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A B S T R A C T

Stray electrical currents generated in electric motors are a reliability concern in electric vehicle (EV) drivetrains, 
as they can promote premature tribological failures. Most existing studies focus on bearing currents assuming 
that bearings are the primary discharge paths to ground during stray current events. However, EV drivetrains 
combine electric motors with multi-stage gear transmissions, introducing additional lubricated contacts that may 
contribute to critical failures during operation. The potential involvement of gear contacts in stray current 
phenomena has received little attention, partly due to the complexity of electrified drivetrains and the insuffi-
cient maturity of the topic. This work proposes a simplified predictive methodology toward identifying operating 
conditions under which gear contacts in EV drivetrains may become susceptible to conduct or discharge stray 
currents (gear currents). The occurrence and propagation of these currents along the drivetrain can be a potential 
failure risk since electrically assisted surface degradation may promote accelerated wear and unexpected effi-
ciency loss situations. The study framework combines operating conditions derived from a common driving 
cycle, elastohydrodynamic lubrication simulations, and a simplified resistive network linking tribological 
behavior with electrical conduction. It is applied to a two-stage EV drivetrain by considering two different study 
cases of surface roughness conditions for bearings and gears. The results show that conductive paths are highly 
dependent on operating conditions and lubrication regimes. Gear meshes exhibited significant conductive sus-
ceptibility and frequently participated in dominant current paths under typical roughness values for gears. In 
contrast, smoother gear surfaces improved lubrication separation and shift current propagation toward bearings.

1. Introduction

The rapid electrification of the transportation sector has led to a 
widespread adoption of electric vehicles (EVs). Compared with con-
ventional internal combustion engine drivetrains, electric drivetrains 
exhibit a different set of operating characteristics, including much 
higher rotational speeds (>10,000 rpm), faster torque transients, and 
the integration of a power electronics module that controls the electric 
motor for the variable and demanding driving conditions [1]. While 
these features enable improved performance and efficiency for the EV, 
they also introduce new reliability challenges that are not present in 
traditional internal combustion engine drivetrains. Among these chal-
lenges, the occurrence of shaft voltages and stray electrical currents has 
emerged as an important tribological concern affecting the durability of 
rolling bearings [2–4]. Shaft voltages in electric machines are mainly 
generated by the switching behavior of inverter-driven motors, which

induces high-frequency voltages between the rotor of the electric ma-
chine and its grounded housing. When this potential exceeds the 
dielectric strength of lubricated interfaces in the drivetrain, discharge 
events may occur through conductive paths mainly linked to rolling 
bearings and gears. These events, often named as bearing currents, are 
known to cause different damages to the bearings (i.e., electrical 
discharge machining (EDM) damage, surface pitting, lubricant degra-
dation, and accelerated fatigue) [4–6]. As EV drivetrains continue to 
increase in power density and inverter switching frequency, the failure 
risks and technological solutions associated with shaft voltage phe-
nomena become a more significant active topic of research in both 
academia and industry. Additionally, the complexity of shaft voltage 
dynamics, especially the way it interacts with lubricated interfaces, 
makes it a challenging issue for EV manufacturers to fully understand 
and solve the related problems.
Most existing investigations on stray currents in electrified
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drivetrains have exclusively focused on bearing current mechanisms, 
implicitly assuming that rolling bearings constitute the primary 
discharge path between the motor shaft and the housing [4–11]. Even 
though, significant efforts have been made in developing simulation 
tools to assess and predict the tribological behavior alteration in bear-
ings due to electrical inducements, evidencing the complexity and 
detrimental effects for the drivetrain [12–17]. However, modern EV 
drivetrains not only involve bearings, but they also typically incorporate 
multi-stage reduction gearboxes that operate under a shared lubrication 
system and contain multiple lubricated contact interfaces, including 
gear meshes [18,19]. Under the highly variable operating conditions of 
an EV, all the lubricated interfaces can create different conductive paths 
for stray currents in the drivetrain, allowing them to pass through 
bearings and/or gears before reaching ground. This behavior depends 
strongly on the instantaneous lubrication regime and the dielectric 
strength present in each tribological contact during operation. In mixed 
or boundary lubrication, direct asperity contact facilitates electrical 
conduction, whereas in hydrodynamic lubrication, the lubricant film 

can act as a strong dielectric layer, increasing electrical resistance and 
limiting current passing. As a result, leakage currents can travel differ-
ently through the drivetrain and, under certain conditions, interact with 
gear contacts, potentially causing electro-tribological damaging effects 
in both bearings and gears.
As EV drivetrains continue to evolve in complexity, the role of gear 

contacts in stray-current phenomena remains relatively underexplored 
as compared to solely bearing failures. The main reasons for this 
knowledge gap are related to the limited and restricted data provided by 
car makers and original equipment manufacturers in terms of wear, 
fatigue and failure modes of automotive components. Additionally, the 
elevated multiphysical complexity of the interplay between transient 
lubrication behavior and electrical conduction mechanisms across 
multiple drivetrain components and operating conditions plays a major 
role. As a reference, even the precise calculation of a single isolated 
electrical resistance/impedance of a lubricated contact can be very 
challenging since it varies depending on factors such as operating con-
ditions, surface roughness, lubricant properties, and asperity in-
teractions [20], making fully predictive electro-tribological modeling of 
more complex electrified tribo-systems, such as EV drivetrains, partic-
ularly challenging [21].
To address this challenge, simplified system-level approaches 

