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ABSTRACT

A coupled thermal and power loss model of a gearbox
is developed to evaluate the efficiency. The setup is
designed to investigate the dynamic performance and
reliability of powertrains and consists of a perma-
nent magnet motor, a drive motor, a gearbox, and a
drive belt. Multiple sensors are installed to measure
temperature, rotational speed, and torque in various
tests. A combination of the least-squares method
and extended Kalman filter exploits the model and
measurements to estimate the parameters within the
churning, meshing, and sealing power loss terms and
the heat transfer coefficient, update the model, and
make it setup-specific. The performance assessment
of the identified model in experimental cases shows a
good agreement between the predicted and measured
temperature and power loss. The results show that
the equivalent heat transfer coefficient significantly
depends on the rotational speed and temperature.

INTRODUCTION

The efficiency of transmission systems is becoming
increasingly important in a world moving towards a
more sustainable future. As an essential part of a
transmission system, predicting and optimizing the
efficiency of a gearbox in the first step requires de-
veloping a representative thermo-mechanical power
loss model. The power loss model should reflect the
loss contributions of the existing components, in-
cluding the gears, bearings, sealings, and auxiliary
parts. Additionally, as the losses might depend on
viscosity and hence temperature, a thermal model
is required to update the temperature. Improving
the efficiency can substantially affect power loss and
operating temperature, contributing to better lubri-
cation, less degradation, and reduced maintenance

[1]. Many researchers have been focused on develop-
ing models to predict the mechanical performance of
geared transmissions [2, 3, 4]. This research is part
of an interdisciplinary project that aims to develop
a digital twin for the entire power train by including
the power electronics, electric motors, and gearbox
to create a multi-disciplinary view of the system.

In this work, we develop and update a setup-specific
multi-physical model for a gearbox. The power loss
model considers the losses related to churning, mesh-
ing, rolling, sliding, drag, and sealing, and the belt
and couples that with a lumped thermal model. The
model’s unknown parameters are estimated by per-
forming several thermal and mechanical tests and
applying the least-squares method and Extended
Kalman Filter (EKF).

The gearbox is part of a setup designed to investigate
the dynamic performance and reliability of electrified
powertrains (Fig. 1). The setup consists of a per-
manent magnet motor, which functions as a drive
motor to control the speed. This motor is linked
to a two-stage Tramec gearbox (ZA80B), which, in
turn, is connected to an induction motor through a
belt to apply a predefined braking torque and em-
ulate the road conditions. Several sensors are in-
stalled and connected to a dASPACE MicroLabBox to
log temperature, torque, and rotational speeds. An
HBM K-T40B sensor between the gearbox and mo-
tor measures the input torque. A telemetry torque
sensor based on strain gauges is installed between the
belt drive and the load motor to measure the output
torque. Two pt100 sensors are used to measure the
temperatures (sensors 1 and 2 in Fig. 1)

In the following section, the paper describes the
power loss model. Afterward, the lumped thermal
model is presented. The results section includes the
performed tests and estimated parameters. The last



section provides the concluding remarks.
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Figure 1: (a) Setup; (b) Installed sensors used in
this study to measure (1) sump temperature, (2) am-
bient temperature, (3) input shaft’s rotational speed
and torque, and (4) output shaft’s rotational speed and
torque.

POWER LOSS MODEL

The efficiency of the gearbox and belt assembly can
be defined as:

_ M _ DPin 'ploss (1)
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where p;n, Pout, and pjoss are the input power, output

power, and power loss, respectively. The total power

loss (pioss) of a gearbox (Fig. 2) can be divided into

load-dependent (p;) and no-load losses (py,) [5]:

Dioss = DI + Dn- (2)

The terms in eq. (2) can be expressed as:

Pl = Pmesh + DPovearing,l + Dbelt

3)
Pn = Dchurn T Poearing,n + Pseal-

In eq. (3), Pmesn and pepurrn are load-dependent and

load-independent loss terms related to the gears, re-

spectively. This setup consists of two gear pairs as
described in Table 1.

