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Abstract: An accurate power loss prediction in the gearbox is desirable for improving vehicle
efficiency. To achieve this objective, evaluating the power loss is necessary. However, power loss is
influenced by factors such as the gearbox structure, operating conditions, and gear oil formulation,
making power loss evaluation a bottleneck in practice. Therefore, a systematic modeling methodology
was developed to evaluate the gearbox power loss in an E-Axle that focuses on the influence of the
gear oil factors in the load and no-load cases. The gearbox used in a light-duty truck E-Axle was
tested to verify the proposed model. The test was performed under various operating speeds, input
loads, and oil temperatures, and four types of gear oil with different formulations were also included
to quantify their influence on the power loss. The results showed that the gearbox power loss was
significantly influenced by the E-Axle operating conditions, oil temperatures, and different gear oil
formulations, promoting different power losses. The comparison results showed good consistency
between the predicted power loss and the measured data. The proposed methodology can be utilized
to effectively predict the power loss of the E-Axle gearbox and further improve the E-Axle efficiency
by selecting suitable oil formulations and adjusting oil temperatures.

Keywords: E-Axle gearbox; power loss evaluation; oil formulation; efficiency

1. Introduction

The integrated electric axle (E-Axle) is one of the fastest-developing electric vehicle
drive systems due to its promising potential for compactness and efficiency [1]. The electric
motor rotates at a very high speed, typically 12,000 revolutions per minute (rpm), while
the wheel rotates at a lower speed, typically 300 rpm. Thus, a reduction gearbox is always
inserted between the electric motor and the wheel. The gearbox used in the E-Axle usually
consists of three stages, with a cylindrical helical gear for each of the first two stages and a
planetary gear for the output stage [2].

Due to the continuously increasing concern for sustainability, powertrain efficiency has
become a major concern. As part of this concern, power losses from the gearbox are one of
the major issues of E-Axle engineers. Power losses in the gearbox can be classified into two
major groups: (i) the load-dependent power losses associated with the friction at the gear
teeth and the bearing contacts, which increase with the torque transmitted by the gearbox;
and (ii) the no-load (or load-independent) power losses such as from the gears and bearings
churning and the friction generated from seals [3]. Power loss reduction directly influences
efficiency improvement and lubricant life extension, i.e., lower energy dissipation and oil
operating temperature. For load-dependent power losses, they are mainly affected by the
gear tooth geometry and are difficult to reduce under the constraints of reliability and NVH.
On the other hand, the load-dependent power losses are mainly affected by the gear oil
formulation and the o0il sump temperature and seem easier to modify [4].
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In previous works [5,6], experimental investigations of the gear design, bearing lecto-
type and preload, and gear oil formulation led to a power loss optimization. At the same
time, the gearbox test bench was upgraded to allow for more accurate power losses and
load-independent power loss measurements, which led to a favorable research foundation
for power loss investigations. However, it is impossible to make correct choices in the
design step using experimental investigation, which will waste time and research funds.
In recent decades, theoretical studies have been used to predict gearbox power losses
quickly. For example, through experiments, Anderson et al. [7] used spur gears to study
the influence of gear size and lubricant property on the total mesh power loss, and simple
algebraic expressions were used to fit the power loss expression. By summarizing many
experimental works, BS ISO/TR 14179 [8,9] presents calculation formulas for the power
losses, which can be modified by considering the influences of geometrical parameters of
the gear system, oil formulation, oil temperature, etc. By considering the flow regimes of
oil, Changenet et al. [10] compared several established equations for gear power losses and
proposed principles that the effectiveness of equations depended on the Reynolds number,
and they found that the tooth profile has a significant effect on the load-dependent power
loss, while it rarely has a relatively weak effect on the load-independent power losses.
Recently, Neurouth et al. [11] used axial flanges in the gearbox to study the influence of
the flange diameter on churning power losses. As a result, a useful method was proposed
to determine the optimal position of the flanges. Besides fitting equations, investigations
have also been conducted on the Computational Fluid Dynamics (CFD) method, which
provides a new direction for load-independent power loss calculation [12,13]. A com-
prehensive review of the gearbox power loss evaluation can be found in [14,15] and the
references therein.

