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Abstract

Electric motors play a decisive role in electric vehicles by converting electrical energy into
mechanical motion across various drivetrain components. However, failures in these mo-
tors can interrupt the motor function, with approximately 40% of these failures stemming
from bearing issues. Key contributors to bearing degradation include shaft voltage, bearing
current, and electric discharge material spalling current, especially in motors powered by
inverters or variable frequency drives. This review explores the tribological and vibrational
aspects of bearing currents, analyzing their mechanisms and influence on electric motor
performance. It addresses the challenges faced by electric vehicles, such as high-speed
operation, elevated temperatures, electrical conductivity, and energy efficiency. This study
investigates the origins of bearing currents, damage linked to shaft voltage and electric
discharge material spalling current, and the effects of lubricant properties on bearing func-
tionality. Moreover, it covers various methods for measuring shaft voltage and bearing
current, as well as strategies to alleviate the adverse impacts of bearing currents. This
comprehensive analysis aims to shed light on the detrimental effects of bearing currents
on the performance and lifespan of electric motors in electric vehicles, emphasizing the
importance of tribological considerations for reliable operation and durability. The aim
of this study is to address the engineering problem of bearing failure in inverter-fed EV
motors by integrating electrical, tribological, and lubrication perspectives. The novelty lies
in proposing a conceptual link between lubricant breakdown and damage morphology to
guide mitigation strategies. The study tasks include literature review, analysis of bearing
current mechanisms and diagnostics, and identification of technological trends. The find-
ings provide insights into lubricant properties and diagnostic approaches that can support
industrial solutions.

Keywords: bearing failure; lubricants; friction and wear; shaft voltage; bearing current;
electric discharge material spalling current

1. Introduction
Electric vehicles (EVs) have gained significant global attention due to the escalating

energy crisis and growing concerns over climate change [1]. Compared to conventional
internal combustion (IC) engine vehicles, although EVs present evident limitations, such
as large battery requirements, restricted driving range, and challenges associated with
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recharging infrastructure [2], EVs offer several advantages, including high power density,
superior efficiency, rapid acceleration, and reduced carbon emissions, positioning them
as a sustainable alternative to traditional vehicles [3]. Consequently, the production of
EVs is expected to increase substantially in the coming decades, coinciding with the
anticipated decline in manufacturing of fossil fuel-powered vehicles. Notably, EVs powered
by renewable energy sources can achieve carbon dioxide emissions up to 4.5 times lower
than those of combustion engine vehicles [4,5].

The current market offers five primary EV types: Battery Electric Vehicles (BEVs),
Solar Electric Vehicles (SEVs), Plug-in Hybrid Electric Vehicles (PHEVs) or Hybrid Electric
Vehicles (HEVs), Fuel Cell Electric Vehicles (FCEVs), and supply line-powered electric
vehicles [6]. The efficiency and reliability of EVs are largely determined by the performance
of their electric motors, in which bearings play a vital role. The presence of bearing currents
and shaft voltages can accelerate bearing wear, induce premature failure, and alter surface
properties, including residual compressive stress and hardness [7–10].

Bearing currents are generally classified as circulating or non-circulating, depending
on their origin. Historically, magnetic asymmetries arising from factors such as uneven
windings or rotor eccentricities were the primary causes of bearing currents [11,12]. In
recent years, the widespread adoption of inverters and variable frequency drives (VFDs)
has introduced additional challenges related to shaft voltage and inverter-induced cur-
rents [12,13]. These mechanisms collectively contribute to bearing degradation phenomena,
including pitting, frosting, fluting, and corrosion, ultimately compromising motor lifespan
and reliability [14–16]. As a result, mitigating bearing currents is critical for ensuring
system reliability and cost-effectiveness in VFD-powered motor designs [17].

High-frequency common-mode voltages (CMVs), generated by pulse width mod-
ulation (PWM) inverters, are core to this problem. Unlike traditional sinusoidal power
supplies that maintain balanced phase conditions and zero neutral voltage, PWM inverters
produce imbalanced conditions due to rapid switching operations, resulting in CMVs at the
motor neutral point [18–20]. These high-frequency voltages facilitate capacitive coupling
between motor windings and frames, creating shaft voltages and circulating currents that
preferentially flow through low-impedance paths, such as motor bearings [13,21,22]. When
shaft voltages exceed the dielectric breakdown voltage of the lubricant film, high-frequency
capacitively coupled bearing currents (commonly referred to as EDM or EDMS currents)
arise, leading to severe bearing discharge damage [23–25]. Discharge damage includes
electric erosion, typically manifested as pitting, frosting, fluting, and white corrosion cracks.
Through experimental investigation, Liu et al. [26] established the influence of rotational
speed and lubricant viscosity in the lubricating film formation, which in turn resulted
in pitting and fluting in EV bearings. Prashant [27] highlighted the variables, including
current flow, lubricant film thickness, resistance, bearing impedance, and voltage, that
influence bearing performance. Chin et al. [28] studied the sensitivity of shaft voltage to
inverter and motor parameters, and Jonjo [29] evaluated the effectiveness of nanoparticles
(MWCNT and Al2O3) in greases in mitigating discharge-induced bearing damage. Lee
et al. [9] demonstrated that electrical voltage and current increase tribological wear, with
lubricant type playing a significant role in moderating this effect.

Although bearing currents in EV motors have been explored in prior studies, these efforts
often focused on isolated aspects and lacked a comprehensive perspective integrating electrical,
tribological, and lubricant influences. For instance, He et al. [2] provided a detailed review
of bearing current-related failures in EVs but gave limited attention to lubricant degradation
and its interaction with electrical discharges. Ma et al. [7] emphasized damage morphologies
such as frosting, fluting, and white etching cracks (WECs) but offered minimal discussion
on the electrical properties of lubricants and mitigation strategies. Busse et al. [11] examined



Lubricants 2025, 13, 349 3 of 29

PWM-related bearing currents but did not address tribological or lubricant aspects, while
Schneider et al. [16], Tawfiq et al. [18], and Song et al. [30] concentrated primarily on electrical
mechanisms and mitigation techniques for industrial motors, with limited focus on lubrication
or diagnostics. Notay et al. [31] briefly acknowledged the tribological effects of electrical
bearing damage without evaluating lubricant chemistry or its role under discharge conditions.

The present study provides a comprehensive review that integrates electrical, mechanical,
and tribological mechanisms relevant to EV applications. It offers an in-depth analysis of
bearing currents, EDMS currents, and shaft voltages, with a focus on their implications for
motor performance and reliability. Specific emphasis is employed on the role of lubricant
properties—such as dielectric strength and electrical conductivity—in influencing current
flow and surface degradation. The review categorizes characteristic damage morphologies,
including pitting, frosting, fluting, and white etching cracks (WECs), examines degradation
mechanisms associated with EDMS currents, and addresses key operational challenges such
as high-speed operation, elevated temperatures, and inverter-induced stresses. Furthermore,
this review discusses advanced signal processing methods for non-intrusive detection and
monitoring—an area that remains underrepresented in the prior literature.

