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Abstract: Recent studies show that hybrid powertrains with dual clutch transmission are becoming
more common. This is mainly influenced by the fact that they have higher efficiency, allow power-on
shifting, and are more compact. However, the electric motor attached to the primary shaft of the
transmission might represent some critical issues in statics and dynamics due to additional torque,
inertia, and working irregularities. This paper aims to investigate the influence of the electric motor
integration in the transmission on the reliability of the overall system. The focus is on the investigation
of potential over stresses of the ICE bearings due to the bending of the gearbox primary shaft. To
achieve the aim, the static and the rotor dynamic analysis of the inner and outer primary shafts is
performed. The numerical analyses show the potential critical issues that can arise from the excessive
manufacturing and assembling tolerances, the interaction of the e-machine torque irregularities and
inertia with the bending dynamics of the primary shafts.

Keywords: hybrid electric vehicle; dual clutch transmission; hybrid dual clutch transmission; static
deflection; rotor dynamics; dual mass flywheel; finite element method

1. Introduction

New ambitious targets on the amount of CO, emissions set by European Commis-
sion [1,2] require implementation of even more efficient technologies from car manufac-
turers. Since the last decade of the 20th century, a wide variety of different technologies
and policies aiming the reduction of vehicle fuel consumption and emissions at different
vehicle and infrastructure level are widely implemented [3,4]. Most regulations in the past
were focused on the reduction of the pollutants. The real motivation to the hybridization
is the more stringent limit to the emissions. This reduction is not achieved by simple ICE
tuning and pushes towards hybrids [5].

Hybridized powertrains can be generally of a dedicated or an add-on type [6,7].
Dedicated Hybrid Transmissions (DHT) use custom designed transmissions that can be
mostly of a planetary gear train type [6,7]. Add-on types are obtained by adding an Electric
Motor (EM) to conventional powertrain at different positions. Based on the position of
the electric motor they can be of PO to P5 types [7,8]. Add-on type hybrid transmissions
are gaining great interest of the manufacturers as they can be developed as hybridization
kits [9]. In this regard, most hybridization kits are obtained by integrated design of the
Dual Clutch Transmissions (DCT) and the electric machine to obtain a Hybrid Dual Clutch
Transmissions (HDT). The choice of the DCT as transmission is largely driven by the fact
that they have high efficiency, simple construction, lower inertia in case of the adoption
of wet clutches and smooth gear shifting [9,10]. Furthermore, DCT can allow power-on
gear shifting. All this makes it the architecture of choice in many hybrid solutions [11-13].
The use of DCT as a part of HEV (i.e., HDT) allows the Internal Combustion Engine (ICE)
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and the EM to be engaged at different gears, thus improving the overall performance and
efficiency of the system [9,14].

From the vehicle drivability and Noise, Vibration, and Harshness (NVH) point of view,
the presence of two excitation sources (ICE and EM) affects the behavior of the powertrain
during transient operating modes (frequent changes from electric to conventional or hybrid
modes) [10,15,16]. On the other hand, the presence of the EM gives the possibility to
attenuate the vibration in the driveline [15-17] and improve the gear shifting process [18].
Furthermore, the HEV control strategy can reduce the fatigue damage of the drivetrain
components [19]. Even though traditionally the Equivalent Consumption Minimization
Strategy (ECMS) is typically used to reduce the fuel consumption [8] and not the fatigue
damage, the work [19] shows that the life of the drive shaft can be increased by 26%
implementing the ECMS by proper settings of the objective function.

The vibration in the driveline can also be reduced by a Dual Mass Flywheel (DMF)
instead of single mass one [20]. In this component a primary and a secondary mass are
connected by means of springs (helical arc, spiral) to decouple the ICE from transmission.
The same component has demonstrated to be effective in improving the fuel efficiency and
the passenger’s comfort [21].

The torsional behavior of the DCT influences the comfort of the vehicle. Therefore, sev-
eral works are addressed to study the clutch actuation control with numerical simulations
and their experimental validation [10,22-24]. These actuation strategies help to achieve
higher comfort levels during the operation mode change.