The numerous abovementioned works aimed to reveal the energy dissipation mecha-
nism of a gearbox in terms of load-dependent and load-independent power losses, both in
terms of gears and bearings. Experimental investigations were performed, allowing the
calibration of each influence factor, and then a fitting equation was developed. As a result,
models for evaluating power loss sources like gears, bearings, and seals already exist. With
suitable models to evaluate the power loss of the E-Axle gearbox, optimizing the design
scheme with a virtual prototype model is possible. Still, to our knowledge, an appropriate
model for a power loss evaluation of the E-Axle gearbox is missing. As the input speed of
the E-Axle is typically up to 12,000-18,000 rpm and will lead to higher churning power loss,
it is imperative to investigate the influencing factors (i.e., oil formulation, oil temperature)
concerning gearbox churning power losses. Therefore, this paper aims to evaluate the
power loss in an E-Axle gearbox by using a previously established sub-model and to reveal
the gear oil influences on the E-Axle gearbox.

The rest of the paper is structured as follows. Section 2 shows the power loss evaluation
model selected from the existing numerical model that considers the influence of the gear
oil factor. Section 3 describes the E-Axle gearbox used for the experiment and the test
procedure for the load and no-load losses. In Section 4, the calculation and test results are
provided and compared, and some useful power loss reduction directions are disseminated.
Finally, Section 5 presents this paper’s conclusions and future research areas.

2. Power Loss Calculation Model

As described by Hohn et al. [16], as well as several other researchers [17-20], the total
power loss in a gearbox is the sum of gear (Pyzo and Pyz,), bearing (PyL), seal (Pyp), and
auxiliary (Pyx) losses, as presented in Figure 1.

Following this evaluation framework, each of the power loss components was calcu-
lated with its appropriate empirical model. The gearbox power loss was then summed up
using the equation in Figure 1. It is noted that the power loss model given here does not
guarantee the most accuracy. In order to have a good evaluation of the power loss in the
gearbox, dedicated tests and consummation are necessary.
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Figure 1. Power loss contributions in a gearbox.

2.1. Gear Power Loss Model

The gear power loss mainly consists of meshing, churning, and windage. The meshing
power losses depend on the friction coefficient, which can be calculated by averaging
several points along the tooth contact line. Churning and windage power losses are
principally hydraulic and load-independent.

2.1.1. Gear Meshing Power Losses

The meshing gear power loss is calculated by using the Ohlendorf Equation (1) [21],
which has been calibrated with many cases [22,23].

Pyzp = PiNHyppimz 1)

where Pry represents gear mesh input power, Hy| represents the defined gear loss factor,
and ,,z represents the average coefficient of friction.
The gear loss factor Hy, is given in Equation (2), which is effective for helical gears

with profile shift.
1 b B Ey(xy) ve(x,y)
= L[ [P, :
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where p), represents the gear transverse pitch (mm), b represents the gear face width (mm),
Fy and vg are the gear normal force and sliding velocity in each meshing position along
the contact path, respectively (N/mm, m/s), and F; and vy, are the gear tangential force
and gear tangential velocities on the base plane, respectively (N, m/s).

The average coefficient of friction is determined by using Equation (3).

Fo/b \"? 0050025
Hmz =0.048( ——— | 7R Xp 3)
Uy.CPredC

where vy is the sum of the gear surface velocities on the pitch point (m/s), p,eic is the
effective contact radius on the pitch point (mm), 77 represents the dynamic viscosity, R, is
the arithmetic average roughness of pinion and gear (um), and X is the lubricant factor,
which can be determined with experimental results for each oil formulation [19].

Please note that Equation (3) was derived from experimental tests with pure mineral
gear oil with no additive packages. Thus, the lubricant factor X; must be adjusted when
different gear oil formulations are used when accounting for the influence of base oils and
additives. By doing this, the difference between the calculated and experimental values
can be minimized.

Typical values of X for pure mineral (MINR) and poly-alpha-olefin (PAOR) gear oil
are X; 0.846 and 0.666, respectively. Table 1 shows the lubricant factor for all of the tested
gear oils.
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Table 1. Lubricant factor X} for the tested gear oils.

