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Abstract

Drag torques of gearboxes are an important part of
the overall losses in today’s vehicle drive trains.
From measurements it is well known that overall
drag torques of vehicle gearboxes vary significantly
over the range of operating points and speeds, de-
pending on the interaction of the losses of the single
gearbox elements like bearings, gearings, etc. Be-
cause today’s vehicle emission regulations are be-
coming stricter and stricter "drag torque design" of
gearboxes will be even more important in the future.
Prediction of losses helps to save cost (e.g. drag tor-
que measurements), speeds up the development and
allows to assess many concepts in short time.

We collected detailed semi-analytical drag models
for the common gearbox components from literature
and from manufacturer information and implemented
them in a Modelica library. This library contains
models for radial shaft seals, rotary unions, synchro-
nizers, multi-disc clutches, helical gearings, planeta-
ry gearings, various kinds of bearings, lubrication
systems and lubricant characteristics. Using this li-
brary drag torques of any vehicle gearbox may be
computed for any operating condition (engaged gear,
speed, torque, temperature). Simulation results for a
7 speed double clutch transmission show good corre-
lation with measurements.

Keywords: Automotive; Gearboxes, Drag torques

1 Introduction

Simulation of gearboxes is used widely for e.g. gear
ratio design, for investigating noise, vibration and
harshness, for assessment and tuning of control strat-
egies and similar design aspects. Gearbox compo-
nents are mostly modelled ideal, without losses, be-
cause drag torques are considered as negligible for
the mentioned cases. If detailed investigations with

© The Modelica Association, 2009

Andreas Hosl
BMW Group
Munich, Germany
andreas.ha.hoesl@bmw.de

434

Sergej Diel
University of Applied Sciences Landshut
Landshut, Germany
sergej.diel@fh-landshut.de

respect to fuel consumption and emissions are
needed, mostly loss maps based on measurements
are used, an explicit computation of gearbox losses is
done rarely. Since in an early design stage measure-
ments are not available, the loss maps have to be es-
timated or derived from former designs.

A lot of papers and studies on loss computation of
gearbox components are available, for a survey see
e.g. [1]. For some components like torque dependent
losses of gears very reliable loss descriptions exist,
for other components like multi-disc clutches and
most of the further torque independent losses only
rough estimates are available in literature.

Losses which are independent from the gearbox in-
put torque are a major part of the overall losses in
driving cycle computations (like NEDC) which are
in turn an important part of any driveline assessment.
Even the most advanced codes for gearbox loss
computations which are generally available [2] do
not or only in part take into account torque indepen-
dent losses what results in reduced reliability of the
computations. Losses of synchronizers, multi-disc
clutches and rotary unions are rarely taken into ac-
count.

A further problem in this context is that loss compu-
tations for bearings need the forces and torques act-
ing on the bearings as input, but no general approach
to compute them for all kinds of bearings is availa-
ble, because for the highly nonlinear stiffness rela-
tions of bearings no analytical descriptions are
known.

2 Losses of gearbox components
2.1  General considerations
Naunheimer [3] gives a rough survey of typical

overall efficiencies of vehicle gearboxes under full
load:
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Manual Automatic Mechanical Hydrostatic
gearbox gearbox CVT CVT
92-97% 90-95% 87-93% 80-86%

The losses of manual and automatic gearboxes are
made up of drag torques due to the following effects
in each single gearbox component (Py is the power
loss):

e Gears: Mesh friction, swash and squeeze in
splash lubrication, oil impulse in spray lubrica-
tion (P VZ)

e Bearings: Rolling and sliding friction, lubrica-
tion losses and losses in seals (Pyr)

e Radial shaft seals: Friction between the sealing
lip and the rotating shaft (Pyp)

e Rotary unions: Friction between the lateral sur-
faces depending on oil pressure and shear flow
in the pressure chamber (Pyppr)

e Synchronization: Fluid drag between synchro-
nizer and friction cone (Pys)

e C(Clutch: Fluid drag in wet multi-disc clutches
(Prx)

e Oil pump: Torque consumption depending on
system pressure, temperature and oil viscosity
(Pyna)

The total power loss is the sum of the power losses
of the single elements and can be expressed as:

B, =P, + By +Pp+ Pppr + Bys + By + Py
Q.1

Losses of gears and bearings may be split up into a
part depending on the transmitted torque and a tor-
que independent part. Torque dependent losses occur
when two surfaces which are under pressure move
relatively to each other, for example in gears or bear-
ings. These losses are depending on the force, sliding
speed and the friction coefficient (which is, in turn,
depending on the lubrication) in the contact area.

