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Abstract

Under extreme climatic conditions,
consumption can be far from the certified valueve@ithe
growing concern for polluting emissions, it is nesary to
investigate a way to improve the overall vehiclécefncy
and thus reduce the emissions and fuel consumgépnOne
solution is to pre-warm the gearbox in order to endikvork
at an optimal temperature to achieve the best iefiiby
possible. Indeed, low lubricant temperature is are® of
reduced vehicle efficiency due to the lubricantcumsty
rising exponentially at very low temperature.

Using the Powertrain Dynamics library, a vehicledglovith
a detailed equation based gearbox model takingaictount
the temperature-dependent losses is developed.
Keywords: gearbox, pre-warming, efficiency,
consumption, oil temperature

1 Introduction

Responding to the ever growing need to reduce leshiel
consumption and pollutant emissions, new technetlgave
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conditions whatever the weather is in order toease its
efficiency. Farrant et al. showed the benefits @fvertrain

the vehicle fudpreconditioning during a cold start (Farrant REal. (2005).

In this paper we build a vehicle model in Dymolangs
components from the Powertrain Dynamics Library. tfén
precondition the transmission Ilubricant to several
temperatures and run the vehicle model over thedatd
NEDC and ARTEMIS drive cycles. The ARTEMIS drive
cycle combines an urban and a highway portion.riibdels
involved in this study are predictive equation lths®dels

in order to show how the efficiency would benefibrh
higher oil temperatures without the constraints of
map/empirical based models. The benefits of preiionthg

are then highlighted as well as the costs of demg

fuel

2 TheVehicle Modd

The vehicle includes a predictive thermal modeltloé
transmission to quantify the thermal dynamics efdlstem
including losses such as bearing and gear dragdo3$e
heat release from friction is evaluated in eacla arethe

been developed and successfully implemented inrge lamodel. All gearbox components (moving and non-mgyin

number of vehicles over the last few years. Howgeifer
engine efficiency has recently dramatically incezhthanks
to ongoing design improvements and new technolpgfies
guestion is how much further we can push the lirtits
improve efficiency in use and at what price.

One way to achieve better performance from the pioaie
is to improve its efficiency. To do so, we hav&eep in mind
that our vehicles are rarely operated in their rogti
efficiency region due mainly to the road layoutsad traffic,
driver behaviour, short range operation and thenatic
conditions. We can at least seek to counteraceffeets of
the latter on vehicle efficiency. Vehicle transnoss oil
viscosity increases exponentially at low tempeesur
affecting the vehicle transmission efficiency. Utite oil has
fully warmed-up, which can take a rather long tiomeler
extreme cold weather conditions, the transmissisads are
very high due to drag on the gears, clutches amdirigs
caused by the viscous oil. Poor range and fuel@uogrcan
result in customer dissatisfaction compounded gy fdctt
that the vehicle is only being used exploiting aabm
percentage of its certified power. The idea is tteeput the
transmission (and in future other subsystems ss@ngine
and traction battery as part of a larger study}h@ best

are interlinked via mechanical and/or thermal psdsthat
the effects of each component in the system optters can
be evaluated. This physical relationship modelforgns the
basis for predicting the oil temperature and viggdsa the

whole subsystem.

Figure 1. Vehicle model experiment complete with driver
model, road and atmosphere (environment) models

The vehicle model is built on the Vehiclelnterfadiesary
standard from Modelica Association. All models use
Multibody components and are designed for easynadge
and efficient computatiorDempsey Met al. 2009) A Driver



model is included to exercise the vehicle modelroxe
specific drive cycle in order to evaluate its efficcy and

Figure 3. 6-speed automatic transmission gear set with thierm
mass and heat dissipation network: 1-clutch aaindtanges,

performance. A road model and an atmosphere model &-data records for the epicyclic gear sets

also used in the experiment and interface withviblgicle
model.