Gear Oil BEV 75W-80 75W 75W-80 75W-90
Xr 0.617 0.725 0.685 0.676

2.1.2. Gear Churning Power Losses

The power losses produced by gear churning are calculated by using the Changenet
method [24], which has also been calibrated in many cases [25,26]. The churning torque is
formulated as

Con = 0.500°R;5 S, Cin (4)

where p represents the density of the oil (kg/m3), Q) represents the rotation speed of the
shaft (rad/s), Ry, represents the gear pitch radius (m), Sy, represents the immersion area of
the pinion (m?), and C,, represents the non-dimensional torque.

The non-dimensional torque can be written as

h 1.5 —0.124 V. —0.576
- ~03p-025( 2P Po ’r
Cp = 0.373Re *3F; ( R,,) ( Rp) (VO ) (5)

where Re is the Reynolds number, F; is the Froude number, /), represents the immersion
depth of the pinion (m), and V), and V, represent the volume displaced by submerged gears
and the oil in the sump (m?), respectively.

Take note that it is difficult to form a general and simple formulation to evaluate the
churning power losses in real applications due to the housing design choice of gearboxes,
of which there are an almost infinite combination.

2.1.3. Gear Windage Power Losses

The windage power loss is calculated by using Equation (6), which was also proposed
by Ohlendorf [22].

2.3
Py =1.05 x 10~ <1 + pr>np2'8Rp1'6 (0.02811¢4 +0.019) D 6)
p
where 1, is the rotation speed of the gear and 1, represents the absolute viscosity of the
oil/air mixture.

2.2. Bearing Power Loss Model

The support bearings can also create a significant power loss for the gearbox. Here, the
SKF model [27], considering the sum of four different power loss sources, is given below.

M; = M,y + Msl + Mdmg + Mseal (7)

where M;; and Mj; are the rolling and sliding torques, respectively, which can be repre-
sented by Equations (8) and (9),

My = @i Drs [G,,(nv)%] (8)

Msl = Gsl,usl (9)

where G and G, are the sliding torque factor and rolling torque factor, respectively, which
are defined by the bearing type, diameter, and the applied load; and yg; is the sliding
coefficient of friction.
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Equation (10) defines the inlet friction torque weighting factor, and Equation (11)
defines the kinematic starvation/replenishment reduction factor for the rolling element
raceway contact.

1
1+ 1.84 x 1079 (nd,,) 20064

1
Drs = (11)
eKrson(d+D) K,
2(D—d)

Dish (10)

For the drag losses M4, Equation (12) shows the ball bearing drag loss, and
Equation (13) shows the roller bearings.

2 -1.379

Mrag = 0.4V Kpapdon® +1.093 x 10~ 7n’d5, <”U’"ﬁ) Rs (12)
2 ~1.379

Mrag = 4ViiKyon CooBdyn® +1.093 x 10~ 7nd3, (”Umﬂ> (13)

As the bearings have seals, the seal torque loss should be considered. Equation (14)
shows the seal losses: <
Mea = Ks1df" + Ks (14)

All the relevant constants are dependent on the geometry of the rolling bearing. Please
see the SKF bearing manual for the detailed selection principles.

2.3. Seal Power Loss Model

Seal power loss comes from the friction in the contact area between the sealing lip
and the rotating shaft. The contact area is very small, and it is difficult to parametrize its
microscopic behavior. Although many researchers have paid much attention to it, the seal
power losses are not well understood till now.

A general consensus is that the seal power losses are a function of rotational speed and
seal diameter. After a large number of experimental measurements [28], Freudenberg Simrit
culminated a Formula (15) to calculate seal power losses. Please note that the formula still
does not consider the influence of the gear oil factors.

Pyp = 7.69 x 10~%d% n (15)
where dgj, is the shaft seal diameter (mm) and 7 represents the rotational speed (rpm).

2.4. Auxiliary Losses

As for the other energy dissipation sources that are not incurred from gears, bearings,
and seals, such as the differential carrier, all are accounted for as auxiliary losses.