Table 1: Basic dimensions of the gears. Pinion 1 (pl) is
on the input, wheel 1 (wl) and pinion 2 (p2) are on the
intermediate, and wheel 2 (w2) is on the output shaft.

dimension pl wl p2 w2

7 20 51 12 48
module (mm) 1.75 1.75 2.5 25
By (°) 13.89 13.89 23 23

Pmesh 1S the load-dependent loss in the meshing zone
of the gear pair [6]:

Pmesh = panVf (4)

where the gear loss factor (H,) is a function of the
helix angle (8), number of teeth (Z; and Z3), and
transverse contact ratio (eq) [7]:
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In eq. (5), g7, 9a, and p, are the length of approach,
recess, and base pitch, respectively. Additionally,
f in eq. (4) is the friction coefficient. In this re-
search, the friction coefficient is calculated by up-
dating Benedict and Kelley’s empirical equation [8]
for the current setup:

asF,
f =ailogy, <p1/2V—gn(;2> . (6)
In eq. (6) p, v, Vg, U, and F,, represent the lu-
bricant density, kinematic viscosity, sliding velocity,
sum of the rolling velocities, and normal load per
unit length, respectively. Moreover, a; and «gy are
unknown parameters. Although this makes friction
estimation relatively simple and accurate [7], it poses
two drawbacks: first, at the pitch point, as the rela-
tive motion of the two meshing gears is of pure rolling
nature, the sliding velocity is zero, and the friction
coefficient becomes infinite [7]; Second, eq. (4) is only
applicable if the friction coefficient is constant over
the entire contact line [5]. Therefore, the average
friction coefficient is used in this paper.

To reduce friction and wear in the contacts of the
gears and bearings, the gearbox sump is filled par-
tially with Gear-OM320 lubricating oil from Ardeca.
Pehurn arises due to gear movement in the partial oil

immersion conditions [0]:

1
Pchurn = Ecmpwgsmdg (7)



where Ciy,, w, Sy, and d, are the dimensionless drag
torque coefficient, rotational speed, the submerged
surface area of the rotating gear, and the pitch di-
ameter, respectively.

Changenet et al. [7] determined C,, by doing a di-
mensional analysis and considering the effect of geo-
metrical parameters related to the gear and oil sump,
oil characteristics, and rotational speed:

b B2 h B3 Vo Ba
coon(3) (G (3w
dp dp dg

Ineq. (12), b, h, and V; are the face width of the gear,
submerged depth of the gear, and oil volume, respec-
tively. Additionally, Re and F'r are the Reynolds and
Froude numbers, and 31 to B¢ are model parameters.
Changenet et al. [7] have determined the model pa-
rameters by performing various experiments with dif-
ferent oils, oil heights, gears, and speeds. This paper
uses the same exponents (32 to fs) but updates j3;
as updating all of them requires a lot of tests at var-
ious conditions (e.g., at different face widths and oil
levels).

The setup uses six single-row tapered roller bear-
ings (32004X, 30302, 30204, and 32010X). The
load-dependent and load-independent losses in the
bearings are divided into rolling (proiing), sliding
(Pstiding), and drag (parag) contributions:

Poearing = Prolling + DPsliding + Pdrag- (9)

All the bearing-related loss components were calcu-
lated using the empirical equations and tables pro-
vided by Harris et al. and SKF [9, 10].

The belt-pulley-related power loss (pperr) in eq. (3)
is modeled with a viscous friction model. Finally,
the seal-related power loss (pseqr) is considered an
unknown constant and determined based on the per-
formed measurements.

As the power loss occurs, the oil temperature and
viscosity change (Fig. 2). This paper uses Andrade’s
correlation to describe how temperature and viscos-
ity are related:

v= clewp(%) (10)

where § = 6 4 273.15 is the absolute temperature.
The constants ¢; and co are calculated by inserting
the known viscosity at § = 40 °C' and 6 = 100 °C.

This paper updates ai, (1, and pseqs based on
the performed experiments using the least squares
method. According to eq. (3), eq. (6), and eq. (12),
aq is related to the load-dependent losses, while [;
and pgeq; are present in load-independent power loss
terms. The belt was first disconnected, and a set of
experiments were performed at different rotational
speeds to update the load-independent terms (57 and
Dseal). Afterward, the belt was connected, and a

second set of experiments was conducted at differ-
ent torque (load) levels to update the load-dependent
terms.

Input Output
power 1 power
Power loss
model
|
\ \ \ \ |
Meshing Churning Bearings Belt Seal

Rolling Sliding Drag

—

Thermal model

Temperature &

viscosity change

Figure 2: Coupled thermal and power loss models.

THERMAL MODEL

A lumped parameter thermal model is used to pre-
dict the temperature and update viscosity:

me)quésump(t) = _hAeq(eaw)Aesump+ploss (11)

where mc, ¢ is the equivalent heat capacity, includ-
ing the gears, bearings, shafts, and oil. Additionally,
AbOgump = Osump — 0o and hA., are the tempera-
ture difference between the sump and ambient and
the equivalent heat transfer coefficient, respectively.
An augmented Extended Kalman Filter (EKF) [11]
is applied to estimate the heat transfer coefficient’s
profile using the random walk model [12, 13]:

hAeq =0+ wpa,, (12)

where wpa,, ~ N(0, Qra) is Gaussian noise input
with zero mean. Experiments were performed at dif-
ferent working conditions to estimate hA., as the
heat transfer coefficient can be a function of temper-
ature and rotational speed.