capable of identifying susceptible operating conditions and conductive 
pathways are currently needed, particularly during early drivetrain 
design stages. For example, recent studies have emphasized the impor-
tance of methodologies to analyze the lubrication behavior in high-
speed EV reducers, not only from the perspective of efficiency but also 
as a critical factor governing tribological reliability. Jia et al. [22] 
demonstrated through smoothed particle hydrodynamics (SPH) simu-
lations and experimental validation that lubricant distribution within 
EV reducers is highly dependent on operating conditions and gearbox 
orientation, directly influencing the lubrication quality of bearings and 
gears. Their findings showed that insufficient lubricant supply can lead 
to unstable lubrication conditions, particularly in certain bearing loca-
tions, while excessive lubricant increases churning losses and reduces 
drivetrain efficiency. These results reinforce the need to better under-
stand lubrication dynamics in EV transmissions, as variations in film 

formation may not only affect efficiency and wear, but also alter the 
electrical insulation behavior of lubricated contacts under stray-current 
conditions.
Hence, this research proposes a pioneer simulation-based framework 

to predict the conductive susceptibility of EV drivetrains, with emphasis 
on potential leakage-current propagation through gear meshes. The 
present methodology combines drivetrain operating conditions derived 
from a representative driving cycle, tribological lubrication simulations 
of bearings and gear meshes, and a simplified electrical network rep-
resentation of the drivetrain. This simplified approach allows the iden-
tification of conductive paths and the estimation of the likelihood of

current propagation through drivetrain tribological interfaces by linking 
the lubrication regime transitions to equivalent electrical resistances. 
The framework is implemented for a representative EV drivetrain that 
consists of an electric motor coupled to a two-stage reduction gearbox 
using operating conditions derived from the worldwide light-duty test 
cycle (WLTC) class 3 cycle [23], as well as elastohydrodynamic lubri-
cation simulations to determine film thickness and lubrication regimes 
for the different scenarios. Two study cases were investigated to eval-
uate the influence of surface roughness of bearings and gears on the 
predicted conductive susceptibility in order to exemplify the proposed 
methodology.

2. Methodology

The methodology followed in this study integrates a drivetrain 
operating analysis, lubrication simulation, and a simplified electrical 
representation to evaluate the conductive susceptibility of a common EV 
drivetrain. The implemented framework workflow is shown in Fig. 1. 
Firstly, representative operating conditions are derived from a transient 
driving cycle by converting vehicle speed into motor torque and speed 
through a backward vehicle model. The resulting torque–speed history 
is then discretized into a reduced set of 25 representative operating 
scenarios using a clustering approach. These operating points are used as 
inputs for drivetrain simulations. Elastohydrodynamic lubrication (EHL) 
simulations are conducted for all bearings and gear meshes to obtain the 
corresponding minimum lubricant film thickness for each scenario. The 
lubrication state of each interface is subsequently characterized through 
the corresponding lambda ratio, which provides an indicator of the 
separation between contacting surfaces. The tribological information 
obtained is then incorporated into a conductive susceptibility scheme 
(CSS), where the drivetrain is represented as a simplified resistive 
network. This simplified framework enables the identification of 
possible conductive paths, the estimation of dominant grounding loca-
tions, and the evaluation of the likelihood of gear-current propagation. 
Finally, the scenario-based results are aggregated using duty-cycle 
weighting from the WLTC to obtain operation-representative in-
dicators of conductive susceptibility in the drivetrain.

2.1. EV drivetrain architecture and operating conditions

The two-stage parallel-axis drivetrain illustrated in Fig. 2 was 
selected for the aim of this study. While this model is available as a 
template in KISSsoft’s library, it matches the transmission requirements 
of most vehicles in the C-class vehicle segment. The illustrated system 

consists of the electric motor shaft supported by deep groove ball 
bearings b 1 to b 4 , an intermediate shaft supported by deep groove ball 
bearings b 5 and b 6 , an output shaft supported by tapered roller bearings 
b 7 and b 8 , as well as two gear meshes: z 1 z 2 (input or first stage), and z 3 z 4 
(output or second stage). Both gear pairs are helical; they yield together 
a total transmission ratio i = 67178 ≅ 8.6. This parameter falls within the
values expected for most single-speed EVs.
The voltage source V s representing shaft voltage excitation is 

assumed to be located on the motor shaft between bearings b 1 and b 2 . 
This location reflects typical EV shaft voltage generation mechanisms 
originating at the motor rotor. It is considered that all bearings and gear 
meshes operate under a common lubrication system (using the same 
lubricant) within this drivetrain model and are subjected to torque-
dependent contact loading and speed-dependent entrainment condi-
tions.
The operating conditions considered for the EV drivetrain were 