3. Gearbox Efficiency Test

A typical E-Axle gearbox was used to illustrate the power loss evaluation process
and the influence of the gear oil factors on its power losses. The E-Axle gearbox (shown
in Figure 2) has two parallel helical gear pair stages and a final planetary stage with a
differential mechanism [2]. It is newly developed for electric trucks. The input torque and
speed on the parallel helical gear pair are made in the sun shaft, and the output is through
the planetary carrier. That is to say, a fixed ring configuration is utilized. Figure 3 shows
the test bench that was used in this paper. The test bench contained an electric motor as a
power unit and bilateral symmetrical loads, including gearboxes and load motors.
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Figure 2. Sketch diagram of the E-Axle. 1—electric motor; 2—first shaft; 3—second shaft; 4—third
shaft; 5—planetary; 6—differential; 7—output shafts; 8—shift mechanism.
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Figure 3. Durability and performance test bench of the E-Axle. 1—E-Axle; 2,3—torque and speed
sensors; 4,5—loading motor and gearbox; 6,7—cooling fan.

3.1. Overview of the Gearbox and Gear Oil

The selected E-Axle gearbox was designed for light commercial vehicles with a two-
speed reducer system (i = 25.3/11.8), a maximum input speed of 12,000 rpm, and a max-
imum input torque of 350 Nm. The properties of the gear and the support bearing are
reported in Tables 2 and 3, respectively.

Table 2. Gear properties of the E-Axle gearbox.

1st Gear 2nd Gear Planetary Gear Stage

Parameter Pinion Wheell Shift Gearl Wheel2 Shift Gear2 Sun Planet Ring

z 23 73 82 34 82 29 19 67

b 32 30 31 35 33 36 32 74

i 3.17 - 1.12 - 2.41 3.31

m 2.25 2.25 2.25 3 3 2.75 2.75 2.75

oy 16.5 16.5 16.5 20 20 20 20 20

B. 17 17 17 17 17 - - -
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Table 3. Bearing properties in the E-Axle gearbox.
Stage Bearing Type Location Quantity
SKF 6208 Pinion shaft 2
1st gear FAG 30208-XL Wheel shaft 2
2nd gear FAG 32012-X-XL Shift gear shaft 2
FAG K68 x 74 x 35ZWB Shift gear 4
Planetary gear stage SKF 61916 Carrier 2
Y8 8 FAG NRB 2.5 x 13.8G2 Planets 4 x 2 Groups
. ZWZ 30615 Wheel side 2
Wheel side output ZWZ 33115 Wheel side 2

The E-Axle gearbox was tested with four different gear oils. Due to practical purposes,
it is interesting to cover a good range of possible products, mainly in terms of viscosity
grade. All the selected gear oils have the same base 0il PAOR and were expected to have
the same traction coefficient under full film conditions [29]. Among the selected oils were
an electric motor oil with a viscosity grade of 75W-80 (BEV 75W-80) and three types of
traditional gear oil with different viscosity grades. These oils” viscosity and other related
properties are listed in Table 4.

Table 4. Physical properties and chemical composition of the tested gear oils.

. . BEV
Properties Unit Test Method 75W-80 75W-90 75W-80 75W
Viscosity @ 100 °C cSt ASTM D445 9.0 14.82 9.56 54
Viscosity @ 40 °C cSt ASTM D445 51.0 93.5 54.7 241
Viscosity Index - ASTM D2270 158 166 160 168
Viscosity @ —40 °C mPa s ASTM D2983 46,200 59,687 48,000 7400
Density @ 15 °C kg/m3 ASTM D4052 834.0 855.0 836.7 820.0
Sulfur content % ASTM D5185 0.10 2.58 2.35 0.10
Phosphorous content % ASTM D5185 0.03 0.2 0.13 0.03
Calcium % ASTM D5185 0.009 <0.0001 <0.0001 0.39
Boron % ASTM D5185 0.018 0.027 <0.0001 <0.0001
Extreme pressure test A10/16.6R/90 °C FLS FVE 243 11 12 12 9

As shown in Table 4, 75W-90 has the highest kinematic viscosity, which means that
this oil is the one that may have the largest churning power losses. Opposingly, 75W
has the lowest kinematic viscosity, and BEV 75W-80 and 75W-80 show an intermediate
kinematic viscosity.

As for chemical compositions, the main differences are in the sulfur and phosphorous
values of BEV 75W-80 when compared to the other multi-grade oils. 75W-90 and 75W-80
are constituted by a significant amount of phosphorus and sulfur due to their traditional
extreme pressure (EP) additive system, while BEV 75W-80 has dozens of times lower sulfur
and phosphorous levels due to its specific design for copper corrosion.