RESULTS

Several tests are performed to estimate the unknown
parameters in the power loss and thermal model (o,
B1, Pseat, and iA.,) and update the model for the
existing setup as summarized in Table 2. Table 3
includes the known parameters.

Table 2: Performed tests.

test belt Win [rpm] Ty, [Nom]
1 disconnected 500 to 3000 -
2 connected 460 10 to 30
3 connected 1000 10
4 connected 3000 10
5 connected 5000 10




Table 3: Known parameters.

parameter value
p 0.9 kg1 1
VigoC 330 mm?.s~!
V1000C 24.2 mm?.s~!
s 291205.8 x 1076
B2 0
B3 0.45
B4 0.1
Bs -0.21
Be -0.6

Churning and sealing power losses are load-
independent, so the belt is disconnected in the first
set of experiments (Table 2, test 1). To capture
the speed-dependent behavior, the rotational speed
is changed from 500 rpm to 3000 rpm (in steps of
250 rpm) in this test set (Fig. 3 a). The least
squares method updates 1 in eq. (12) and psea
in eq. (3). Comparing the measured and model-
predicted power losses presented in Fig. 3 b shows an
accuracy of 97.87 % for the unloaded gearbox (belt
disconnected).
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Figure 3: Belt disconnected; (a) rotational speed, (b)
predicted and measured power loss.

In the next step, the measurements in the second set
of tests (Table 2, test 2) are used to update the load-
dependent meshing loss (a; in eq. (6)). In this set,
the rotational speed is kept constant while torque
changes from 10 N.m to 30 N.m (Fig. 4 a). For the
loaded gearbox, comparing the measured and pre-
dicted power losses (Fig. 4 b) shows an accuracy of
95.61 % (belt connected). Based on the results, the
power loss is influenced by load and rotational speed.
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Figure 4: Belt connected; (a) torque, (b) predicted and
measured power loss.

A set of other experiments are performed and used
to estimate the equivalent heat transfer coefficient
for the gearbox (Table 2, tests 3, 4, and 5). In
each test, the set torque and rotational speeds are
kept constant. The temperature, rotational speeds,
and torques are logged for these tests until the sump
reaches a steady temperature. Afterward, a low-pass
filter is used to pre-process the measurements. Next,
an EKF exploits the model and measurements to es-
timate the heat transfer coefficient.

Fig. 5 and Fig. 6 show the measured temperatures
and power loss along with the estimated hA., for
w = 1000 rpm and w = 5000 rpm, respectively. Com-
paring the temperature difference (Afgymp) on both



figures shows that by increasing the rotational speed
from 1000 rpm to 5000 rpm, the gearbox steady tem-
perature increases from 11.5 °C' to 29.2 °C. Ad-
ditionally, the power loss has a significant increase
(from 0.25 kW for w = 1000 rpm to 1.20 kW for w =
5000 rpm in the steady part of the temperature pro-
file). Besides, due to the temperature rise, the power
loss constantly decreases throughout the experiment.
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Figure 5: Heat transfer coefficient at w=1000 rpm.

measurements = = -estimation

Figure 6: Heat transfer coefficient at w=>5000 rpm.

The estimated heat transfer coefficients at different
conditions are used to fit a surface for hA., at differ-
ent rotational speeds and temperatures using a piece-
wise linear function (Fig. 7). As shown in Fig. 7,
hA., experiences a peak for a constant rotational
speed. Although the heat transfer coefficient can
be a function of rotational speed and temperature
[14, 15, 16], the variation, in this case, might be par-
tially due to the one-lumped mass assumption for the
thermal model.
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Figure 7: Equivalent heat transfer coefficient.

The updated model is used in an experimental case
to predict the power loss and temperature profile. As
shown in Fig. 8, the model underestimates the power
loss.
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Figure 8: Predicted and measured temperature and
power loss in an experimental case.

CONCLUSION AND DISCUSSION

A coupled thermal and power loss model is developed
for a gearbox. A combination of the least-squares
method and EKF exploits the model and measure-
ments to estimate the model unknowns. The results
show that the heat transfer coefficient depends on
the rotational speed. The performance assessment of
the identified model in an experimental case shows a
good agreement between the predicted and measured
temperature and power loss. The developed model
will be coupled with the models of the power elec-
tronics and drive motor to evaluate the system-level
performance of the drive train.
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