derived from a backward longitudinal model of a C-class vehicle with 
parameters found in literature [23]. The model was simulated with a 
time step of 0.5 s while fed by the WLTC class 3 driving cycle. Results in 
terms of electric motor torque, electric motor speed and vehicle speed 
are plotted in Fig. 3. The driving cycle spans 30 minutes (1800 s) and
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includes low-speed urban operation, repeated acceleration and decel-
eration events, regenerative braking phases (negative torque and posi-
tive angular speed), and high-speed steady-state portions. Motor speed 
varies from near standstill up to approximately 9000 rpm, while torque 
ranges from about − 100 Nm to +150 Nm. To enable the lubrication 
parameters analysis in the software, the continuous time histories of 
speed and torque were discretized into representative operating points 
defined by T(k) for motor torque and ω(k) for speed. This reduction is 
necessary, as calculations at each simulated point are impractical due to 
their computational burden. The extraction of these points was per-
formed with k-means clustering to identify the most representative 
working conditions in the torque-speed plane. The clustering algorithm 

aims at partitioning all the points of the driving cycle into a finite set of 
clusters – 25 in this case – by minimizing all the Euclidean distances of 
the cycle points within a cluster with respect to a representative point of

that cluster. This method is well known to simplify problems for the 
design of powertrain electric machines [24], as well as mechanical 
systems for automotive applications [25]. The complete torque–speed 
points distribution of the cycle is illustrated in Fig. 4. Different colors 
denote the clusters obtained through k-means; each cluster has a 
representative point indicated in black. For clarity, the extracted cluster 
torque–speed points are also listed in Table 1. These representative 
points were chosen to capture extreme and transitional operating re-
gions, including high-load/low-speed conditions, high-speed/low-load 
operation, regenerative braking zones, and clusters where lubrication 
regime transitions are expected in the EV’s drivetrain bearings and 
gears. This reduced but representative subset ensures that the subse-
quent analysis captures critical minimum film thickness and lubrication 
regime transitions relevant for the electrically conductive susceptibility 
assessment.

2.2. Drivetrain modelling and simulation

The minimum film thickness for all lubricated contacts was 
computed using the commercial software KISSsoft (release 2025), 
employing its EHL modules for rolling bearings and gear meshes. An 
ISO-VG 46 mineral oil was adopted as a reference fluid to provide a 
controlled and generic tribological baseline for the methodology, rather 
than to represent a specific commercial EV e-fluid formulation. For each 
selected operating point k, defined by motor speed ω(k) and torque T(k), 
the transmitted loads were transmitted through the drivetrain to 
determine the contact forces acting on bearings b 1 –b 8 and gear meshes 
z 1 z 2 and z 3 z 4 . The corresponding entrainment speeds were calculated 
from shaft rotational speeds, and steady-state EHL analysis was per-
formed to obtain the minimum film thickness h min ,i (k) for each contact i. 
The lubrication model accounts for load-dependent contact pressure, 
lubricant viscosity, material elastic properties, and contact geometry 
under fully flooded conditions. Surface roughness was incorporated 
through the composite RMS roughness definition, and lubricant prop-
erties were defined at the operating temperature. The specific geo-
metric, material, roughness, and lubricant parameters used in the 
simulations are summarized in Table 2. These film thickness results 
constitute the basis for the subsequent analysis of electrically conductive 
susceptibility classification. Because the proposed analysis is strongly 
driven by the lambda ratio at the mechanical interfaces, and since 
lambda is highly sensitive to surface roughness, two study cases were 
investigated. The first case considers different surface roughness values 
for bearings and gears, reflecting typical conditions encountered in real 
drivetrain systems. The second case assumes similar roughness for both 
bearings and gears, representing an idealized scenario in which all 
tribological components are manufactured using advanced surface fin-
ishing techniques and achieving very low surface roughness.

2.3. Conductive susceptibility scheme (CSS) framework

A conductive susceptibility scheme (CSS) was used as a structured 
framework to identify drivetrain operating conditions and mechanical 
interfaces which are susceptible to leakage-current propagation. This 
approach evaluates the tribological interfaces separation of each lubri-
cated contact through the Lambda ratio as a key role in leakage-current 
propagation. The Lambda ratio is obtained from the minimum lubricant 
film thickness and composite surface roughness [26]. Based on the 
lubrication regime, and assuming that full-film lubrication provides 
sufficient insulation, the contacts are classified as either electrically 
insulating or conductive, and assigned corresponding 
order-of-magnitude electrical resistances. Thus, the drivetrain is repre-
sented as a simplified resistive network in which shafts, bearings, and 
gear meshes are defined as possible conductive paths to the available 
grounding locations.
The equivalent resistance of these paths is evaluated to identify the 

dominant conductive route and the most probable discharge ground for

Fig. 1. Overall methodology of the study.
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each torque–speed scenario. The normalized conductance of the ad-
missible paths is subsequently used to estimate the relative current 
distribution and the probability of current propagation through each 
gear mesh. The drivetrain electrical abstraction used in this analysis is 
shown in Figs. 5a and 5b. Each ground corresponds to the housing 
connection of a specific bearing: A–b1, C–b2, D–b3, E–b4, F–b5, G–b6, 
H–b7, and M–b8. It is important to highlight that a representation 
merely resistive is intentionally adopted in this study due to the domi-
nant role of lubricated interfaces in conduction continuity. The existence 
of a conductive path is ultimately governed by whether lubricated 
contacts allow charge transfer (e.g., via asperity interaction or thin-film 

conduction). This is captured by the relative resistance of bearings and 
gear meshes, whereas shaft steel provides an almost lossless conduction 
backbone.
The drivetrain comprises: Shaft segments modeled as resistances, R s ; 