3.2. Load Tests

To simulate actual operating conditions, the E-Axle gearbox was tested under a load
spectrum derived from a field test. The load spectrum data were collected from a durability
road test on a real city road in Jinan, China. Data from more than 6000 km over 30 days
were used for load spectrum statistical analysis. Using this load spectrum data, the test
conditions considered for the present study can be obtained by selecting the commonly
used input speed, torque, and operation oil temperature, as shown in Table 5.
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Table 5. E-Axle gearbox conditions for power loss test.
Condition Value
Gear High gear (i = 11.8)
Input speed 5000 rpm, 6000 rpm, and 7000 rpm
Input torque 20 Nm, 40 Nm, and 60 Nm
Operating temperature 50 °C and 80 °C

Oil level 35 mm below the centerline

3.3. No-Load Tests

To further understand the influence of the gear oil factors on the power loss behavior
of the E-Axle gearbox, no-load tests were planned. The couplings between the speed and
torque sensors (2,3) and the tested E-Axle were removed (Figure 2) so that no torque was
transmitted through the tested E-Axle. The measurement in the electric motor (1, Figure 2)
was then directly the no-load torque loss.

The E-Axle was then tested at 12 different speeds from 1000 rpm to 12,000 rpm.
Considering the scarcity of the test bench, the no-load test was only conducted at 80 °C,
which is the nominal operating temperature of the E-Axle. This test procedure was repeated
for each speed step and allowed us to obtain the no-load power loss curves as a function of
the input speed.

4. Results

In this section, the test results are presented to show the influence of the gear oil factors
on power loss. A comparison analysis was also conducted to investigate the effectiveness
of the power loss model in Section 2.

4.1. Power Loss Experimental Results

To understand the behavior of the E-Axle gearbox power losses, a batch of E-Axle
tests was carried out under different input speeds, torques, and temperatures using four
different gear oils.

4.1.1. Load Test Results

The power losses for the tested gear oils during the load test are shown in Figure 4.
For all the operating conditions at nominal operating temperature (80 °C), the BEV 75W-80
gear oil showed the lowest power losses, which indicates that BEV 75W-80 oil should be
the potential gear oil that leads to the best transmission efficiency.

For the lower operating temperature (50 °C), the 75W oil showed the lowest power
losses. For all the other tests, the highest power loss was reached by the 75W-90 oil, and
the BEV 75W-80 and 75W-80 oils showed an intermediate power loss consistent with the
kinematic viscosity values. However, it is worth noting that the 75W oil kept the power
loss almost constant with the operating temperature increasing from 50 °C to 80 °C. At the
same time, the BEV 75W-80 oil started with a relatively high value but showed a notable
decrease to its minimum at 80 °C.

All the tested gear oils showed a significant power loss increase with increasing input
speed and input torque (increasing input power). The power loss dominated the ranking
of the gearboxes regarding their stabilization temperature, which in turn affected the
efficiency of the gearbox (gear churning as well as the friction coefficient depending on the
oil temperature). Thus, the transmission efficiency of the gearbox, which was affected by
the oil temperature, is also presented in Figure 5.
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Figure 4. Power losses for the tested oils. (a) 50 °C, average of speed cases; (b) 80 °C, average of
speed cases; (c) 50 °C, average of torque cases; (d) 80 °C, average of torque cases.
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Figure 5. Transmission efficiency for the tested oils.

The transmission efficiency results follow the same trends that were observed in
Figure 4. The 75W-90 oil showed the worst transmission efficiency performance while the
BEV 75W-80 oil usually had the best (1.04% higher at 80 °C), the exception being the 75W
oil at the lower operating temperature (50 °C). As for the 75W-80 oil, it usually showed an
intermediate transmission efficiency.
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4.1.2. No-Load Power Loss Test Results

The experimental no-load power loss results are shown in Figure 6. Please note that
the measured no-load power losses include not only the gear churning losses but also
the rolling bearing and seal power losses. As we have mentioned above, the taper roller
bearings are always preloaded, which means that in the experimental no-load power losses,
it also has a taper roller bearing load power loss component.