Torque independent losses arise even if no torque is
transmitted but the shafts rotate. These kinds of
losses occur for example in seals and rotary unions.

Losses in gearings and bearings dominate the overall
losses of manual gearboxes. In contrast, the losses of
wet multi-disc clutches in automatic gearboxes can
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account for even more than 50 % of the total power
loss.

The computed overall loss of transmitted power is
used to set up an efficiency map, which may be used
in other simulation models for fuel consumption in-
vestigations. In the following chapters all the listed
effects influencing the total power loss are described
in more detail. Since the losses are modelled physi-
cally as “torques”, the equations are given with the
same definition.

2.2 Gears

The total loss torque M, in gears can be decom-
posed into the torque dependent part My ;,, and the
torque independent part My,

My, =My, ., + My, (2.2)

2.2.1 Torque dependent losses

Ohlendorf [4] introduced the first theoretical ap-
proach for the calculation of torque dependent losses
in gears in 1958. The power loss in [4] is calculated
on the assumption of a constant coefficient of fric-
tion x4, and a constant normal force:

MVZ,la :Man/umHV (23)

M,, is the acting torque and Hy is the gear loss factor
which takes into account the geometry of the teeth.
According to Schlenk [5], 4, can be expressed as:

F, /b

0,2
77 —0,05R3,25XL (24)
Vs cPredc

i, = 0,048[

F,, is the tangential force at the base circle, b the
tooth width, vy the sum speed at the operating pitch
circle, p,.sc the reduced radius of curvature at the
pitch point, # the dynamic oil viscosity, R, the arith-
metic mean roughness, and X; a factor for the oil
type.

The gear loss factor H, was introduced by Wimmer
[6]. He only depends on the gear geometry:

i+1

Hy =m—————
z,icos f,

(ay + a1|gA|+ a2|€B| + 25)

a3|gA|gA +a4|gB|gB)
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i is the gear ratio, z, is the number of teeth of the
pinion, S, is the base helix angle, ¢, and &z are the
contact ratios of acting and driven wheel and a; to ay
are coefficients depending on the values of ¢4 and ¢5.
The parameters p,.q,c and vy are:

i 1
(i+1)cosp,

(2.6)

2.7)

predC = %dw Sin(awt )

Vso = 2v,sin(e,,,)

with d,, the pitch diameter, a,, the service pressure
angle and v, the pitch line speed.

2.2.2 Torque independent losses

Two kinds of lubrications are commonly used in
gearboxes: Splash lubrication and spray lubrication.

For splash lubricated gears the loss torque can be
written as:

My =My 0 +My;p+ My, (2.8)

In the case of spray lubrication the loss torque is de-
fined as:

MVZ,lu :MVZ,Q +]M!/z,/ +MVZ,V (2.9)

The squeeze loss My is caused by the displacement
of the oil in the contact area between the teeth. M p;
is the resistance of the gear wheel when rotating in
an oil bath. The ventilation loss My is the air drag
due to air or oil mist. The oil stream in spray lubrica-
tion causes the impulse loss torque M, since it acts
on the rotating wheel.

The losses of splash lubrication are in general higher
compared with spray lubrication. The losses of spray
lubrication will be described in more detail, because
the gearbox investigated is lubricated by oil spray.