The scope of this review is defined by the study of bearing current phenomena, associated
damage mechanisms, lubricant interactions, and mitigation strategies in EV motor bearings.
The research objective focuses specifically on EV motor bearings operating under inverter-
fed conditions, with attention to electrical, tribological, and lubrication-related factors that
contribute to bearing degradation. The details of the research field and research object of the
present work are provided in Figure 1a,b, respectively. To achieve these objectives, this review
was structured around four key tasks: (i) systematically considering literature on bearing
currents, shaft voltages, damage mechanisms, lubricant behavior, and mitigation strategies
relevant to electric motors, with an emphasis on EV applications; (ii) critically analyzing
and synthesizing current knowledge on bearing current origins, damage morphologies,
and lubricant influences; (iii) evaluating and comparing diagnostic approaches, particularly
indirect methods such as vibration-based monitoring; and (iv) identifying technological trends
and proposing future research directions to support the development of effective engineering
solutions. By connecting electrical, tribological, and lubrication perspectives, this work aims
to bridge critical knowledge gaps and contribute to the advancement of practical mitigation
strategies to enhance the durability and reliability of EV motors.

(a) 

(b)

Figure 1. (a) Research field and (b) research object of the present work.
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2. Bearing Current, Shaft Voltage, and Electric Discharge Material
Spalling Current Mechanisms
2.1. Bearing Current Causes

Bearing current refers to the flow of electrical current from the motor shaft through
the bearing and to the motor frame. This arises due to electrical imbalances, either from
internal motor asymmetries or from external sources such as inverters or variable fre-
quency drives (VFDs). Bearing failure remains one of the primary causes of electric motor
malfunction [32,33]. Although thermal and mechanical factors—including misalignment,
inadequate lubrication, and poor maintenance—are major contributors to bearing fail-
ure [34], damage induced by electrically generated bearing currents represents an equally
critical concern.

Bearing currents occur in electric motors when the induced voltage on the motor shaft
exceeds the dielectric breakdown voltage of the lubricating film within the bearing, typically
around 50 V or higher. As outlined earlier, the primary sources of bearing currents are
common-mode voltage, electrostatic discharge, and magnetic asymmetries. These factors,
in combination with the high switching frequencies of inverters or variable frequency
drives (VFDs), generate shaft voltages that ultimately give rise to bearing currents in
electric motors [35,36].

This high-frequency current, produced due to the use of inverters, increases the
structural asymmetry within the motor. This creates an imbalance in the motor’s magnetic
flux, resulting in the generation of additional magnetic fields. Consequently, a non-zero
voltage is induced on the motor shaft due to this additional magnetic field [12]. The
asymmetry within the motor primarily arises from two factors: first, the challenges in
manufacturing electric motors with extremely high precision, due to issues like rotor
eccentricities, casting defects, and irregular windings; second, the uneven voltage signal
produced by the VFD or inverter [37–39].

Another cause of bearing currents is the triboelectrification phenomenon, which leads
to electrostatic discharge in motor bearings. Triboelectrification occurs when dissimilar
materials come into contact or rub against each other, particularly on the surfaces of
dielectric materials. This results in the buildup of electric charges that can persist for a long
time [40]. In the construction of electric vehicles (EVs), materials such as composites and
polymers with dielectric properties are commonly used to reduce weight. These materials
include cooling systems composed of highly thermally conductive insulating polymers,
body structural components composed of carbon fiber-reinforced plastic (CFRP), and
rubber sealing rings. The triboelectrification phenomenon in such components can cause
significant charge separation between surfaces, leading to the accumulation of electrostatic
charges [2]. This, in turn, results in shaft voltage, which eventually causes bearing currents
and, ultimately, bearing failure.

The third cause of bearing currents is the recent introduction of VFDs and inverters in
modern EVs. Specifically, these are Pulse-Width Modulation (PWM) inverters that incorpo-
rate fast-switching components like Metal-Oxide-Semiconductor Field-Effect Transistors
(MOSFETs) and Insulated Gate Bipolar Transistors (IGBTs). PWM inverters are frequently
used in motors to provide variable speed control [41]. Recently, there has been concern over
this more complex type of bearing current phenomenon because of the growing interest
in incorporating cutting-edge high-switching semiconductor technology into three-phase
drive systems. High-frequency common-mode voltage is a result of the inverter’s rapid
switching frequency/rate. The voltage between the motor’s neutral point and the stator
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core, or ground, is known as the CMV [20,22], and the equation for evaluating the CMV in
the electric motors is given by Equation (1):

CMV =
vA + vB + vC

3
(1)

where vA, vB, and vC represent the voltage (in volts) of individual phases: A, B, and C,
respectively. When the electric motor is powered by a PWM inverter, the inverter transmits
sinusoidal wave voltages with variable frequencies and amplitudes. The motor receives
these signals through the winding process, controlled by a thyristor in the inverter circuit.
When the thyristor of an inverter is switched on or off simultaneously, it is observed that
the electric motor, driven by an electrical source, displays balanced sinusoidal waveforms.
In such a case, the CMV, as defined by Equation (1), is zero at the motor winding’s neutral
point. By doing this, it is ensured that the three-phase neutral and ground have the same
voltage. However, if there is a delay in the thyristor’s switching, causing shaft voltage to be
induced, a non-zero common mode voltage will occur.

From a control perspective, a higher switching frequency produces a CMV that more
closely resembles the sinusoidal waveform, thereby increasing efficiency [42]. However,
in the context of shaft voltage, a rapid switching frequency leads to a significant rate of
change (dv/dt) in the CMV waveform. This causes the electric motor system to experience
high-frequency harmonic distortion, which in turn causes high-frequency shaft voltage to
occur with a notable amplitude [43]. This high-frequency shaft voltage can pass through
multiple interfaces, including insulated ones, potentially causing detrimental effects.

The rapid change in voltage and current caused by high frequency and fast switching
phenomenon in Insulated Gate Bipolar Transistors (IGBTs) can result in a number of major
problems, including the following [44]:

• Electromagnetic interference (EMI) that is both conducted and radiated;
• Ground currents that flow to earth via stray capacitors are found inside motors;
• Bearing currents resulting from the motor shaft voltage;
• Overvoltage at motor terminals;
• Shorter motor insulating life.

Since power cables and electric motors have parasitic capacitances, PWM inverters
produce CMV at their output terminals, resulting in common-mode currents flowing.
The motor shaft may experience voltage induction from these high-frequency currents.
Significant bearing currents are generated when this voltage surpasses the lubricant film’s
dielectric breakdown voltage, which could quickly damage the bearings. These currents
also contribute to conducted electromagnetic interference (EMI), which causes malfunctions
in nearby electronic equipment.

2.2. Bearing Currents, Common Mode Voltages, and Shaft Voltages

CMV is the voltage between the stator core, or ground, and the motor’s neutral point.
The equivalent high-frequency CM induction motor model is shown in Figure 2. Shaft
voltage (Vsh), induced across the motor shaft as a result of CMV (Vng), is generated by
capacitive couplings between the rotor and the frame (Crf) and the stator windings (Crs).
Both Vsh and Vng represent voltages, and therefore the unit will be in volts (V), whereas
Crf, Cb, and Crs are capacitances, and therefore the unit will be Farads (F). The following
equation, Equation (2), describes the relationship between CMV and shaft voltage [44]:

Vsh =
Crs

Cb + Crs + Cr f
Vng (2)
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Figure 2. Equivalent high-frequency circuit model of an induction motor used for condition monitor-
ing, illustrating capacitive paths and bearing current flow mechanisms.