)

4 @

=

i |

1 2 3 4

= Ll o
%,

<

5 6

Figure 2. Detailed view of the vehicle model with all the
subsystems:1-Ancillaries, 2-Engine, 3-Gearbox,idetine, 5-
Chassis, 6-Brakes, 7-Controllers

The model above (Figure 2) is a view of the vehicie level
lower than the previous one (Figure 1).

The main subsystems are: Engine, Transmission elbve/
and Chassis.

The engine model uses a performance map givingiguo
torque depending on pedal position and engine spefatl
tank is included to enable the calculation of tidntaneous

The green connections in Figure 3 represent traoséd
mechanical flanges to apply the clamp load to thé&clees
and brakes. The red connector is the heat porthmscto
thermally link all the components together in oretransfer
the heat throughout the system and compute thesietypes
at various points in the model.

The top left corner of Figure 3 is the thermal reatafor oil
and casing. For each one of these components,raghe
conductor lies between the thermal masses rephegghe
heat transfer to the oil and the casing respegtiaall the
remainder of the gearbox’s thermal network. It syatems
modelling thermal model and we must also pointtbat the
distribution of oil in the system is not consideredthis
paper.

3.2 Dynamic Torque Converter

In automatic transmissions, the torque convertaplas the
engine to the gearbox. Despite the availabilityaafteady-
state (mapped) torque converted model, here wesehtm
use an equation based dynamic version since thsiérg
response is of prime importance. There are threa ma
components: the impeller connected to the endirediirbine
connected to the gearbox and the stator conneotedet
gearbox housing via a one-way clutch. The impakea
centrifugal pump (Shin S., Baedt al, 2000, Jandasek V.J.,

and average fuel consumptions. The engine usedisn t1994).

experiment is a two-litre four-cylinder petrol engi
The transmission model will be discussed in datdhe next
section.

When the oil inside the torque converter is colaffiects the
efficiency as the high viscosity decreases the l@pe
performance.

The driveline model can be set to include compBancThe moment-of-momentum equation is applied to tineet

stiffness and damping characteristics so thatah®es/ehicle
can also be used for detailed driveability studies.

The chassis model has a pitch degree of freedom and
tyres,

longitudinal motion as well as models for

aerodynamics and suspension.

3 TheTransmission M odél

3.1 Overview
In this study focus is on a six-speed automatiestnassion

control volumes. For example for the impeller:

Lia; + pS;Q =
—p (a)iRiZ + Ri%tanai — wsR? — RS%tanaS> Q0+ 1

w; is the impeller rotational speeq,is the impeller torque,
Q is the volume flow rate, | is the fluid inertip, is the
density, S is a design constant for the impelleris Rhe
impeller radius, A is the flow area angis the impeller exit

which includes a dynamic torque converter modelhwitangle. We have similar equations for the turbing stator.
predictive thermal effects, gear sets with beafiilegjon and
bearing drag models, gear mesh models with temperat
dependent efficiency, a shift actuation systemahdat port
(thermal connector) to port the generated hedttervehicle
subsystems.

The conservation of energy equation is:

PLy s —

A

p(R?w? + R}w? + R2w? — RZw;ws — R*w,w;
- thwswt)

p(Siw; + Spwe + Ssiv5) +

+ a)i%p(Ritanai — R.tanay)
+ wt%p(Rttanat — Rjtana;)

+ wS%p(RstanaS — Ritana;) — p,

p, represents the lossds,is the fluid inertia length.
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We also need to add a new term to the losses teatdahe
impeller efficiency:

T we(Cp — 1)
Q

P2 =

WhereCy;, ; is the shock loss coefficient for the impeller and

Vi is the shock velocity. f is a fluid friction factandv;™

is the fluid velocity relative to blades.

These corrections result in the turbine rotatiosiaed to
converge more slowly towards the impeller anguidoeity

We know the fluid viscosity significantly affectset torque as can be seen in Figure 5.

converter efficiency, this is why we need to induthe
thermal effects in the model.

A formula in (Hydraulic Institute, 2010) gives arfgmance
factor (B) in order to calculate a correction facto re-
evaluate the impeller efficiency when using a visctuid.