Mauz [7] gives a definition for My o:

My, ,=412Cp Q% r vOEpOE 2
0.25 0.5
Vo hz0

Here p is the oil density, Qeis the oil volume flow, 7,

(2.10)

is the pitch radius, and m,, is the normal module. The
kinematic oil viscosity v and the tooth height 4, are
normalized by the reference values vy and #4.y. Equa-
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tion (2.10) is only valid for the cases BO and BU (see
fig. 1). For the cases A0 and AU the loss torque
My is zero. The factor C; is a scaling factor for
gravity effects, it is 1 for BO and 0.9 for BU.

D
D

Figure 1: Different cases of spray lubrication [7]

In the cases BO and BU the spray jet hits the ap-
proaching contact area from top or from bottom, re-
spectively. In the cases AO and AU the oil stream
meets the regressing contact area. In these cases,
there is almost no oil remaining on the teeth because
of centrifugal forces. Therefore the loss is very small
and can be neglected.

The impulse loss torque My, usually provides the
main part of the torque independent losses in spray
lubricated gears. Ariura [8] defines M), as:

for BO,BU (2.11)
for AO, AU (2.12)

My, = 2errmr(|vt|_vs)
My, , = ZpQ'erw(|vt|+vs)

v, 1s the velocity of the oil stream. The coefficient C,
takes into account gravitation effects. For BO and
AO the coefficient C; is 1, for BU it is 0,9 and for
AU it is 0,85.

According to Maurer [9], the ventilation loss torque
My is composed of the loss of the gear wheel itself
(M, ) and the loss in the contact area between the

teeth (M, ):

My, =137-107v &0 6" m" " Fy,, (2.13)

t
My, =117-10°v 7 %P b2 F, (2.14)

m, 1s the transverse module and F,,; describes the
influence of the gearbox housing.
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2.3 Bearings

While the forces acting on the mesh or on statically
determined bearings can easily be computed from
force and torque equilibrium using the transmitted
torque and geometry parameters (see fig. 2), the
force calculation for statically over-determined bear-
ings requires some preprocessing.

external forces,
external torques

v
NE =0
.
T =
.
T =
e
AT HM =0
e
NM, =0
.

non-locating bearing

Figure 2: Model for the calculation of bearing forces
of statically determined shafts

For the latter case, which is not uncommon for ve-
hicle gearboxes, and for more detailed investigations
computation of the forces and torques acting on a
bearing requires detailed knowledge of the stiffness
properties which are highly nonlinear for the rolling
bearings commonly used.

Since manufacturers do not publish detailed stiffness
data, we used a separate bearing calculation software
provided by a bearing manufacturer [10] to compute
for each over-determined shaft a map of bearing
forces and torques depending on the transmitted tor-
que and the gear engaged. The same procedure may
be used for adjusted bearings.

Because several gearings may act on the same shaft,
all single gearing forces and torques acting on a
couple or triple of bearings must be collected and
routed accordingly to the bearing drag computation
model component.

In vehicle gearboxes, mostly rolling contact bearings
are used. The respective loss computations will be
described in the following sections in more detail.

Figure 3 shows six different types of losses in a roll-
ing contact bearing: Rolling and sliding friction be-
tween rolling element and bearing rings (1 and 2),
sliding friction between cage bar and bearing rings
(3), sliding friction between cage and rolling element
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front surface (4), sliding friction between rolling
element and outer ring (5), and friction between cage
and rolling element (6) [11].

Figure 3: Different types of losses in a rolling con-
tact bearing.

The first detailed approach to drag torque calculation
of rolling contact bearings was published by
Palmgren [12]. He proposed to split the drag into a
torque dependent and a torque independent part. The
investigations by Harris [13] and INA/FAG [14] are
based on [12] and have been used for a long time.
The relatively new approach by SKF [15] allows
more detailed investigations because the losses are
assigned to the places where they occur in the bear-
ing.

All mentioned methods have been implemented in
the library. Because of the importance of the SKF-
method it will be described shortly:

MVL =¢ish ¢rs Mrr +Msl +Mseal +M (215)

drag

In this equation the rolling frictional torque M,, and
the sliding frictional torque M, represent the torque
dependent losses. M, is the frictional torque of
bearing seals and My, is the frictional torque due to
churning, splashing etc. M., and My, represent the
torque independent losses.