8000

3500 T T T

375.4W v
v
7000 -{ 3000 v
L
I g
25001 I e 4
6000 : e
263w, =
= 2000{ /{: -
o 5000 §
n
o
- 1500 T T T
o 5000rpm 6000rpm 7000rpm
= 4000
o
Qo
°
[
23000
]
=z

2000

—s— BEV 75W-80
o 75W

—A— 75W-80
v— 75W-90

1000

T T T T T T
2000rpm  4000rpm  6000rpm  8000rpm 10,000rpm 12,000rpm
Input speed / rpm

Figure 6. No-load power loss for the tested oils at 80 °C.

Regarding the no-load power loss, the BEV 75W-80 oil exhibited almost the lowest
power loss while the 75W-90 oil had a much higher no-load power loss than the others.
The 75W-90 oil had the highest kinematic viscosity and density, so whether from the
perspective of overcoming the fluid viscous resistance or accelerating a larger mass of
oil, more energy must be used in this process. Therefore, it should be believed that these
differences should result from churning power loss. From the local enlarged image, it can
be seen that the difference between selected oil types became larger as the speed increased.
For an electric gearbox with high input speed, controlling the churning power loss can
bring considerable benefits.

Figure 7 shows a comparison between the load power losses and the no-load power
losses. It is visible that for all selected gear oil types the no-load power loss accounted for
most of the overall power loss (>80%).

5W-80 = 75\-90 (Load power loss)

4000 [777] Bev 75W-80 751
1 75W-80 | 75w-80 (No-load power loss)

eV 75w-50 [ 75W
3500

3000 H
2500

20004 7/

Power loss / W
=
W
[=]
Q
1

1000

500

5000rpm 7000rpm

Input speed / rpm

Figure 7. No-load power loss and load power loss at 80 °C.
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The results in Figures 6 and 7 indicate that different gear oil formulations promote
different no-load power losses, resulting in distinct efficiency differences. Significant energy
savings can be achieved by selecting proper gear oil formulations.

4.2. Power Loss Calculation Results

Figure 8 presents the calculated power loss distribution of each one of the tested gear
oils. Due to space constraints, only the calculation results based on the 75W-90 gear oil are
shown below. The churning power loss presented in Figure 8 was calculated using Formula
(16). To simulate the actual no-load power loss test, the preloaded tapered bearings and
seals were subtracted from the no-load power loss measurement. Please note that the shaft
and housing deformation were not considered in the calculation.

Churningpowerloss = Pyzg + Pyx = Py — Pyp — Py (16)

4000

(I windage
= Churning AR RTRRARRLN

al
Bearing
Gear

3500

3000

AT
2500 - TN

5000rpm 30Nm 6000rpm 30Nm 6000rpm 60Nm 7000rpm 30Nm
Operating condition

Power loss / W
— N
(4] o
o o
o o
1 1

Figure 8. Calculated power loss distribution of 75W-90 at 80 °C.

At these operating conditions collected from the true road spectrum, the churning
power losses were the most influential component (>40%). The gears were the second most
important power loss component. The bearings showed almost the same contribution as
the gears. The churning power losses introduced by the gears were not affected by load
variations, and that is why for a constant speed of 6000 rpm the churning power losses
were almost the same. If an E-Axle power loss reduction is desired, the following directions
can be implemented: (1) add oil guide plates to reduce the amount of oil stirred up;
(2) use low-viscosity gear oils to reduce the friction between oil molecules; and (3) replace
the preload tapered rolling bearing arrangement with a more efficient rolling bearing
arrangement. Mainly due to their input speed, the gear windage is a negligible source of
power losses. As for the other selected gear oils, the power loss proportion was very similar.

4.3. Experimental and Model Results Comparison

Figure 9 presents a comparison between the experimental evaluation and the model
power losses. The model evaluations consist of the load-independent power losses compo-
nent in summation to the load-dependent power losses that were calculated.
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Figure 9. Experimental measured vs. model calculated power loss at 80 °C; (a) BEV 75W-80;
(b) 75W-90; (c) 75W-80; (d) 75W.