The bearing voltage ratio (BVR) is defined as the ratio of bearing voltage (Vb) to CMV
(Vcm) at motor terminals and is described as in Equation (3):

BVR =
Vb

Vcm
=

Csr

Csr + Cr f + 2Cb
(3)

The bearing current acts as one of the primary causes of premature motor bearing
failure, which is generated due to motor shaft voltage. Therefore, to mitigate these currents,
it is crucial to manage both the magnitude of the CMV and dvm/dt (i.e., the rate of change
of CMV).

When a switch (S) is closed, the bearing current (in amperes) while experiencing
electric discharge is determined using Equation (4):

Ib with EDM =
ImCsr

Csr + Cs f
(4)

While, when the switch (S) is open, the bearing current without electric discharge
(Ib without EDM) is computed using Equation (5):

Ib without EDM =
IsrCb

Cb + Cr f
(5)

where Cb represents the bearing capacitance (in Farads), Cins represents the capacitance of
insulation (in Farads), Im represents the total current flowing through the CMV-induced
equivalent circuit (in amperes), and Isr represents the current flowing through Csr branch
of the equivalent circuit (in amperes) [44].

Investigations are conducted into how PWM inverters’ common mode voltage af-
fects the bearing currents, and a simple measurement system is suggested in [45]. This
arrangement makes it easier to measure the bearing current and motor shaft voltage of an
induction motor powered by a two-level inverter. Additionally, multilevel inverters present
effective solutions to mitigate common-mode voltage and its associated problems [46–48].
The mitigation of shaft voltage and bearing currents through the use of multilevel inverters
is presented in [49].

2.3. Flow of Circulating Current

When a non-zero CMV is present, the internal coupling capacitor within the electric
motor offers a low impedance ground path for the induced common mode currents [50].
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This leakage current creates a surrounding magnetic field inside the motor as it travels
from the motor windings to ground via capacitance. This magnetic field then induces both
shaft voltage and circulating currents within the motor [51]. Leakage current enters the
rotor through capacitive coupling between the winding and the rotor if the resistance of
the winding to the ground via the rotor is minimal, and eventually it will find its way to
the ground through the motor bearings. The induced shaft voltage will cause circulating
currents to flow in one of two ways:

i. The first path involves the current flowing directly from the motor shaft, passing
through bearings, then travelling through the motor or load frame, and eventually
grounding itself, as shown in Figure 3a;

ii. An alternative path for current flow involves the current travelling from one side of
the shaft to the other, passing through one bearing, then the motor frame, and back
through the opposing bearing, as shown in Figure 3b.

 
(a) (b) 

Figure 3. Schematic representation of common bearing current circulation mechanisms in electric
motors: (a) grounding through bearings resulting in current discharge to the motor frame, and
(b) closed-loop circulating current traversing the stator, rotor, and bearings. These paths highlight
potential damage zones critical to motor reliability and insulation integrity [51].

Generally, the bearing current tends to follow a path that reaches the ground via the
load end when the electric motor’s frame lacks sufficient grounding or when insulated
bearings are used. Muetze and Binder [52] investigated the “zigzag” pattern observed in
the stator laminations, which results from the skin effect of high-frequency current.

2.4. Electric Discharge Material Spalling Current and Its Breakdowns

Electrical Discharge Machining (EDMS) currents in electric vehicle motor bearings
arise primarily due to the presence of shaft voltages exceeding the dielectric breakdown
voltage of the lubricant film separating the rolling elements from the bearing race. In
inverter-driven motors, common mode voltages (CMVs) are induced on the shaft through
capacitive coupling between the stator windings and the rotor, resulting in an accumulation
of electrical charge on the shaft surface. When this shaft voltage surpasses the threshold
that the bearing lubricant film can withstand, typically influenced by operational speed,
bearing load, and lubrication condition, electrical discharges occur between the rolling
elements and raceway, leading to EDMS currents. These high-frequency, low-energy pulses
cause localized electrical erosion or pitting on the bearing surfaces, accelerating bearing
degradation and adversely affecting the motor’s reliability and lifespan [18,53–55].

The mechanism of EDMS current generation is further influenced by the inverter
switching characteristics, such as the switching frequency and voltage amplitude, which
modulate the common mode voltage waveform. Silicon carbide (SiC) inverter technology,
prominent in modern EV propulsion systems due to its high switching capability, increases
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the severity of both shaft voltage and EDMS currents by elevating the rate of voltage rise at
the motor terminals. Studies have shown that pulses generated during inverter switching
events induce capacitive currents through parasitic capacitances inherent in the motor
structure, initiating the discharge cycle that characterizes EDMS currents. Consequently,
these characteristics prompt the need for advanced control and mitigation strategies to
minimize EDMS current effects and protect bearing health [56,57].

To address EDMS current generation, several mitigation techniques have been ex-
plored. Application of common mode filters and the implementation of active zero-
sequence PWM strategies effectively reduce common mode voltage magnitude, thus dimin-
ishing the shaft voltage and suppressing EDMS currents. Moreover, electrostatic shielding
and shaft grounding brushes present practical solutions for managing charge accumulation
and discharge pathways, significantly reducing EDMS current occurrence and associated
bearing damage. Proper implementation of these strategies is vital to enhancing the dura-
bility and operational safety of EV motor bearings, ensuring the longevity of electric drives
in automotive applications [5].

The magnitude of the EDMS current can fluctuate depending on various factors,
including the electric motor’s operating conditions, the presence of electrical discharge
issues, and the specific motor design. The insulating properties of the lubricating film
between the bearing’s electrical components and the conducting parts can also influence the
magnitude of the EDMS current. The oscillograph measurements enable the observation of
these voltages and their corresponding currents [58]. The performance and longevity of the
electric motor are significantly impacted by electrical discharge damage inside the bearings
caused by the harmful EDMS currents.

The electric arc produced due to the EDMS current inside the motor bearings causes
the lubricants to deteriorate (shown in Figure 4). Figure 4a presents pristine and degraded
lubricating gear oil [16]. Figure 4b presents degraded grease of NLGI grade 3, after conducting
experiments for 122 h at a shaft speed of 1800 rpm, with a mechanical load of 1471 N
and a DC electrical load of 3 A [59]. This happens when the voltage across the bearing is
higher than the lubricating coating’s threshold voltage between the rolling elements and
the bearing’s raceways. The lubricant’s breakdown field strength and the lubricating film’s
thickness determine the lubricating film’s insulating capacity [60]. This indicates that the
choice of lubricant can significantly affect the generation of EDMS currents in the bearings. By
using conductive lubricants, it has been observed that the occurrence of EDMS currents or
breakdowns can be avoided, as these lubricants inhibit the accumulation of voltage across
the lubricating oil layer. Furthermore, using lubricants with higher electrical conductivity is
expected to promote a predominance of resistive current during rolling bearing operation,
which helps prevent the buildup of voltage across the lubricating film [61,62].

 
(a) (b) 

Figure 4. (a) Before and after conditions of lubricating gear oil exposed to harmful EDMS current [16]
after EDMS and (b) pristine and failed grease after common mode voltage (CMV).
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2.5. Non-Circulating and Circulating Bearing Currents

High frequency bearing currents are generally produced due to inductive and capaci-
tive coupling within electric machinery. Parasitic capacitances and inductances are present
in nearly all electric drive systems, whether they are driven by sine-wave operations or
by inverters. In sine wave operations, these parasitic effects are often neglected. How-
ever, when motors are powered by inverters, the situation differs. The motor’s parasitic
capacitances and inductances are excited by the high-frequency components of the CMV,
which ultimately leads to the generation of bearing currents within the electric motors [63].
Classification of bearing currents based on their generation is provided in Figure 5 [64].

