
Since the primary source of loss is gear meshing, which is the loss associated with the
torque transmission in gears, it is predictable and understandable that the last stage
would contribute significantly to the overall energy dissipation within the transmis-
sion system.
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Stages 2_1 and 2_2 are the gears designated for gear shifting. When the vehicle is
in first gear, the Stage 2_1 transmits torque while Stage 2_2 does not. Similarly, in
second gear, Stage 2_2 transmits torque while 2_1 does not. This is the reason why,
unlike what happens with Stage 1 and 3, which exhibit meshing losses regardless
of the engaged gear, Stage 2_1 and 2_2 alternate in terms of meshing contribution
depending on the gear selected by the gearshift control. Consequently, the individual
contributions of both these stages are less significant compared to stage 1 and 3.
Moreover, since the transmission predominantly operates in second gear throughout
the driving cycle, the losses in second gear have a more significant impact compared
to those of first gear.

Stage 3, despite experiencing lower speed compared to preceding stages, exhibits
an important contribution to churning losses. This is due to the significant size of
the differential gear, which is the largest gear in the entire system.

Ultimately, the distribution of power losses among the transmission bearings appears
to be in accordance with the result shown in figure [5.45] where the biggest contribu-
tion of bearing losses in the transmission is attributable to load-independent factors.
Based on this, it is anticipated that the differential bearings, which operate at the
lowest speeds, would contribute the least to the overall power losses among all the
bearings. This expectation is confirmed by the data, as the differential bearings
indeed exhibit minimal losses. Conversely, the motor shaft bearings, which operate
at higher speeds, are expected to contribute the most to the power losses. This is
confirmed by the findings, as the motor shaft bearings do show the highest losses
among the bearings in the system.

Understanding which components most significantly impact the overall efficiency of
the transmission system is crucial. This knowledge can guide future design improve-
ments and optimizations effectively. By identifying the components that contribute
the most to power loss, engineers can focus on modifications that will achieve the
greatest efficiency gains. This targeted approach is essential for advancing the per-
formance of multi-speed transmissions in electric vehicles, thereby contributing to
the development of more energy-efficient and sustainable automotive technologies.
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Conclusions

The literature extensively explores the overall efficiency of automotive transmissions
and the factors causing power losses. However, there seems to be a deficit in focusing
on the significance of each type of loss and the specific component causing it when
considering multi-speed transmissions for electric vehicles (EVs).

This literature gap highlights the need for a detailed analysis of power losses specific
to multi-speed transmissions in EVs, considering both the motoring and regenerative
conditions.

The primary aims and goals pursued in this study encompass:

e A comprehensive examination of power dissipation associated with a specific 2-
speed transmission, incorporating the utilization of a selectable one-way clutch
(SOWC), recently developed for electric vehicles.

e An analysis conducted to dissect the distribution of power losses within the
transmission, distributing them among its individual components and contri-
butions. This analysis is performed for both motoring and regenerative con-
ditions, providing insights into how the transmission behaves under different
operating scenarios.

e An investigation aiming to compare the efficiency of motor and transmission
losses, highlighting the importance of transmission losses in relation to those
of the motor. This comparison underscores the critical importance of not over-
looking gearbox losses when conducting efficiency analyses on 2-speed electric
vehicles. It highlights that while motor efficiency often receives significant at-
tention, the efficiency losses within the gearbox can also play a substantial role
in the global performance and energy consumption of the vehicle. By carefully
considering these transmission losses, a more accurate and comprehensive as-
sessment of the vehicle’s efficiency can be achieved, leading to better design
decisions and optimizations for electric vehicle performance.
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e An evaluation of the power loss weight of each component in relation to the
total power dissipation across various drive cycles. This aspect of the study
identifies which components contribute most significantly to power losses and
how these losses vary under different driving conditions.

Electric vehicles are gaining popularity, and along with this trend, the adoption of
multi-speed transmissions for EVs, especially 2-speed systems, is expected to in-
crease. Given that current battery technology does not offer a range comparable to
that of internal combustion engine vehicles, it is increasingly important to under-
stand the efficiency implications of all electric drivetrain components in transmitting
energy from batteries to wheels.

This thesis aims to provide a foundational analysis of power losses in a 2-speed
transmission designed for next-generation electric vehicles. A further critical step to-
wards a comprehensive understanding of these findings is to conduct an experimental
bench testing of the examined transmission. This future study could be crucial for
validating the accuracy of the efficiency maps derived from theoretical models against
real-world data. Should discrepancies arise, such an evaluation would be instrumen-
tal in tuning the model parameters for achieving convergence between theoretical
and experimental outcomes.
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