Bearing contacts modeled as lubrication-dependent resistances, R b ; Gear 
meshes modeled as lubrication-dependent resistances, R z ; and a shaft 
voltage source, V s , representing inverter-induced excitation.
The electrical resistance of steel shaft segments is several orders of 

magnitude lower than lubricated contact resistances:

R s ≪R b , |R z (1)

In the semi-quantitative extension used in this work, finite (but 
small) shaft resistances are assigned to enable equivalent-resistance 
computations without altering the dominance of contact impedances. 
It is important to note that capacitive effects, dielectric breakdown, 

and frequency-dependent impedance are not included because the aim 

of this research is to identify susceptible conductive routes in the 
drivetrain rather than to predict transient discharge waveforms or 
switching-frequency phenomena. Future work will be focused on 
incorporating more complex electrical arrangements and tribological 
parameters in the modeling.
For each lubricated contact, i, and operating point, k, (torque–speed 

scenario), the Lambda ratio is computed from the minimum lubricant 
film thickness, h min ,i (k), and the composite surface roughness, σ i :

λ i (k) = 
h min ,i (k)

σ i
(2)

where h min ,i (k) is obtained from the software tribological simulation, 
and the composite RMS roughness is:

σ i =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ 21,i + σ 22,i
√ 

(3)

with σ 1,i and σ 2,i are the RMS roughness values of the two contacting 
bodies i (raceway and rolling element for bearings while drive wheel and 
driven gears for the gear mesh).
The operating-point dependency enters through h min ,i (k), which 

varies with load, speed, and lubricant viscosity via software computa-
tion.
The Lambda ratio is treated as a monotonic indicator of tribological 

separation and therefore of insulation capability, as expressed:

• Full-film EHL: λ ≥ 3 (predominantly insulating because lubricant is 
assumed to be dielectric enough to avoid discharge or conduction),

• Mixed lubrication: 1 ≤ λ < 3 (potentially conductive due to partial 
asperities contacts),

• Boundary lubrication: λ < 1 (highly susceptible because predomi-
nant asperities contacts).

Hence, a conservative binary susceptibility indicator may be defined
as:

S i (k) = 

{
1, λ i (k) < 3

0, λ i (k) ≥ 3
(4)

where S i (k) = 1 denotes an electrically susceptible contact.
For gear meshes, the scenario-level gear susceptibility indicator is:

G(k) = 

{
1, ∃ g : λ z,g (k) < 3 

0, otherwise
(5)

Fig. 2. EV’s drivetrain architecture selected for the analysis.
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and the fraction of scenarios exhibiting at least one susceptible gear 
mesh is:

F G =
1
N

∑ N

k=1
G(k) (6)

Let G to be the set of admissible discharge grounds (e.g., A,C,D,E,F,G, 
H, M) as defined by the network topology in Fig. 5. For each ground 
g ∈ G , the network defines at least one admissible path, P, from the 
source node to ground, g. In the specific simplified resistive arrangement 
used in this work, the topology is radial, so each g is associated with a 
unique path, P(g).
Each path is composed of shaft segments j ∈ P(g) with resistances R s,j , 

and lubricated contacts i ∈ P(g) with resistances R i (k), including bearing 
contacts R b and gear meshes R z .
To obtain a semi-quantifiable approximation consistent with the 

same topology (Fig. 5), each lubricated contact is mapped to an equiv-
alent resistance value based on the lubrication regime inferred from λ. 
The mapping is intentionally order-of-magnitude to reflect the abrupt 
change in conduction capability between lubrication regimes (boundary 
(BDY), mixed (MIX) and electrohydrodynamic (EHL)):

R i (k) =

⎧
⎪⎪⎨

⎪ ⎪⎩ 

R BDY , λ i (k) < 1

R MIX , 1 ≤ λ i (k) < 3

R EHL , λ i (k) ≥ 3

(7)

In the calculations reported in this work, the following magnitudes 
are used:

R BDY = 10 3 Ω, R MIX = 10 6 Ω, R EHL = 10 9 Ω (8)

It should be noted that these resistance values are not intended to 
represent universal or exact contact resistances, but rather simplified 
order-of-magnitude estimates assigned to capture the relative transition 
in conductive behavior across different lubrication regimes. This 
approach provides a first methodological demonstration of the proposed 
CSS framework. The selected magnitudes are consistent with electrical 
contact resistance (ECR) ranges reported in the literature for lubricated 
contacts under metallic interaction, tribofilm formation, and insulating 
interfacial conditions [27]. In this sense, the framework remains flex-
ible, allowing the use of experimentally measured or application-specific 
contact resistance values in future implementations.
Shaft segment resistances R s,j are assigned a small finite value 

consistent with steel conduction, such that they remain negligible 
compared to contact impedances while enabling equivalent-resistance