The rolling and the sliding friction torques M,, and
M , are given by:

Mrr = Grr (V n)o,6
Msl = Gsl ILISI

(2.16)
(2.17)

The variables G,, and G; depend on the bearing type,
the bearing mean diameter, the radial load F, and the
axial load F,, n is the rotational speed, v the kine-
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matic viscosity of the lubricant and g is the sliding
friction coefficient.

@., describes the influence of the lubricating film

thickness on the rolling friction. The factor con-

rs
siders the lubricant displacement in the contact zone
due to overrolling which results in a lower rolling
friction torque.

The frictional torque in bearing seals is:

M, =Kad’ +Kg, (2.18)

seal

The constants K; and K5, depend on the bearing and
the seal type, d, is the sealing counterpart diameter

and S an exponent which depends on the bearing and
seal type.

The definition of My, for ball bearings is:

Mdrag = Vm Kball djl n2 (219)
and for roller bearings:
M 4o =10V, K, Bd, 0’ (2.20)

V,. is a variable depending on the oil level, K;,; and
K, are bearing type related constants, B is the bear-
ing inner ring width and d,,=(D+d)/2 is the mean of
the bearing outer diameter D and the bore diameter
d.

The SKF-method is not applicable to needle bear-
ings. In this case other methods for example [13] or
[14] may be used.

2.4 Radial shaft seals

The loss torque of radial shaft seals is a result of the
friction between the sealing lip and the rotating shaft.
For the library presented, the approaches by Linke
[16] and by Kettler [17] have been used because of

their simplicity compared with other approaches.
The definition by Linke is:

M, = [145-1,68+350- log(log(V, + 0.8))]-

10‘%’22

™ (2.21)

d, is the shaft diameter and $is the temperature.

Kettler gives a different formulation for the compu-
tation of the friction torque:
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, 30

M,,=79163-10°F, ,d.— (2.22)
T

The factor F), represents the effect of the tempera-
ture dependent viscosity change.

2.5 Rotary unions

In gearboxes rotary unions are used to permit the
flow of oil to activate clutches or to transport the
lubricant through the shafts from a stationary inlet to
a moving part such as a rotating shaft or from one
rotating shaft to another. The oil is kept within the
rotary union using a (mostly rectangular) seal ring.
Figure 4 shows the structure of a rotary union.

Figure 4: Structure of a rotary union

Gronitzki [18] recently investigated the losses in ro-
tary unions in detail. He describes the loss torque as
the sum of three main loss sources:

Myppr =2M,; +2M ; + M, (2.23)

My, is the friction between the seal ring and the
groove (see area Il in figure 4). My, (area III) is the
loss torque due to the shear flow between the inner
and the outer shaft in a pressurized chamber. The
loss torque M; in area I as a result of the oil leakage
is small compared to the losses in areas II and III and
can therefore be neglected. For further details see
[18].
2.6  Synchronizers and clutches

The analytical description of synchronizer losses is
subject of ongoing research [19]. The results of this
research are possibly also applicable to multi-disc
clutches. For our implementation we used tabulated
drag data for synchronizers and clutches based on
measurements.
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2.7  Oil pump

Since no reliable models are available in literature
we used measured, tabulated drag data for the oil
pump. A direct calculation would be rather complex.

3 Library implementation

For the actual implementation of our library Modeli-
ca and the tool Dymola [20] have been used in order
to easily fit into existing gearbox and drive train
models at BMW. Because of the intended use for
arbitrary gearbox topologies a signal oriented ap-
proach would be not feasible.

The used loss descriptions are either based on the
respective geometrical and physical properties, on
parameterized semi empirical descriptions, or on ta-
bulated measurement data. All parameters are orga-
nized in hierarchical data structures and stored using
a data sheet library approach. Since a gearbox may
comprise separated subassemblies, for each lossy
gearbox component a different lubricant may be cho-
sen and a dedicated temperature may be paramete-
rized.