To evaluate the performance of the systemic modeling methodology for power loss
evaluation, the relative error between the calculated power loss and experimentally mea-
sured power loss was calculated. Two cases were considered for this comparison:
(1) the power loss under different input speeds and (2) the power loss under different
input torques. Specifically, the relative error, err. ., was defined as the relative difference
between the model calculated and experimentally measured power loss.

Experimental measured power loss — Model calculated power loss

ertee = ,
Experimental measured power loss

(17)

The absolute value of the relative error between each selected gear oil at different
input speeds and input torques is shown in Figures 10 and 11, respectively.
From Figures 10 and 11, we observed the following:

1.  The power loss evaluations were in good agreement with the experimental results;
specifically, the relative error was less than 8% for all the selected evaluation cases,
indicating that the systematic modeling methodology is reliable and suitable for
predicting E-Axle gearbox power loss.

2. The modeling methodology appeared to yield the worst results for the BEV 75W-80
gear oil. The BEV 75W-80 gear oil has some additive adjustments for high-speed
electric driving systems, especially in terms of the anti-foaming properties that may
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lead to significant changes in the oil surface tension, leading to a larger calculation
error in churning power loss.

3. Asthe input torque increased from 20 Nm to 60 Nm, the BEV 75W-80 and 75W gear

oils showed a constant relative error, while the 75W-80 and 75W-90 gear oils showed
an increasing trend. The 75W-90 and 75W-80 gear oils are heavy-duty automotive
gear oils that have a lot of EP additives added to improve the load carrying capacity.
When the input torque is high, a chemical protective film will form on the gear contact
surface, which may result in significant errors.

—=— BEV 75W-80
5 0.09+ |—s—75W
£ |—A— 75W-80

00081 o 7swo0

e

=}

=2}
|

bsolute value of the relativ
o
=}
=
| -

0.034
0.02 -
< 0.01
0.00 : . . : ;
5000 6000 7000
Input speed

Figure 10. Relative error (input speeds).

0.10+;

20 30 80
Input speed

Figure 11. Relative error (input torques).

In general, these results show that the systemic modeling methodology provides a
good prognostic result, indicating that the developed model can be employed to evaluate
the E-Axle gearbox’s power loss. However, it should be noted that gear oils with significant
additive adjustments may lead to larger prediction errors.

5. Conclusions

In this paper, a systematic modeling methodology was developed to evaluate the
gearbox power loss in a high-speed E-Axle. The power loss model was based on previously
well-established models for gears, bearings, seals, etc. The developed methodology was
validated using an E-Axle used in light-duty trucks under various operating conditions
and gear oil formulations. The influence of oil formulations, oil temperature, and operating
conditions on the gearbox total power loss and churning power loss were analyzed. The
conclusions are as follows:

1. The tested E-Axle gearbox power loss is significantly influenced by the operating
conditions and oil formulations. The power loss increases with increases in the input
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speed and input torque. For all the oils, the source of most of the power loss was
no-load power loss, almost always accounting for more than 80%.

2. Considering the test results, the BEV 75W-80 gear oil seems to be the optimal gear oil
for the tested E-Axle applications if power loss is one of the main concerns. The test
results showed that BEV 75W-80 gear oil can promote an efficiency increase of up to
1.04% when compared with 75W-90 gear oil at 80 °C.

3. The developed systemic modeling methodology provides a good prognostic result for
the E-Axle gearbox power loss evaluation. The relative error between the calculated
power loss and the experimental results was less than 8% for all the elected evaluation
cases, indicating the reliability of the methodology.

4. The calculated results show that at the nominal operating conditions of the light-duty
truck, churning is the most significant power loss source, accounting for more than
40%. The highest proportion is due to its high input speed and deeper immersion
depth. The gears are the second most important power loss source, with a similar
proportion attributed to the bearings.

The main contribution of this paper is not only providing a new direction in evaluating
the gearbox power loss by using a systemic model, but also providing opportunities to
identify which elements (gears, bearings, and oil formulation) need an alternative selection
or redesign. The following are some possible directions for future research:

1. A calibration procedure with more measured or empirical data for each power loss
source may have to be conducted to produce an accurate power loss model.

2. Animproved power loss calculation model considering the additive effects should be
established when dealing with oils with significant additives.

3. Aninvestigation on gear power loss evaluation considering modified tooth geometry
and elastic effects in the load distribution should be carried out.
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