Extensive research was performed to investigate the service life of critical components
of a conventional powertrain, such as bearings, shafts, and springs. According to engine
bearing manufacturers statistics [25], 34% of failures in the engine bearings occur due to
misassembly, misalignment and overloading. These failure modes can be caused by the
deflections of the transmission input shaft and the crankshaft, coupling them with excessive
manufacturing tolerances. The crankshaft bearing life is influenced by several factors,
among them the radial clearances [26], their misalignments [27], operation speeds [26],
and lubrication regimes [28]. The transmission components life is mainly affected by the
loading time history, shaft bending, and life of the support bearings [29]. In addition, the
backlash in gears, synchronizers, and differential amplifies the NVH [30]. The fatigue of
the spring element [21] and the wear of bearings/bushings are instead the main factors
influencing the life of the DMF. Generally, in conventional powertrains, ICE and gearbox
have a misalignment during assembling and is supported by the inner clearance of the
DMF that is relatively small. Therefore, even small misalignment of the gearbox input shaft
linked to electric machine torque could possibly result in reaching the critical values close
to the inner clearance of the DMF [31] and generate an undesired radial force and bending
moment on the DMF bushings and crankshaft bearings. The deflection of the fast-spinning
transmission shafts at different critical speeds could also influence the overall misalignment
of the shaft during the operation [32].

Summarizing the literature available on the topic it can be noted that the main failures
that might occur in engine and DMF bearings and bushings are caused by excessive
misalignment and relative motion of the shafts, and DMF primary and secondary masses
in axial, radial, and torsional directions. The additional electromagnetic and inertia torque
coming from the electric motor can increase the radial deflections of the DCT shafts and
negatively affect the life of several components (mainly the bushings of the DMF and
crankshaft bearings). Even though there are several works focused on the numerical
and experimental analysis of the torsional dynamics of the DCT and HDT [10,14,22-24].
However, to the authors’” knowledge, there are no works in the literature that focuses on
the bending dynamic issues of DCT or HDT. Hence, this work studies the influence of
the electric motor of a P2.5 hybrid transmission on the displacement of the primary shaft
and its misalignment based on numerical analysis. Additionally, there is no analysis on
bending-torsional coupling of the HDT from static and dynamic point of view.
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The aim of the present paper is to study the influence of the above-mentioned factors
on the potential damage of the ICE and DMF bearings and bushings. The novelty of the
work lies in the study of the influence of the electromagnetic and inertia torque of the
electric machine on the flexural deflection of the gear shafts and on the modification of
the natural frequencies in the rotor dynamic case. The coupling between torsional and
flexural behavior highlights the potential static and dynamic issues that might arise during
the integration of ICE with HDT module. The emerging trend in automotive industry is
integration of HDT from external suppliers with the in-house ICE. Therefore, the practical
utility of the study is to understand the possible operational issues of the integrated HDT
and ICE module.

The HEV powertrain configuration analyzed in this study is shown in Figure 1. The
power sources are an ICE, which is connected to a DMF to reduce the engine torque’s cyclic
irregularity and an EM, which is connected to the gearset with even gear numbers. Both
are combined with a DCT consisting of two separate friction clutches C1 and C2 as well as

two sub-gearsets.
c2 Even gears -

__|

ICE DMF EM DIFFERENTIAL

—

0dd gears -
c1

Figure 1. Hybrid dual clutch transmission architecture.

The first part of the paper deals with static analysis where different operating modes
of the hybrid DCT transmission are considered and the static deflection due to the torque
of the electric motor in different operating modes is calculated using a FEM.

In the second part the rotor dynamic analysis is performed using DYNROT, a FEM
code to study the dynamics of the rotating parts (Campbell diagram and mode shapes)
including the effect of EM and ICE torque irregularities on the displacement at the input
splines of the inner primary shaft. Finally, the results are discussed, and the values of
deflections are compared with those indicated in the service manuals for normal operation
of the DMF to highlight potential critical issues.