Each component (e.g. a bearing) contains one (tor-
que independent) or two (torque independent and
torque dependent) loss components. These loss com-
ponents may be specific to a certain component sub-
type (e.g. a roller bearing) and contain a certain type
of loss computation (e.g. according to reference A or
B). Each loss component may comprise one or more
functions for the computation of the actual drag tor-
que part (e.g. splash loss and ventilation loss). Final-
ly, all loss torques are summed up and routed to the
Mechanics.Rotational connectors of the respective
component.

Since all formulas in literature are given only for a
certain range of operating conditions (e.g. between
1000 rpm and 2500 rpm speed, below 2000 rpm,
above 2000 rpm), special care has to be taken to al-
low usage of the models for zero speed and zero
transmitted torque. For practical reasons, the compo-
nents may optionally be described by a percentage
loss factor (e.g. gears) or as ideal, without any losses.
Since we are not interested in transient effects, stick-
slip phenomena have not been modelled. A smooth
friction characteristic with limited derivative at zero
is used instead.

The strict separation of torque independent and tor-
que dependent losses is useful because in many cases
only torque independent measurements are available.
The torque dependent losses can be calculated sepa-
rately and added to the overall loss map.
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We made extensive use of class parameterization in
order to easily choose among a set of loss types and
combinations thereof for each kind of lossy elements
in a unified way. The flexible modular structure of
the library allows an easy implementation of new
components and loss models. Models of the losses of
the basic planetary gearings (planet / planet, planet /
ring, planet / sun) as parts of arbitrary planetary gear-
ings have been developed recently and are actually
under test.

4 Verification of library models

4.1 Component level verification

For a first validation of the library models, the loss
calculations have been compared with the results
presented in the literature references which contain
loss calculation formulas.

For some components it was also possible to ex-
amine special measurements of individual compo-
nent drag torques. For example, the drag torques of
some needle bearings of the gearbox presented later
were derived by measurements comparing a com-
plete gearbox and a stripped gearbox where the idler
gears of the counter shaft have been removed. Figure
5 shows the calculated drag torques for the regarded
idler gears, the sum of these calculated drag torques
and the drag torque derived from measurements. The
calculation method according to the bearing manu-
facturer INA [14] was used.

Sum (Measurement)
Sum {(Calculation)

------- Idler Gear R {Cale.)
— - — - Idler Gear 1 {Calc.)
— -+ — Idler Gear 2 {Calc.)
— — — Idler Gear 3 (Calc.)

L

g

=]}

=

8 -—-"’--—
C . w— e m— - — .—-
=_z_|-_-'_-° et s T e

500 1000 1500 2000 2500 3000

Input speed [1pm]

Figure 5: Validation of bearing drag torques of idler
gears

The correlation of calculation and measurement is
acceptable, especially for speeds above 2000 rpm.
The fidelity of the bearing drag torques of the idler
gears is mainly affected by the relative speed within
the bearing, which is rising from the 3" to the re-
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verse gear. The automated computation of the reac-
tion forces of the tooth engagements and the bearing
forces was checked by analytical calculation of sev-
eral simple load cases.
4.2 System level verification and sample gear-
box loss model

For the system level verification, a complete model
of the new BMW 7 speed double clutch transmission
(DCT), which was developed in collaboration with
GETRAG and introduced in 2008 (BMW M3, 335i
Coupe and Convertible), has been set up. The buil-
dup and the functional principle can be seen in fig. 6.

Driven
axle

Dual clutch gearbox

© @
|—m@@®
® ®
I— EEE

1 Clutch | 3 Clutch Il 5 Driven constant
2 Sub-gearbox | 4 Sub-gearbox Il 6 Countershaft

Engine
S65

Figure 6: Buildup of the BMW 7 speed double clutch
transmission

For the simulation of the drag torques, every lossy
component of a gearbox is represented by a corres-
ponding library element. Gears, synchronizers, bear-
ings, seals, rotary unions, clutches and an oil pump
have to be considered for loss calculations. The
complete Dymola DCT gearbox model is shown in
fig. 11.