Figure 5. Classification of bearing currents based on their generation [64].

Non-circulating bearing currents travel from the motor’s rotor to its stator via the
bearings in one direction [64]. These currents are further classified into capacitive high-
frequency bearing currents and EDMS currents.

Capacitive high-frequency bearing currents are low-range currents, typically between
5–200 mA, and generally occur at low motor speeds (less than 100 rpm). At these low
speeds and bearing temperatures (typically between 70–90 ◦C) [63]. Metallic contact may
bridge the lubricant coating of the bearings, causing the bearings to lose their insulating
properties and behave like ohmic resistors. This results in the production of small capacitive
bearing currents. Due to their low magnitude, these currents are generally not harmful to
motor components and can be neglected [18]. Additionally, the value of capacitive bearing
currents depends on the bearing’s temperature, since the temperature of the bearing
lubricant affects its properties, such as viscosity and thickness [65].

As mentioned earlier (Section 2.4), whenever the voltage across the bearings surpasses
the threshold voltage of the lubricant’s insulating layer, it produces a destructive current
known as EDMS current within the bearing, leading to arcing. The bearing voltage (Vb)
under normal shaft speed and with good lubricating films can be calculated using the
bearing voltage ratio (Rb) and the common mode voltage (Vm) as follows.

Vb = Rb × Vm (6)

The bearing voltage ratio typically ranges from 3% to 10%. For instance, with a 300 V
AC supply in electric vehicle drive-trains, the peak bearing voltage across the bearing will be
approximately 30 V. Since the lubricating film thickness in motor bearings ranges from 0.1 to
1.4 µm, it can handle bearing voltages from 1.5 to 21 V, corresponding to a dielectric strength of
15 V/µm. If the bearing voltage exceeds 21 V, depending on the AC supply voltage, an EDMS
current may occur [2]. For a 1.5 kW power-rated induction motor, the EDMS current can
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have a range from 0.2 to 1.4 A [17]. The value of EDMS currents depends on various factors,
including lubricating film thickness, lubricant viscosity, speed, load, lubricant distribution
(uniform or non-uniform), bearing interface surface roughness, and operational vibrations.
Thus, despite a higher CMV value, EDMS current generation is influenced by numerous
factors, making the likelihood of EDMS occurrence somewhat random.

The production of circulating bearing currents involves the use of capacitive coupling,
inductive coupling, and magnetic induction, making it more complicated than the generation
of non-circulating bearing currents [64]. The circulating bearing currents are further classified
into two categories: high-frequency circulating bearing currents and rotor ground currents.

High-frequency circulating bearing currents arise from additional high-frequency
ground currents (such as common mode currents) at the terminals of a motor, which result
from capacitances between the stator winding and frame, raising the dv/dt value [63].
The primary cause of these high-frequency circulating bearing currents is magnetic flux
asymmetry and frequency variations based on shaft speed. This frequency typically ranges
from 100 kHz to several MHz [18]. Bearing currents are produced when the lubricating oil
film breaks down due to bearing voltage, leading to currents circulating within a conductive
loop. This current travels from the stator frame to the drive end bearing at one end, then
flows via the motor shaft to the non-drive end bearing at the other end, and then returns to
the stator frame [2]. This circulating bearing current magnitude is dependent on the size of
the motor; for example, for motors with a maximum power rating of 500 kW, the highest
amplitude of this current ranges from 0.5 to 20 A. Additionally, circulating bearing currents
flow in opposite directions in both end bearings of an electric motor [18,66].

Rotor ground current is another type of circulating bearing current, which usually
occurs when the impedance between the rotor and the ground is lower than that between
the stator and the ground. This occurs because circulating currents tend to follow the path
of least impedance [67]. Some portions of the rotor ground current can flow from the total
ground current when the electric motor is grounded through the driving load. This type
of current typically has a maximum magnitude ranging from 1 to 35 A. Due to its higher
magnitude and the fact that almost all the rotor ground current goes via the motor bearings,
this current is considered dangerous. It may result in premature bearing damage and,
eventually, cause motor failure [18,63].

3. Morphological Damages to Bearings Due to Bearing Currents
3.1. Electrically Induced Surface Pitting

The CMV generally creates an electric field between the raceway and the roller/ball in
the case of full film lubrication, and when this shaft voltage exceeds the threshold voltage
value of the lubricating film, it causes an intense electric discharge between the raceway
and the roller/ball [68]. This creates an electrical arc between the raceway and the roller
of the bearings, which produces high temperatures on the bearing surfaces. Usually, the
temperature that is generated is greater than the bearing material’s melting point, which
melts the surface materials of the roller and raceway of the bearing and causes craters to
form [69], which creates pitting defects on the raceways and the rollers/balls. Figure 6a,b
shows the pits formed on the inner race and balls surface after performing experiments for
122 h at a shaft speed of 1800 rpm, with a mechanical load of 1471 N and a DC electrical load
of 3 A. Figure 6c shows a magnified image of micro-pits near the damaged area. The details
of the experiments can be found elsewhere [59]. Due to the intense single discharge pulse
and much higher magnitude of current, which exists for a longer time, the size of craters in
pitting defects is much larger and are randomly arranged (not in a specific pattern) [2].
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(a) (b) (c) 

Figure 6. (a) Pitting on inner ring of bearing, (b) pitting on the bearing ball, and (c) magnified image
of micro-pits near damaged area.

Bearing current is considered to be the primary reason for the electrical pitting instead
of shaft voltage, and its value required to produce the pitting defect is roughly around
90 milliamperes [68,70]. There is an increase in the wear within the bearing because of
the produced pit (large-sized craters) that increases the roughness on the surfaces of the
raceways and the roller/ball [71]. An important consideration in assessing the life and
operating condition of a bearing is the energy generated by its currents, which can be used
to estimate the pit size [7]. The amount of time needed for electrical sparks (arcing) to cause
pitting to form on raceway surfaces has been studied by Prashad [27,72] by investigating
the accumulation of energy and the dissipation of the lubricants with high resistivity levels.
Additionally, the energy required for a material to evaporate is calculated in [73].

It is observed that with an increase in bearing currents, there is an increase in the
interface power for the uniform thickness of the lubricating film. This interface power (P)
is related to the pitting area (Ap) by the relation provided in Equation (7) [68]:

Ap = 0.0059P3 − 0.068P2 + 0.46P (7)

where the pitting area (Ap) is in 103 µm2 and the interface power (P) is in Watts (W).
Additionally, the pitting area (Ap) can be related to lubricating film thickness (h), current (I),
and voltage (V) by Equation (8) [68]:

Ap = 0.081h0.116 × V0.289 × I1.179 (8)

Using Equations (7) and (8), the size of the pitting area can be estimated. Additionally,
this equation demonstrates the direct relationship between the bearing currents and the
pit’s size.

3.2. Micro-Scale Arc-Induced Surface Texturing (Frosting)

Frosting occurs when the electric discharge is weak but dense [2]. The crater size in
this type of surface damage is much smaller than in pitting. It is difficult to see this defect
through the naked eye because of its small crater size and satin-like look. The pristine
surface and surface with frosting, after conducting experiments for 122 h with a mechanical
load of 1471 N, shaft speed of 1800 rpm, and a DC electrical load of 3 A, are shown in
Figures 7a and 7b, respectively. When seen using a microscope, the damaged surface due to
frosting looks like small and separate craters [74]. These small craters show the occurrences
of the melting process because of the breakdown caused by EDMS currents (or electrolysis).
It is observed that the frosted area has low hardness (because of the bearing current that
results in the melting of surface material) and multiple damaged traces due to bearing
currents when investigated through a scanning electron microscope (SEM) [75,76].
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(a) (b) 

Figure 7. Frosting damage on the bearing surface: (a) pristine surface and (b) frosted damage.