Fig. 3. Powertrain operating conditions following the WLTC class 3 driving cycle.
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computations:

R s,j = 10 − 5 Ω (9)

This assignment preserves the physical ordering R s ≪R b , R z while 
avoiding the numerical singularity of ideal zero-resistance segments. 
For each ground g, the equivalent resistance of its unique path P(g) at 

operating point k is computed as the series sum of shaft and contact 
resistances:

R path,g (k) = 
∑

j∈P(g)

R s,j + 
∑

i∈P(g)

R i (k) (10)

The predicted dominant discharge ground (ground landing) is then 
obtained by selecting the minimum path resistance:

g ∗ (k) = arg min 
g∈G

R path,g (k) (11)

According to the resistive arrangement, then we have the following 
path resistances for each ground:

A : R s1 + R b1 (12)

C : R s2 + R b2 (13)

D : R s2 + R s3 + R b3 (14)

E : R s2 + R s3 + R s4 + R s5 + R b4 (15)

F : R s2 + R s3 + R s6 + R z1z2 + R b5 (16)

G : R s2 + R s3 + R s7 + R s8 + R z1z2 + R b6 (17)

H : R s2 + R s3 + R s7 + R s9 + R z1z2 + R z3z4 + R b7 (18)

M : R s2 + R s3 + R s7 + R s10 + R z1z2 + R z3z4 + R b8 (19)

This provides a direct, quantifiable criterion for discharge-ground 
estimation that remains consistent with the Lambda ratio-driven resis-
tance assignment.
Although the CSS framework is not intended to predict absolute

current magnitude, a relative “current share” metric can be estimated by 
modeling all ground paths as parallel branches driven by the same 
source node. The branch conductance is:

Y g (k) =
1 

R path,g (k) 
(20)

and the normalized fraction of current flowing through each ground 
branch is approximated as:

η g (k) = 
Y g (k)

∑ 
m∈G Y m (k)

= 
1 
/ 
R path,g (k)

∑ 
m∈G 1 

/ 
R path,m(k) 

(21)

The parameter η g (k) allows the ranking of grounds not only by the 
most likely landing point, but also by their relative propensity to carry 
leakage current. This current fraction corresponds to the relative share 
of leakage current that may be expected to flow through each conductive

Fig. 4. Most representative operating points in the torque–speed plane (black dots). These points are the geometric centroids of the clusters represented by colored 
dots, identified through k-means.

Table 1
Data from the selected critical scenarios (torque–speed points) for the study.

Electric motor operating 
scenario

Input speed 
[rpm]

Torque [Nm] Duty [%]

1 7422 14.36 2
2 10 -0.51 14
3 4409 43.39 4
4 2537 -56.34 3
5 1160 60.88 3
6 3130 -34.96 3
7 3902 10.55 6
8 1602 117.92 2
9 2853 58.53 4
10 1675 87.61 4
11 5411 10.01 5
12 2830 -5.52 4
13 3713 84.08 2
14 2055 -83.11 3
15 7348 -16.59 1
16 8359 33.71 4
17 1166 -26.93 4
18 6099 27.65 6
19 1955 29.58 3
20 833 28.30 3
21 4348 -13.32 3
22 3398 25.98 7
23 1295 0.67 7
24 7355 53.64 3
25 949 -56.08 2
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path of the drivetrain network. It is calculated from the normalized 
conductance of each path and provides a probabilistic indicator of the 
most favorable discharge route, rather than an absolute prediction of 
current magnitude. By considering the assumption that the drivetrain 
network behaves as a set of parallel conductive branches connected to a 
common shaft-voltage source, the normalized conductance of each path 
reflects its relative likelihood of carrying the leakage current. It should 
be noted that the calculated current fractions and grounding probabil-
ities are relative susceptibility indicators derived from the assumed 
resistance hierarchy, and should not be interpreted as absolute electrical 
probabilities. Their primary purpose is to rank the most favorable 
conductive paths under varying lubrication conditions.
Let the fraction of current flowing through the path leading to 

ground, g, at the operating scenario, k, be denoted as η g (k), as defined 
previously. Considering that all admissible current paths are included in 
the normalization, the sum of the fractions satisfies:
∑ 

g∈G
η g (k) = 1 (22)

where G denotes the set of all possible grounding locations in the

drivetrain network.
The probability that the leakage current passes through a given gear 

mesh may be estimated by summing the current fractions of all paths. It 
involves that interface since each grounding path contains a specific set 
of mechanical interfaces.
In the simplified drivetrain topology, the gear mesh z 1 z 2 is included 

in the conductive paths leading to the grounds F, G, H, and M. The 
probability that the leakage current propagates through this gear mesh 
for operating scenario, k, is defined as:

P z 1 z 2 (k) = η F (k) + η G (k) + η H (k) + η M (k) (23)

In a similar way, the gear mesh z 3 z 4 is included only in the paths 
leading to the grounds H and M. The corresponding probability 
becomes:

P z 3 z 4 (k) = η H (k) + η M (k) (24)

Because the topology of the drivetrain requires the current to pass 
through z 1 z 2 before reaching z 3 z 4 , any current flowing through the latter 
necessarily traverses both meshes. The probability of simultaneous 
conduction through both gear meshes is:

P z 1 z 2 ∩z 3 z 4 (k) = η H (k) + η M (k) (25)

These probabilities represent scenario-dependent conductive sus-
ceptibility indicators rather than statistical probabilities derived from 

repeated calculations. Additionally, to account for real operating con-
ditions through the duty-cycle, a usage factor u k is then introduced to 
represent the fraction of time associated with each operating scenario:

u k ≥ 0, 
∑N

k=1

u k = 1 (26)

Using this factor, the CSS outputs can be aggregated into duty-cycle-
representative indicators. Therefore, the duty-cycle weighted probabil-
ity of current propagation through gear mesh z 1 z 2 becomes:

P
ˉ
z 1 z 2 = 

∑N

k=1
u k P z 1 z 2 (k) (27)

the weighted probability for gear mesh z 3 z 4 may be:

P
ˉ
z 3 z 4 = 

∑ N 

k=1
u k P z 3 z 4 (k) (28)

and the weighted current fraction associated with ground g can be:

η ˉ g = 
∑ N

k=1

u k η g (k) (29)

These weighted indicators suggest an operation-representative 
evaluation of drivetrain conductive susceptibility and may serve as 
prognostic indicators of potential gear-current propagation under real-
istic operating conditions.

3. Results

Fig. 6 shows the scenario-resolved dominant conductive paths and 
associated grounding locations predicted by the CSS methodology for 
the 25 representative operating scenarios. The minimum film thickness 
and Lambda ratios obtained for both Case 1 and Case 2 are fully pro-
vided in Tables A1-A4 in the supplementary material. The results in 
Fig. 6 show evidence that the predicted grounding location varies with 
operating conditions as expected, indicating that leakage-current 
discharge in the drivetrain is strongly dependent on the instantaneous 
torque–speed state. The lubrication regime of bearings and gear meshes 
also evolves as the operating conditions change, modifying the electrical 
resistance assigned to each interface. This leads to changes in the 
equivalent resistance of the conductive paths and different preferred

Table 2
KISSsoft input parameters for EHL modelling of the drivetraińs bearings and gear 
meshes.

Category Parameter Value

Software KISSsoft version Release 2025 
Gear Geometry Module 2.5 mm

Number of teeth z 1 = 26
z 2 = 61
z 3 = 24
z 4 = 88

Pressure angle 18 ◦ (z 1 z 2 )
20 ◦ (z 3 z 4 )

Helix angle 29 ◦ (z 1 z 2 )
19 ◦ (z 3 z 4 )

Face width 31 mm (z 1 )
29 mm (z 2 )
40 mm (z 3 )
38 mm (z 4 )

Profile shift coefficient 0.3810 (z 1 )
0.1330 (z 2 )
0.4483 (z 3 )
0.4446 (z 4 )

Gear Material 
(18CrNiMo7-6)

Young’s modulus 206 GPa
Poisson’s ratio 0.3
Surface hardness 61 HRC

Bearing Data Bearing type Deep groove ball bearing 
(b 1 to b 6 )
Tapered roller bearing (b 7 
and b 8 )

Bearing reference/series SKF 6210 (b 1 and b 5 ) 
SKF 6310 (b 2 )
SKF 6209 (b 3 )
FAG 6209 (b 4 )
SKF 6210-ZNR (b 6 )
SKF 32916 (b 7 and b 8 ) 

Internal clearance class Normal (CN)
Surface Roughness, 
R q

Driving gear 0.3 µm (Case 1)
0.1 µm (Case 2)

Driven gear 0.3 µm (Case 1)
0.1 µm (Case 2)

Bearing rolling element 0.1 µm
Bearing raceway 0.1 µm

Lubricant
Properties

Lubricant type Mineral oil
ISO viscosity grade ISO-VG 46
Density 878 kg/m 3

Kinematic viscosity at
operating temperature 

17.8 mm 2 /s

Operating oil temperature 70 ◦ C
Modeling
Assumptions

Lubrication type Oil bath
Thermal model Constant temperature 
Starvation effects Neglected
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grounding locations. Consequently, no single grounding point domi-
nates across the entire operating envelope while several discharge nodes 
become active depending on the operating scenario.
The comparison between Case 1 and Case 2 reveals that the predicted 

grounding paths are very sensitive to bearing and gear surface roughness 
situation. In Case 1, where gear surfaces have higher roughness than 
bearings, gear meshes tend to operate with lower Lambda ratios, which 
increases their conductive susceptibility and promotes grounding paths 
that propagate through the gear stages. In contrast, in Case 2, the more 
uniform gear surface roughness conditions increase the lubrication 
separation in the gear meshes, leading in several scenarios to alternative 
conductive routes that involve different drivetrain interfaces. As a result, 
some operating scenarios exhibit changes in the dominant grounding 
location between the two cases, highlighting the influence of tribolog-
ical parameters on the electrical connectivity of the drivetrain.
Fig. 7 shows the duty-cycle weighted probability (%) of the dominant 

conductive path landing at each grounding location in the drivetrain for 
the two surface roughness situations. The percentages indicate the 
probability that the dominant conductive path ends at the corresponding 
bearing location over the complete driving cycle.
In Case 1, the highest grounding probabilities occur at M (b8) and H 