The gearbox is basically modelled as a rigid multi
body system with rotational mechanic flanges at in-
put and output shafts. Inertias of inner shafts and
idler gears are reduced to the input and output shafts.
The clutches are derived from the original clutch
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elements of the Modelica standard library. They can
be controlled by a torque request signal which is in-
ternally interpreted as friction torque (sliding clutch)
or maximum transmitted torque (sticking clutch).
The gears are shifted by applying forces to the slid-
ing links of the synchronizer units, which are physi-
cally modelled including the speed drop caused by
friction of the synchronizer cones and the mechani-
cal coupling at the stop position of the sliding links.
Since no validated calculation method was available,
the losses of the unengaged synchronizers were ap-
proximated via drag torque functions depending on
the number of cones and the friction radius according
to [21], see fig. 7.

Syne. 4E.
T Enein
------- Sync. 644, 5/7
v “ s&g IR
= — — — Bync. 143
2
2 Sm TN
D I’ \\
, - - - ——— S—
’ - -
T T T T T 1
0 1000 2000 3000 4000 5000 6000

Rel. speed [1pm]

Figure 7: Synchronizer drag torques
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Figure 8: Virtual test bench

The drag torque map of the oil pump was measured
separately for several system pressures and could
therefore be interpolated from tabulated data depend-
ing on input speed and requested system pressure for
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closing the clutches. For the gearings, rotary unions,
radial shaft seals and bearings, the loss calculation
algorithms described in chapter 2 have been used.

In order to calculate the losses of the gearbox for any
desired operating point, the gearbox model was inte-
grated in a virtual test bench shown in fig. 8. The
actual operating point is adjusted by prescribing the
input torque and the output speed. The total losses
and the respective overall efficiency can be calcu-
lated using the signals of the power sensors at the
input and output shaft of the gearbox. Depending on
the input torque the pressure level for the clutches,
which is mainly influencing the drag torque of the
rotary unions, can be derived using simple parameter
tables.
4.3 Simulation results

For the validation of the simulation model, two test
series were available. A comparison to measure-
ments at 80°C and for input torques between 10 and
100 Nm, varying the input speed from 750 to 2500
rpm, is shown below (figure 9a, 9b). This operating
range is very important for the NEDC driving cycle.
In the simulation, the loss torques of radial shaft
seals were calculated according to Linke [16], the
torque independent mesh losses according to Mauz
[7], the losses of the needle bearings according to
INA/FAG [14] and the losses of the remaining bear-
ings according to the SKF method [15]. In the inac-
tive subgearbox no gear was engaged (no gear pre-
diction). The comparison of measurement and calcu-
lation is given in fig. 9a and 9b.

Simulation results show a good correlation with
measurements. Except for the 7" gear, the maximum
differences of measured and calculated drag torques
are below 15%. In the 7™ gear, which is engaged by
direct coupling of input and output shaft, the calcu-
lated discrepancy of the two loads 30 Nm and 100
Nm is significantly less than for the other gears,
since no gears are loaded in this case. The remaining
torque dependencies are related to the oil pump and
the rotary unions. The measurement for the 7" gear
(100 Nm) shows an abnormal characteristic, which
cannot be explained by the common loss approaches.

Using the validated simulation model it is possible to
perform detailed investigations of the partial losses
of all gearbox components. Figure 10 shows losses
of different components for the 6™ gear and 60 Nm
input torque. The main amount of losses is caused by
the bearings, followed by the oil pump. Only the
losses of the synchronizers decrease with rising
speed due to the special characteristic shown in fig.
7.
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Figure 9a: Comparison of measured and calculated
drag torque (80°C), gears 1 to 4
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Figure 9b: Comparison of measured and calculated

scribing the drag torques of each single component,
numerical problems have to be overcome. They will
be investigated in more detail.
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Figure 10: Partial losses (6™ gear, 60 Nm, 40°C)
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Figure 11: Dymola model of the 7 speed double clutch transmission investigated
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