The production of the frosting defect on the bearing surfaces may be affected due
to the loading on the bearings, since it is observed that under higher loading conditions,
there is a light grey colored frosting on the raceway of the bearing along with the traces
of intense melting of material because of the flow of bearing currents, while there is an
occurrence of corrugated damage on the raceway of the bearing under light loading [73,77].
This may be because of the fact that there could be a thicker lubricating oil film under
light radial loadings, which allows it to sustain a high value of shaft voltage across the
bearing and eventually produces a higher magnitude of bearing currents, which causes
much more damage to the bearings. Along with that, this results in large vibrations
on the rollers/balls, which creates metal-to-metal contact between the rollers/balls and
the raceway at a particular frequency, eventually leading to the formation of corrugated
damage [7].

3.3. Fluting and Spark Tracks

Fluting damage occurs as a result of partial melting of the surfaces of the bearing,
generating a unique pattern on the bearing raceways and balls, as shown in Figure 8a,b.
This partial melting occurs when the bearing currents flow through the bearing raceway and
roller/ball, generating an electric spark (i.e., arcing). The unique pattern in fluting is caused by
the vibration (caused by bearing currents) and the dynamic phenomenon of rolling elements,
which means that because of the melting, the micro-craters (with a diameter falling within
the 1 to 4 micron range) are generated, and when the ball rolls over these micro-craters in the
running condition, the unique pattern is created on the raceway of the bearing. A lot of fluting
damage can be hazardous and necessitate the replacement of bearings since it can result in
early bearing failure, which can ultimately cause an electric motor to fail [78].

  
(a) (b) 

Figure 8. (a) Fluting pattern on inner ring of bearing [79]. (b) Fluting on bearing ball [16].

Compared to frosting, it is easy to recognize, and it travels transversely to the bearing’s
raceway. Fluting is mainly caused either by the continuous flow of electrical currents or by
EDMS currents. Additionally, the pattern generated by fluting is only on the quarter (or less
than a quarter) of the bearing’s outer raceway [80]. It is observed that when there is a low
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contact resistance, it leads to electrochemical decomposition or corrosion of lubricating grease
and gradually causes fluting damage, while pitting occurs due to high contact resistance.

The starting appearance of the spark tracks looks like scratches that come from foreign
particles in the lubricating oil/grease. However, it is revealed when closely investigated
that these are irregular and are skewed in the direction of rotation [74]. Even though it
seems to be a mechanical scratch, this kind of damage has an electrical nature as well. It
can be observed that there are sharp corners on the scratch, and sometimes the tracks have
melted in the lower portion. Meanwhile, the round corners result from dirt particles or a
tool. The spark track’s depth seems to be uniform over the complete surface. The primary
reason for the spark tracks is found to be the debris that is generated from the bearing
surface because of electrical discharge [2].

3.4. Subsurface White Etching Crack Formation

In recent years, the generation of white etching cracks has been observed to be related
to the electrical bearing discharge [7]. Hydrogen atoms or hydrogen ions are formed
in the lubricating grease/oil due to the generation of higher temperatures as a result of
electrical discharge across the bearing of an electric motor. This makes the bearing materials
fragile [81]. This results in local stress accumulation, which eventually causes cracks in
the material. Additionally, the study suggests that this kind of defect is likely to occur
when the bearings are loaded statically rather than dynamically. The bearing currents’
peak magnitude value is a key factor in the development of white etching cracks. The
higher value of direct currents or alternating currents may result in the premature failure
of the bearings due to the formation of white etching cracks in the oil or grease-lubricated
bearings [82] (as shown in Figure 9). It is found that the cracks that are generated in a
central inclusion are thereafter extended in different directions [83].

(a) (b) 

Figure 9. (a) The inner ring of a cylindrical roller bearing. (b) The metallographic analysis post-etching
reveals the presence of WECs [16].

3.5. Dielectric Breakdown and Thermochemical Degradation of Lubricants Lubricant Degradation

Generally, the function of lubricants is to prevent metal-to-metal contact with a lu-
bricating film. However, bearing currents flow within the bearing when the shaft voltage
across it (as determined by the CMV) is higher than the threshold voltage of the lubricating
film. This current generally flows through a gap between the balls and the raceway of motor
bearings and decreases the lubricating film thickness, which creates very high localized
heating in the surrounding environment. This thermal process causes the evaporation of
lubricating oil components, which eventually ruins the lubricating grease and is considered
the primary cause of the grease components’ deterioration [84].

Practically, the lubricating greases are chemically inert in nature, but the bearing
currents and the shaft voltages offer the required potential and energy for the chemical
reactions to occur, providing acceleration to the degradation process of the lubricants [2].
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This bearing current reduces the efficiency, capabilities, and life of the lubricant and in-
creases the friction and vibration within the bearing’s components, which eventually raises
the bearing’s temperature, causing overloading and bearing failure [85]. Additionally, it is
observed that there is a reduction in the dielectric strength of a lubricant, which has gone
through the electric discharge breakdown [7]. Hence, the lubricating grease of the bearings
must be such that it should prevent degradation from the bearing currents and the bearing
wear [86]. The degradation of the lubricating grease at different voltages after 500 h of
operation is shown in Figure 10.

 
(a) (b) (c) 

Figure 10. Bearing lubricating grease changes at different voltages after 500 h of operation [87].
(a) Pristine, (b) at 12 V, and (c) at 13 V.

The localized damage such as pitting and fluting on bearing surfaces affects both
the vibration signatures and thermal behavior of the bearings. As the EDMS currents
flow through the bearing, they generate micro-damage that alters the mechanical integrity
and surface roughness of the bearing components, leading to increased vibration levels
detectable by condition monitoring equipment [88]. Furthermore, the electrical currents
raise localized temperatures in the bearing zone, which can exacerbate lubricant degra-
dation and reduce oil film thickness, thereby intensifying wear and accelerating thermal
buildup [89]. Experimental studies have demonstrated that increased bearing voltage
correlates with rises in temperature due to the combined effect of electrical discharge
heating and frictional losses caused by the evolving surface damage [90]. This thermal rise
affects lubricant viscosity and film formation, compounding the bearing’s susceptibility to
mechanical degradation and increasing vibration amplitudes. Additionally, the dynamic
interaction between bearing current-induced damage and operational parameters such as
load and speed modulates both electromagnetic and mechanical responses, thereby influ-
encing measurable vibration frequencies and temperature profiles [90]. Monitoring these
parameters simultaneously allows early detection of electrical bearing faults as sudden
changes in vibration and temperature trends often accompany spikes in bearing voltage
and current. Therefore, integrating electrical measurements of bearing current and voltage
into vibration and temperature monitoring frameworks provides a more holistic diagnostic
capability and enables more accurate prognostics under the specific operational conditions.