0.5 0.0625
Vvis HBEP—W
0'375N0'25 ]

B =K]|
QBEP—H

Where V is the fluid viscosity, H is the impelleedd, Q is
the fluid flow rate and N is the impeller shaft sdeWe can
now use this performance parameter to determine t
correction factor<’y for the head(, for the volume flow
rate andC,, for the efficiency.
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Figure 4. Correction factor€y, Cq andC, plotted against the
performance factor B.

These correction factors allow us to modify theséssto
account for the thermal effects.
First we introduce the volume flow’s corrected \&alu

PLthermal effects

p
Sg?’l(Q) (Csh,i Vszh,i + Csh,tVszh,t

2
+ Csh,svszh,s)

pf Vi + Vi + Vg
+ s

—— Impeller speed —— Turbine speed with thermal effects —— Turbine speed without thermal effects
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Figure5. Impeller and turbine speeds vs. time [s] with and

without taking into account the thermal effects.

When the oil is cold and has a high viscosity the/t axial
velocity inside the torque converter is reduced aadhe
fluid inertia transmitted to the turbine is not@sod and it
takes longer to reach the coupling point. The dvereque
converter efficiency is then affected.

3.3 Roller bearings

The roller bearings are important components ag taam
achieve very good efficiencies under appropriatedtmns.
However, when the oil viscosity is high their eiifiacy
dramatically drops. Since all the components in the
transmission model are thermally linked, the helgtased by
other parts of the model (clutches, torque conveete.) can
affect the bearing behaviour through warming upthe
transmission fluid and gradually help to improve dverall
system efficiency.

The bearing friction torque is given by:
Tfriction = fnxcoeff * R+ Tseqis + Tdrag

The friction coefficientcoeffdepends on the type of rollers
(ball, pin, taper pin, etc.) and typically variestlzeen 0.001
and 0.0024.

The friction torque due to the seals is not detiailere as it
has only a small contribution and does not varyificantly
with temperature.



— Friction torque = f(Temperature) Cheng (1979). h is the oil film thickness whichuedd under
applied pressure (Dempsey M. et al. 2002)is the number
of friction plates.

| The heat generated by the friction between thelelptates
— is expelled through the heat port and stored intbeat

Z | capacitor which is linked to further thermal modglsthe
2- system. The heat capacitor accounts for the themmak of
1 driven and driving plates. The temperature of thech
1 plates can thus be evaluated as well as the théossds to
1 the clutch surroundings.
° 2E|i0 ‘ EéO I 3[50 ‘ 32|0 I 34‘10 I SEIEO I 380
coulomb frictionModel. Temp
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Figure 6: Friction torque of a roller bearing depéing on the oil
temperature r W b

The drag torque formulaSKF website)demonstrates the
importance of the oil viscosity:

N
Tdrag:4*Vm*Kroll*C(u*B*dm4*n2 =
nd Z*f -1.379 | =~
-7 2 3 m t
+1.093 X 1077 *n” x dyy,” ( v ) * Rs Figure7. Clutch model with heat port (red) and mechanical

actuation flange (green)

v is the kinematic viscosity at operating tempamatu

C, and K,,; depend on the bearing geometry an
dimensions.

V,, is the drag loss factor.

R; is calculated with the bearing dimensions andthievel
(see picture below).

n is the bearing rotational speed.

f: depends on the bearing geometry and the oil level.

&)uring slipping, clutches and brakes can generate
considerable amounts of heat in the gearbox which
contributes to lower the oil viscosity thus affagtthe whole
transmission efficiency. However, the friction toegis only
significant for a small amount of time.
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The oil level is the distance above the lowest acnpoint =

between the rolling element and the outer ring.

3.4 Clutches

There are several clutches utilised throughout the

transmission model. There is a lock-up clutch i@ tbrque Figure8. Friction torque and relative angular speed (tom) a
converter model and three other clutches are ustitbigear heat power loss (bottom) vs. time [s]

set along with two brakes which use the same typeodlel.