2. Methodology

The present section describes the methodology used to carry out the static and rotor
dynamic analysis on the HDT.

The general layout of the HDT that will be used for the static and rotor dynamic
analysis is shown in Figure 2. The ICE is connected to the DMF, whose output is coupled
to the two input splines of dual clutch system C1 and C2. The two clutches transmit the
torque to the inner (IPS) and outer primary shaft (OPS) of the drivetrain including even
and odd gears, respectively. The EM is installed above the primary shaft, its pinion (G1)
transmits torque to the outer primary shaft by means of an idler (G2). The inner and outer
primary shafts are supported by ball bearings BB1 and BB2 while the inter shaft needle
bearings NB1 and NB2 are installed between the two primary shafts.
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Figure 2. Stick diagram of a generic hybrid dual clutch transmission.

The reverse gear as well as the final gear connected to the differential are not repre-
sented in Figure 2.

2.1. Static Analysis

The aim of the present section is to evaluate the deflections of the HDT primary shaft
due to the transmitted torque, including the contribution of the EM. Figure 3 shows the
layout of the FEM model used for the static analysis. Starting from the top, the EM is
connected to the pinion gear (G1) that delivers the torque to the idler (G2). This torque
is then transmitted to the gear (G3) on the outer primary shaft (OPS) and finally to the
secondary shafts (not shown). The outer and inner primary shafts are supported using the
ball bearings BB1 and BB2. While needle bearings NB1 and NB2 are installed between the
inner and outer primary shafts. As the main possible criticality could arise on the primary
shaft due to the coupling between the HDT and ICE, therefore, this shaft is considered in the
study. Furthermore, it is the one that exchanges the radial load between the two modules.

Figure 3. Setup for the static analysis.
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The FEM modeling has been carried out in SOLIDWORKS simulation software. The
shafts have been modelled as solid parts with material properties of AISI 4340. The
ball bearings are modeled as stiffness element reacting just in radial and axial direction.
The needle bearings are modeled as inter-shaft stiffness element acting just in the radial
direction. The bearings stiffnesses are summarized in Table 1. The radial stiffness of the ball
bearing was estimated using the Hertz theory [33,34] while the needle bearings stiffness
using the Palmgren theory [35].

Table 1. Bearing stiffness values.

Bearing Stiffness [N/m]
Needle Bearing 1 (NB1) 1.2 x 10°
Needle Bearing 2 (NB2) 1.4 x 107

Ball Bearing 1 (BB1) 7.5 x 107
Ball Bearing 2 (BB2) 7.3 x 107

FEM analysis has been performed in three operating modes:

1. 4th gear in boost and recuperation
2. 2nd gear in boost and recuperation
3. ICE + EM in 4th gear boost

2.1.1. Scenario 1: 4th Gear in Boost and Recuperation

With reference to Figure 4, the operating mode of the EM (b-boost, c-recuperation)
defines the directions of the forces acting on the driving and driven helical gear. In Figure 4,
the EM provides a torque of 55 Nm rotating in clockwise direction seen from left hand side.
This is then delivered to the idler (G2) which engages to the helical gear (G3) on the outer
primary shaft. The forces exchanged between the gears are calculated [36] as follows:

Fazibuust

..... Y-
4

(b) (c)

Figure 4. Fourth gear: (a) front view; (b) left hand side view in boost mode; (c) left hand side view in

regeneration mode.
The tangential force (F;1) at the driven gear (G3) is given by:

_ 2TGl3 Tem

Fu
! Dg3

)
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where, D3 indicates the pitch diameter of the helical gear G3, Trp; is EM Torque (56 Nm
taken as 70% of the Maximum torque, that is equal to 80 Nm [9]) and 7g;3 is gear ratio
between the EM pinion gear (G1) and the outer primary shaft gear (G3).