4. Measurement, Diagnostics, and Mitigation
4.1. Vibration and Signal-Based Diagnostics of Bearing Faults

The bearing current, causing EDMS currents within the bearing, damages the rolling
components, raceways, and lubricants [91,92]. The signs of this damage caused by the
bearing current, such as fluting, pitting, and burned grease, can be detected using tools like
stethoscopes, vibration analysis, and grease testing. Vibration monitoring and analysis are
well-established non-destructive techniques to diagnose problems in electric motors [93].
They work on the principle that a healthy machine has a specific vibration pattern and
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any variation from this vibration pattern may reveal potential faults. Typically, a healthy
bearing does not vibrate much. However, when worn or damaged, the bearing’s vibration
characteristics change and the overall vibration level increases.

When a bearing is defective, a series of impulses is generated as the rolling elements
move across the defect on the bearing raceway, defining the vibration response of a defec-
tive bearing. The frequency of the generated impulses is termed the Characteristic Defect
Frequency (CDF), and it is influenced by various factors such as the geometry of motor bear-
ings, rotational speed, and the place where the defects are present on the bearing surface.
Typically, four distinct types of Characteristic Defect Frequencies (CDFs) are commonly
observed in ball bearings. These include Fundamental Train Frequency (FTF), Ball Pass
Frequency Inner (BPFI), Ball Pass Frequency Outer (BPFO), and Ball Spin Frequency (BSF).
Each of these frequencies is associated with specific types of defects in the cage, rolling
elements, inner race, and outer race, respectively. The formulas for determining these CDFs
for FTF, BSF, BPFI, and BPFO are as provided in Equations (9)–(12), respectively [94].

Fundamental Train Frequency : FTF =
f
2
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)
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Ball Pass Frequency Outer : BPFO =
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D

cos θ

)
(12)

where f represents the rotational speed of the motor shaft (RPS), Z represents the total
number of rolling elements or balls, d represents the diameter (in millimeters) of the rolling
elements, D represents the pitch diameter (in millimeters), and θ represents the contact
angle (in degrees). A bearing should not produce Characteristic Defect Frequencies (CDFs).
The magnitude of these CDFs signifies the severity of the defect. Due to noise, extracting
the features from these signals is difficult. Therefore, researchers are actively striving to
advance signal-processing methods to effectively utilize the information contained within
the signal.

The initial research on signal processing techniques concerning bearings was relatively
straightforward, focusing primarily on computing statistical parameters like mean, root
mean square value, kurtosis, skewness, etc. The time-domain vibration signal gives limited
information about the bearing condition [95]. However, it can be applied to trending, where
an increase in the vibration level indicates a deteriorating machine condition. Measurement
of overall vibration is an appropriate starting point for fault detection, but it may be
unable to indicate precisely where the fault is and whether it is due to wear, unbalance, or
misalignment. To find the type of faults and the exact location of the fault, the frequency
analysis is used. The time-domain methods do not capture the frequency information
embedded within the signal. Therefore, frequency information from defect-modulated
signals has been extracted using both frequency-domain and time-frequency domain
techniques, including Wigner–Ville distribution, Short-Time Fourier Transform, and Fast
Fourier Transform (FFT).

Among these, the FFT is a widely used frequency domain technique for converting
time-domain signals into frequency spectra [96]. However, more dominant frequencies
from various machine components can hinder the identification of CDFs in the frequency
spectrum. The high frequency resonance technique (or envelope analysis) is a more special-
ized frequency technique that analyses vibration signals at high frequencies to detect early
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faults in bearings [97]. However, the frequency analysis might not be able to capture the
transient or non-stationary events, limiting its effectiveness in capturing intermittent faults
or irregular patterns in the vibration signals [96].

Integration of the time domain and frequency domain techniques has become more
popular as a result of recognizing the limitations of time-domain and frequency-domain
analyses. One prominent technique in the time–frequency domain is the Short Time
Fourier Transform, which allows for localizing frequency information within specific time
intervals [98]. The advantage of localization frequency information is capturing transient
events and dynamic changes in vibration signals. However, despite its merits, the STFT’s
main drawback lies in the trade-off between time and frequency resolution. The frequency
resolution decreases as the window size changes to capture localized events. Another
technique known as wavelet analysis has been created to address the challenge of time-
frequency resolution. Wavelet analysis techniques provide a multi-resolution approach,
simultaneously capturing both low and high-frequency information [99]. However, the
wavelet analysis technique is unsuitable for non-linear signals [100].

Most of the real-life processes generate non-stationary and nonlinear signals [101].
The Hilbert–Huang Transform is a powerful signal processing technique designed to ana-
lyze nonlinear and non-stationary signals [102]. Hilbert Spectral Analysis and Empirical
Mode Decomposition are the two primary elements of the Hilbert–Huang Transform. The
first stage of the Hilbert–Huang Transform, known as the Empirical Mode Decomposi-
tion, involves breaking down a signal into its intrinsic mode functions. Using the Hilbert
Transform, the instantaneous frequency and amplitude of each intrinsic mode function are
calculated in the second step, known as Hilbert Spectral Analysis. The Hilbert Spectral
Analysis provides a time-frequency distribution of the signal, enabling the identification of
transient features and variations in frequency over time. The Empirical Mode Decomposi-
tion may suffer from mode mixing, where intrinsic mode functions can contain multiple
frequencies [103]. The Ensemble Empirical Mode Decomposition is a continuation of Em-
pirical Mode Decomposition that addresses mode mixing [104]. It involves adding white
noise to an input signal to improve the decomposition.

Currently, there is no standard method or technique available for directly measuring
bearing voltage and bearing currents in electric motors [63]. The rise in temperature of the
bearing, the increase in vibration, or a change in the position of a thrust or a journal can be
an indicator to detect the shaft voltage and bearing current. However, shaft voltages can be
approximately measured at the shaft ends relative to the grounded motor frame. These
voltages arise from mechanisms such as ground leakage currents, dielectric breakdown
within the bearing, or asymmetric stray capacitances. To envision the magnitude of bearing
voltage, for a 400 V, 15 kW induction motor driven by a PWM inverter, the voltages can
peak at up to 8 V, while shaft end-to-end voltages can reach 2 V with pulse widths around
30 ns [105]. For medium-voltage motors, manufacturers generally recommend a 5 V limit
for bearing voltage; however, no specific limit is defined for bearing or shaft voltages in
machines operated with inverters [106]. Monitoring both the magnitude and frequency of
these voltage spikes is important, as they provide information about damaging discharges
that lead to pitting and fluting. A detailed analysis of shaft voltage characteristics offers
early warning of electrical discharge damage and valuable insight into bearing degradation
mechanisms. Though these are common symptoms associated with bearing currents and
voltage, they may not always be reliable indicators of the presence of shaft voltage and
bearing currents [74]. Various techniques for measuring shaft voltages have been compared
in the literature [107], highlighting the need for improved methods to accurately detect and
quantify these phenomena in electric motors.
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Bearing temperature can also serve as a critical indicator of bearing health. Gener-
ally, bearing temperature remains stable and slightly above ambient levels under normal
conditions [108]. Abnormal rises in temperature can signal degradation pathways such as
lubricant starvation, contamination, excessive preload, or damage to rolling elements [109].
Rapid temperature spikes may indicate temporary overloads, while steady increases typ-
ically suggest progressive wear or damage [110]. The temperature rise in a bearing or a
material can be measured by using an infrared camera [111–114]. For example, localized
heat and pressure increases within damaged rolling elements can mirror the thermal and
mechanical changes observed during decomposition events involving rapid pressure rises.
The rate of temperature increase also provides diagnostic insight: steep rises point to rapid
degradation, whereas gradual increases suggest slower wear processes. These thermal
attributes provide valuable real-time indicators of bearing integrity and energy dissipation.