Clutches are modelled by multiple rotating platessped

together via a normal force (via the green flangthe next

picture).
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The friction torque between the clutch plates Isudated as
follows:

4
TT* Wyep * (72? -1 )
2h

Tfriction = ux* Nf * ((pf + (ps) *

whereu is the oil viscositypy andg, are the pressure and
shear stress flow factors respectively, introduneBatir and
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Figure 9. Evolution of the temperature at the clutch plates
time [s]

During operation, the clutch temperature can riggyv
quickly. We can see on the graph above (Figuré&)heat
is released when both the relative angular velogitgt the
torque transmitted are non-zero which essentiadypens
during the engagement and disengagement phase.

35 Gears

We can divide the gear losses into speed-depeaddribad-
dependent losses. Speed-dependent losses congistiafje
losses and oil churning losses. Load-dependergdasmsist
of sliding friction losses and rolling friction Isss.

The windage losses are induced by oil droplets dhatin
suspension in the gearbox housing and create anttin
which increases the gear frictional resistance.

The churning losses are due to the oil being trdppehe
gear mesh and to the gear rotating in the lubricahey
depend on the gear rotational speed, the oil vilggdise gear
geometry and the proportion of the gear submerged.
The sliding and rolling friction losses are deperiden the
gear rotational speed and on the instantaneougicieef of
friction.

We are mostly interested in the churning lossesediney are
closely related to the oil properties.
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Figure 10: Example of oil churning losses with rege oil

temperature with different dip factors.

260 280 380

The churning losses increase at low temperaturéshis is
even a bigger difference when the dip factor isilaig a larger
part of the gear is dragged through oil.

4 Reaults

Prior to the calculation of vehicle fuel economygaick
estimation of the cost to per-warm the gearboxbmmade.
If we apply a heat flow of 100 Watts, it takes &@@onds to
heat the gearbox from -10 degC up to + 90 degCarit
average price at the time of the study (in Englaval £0.15
per kWh, the electricity needed will cost £0.00BVen if the
objective here is not to make money out of thisisoh, the
cost has to be evaluated and the results cleanlyskthat it
should not be a financial problem for the custoréis type
of preconditioning is more suited in vehicles sashplug-in
hybrids or EVs (Electric Vehicles) or indeed contiemal
vehicles operating in cold climates where the aqusto
might, by default, plug the vehicle in to rechatige battery
and/or precondition the cabin.

4.1 NEDC

The NEDC Cycle is used to homologate vehicles ol

Euro 6 standard. It is made up from an urban sectipeated
four times and an extra-urban section. It covetstance of
11 023 meters and lasts for 1180 seconds. Itemaftiticised

The churning losses for tooth surface are given Mgr not representing real-life driving condition®d light

(Heingartner P., Mba D., 2003):

R
7.37fgix wx i+ D x by (=)

Jtanf

P =
AglO23

fqi is the gear dip factor that is to say the ratidhef gear
dipping into oil. D is the outside diametgris the helix angle
andRry is the roughness factor.

duty). However it has to be considered as it isdufes
homologation but also because we are interesteslow
urban driving conditions to attest the maximum Bgsi
possible (slower gearbox warm-up).

The oil viscosityp plays a major role in the amount of

churning losses and thus we can easily see therfamue of
the temperature on these. n is the gear rotatspetd and
all the other parameters in the formula are gedoatr
dimensions.

Two other similar formulae exist to calculate theuming
losses for smooth outside diameters and smooth sfd#iscs
(i.e. shafts and gear side faces respectively).