The radial (F,1) and axial (F,;) forces at the driven gear (G3) are given by:

_ . tan(¢)
F1=Fn cos(B) 2
F;1 = Fy tan(P) 3)

where, 3 is gear helix angle (25°) and ¢ is helical gear normal pressure angle (20°).

In Figure 4 only the forces acting on the outer primary shaft have been depicted for
simplification purposes. These forces are the ones generated due to the EM torque and will
cause the deflection in the shaft. In Figure 4b is considered the EM in boost mode where
the torque is being transferred from the G2 (driver) gear to the G3 (driven) gear, resulting
in the tangential, radial and axial forces depicted with red arrows (A-A plane). This torque
is then delivered from G3 gear to the 4th gear on the secondary shaft 1 resulting in the
forces Fyp and Fyp. The resultant forces acting on the G3 gear on the outer primary shaft are
shown with black arrows. Similarly, the EM in recuperation mode, as shown in Figure 4c,
will receive the torque from G2 gear that is delivered from the 4th gear on the secondary
shaft 1 to the gear G3. Hence, the direction of tangential and axial forces will be opposite to
the boost case.

The forces on the gear G3 used for the FEM simulation are calculated as follows:

In boost case:

Ftgs = Fn + Fip sin(0ss1) + Fracos(0ss1) 4)

Frgz = Fy1 + Fipcos(0ss1) — Fr2sin(6ss1) )

In recuperation case:
Ftgs = Fn + Fosin(0ss1) — Frocos(6ss1) (6)

Frgs = Fy1 — Fipcos(0ss1) — Fr2sin(0ss1) ()

While the axial forces used for FEM simulation remain the ones depicted in Figure 4a.

2.1.2. Scenario 2: 2nd Gear in Boost and Recuperation

Similar to the 1st scenario, the EM works in both boost and recuperation mode even
if the torque path is different, as the EM delivers the torque to the OPS using the gears
G1-G2-G3 (Figure 3) and it is finally delivered to the 2nd gear on the secondary shaft 2
using the helical gear (G4). Therefore, there are 2 helical gears on the OPS transmitting
torque as depicted in Figure 5a. In Figure 5b,c the force contribution coming from the G3
and G4 gears is shown in boost and recuperation mode, respectively. G3 gear forces work
in B-B plane and are shown with solid lines, while the G4 gear forces work in A-A plane
and are shown with dashed lines.

The forces on the gear G3 and G4 that will be used for the FEM simulation are
calculated as follows:

In boost case:

Ftgs = Fn ®)
Frgs = Fn 9
Ftgs = Fasin(bss2) — Fracos(0ss2) (10)
Frgq = Fi3cos(0ssy) + Er3sin(fssz) (11)
In recuperation case:
Ftgs = Fn (12)

FI’G3 = Frl (13)
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Ftgy = Fisin(fssy) + Facos(Bss2) (14)
Frgy = Fizcos(0ss2) — Frasin(fss2) (15)

While the axial forces used for FEM simulation remain the ones depicted in Figure 5.

il

3_recuperation "

'2nd Gear SS2 '2nd Gear SS2

(b) (©)

Figure 5. Second gear: (a) front view; (b) side view in boost mode; (c) side view in regeneration mode.

2.1.3. Scenario 3: ICE + EM in 4th Gear Boost

In this scenario torque from both the power sources (ICE and EM) is considered, with
the EM operating in boost mode only. In Figure 6a the forces due to the torque from ICE
and EM are shown. The EM torque is introducing the forces on gear G3 similar to the
4th gear boost mode, in addition there are forces due to torque of ICE that will act on the
gear G3 depicted using the light blue lines. As a result, the forces experienced by gear
G3 will be higher compared to the other two scenarios and is considered as the scenario
with maximum torque that can be transferred by the transmission. The total torque that
can be transmitted by the HDT is taken as 80% of the maximum torque mentioned in the
manufactures catalogue [9]. In Figure 6b the force acting in the A-A plane are shown.