4.2. Electrical and Thermal Indicators of Bearing Health

Lubricant condition assessment through oil and grease analysis provides direct evidence
of wear, degradation, and contamination, all of which are critical indicators of system health.

Oil Analysis: Increased concentrations of metallic wear particles such as iron, copper,
and chromium, along with changes in particle morphology from fine debris to cutting
wear or spherical forms, reveal specific wear mechanisms including abrasion, adhesion, or
fatigue [115,116]. Significant deviations in viscosity from baseline values indicate lubricant
degradation, oxidation, or contamination, compromising film thickness and load-carrying
capacity, and accelerating wear [116,117]. The presence of contaminants such as water, dirt,
or particulates promotes abrasive and corrosive wear, providing a quantifiable measure
of environmental effects on system degradation [118]. Additionally, a rising acid number
(AN) or declining base number (BN) reflects lubricant oxidation and additive depletion,
both of which reduce the lubricant’s protective properties and increase the risk of wear and
corrosion [119].

Grease Analysis: Grease degradation in EVs can be broadly classified into lubricant
degradation, microbubble formation, and electrowetting phenomena [120]. Achieving low
torque properties is considered critical for the success of greases in EV drivetrains [121].
In these applications, lubricant degradation—driven by combined thermal and electrical
stresses—can increase the coefficient of friction, compromising efficiency and reliabil-
ity [122]. Grease degradation is primarily influenced by oxidation, evaporation, and me-
chanical breakdown resulting from the energy input imposed during operation [123–125].
Chemical analyses of critical drivetrain bearings have revealed clear evidence of additive
depletion, oil evaporation, and thickener degradation, consistent with broader findings in
tribology. Conspicuously, even in conditions of significant oil loss, bearings have demon-
strated the ability to operate at elevated temperatures under relatively light loads. To
evaluate grease performance and degradation, various test methods exist, including anti-
corrosion testing and advanced techniques such as gamma scattering for assessing grease
film thickness, which has shown promising accuracy with measurement deviations be-
low 4.19% under mixed oil conditions in pipelines. Similarly, the assessment of fat, oil,
and grease (FOG) degradation requires careful consideration of parameters such as ex-
traction efficiency, given the notable apparent degradation observed in sterile controls
(18–50%) [126]. Recently, Lijesh et al. [127,128] introduced a contact angle-based approach
as a practical method for characterizing grease degradation. The water contact angle on
grease offers valuable insight into the grease’s condition, particularly its water resistance
and surface integrity. A higher contact angle indicates a well-preserved grease with strong
hydrophobicity, whereas a lower contact angle reflects reduced water repellence and in-
creased susceptibility to degradation and contamination. In EV motor bearings, where
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grease functions both as a lubricant and as part of the dielectric barrier, mitigating electri-
cal discharges, monitoring contact angle changes provide an effective means of tracking
grease degradation. Exposure to electrical discharges, thermal cycling, and mechanical
shear progressively alters grease composition through oxidation, additive depletion, and
thickener break-down, leading to reduced hydrophobicity and a declining contact angle. By
establishing baseline measurements on fresh grease and periodically analyzing in-service
samples, these trends can be tracked, offering early warning of degradation. A declining
contact angle may signal heightened risk of water ingress, contamination, and accelerated
wear conditions linked to pitting, fluting, and elevated vibration levels. Thus, contact
angle analysis represents a simple yet powerful tool for monitoring grease condition in EV
applications and supporting predictive maintenance strategies.

4.3. Lubricant Condition Monitoring and Grease Degradation Assessment

The IEEE112 mentions that the shunt current method may not be suitable for mea-
suring shaft voltage because it generates a minimal impedance path between the ends
of the shaft, which practically does not reflect the actual bearing current. Therefore, it is
impractical to detect and recognize the value of bearing currents if there is no installed
device for the measurement in the machines [63]. With the Rogowski coil installed around
the shaft of a motor, the actual shaft current can be measured along with the circulating
currents at high frequency [129]. This method is inappropriate for use in the field and
requires a more sophisticated motor preparation. However, ABB uses the Rogowski coil to
monitor ground currents linked to the higher value of dv/dt on inverter-fed machines [130].

A straightforward method of measuring the shaft voltage (with high bandwidth) is
by using the “AEGIS Shaft Voltage Probe”, which makes use of the shaft brushes (in close
proximity to the bearing). The majority of high-frequency bearing current measurement
techniques are invasive, requiring appropriate preparation of the motor [107]. Electrical
insulation is typically used to keep the motor and frame apart. After that, the insulation
is shortened using a low-impedance wire setup and the wire current is measured. This
method gives only an estimate of the bearing currents [64]. Since the bearings will depend
on the motor size and the applications for which it is being used, the harmful bearing
current value is, therefore, difficult to estimate. Hence, the apparent bearing current density
(Jb) is described, and its value of less than 0.8 A/mm2 is considered to be safe for bearing
life [131].

Nowadays, measurement techniques such as non-intrusive radio frequency are gain-
ing popularity for high-frequency bearing current measurements [132,133]. This method
operates under the assumption that the energy is released in the vicinity of the machines
during the high-frequency discharge pulse. Using a specific time frame and a defined
threshold value, the radio-frequency method counts the number of pulses radiated and
received. The pulse count indicates how well the bearings can withstand high-frequency
discharge currents and is called the Discharge Activity [132]. The manufacturer, SKF, offers
an electric discharge detector pen for counting the number of electrical discharges if the
high-frequency discharge voltages are found to be suspected in one or more bearings,
which, therefore, can be useful in estimating the severity and degree of the defects in a
bearing. Therefore, depending on the purposes and uses of the electric motors, one or
more measurement techniques can be employed to keep an eye on the existence of bearing
currents and shaft voltages within the motors. Figure 11 displays the various external
points necessary for the measurements of the system.
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Figure 11. Important external points for system measure [18].

4.4. Mitigation or Solution to the Bearing Currents Problem

Mitigating the electric discharge current effects in electric motors becomes essential to
increase the bearing service life, prevent the motor from experiencing bearing currents in
different operating conditions, and gain long-term stability [2]. The solution to the problems
originating from the current flow in bearings can be classified into two categories [67] after
analyzing both the industry and the test bench. The first kind will concentrate on the
bearing current path, whereas the second kind will concentrate on the bearing current’s
origin, i.e., using an inverter or variable frequency drive (VFD) to power the electric
motors [134,135].

The first category uses shaft grounding brushes across one of the motor bearings,
insulated bearings, electrostatically shielded rotor shafts, high-frequency bonding straps,
ceramic/hybrid ceramic bearings, and coupling insulation for protecting the load. Because
of the coated (insulated) layer on the bearing surface, insulated bearings can help in
decreasing the circulating bearing currents, while the ceramic/hybrid ceramic bearings
can be used to break the path of bearing currents. A more detailed discussion of the first
kind is given in [34], where it is noted that, depending on the dominant path in a given
application, the mitigation and reduction of the harmful bearing currents will vary.