(b7), each accounting for 32.9% of the events, indicating that leakage-
current discharge is most likely to occur at the bearings supporting the 
upper shaft. Secondary contributions appear at G (b6) and F (b5) 
(~10.5%), while the remaining bearings exhibit relatively small prob-
abilities (~3.3%). This distribution reflects the increased conductive 
susceptibility of the gear meshes under higher gear roughness condi-
tions, facilitating discharge paths closer to the motor side of the 
drivetrain.
In Case 2, the grounding distribution shifts toward the output-side 

bearings. The highest probability occurs at E (b4) (25.9%), followed 
by D (b3) (17.3%) and C (b2) and A (b1) (14.7%). On the other hand, the 
motor-side bearings M (b8) and H (b7) showed significantly lower 
probabilities (5.5%). This shift indicates that improved lubrication 
separation at the gear meshes enabled a reduction of their conductive 
role, which allows the conductive paths toward downstream bearings to 
become dominant.

4. Discussion

4.1. Case 1: Effect of different surface roughness in bearings and gears

Figs. 8a-c show three complementary representations that illustrate 
how gear-current susceptibility varies across operating conditions and 
over the complete driving cycle for Case 1 (where gears exhibit higher 
surface roughness than bearings). Fig. 8a classifies the operating con-
ditions according to the dominant current propagation path within the 
drivetrain. Most operating points fall within the gear current region, 
indicating that leakage-current propagation frequently involves at least 
one gear mesh. In particular, several operating conditions show domi-
nant propagation through both gear meshes (z 1 z 2 and z 3 z 4 ), while others 
are dominated by conduction through the first gear mesh (z 1 z 2 ). Only a 
limited number of scenarios fall within the no-gear current region or 
bearing current region, which is primarily associated with high-speed 
conditions. At these speeds, the increase in lubricant film thickness 
leads to higher lambda ratios and improved electrical insulation of the 
gear contacts, making alternative conductive paths through bearings 
more favorable.
The duty-cycle weighted probabilities of gear conduction are shown 

in Fig. 8b. These results demonstrate that propagation through the z 1 z 2 
gear mesh dominates, exhibiting a probability close to 90%, while 
propagation through both gear meshes occurred with a probability of 
60–65%. In contrast, the probability of current bypassing the gears is 
relatively low. It confirms that gear contacts play a critical role in the 
conductive network under the roughness conditions considered in this 
case. Fig. 8c shows the scenario-resolved probability distribution of 
gear-current propagation for the 25 representative operating scenarios. 
Many scenarios exhibited a high chance of current propagation through 
at least one gear mesh, in particular for moderate speed and loading 
conditions. Several operating points displayed near-certain propagation 
through both gear meshes while only a small number of high-speed 
scenarios show a significant probability of non-gear conductive paths.

4.2. Case 2: Effect of similar surface roughness in bearings and gears

Fig. 9a shows a classification of the operating conditions according to

Fig. 5. (a) Simplified mechanical diagram of the drivetrain system showing the motor (M), two gear pairs (z 1 z 2 , |z 3 z 4 ), and the supporting bearings b 1 − − b 8 con-
nected to the housing through nodes A − − M. (b) Equivalent resistive-simplified electric diagram analog of the mechanical system, where the resistances R s1 − − 

R s10 represent shafts resistances, R b1 − − R b8 resistances of bearings’ lubricated contacts, R z1z2 and R z3z4 represent the resistances of lubricated gear-mesh interactions, 
and V s corresponds to the DC voltage excitation from the motor.
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Fig. 6. Identification of conductive paths within the drivetrain using the CSS methodology for Case 1 and Case 2. Each panel (a–y) corresponds to one operating 
scenario defined by a specific speed–torque condition (shown in the inset plots). The highlighted black/continuous arrows indicate the predicted dominant 
conductive path through the drivetrain for Case 1. The highlighted black/strip arrows indicate the predicted dominant conductive path through the drivetrain for 
Case 2. The black marker in each speed–torque map shows the evaluated operating point within the full operating envelope.
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the dominant current propagation path. In contrast to Case 1, all oper-
ating points fall within the no-gear current region, indicating that the 
dominant conductive path does not involve the gear meshes for any of 
the evaluated operating scenarios. In fact, current propagation is likely 
to occur through bearings (bearing currents). This behavior results from 

the improved lubrication separation of the gear contacts under the 
assumed surface conditions, which increases the Lambda ratio and 
consequently the electrical resistance of the gear meshes. The duty-cycle

aggregated results shown in Fig. 9b confirm this trend. The probability 
of non-gear conductive paths dominates the driving cycle, reaching 
approximately 70–75%, while the probability of current propagation 
through the z 1 z 2 mesh is significantly lower (around 25–30%). The 
likelihood of propagation through both gear meshes remains compara-
tively small. These results suggest that, under the smoother surface 
conditions assumed in Case 2, gear contacts rarely constitute the most 
favorable conductive route within the drivetrain network. In addition,

Fig. 7. Duty-cycle weighted probability distribution of the dominant conductive path across the drivetrain grounding locations predicted by the CSS methodology 
for: (a) Case 1; and (b) Case 2.