The forces on the gear G3 that will be used for the FEM simulation are calculated
as follows:

In boost case:

FtGs = Fippy + FrycpypySin(0ss1) + F"ICE+EMCOS(9551) (16)

Frgs = Frgy + Fricp pm©08(0ss1) — Fricp ppSin(Bss1) (17)

For both cases, the axial forces used for FEM simulation remain the ones depicted in
Figure 6a.
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F;'IL‘E'&EM

Fal(:H+EM

(a) (b)
Figure 6. ICE +EM in 4th gear: (a) front view; (b) side view.

2.1.4. Numerical Simulation Parameters

The mesh used for the FEM analysis is curvature-based tetrahedron mesh as shown
in Figure 7a,b. The mesh density is chosen considering the computational cost and the
convergence of the deflection results as shown in convergence plot in Figure 7c. It can be
seen that the displacement results saturate with the increase of the mesh density. Hence,
mesh with maximum element size of 1.5 mm is selected. The quality of the mesh elements
is also an important aspect and could influence the results. Therefore, the FE mesh elements
were run through an element quality check based on the aspect and Jacobian ratio. 99.8%
of the elements fall under the aspect ratio of 3, with the maximum aspect ratio reaching the
value of 6. Based on the Jacobian ratio results, no distorted elements were detected.

For the FEM analysis, the axial length of the primary shaft is considered equal to
325 mm, while the average inner and outer diameters corresponding to the inner shaft are
12 and 28 mm and for the outer shaft are 31 and 40 mm respectively, typical for a DCT. For
the rest, the geometrical and inertial properties of a 7 speed DCT (7DCT300) are used in the
simulation for the calculations. The details can be inferred from the Appendix A.

2.2. Static Analysis Results

In this section, the results obtained from the Solidworks FEM simulation for the static
analysis are presented and discussed. In Table 2 the deflection at the end of the IPS is
summarized for all the 3 scenarios presented before. In 2nd gear boost and recuperation
mode the displacement reaches a maximum value of 46 um (Figure 8) compared to the
4th gear, where it reaches a value of 79 um (Figure 9). The deflection in 2nd gear is less
compared to other scenarios due to presence of the BB1 next to G4, where the forces are
applied. The maximum displacement is seen when the torque is transmitted from both the
power sources that can reach up to 120 um as shown in Figure 10.
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Figure 7. (a) Mesh used for the FEM analysis: (b) zoom view; (c) convergence plot.

Table 2. The displacement results table.

Max. Radial Displacement at IPS [um]

Scenario
2nd Speed (EM Boost)

2nd Speed (EM Recuperation)

36
46
79

4th Speed (EM Boost)
4th Speed (EM Recuperation)

58
120

4th Speed (ICE + EM Boost)

2.3. Rotor Dynamic Analysis

In this section are presented the modeling and results of the rotor dynamic analysis

carried out using DYNROT FEM code [37] developed in MATLAB environment at our

University. The main objective is to compute the deformations of the HDT primary shaft at

the DMF side caused by the irregularities of the ICE and EM.

The model is shown in Figure 11. The inner and outer primary shafts have been

modeled using Timoshenko beam elements (63 in total). The material properties for the

beam elements are defined as AISI 4340. The ball bearings BB1 and BB2 are modeled
as spring elements with the radial stiffness reported in Table 1. Each of the two needle

bearings NB1 and NB2 is modeled as a combination of three spring elements working
in parallel with stiffness equal to one third of the radial stiffness of the corresponding

needle bearings.



Energies 2022, 15, 945 10 of 19

URES (mm) URES (mm)
00795 00582
00715 00522

00464

l. 00636 |
! 00556 00406
00477 00348
00397 00290
00318 0.0232
00238 00174
00159 00116

00079 00058

0 0

(a) (b)
Figure 8. Fourth gear results: (a) boost; (b) recuperation.
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Figure 9. Second gear results: (a) boost; (b) recuperation.
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Figure 10. ICE + EM in 4th gear boost result.
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Figure 11. FEM model using DYNROT code for the dynamic analysis.