H==——n e " 4.2 ARTEMISCycle

The ARTEMIS drive cycle is based on a statistitatlg and
thus fits better to the real usage of the vehidtds.made of
an urban part and a highway portion. It coversstadce of
a0 33605 meters and lasts for 2061 seconds. In coagrawith
the NEDC drive cycle, ARTEMIS is much more aggressi
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Figure 11. Average fuel consumption NEDC (I/100km) under 10| W=

different start temperatures: -10deg (blue), +23ded),
+40deg (green), +90deg (magenta) vs. time [s]
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of the cycle, in the urban portion at low load. Whhe oil .

temperature reaches its ideal value, the averagg fiigure13. Average fuel consumption ARTEMIS (I/100km) under
consumption with a pre-warmed gearbox convergearsy different start temperatures: -10deg (blue), +23ted), +40deg
the average fuel consumption with a non—pre—warme(areen)’ +90deg (magenta) vs. time [s]

gearbox. The potential fuel economy benefit from pre-warmiheg
i i transmission is less obvious on this cycle. Indeedit is
If the ambient temperature is +23 degC, pre-warmi® 416 aggressive, the components take less timedoup

_transmission fluid to +90 degC allows a fuel ecopom,.q g the benefit in pre-warming disappears napelly.
improvement of 1.71% (150 mL).

If the ambient temperature is now -10 degC, prenigg the |t ihe ambient temperature is +23 degC, pre-warnihg
transmission fluid to +90 degC yields a fuel ecopdr@nefit o smission fluid to +90 degC vyields a fuel ecogom
of 7.66% (660 mL). improvement of 0.24% (37 mL).

If the ambient temperature is now -10 degC, premvirg the
0 transmission fluid to +90 degC yields a fuel ecopdm@nefit
of 1.84% (182 mL).
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Figure 12. Oil temperature with different start values: -1§de
(blue), +23deg (red), +40deg (green), +90deg (majers. -20
time [s]
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The oil temperature reaches its ideal value wharisy at Figure 14. Oil temperature with different start values: -1gde
. ! blue), +23d d), +40d , +90deg (Mayers.
40 degC only towards the end of the drive cyclelevtiie Eiml:ee%s] &g (red) &g (green) eq ( s

others do not even come close, this explains tafgiant
fuel savings. This graph (Figure 14) shows that the oil takes tése to
reach its ideal value with the ARTEMIS drive cytian with



the NDEC drive cycle. This is due to the ARTEMISley
being more aggressive.

An interesting occurrence that can be noticed it foivive

cycles is that the overall vehicle efficiency does increase
much after the oil reaches +23 degC. The fuel exgnehen

submitted to an initial temperature of +90 degQGead of
+23 degC is only 1.71% for the NEDC cycle and 0.44%
the ARTEMIS cycle. This tells us that we could ddes pre-

conditioning the gearbox to only +23 degC as theebts

after this value are much less worth the cost.

4.3 Applied Example

Let’s consider a real-life example to give us aacete idea
of the potential savings that could be achieved &rger
scale.

In Géteborg, Sweden (1 million people live in itban area):
100 000 people commute to work every day

60 000 people commute by car every day

12 km (7.5 miles) / 24 minutes is the averag
commute ride inside Goteborg

51 km (31.7 miles) /50 minutes is the averag
commute ride outside Goteborg

If we make the assumption of 50 000 commuting tpps
day, it gives us a saving a 25 000 litres of fued &2 tons
of CO, per day.

5 Conclusions

The benefits of gearbox preconditioning have bdedied
and show that this strategy could be a real pdigibi the
future. A device to pre-warm the gearbox and thg foathe
customers to choose when to use it have still texptored
though.

As the differences in the results between the NEA»@
ARTEMIS drive cycles showed us, the best potestaings
could be achieved in a busy urban environment wkteze
transmission fluid would usually take a long tirngéach its
ideal working temperature.

Pre-warming of other subsystems like traction Inigtte
would allow even greater fuel economy and perfortean
benefits and will be considered in further workthe case of
electric vehicles it is even a necessity to heathegpbattery
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in extremely cold climates due to the performance

degradation of the battery at very low temperatuitebas

been shown (Tikhonov K., Koch V.R) that the battery

discharge can reach 60% when the air temperatunesdr
from 22 °C (72 °F) to -40 °C (-40 °F). To the evitléssue
when driving more than a couple of hours adds epbid
perception of the user if the engine can only delivalf of
the 100bhp at cold start.
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