Fig. 8. Results showing the probability of leakage current propagation through gear meshes for Case 1: (a) Operating conditions grouped by the predicted dominant 
current path through the drivetrain gear meshes; (b) Duty-cycle-weighted conduction probability for each gear mesh; (c) Duty-cycle-weighted probability of gear-
current propagation under each operating condition, indicating the likelihood of current flowing through gear meshes z 1 z 2 , z 3 z 4 , both meshes, or through non-
gear paths.
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Fig. 9c presents the scenario-resolved probability distribution of gear-
current propagation. The results show that most operating conditions 
exhibit a very high probability of non-gear current propagation, often 
approaching or exceeding 90%. Although small probabilities of con-
duction through the gear meshes are still predicted for some scenarios, 
these contributions are secondary compared with the dominant 
conductive paths through bearings.
Overall, comparing Case 1 and Case 2 clearly shows how important 

surface roughness is in shaping the current propagation in an EV 
drivetrain. Gear meshes can move from being key conductive paths to 
playing a much smaller role, depending on surface conditions, which 
highlights surface roughness as one of the most critical design factors 
that can be considered to prevent stray currents-driven risk of failures in 
EV drivetrains. One implication of these results is that modifying local 
conductive susceptibility may redistribute leakage-current paths across 
the drivetrain. While this may shift electro-tribological damage from one 
component to another, such redistribution can also be exploited strate-
gically. By identifying the most probable conductive routes, grounding 
brushes or sacrificial elements may be intentionally placed to control 
where current discharge occurs, concentrating damage on components 
that are easier or less costly to replace. This highlights the value of 
evaluating conductive-path optimization from a total drivetrain reli-
ability and maintenance perspective. Besides, although EV-dedicated e-
fluids may present lower viscosities and different electrical properties, 
the proposed framework can be transferable to other lubricants by 
updating the lubricant rheological and electrical parameters accordingly 
in the EHL simulation software.
It should be noted that, unlike bearing-current studies widely 

available in the literature, no previous system-level predictive meth-
odologies integrating gear-mesh conductive susceptibility under

transient EV operating conditions have been reported. Therefore, the 
present results should be interpreted as a first methodological bench-
mark for future developments in this area and valuable in early drive-
train design stages to anticipate potential failure risks.

5. Conclusions

It was possible to have a first insight into the conductive suscepti-
bility of EV drivetrains through this pioneer framework, in particular, to 
understand how leakage currents can propagate not only through 
bearings, but also through gear meshes. Using EHL simulations and a 
simplified electrical representation, the proposed conductive suscepti-
bility scheme (CSS) provided a practical and physically meaningful way 
to analyze conductive paths at the system level of an EV driveline by 
combining realistic driving conditions. According to the findings, the 
following conclusions were drawn:

• The results showed that conductive pathways in EV drivetrains are 
highly dynamic and influenced by the operating conditions. Changes 
in torque and speed affect the lubrication regime of each tribological 
contact, promoting alterations in its electrical resistance. Conse-
quently, leakage-current paths were not fixed, but shifted across the 
drivetrain depending on the instantaneous operating state.

• Gear meshes can become active conductive elements in EV drive-
trains depending on their lubrication state. While the influence of 
surface roughness on local conductive susceptibility is expected from 

tribological principles, the CSS framework revealed how these local 
changes affect the formation and redistribution of dominant leakage-
current paths at the drivetrain level.

Fig. 9. Results showing the probability of leakage current propagation through gear meshes for Case 2: (a) Operating conditions grouped by the predicted dominant 
current path through the drivetrain gear meshes; (b) Duty-cycle-weighted conduction probability for each gear mesh; (c) Duty-cycle-weighted probability of gear-
current propagation under each operating condition, indicating the likelihood of current flowing through gear meshes z₁–z₂, z₃–z₄, both meshes, or through non-
gear paths.
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• Smoother gear surfaces promoted greater lubrication separation and 
reduced the conductive participation of gear meshes, shifting the 
dominant current paths toward bearings. This demonstrates how 
tribological parameters can modify the system-level conductive 
susceptibility distribution in EV transmissions.

• The CSS framework provides a predictive tool for early-stage 
conductive path mapping and ranking in EV drivetrains. Although 
it does not aim to predict exact current magnitudes, it captures the 
relative evolution of conductive pathways and offers insight into 
how operating and tribological conditions shape electro-tribological 
interactions at the system level.

• Overall, this study highlighted the need to move beyond a purely 
bearing-focused view of stray-current phenomena and to consider 
the full drivetrain as an interconnected electro-tribological system. 
In this context, gear meshes should not be overlooked, as they can 
play a significant role in current propagation and, ultimately, in 
drivetrain reliability.
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