The second category aims to mitigate or reduce the common-mode voltages, which
are considered the primary source for high-frequency bearing currents in electric mo-
tors. To mitigate or reduce the CMV, one can use common-mode chokes, sinusoidal
filters, shielded cables, inverter output filters (dv/dt filters), and common-mode filters [63].
The research in [37] shows no influence of switching speeds on shaft voltage because of
the filtering behavior of the machine impedance. However, with an increase in dv/dt
value, there is an increase in the bearing current due to the higher value of common-
mode currents. Although there is a decrease in switching losses with an increase in
dv/dt value, it also increases the common-mode currents, which lead to stresses in the
insulation system.

In [136,137], various methods were discussed for mitigating and reducing the shaft
voltage and the bearing current. The literature shows that the use of conductive brushes is
the most common way for current reduction. One approach built a minimal-impedance
circuit between the stator and the rotor, rapidly discharging the bearing capacitances. This
minimal contact resistance is very important since the resistance may increase significantly
because of the occurrence of corrosion, or maybe when this brush contacts the lubrication
grease/oil. The conductive lubricating grease works similarly within the bearings; however,
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there is significant concern regarding the grease’s long-term stability [136]. Achieving
reduced shaft voltage involves utilizing a conductive brush with low resistance. This holds
true for conductive grease/oil as well, as low resistance plays a crucial role in generating
high inductive bearing current when employing conductive grease in the bearings of
electric motors. This results in the rise of the apparent power of the bearing, which can be
seen in a relatively low value of brush resistance as well. The experiment shows that using
conductive grease rapidly reduces both shaft voltages and bearing currents. However, the
increase in the magnitude of shaft voltages is noticed when an insulated bearing is used in
motors due to the decrease in the effective capacitance of the bearing [37].

As discussed above, there are several methods or techniques that, when implemented,
will become useful in mitigating or reducing the harmful shaft voltage and bearing current.
However, which method will be more appropriate will depend on the uses and applications
of the electrical machinery. To provide a stronger and more intuitive comparison of existing
mitigation strategies for bearing current-related issues in electric vehicle (EV) motors,
Table 1 summarizes commonly used methods. These approaches are broadly categorized
into two groups: (i) those that interrupt or break the bearing current path and (ii) those
that reduce or eliminate the source of the current, such as inverter-induced common-
mode voltage. The table outlines each method’s core functionality, key advantages, and
limitations, offering a practical perspective for selecting suitable solutions based on specific
operating conditions and system requirements.

Table 1. Comparison of bearing current mitigation methods.

Method Category Functionality Advantages Limitations

Insulated Bearings Break Current Path
Interrupts current path
through high electrical

resistance

Simple to implement,
widely available

May not prevent
high-frequency

discharge

Hybrid Ceramic
Bearings Break Current Path

Prevents current flow
due to insulating
ceramic elements

Highly effective,
durable under harsh

conditions

Higher cost, complex
manufacturing

Shaft Grounding
Brushes Break Current Path

Provides a
low-impedance path to

ground

Cost-effective, easily
retrofitted

Brush wear and
maintenance needed

Electrostatic Shielding Break Current Path Blocks electric fields
along shaft

Minimizes electrostatic
charging

Design complexity, less
commonly applied

Common-Mode Choke Reduce Source

Suppresses
high-frequency
common-mode

currents

Reduces EMI, improves
reliability

Added cost, may
require tuning

dv/dt Filter Reduce Source
Limits voltage slope

(dv/dt) to reduce
common-mode voltage

Protects insulation
system

Voltage drop, space
requirement

Shielded Cables Reduce Source

Prevents
electromagnetic
interference and
leakage currents

Reduces noise and
leakage currents

May not fully filter
high-frequency

harmonics

Sinusoidal Filter Reduce Source

Smooths PWM
waveform to reduce
electrical noise and

CMV

Improves motor
performance, extends

bearing life

Bulkier, expensive for
compact systems
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5. Influence of Mechanical and Electrical Properties of Lubricants on
Bearing Current and Shaft Voltage

The electrical properties of lubricating grease in bearings can have a big impact on
reducing and eliminating the current flow through the bearings within the electric motors of
EVs. In the case of non-conductive lubrication, the bearing rollers detach from the bearing
raceway as the electric motor operates at an elevated speed. The detachment creates a
bearing voltage due to a non-zero CMV, leading to a low capacitive bearing current [24].
When the voltage across the motor bearings surpasses the threshold voltage of a non-
conductive lubricating oil film, it triggers an electrical discharge within the bearing, leading
to excessive heating of the bearing surfaces due to arcing. This significant heating leads to
bearing surface melting, which results in different types of surface defects in bearing [11].
Hence, lubricating grease with non-conducting properties directly influences the bearing
currents and shaft voltage in electric motors.

The experimental approach shows that lubricating grease with enhanced electrical
conductivity reduces fluting damage in bearings, as in the case of conducting grease, the
electrical current density in the rolling contact area is reduced as a result of the creation of
electrical channels. In contrast, this phenomenon is absent in insulating grease [70]. The
magnetic flux density (i.e., the passing of current) is observed on the bearing surfaces in the
case of lubricating grease with lower resistance [137]. Because of a conductive lubricant,
the current can flow easily from the inner raceway to the rollers and then again to the outer
raceway, causing heating action on the rollers and the raceways and making the bearing
act like an electrically ohmic resistor. It is seen in [136] that the value of shaft voltage is
lower for conductive lubricating grease than non-conductive lubricating grease; however,
the quality of both kinds of lubricants is found to be similar. The paper [138] shows that as
the lubricating grease deteriorates, the amplitude value of high-frequency dv/dt rises.

The actual state of roller bearings is determined by factors like radial and axial load,
rotational speed, temperature, and lubricant properties (determined using the thickness
of the lubricating film). Nowadays, the breakdown voltages of lubricating oil films are
determined by assessing the minimum lubricating film thickness and the dielectric proper-
ties of the lubricating grease. A correlation has been observed between the rise in bearing
temperature due to EDMS currents and a subsequent decrease in the lubricant viscosity
within the bearing. The decline in viscosity reduces the oil film thickness, consequently
lowering the breakdown voltage of the lubricating film [139]. Therefore, achieving a higher
breakdown voltage necessitates using an optimal lubricating film thickness. The rotor
speed and bearing temperature can affect dielectric strength and lubricating film thickness.
It is observed that lubricating grease’s dielectric strength tends to increase with temperature
but decreases with rotor speed. Meanwhile, the thickness of the lubricating film grows with
higher rotor speed [7]. Chiou et al. [69] found that the insulating effect of the lubricating
film decreases with increasing concentration of the MoS2 (a component found in lubricating
grease to enhance wear characteristics) and the current amplitude.

From the above discussion, it is important to note that lubricant dielectric strength
plays a critical role in delaying film breakdown under high shaft voltages common in
EV motors. However, this benefit diminishes as operating temperatures rise, which can
lower dielectric thresholds. Similarly, controlled electrical conductivity—achieved through
carefully formulated additives such as carbon nanoparticles—could help disperse minor
currents, reducing localized erosion. However, this must be balanced to avoid creating unin-
tended conductive pathways. The relationship between lubricant electrical breakdown and
characteristic damage morphologies (e.g., frosting and fluting) offers valuable guidance for
the design of next-generation greases tailored to EV applications. Such formulations should



Lubricants 2025, 13, 349 22 of 29

aim to combine high dielectric strength, thermal stability, and calibrated conductivity to
effectively mitigate EDM-induced bearing failures.

Finally, Table 2 provides a comparative summary of key studies, emphasizing their
focus, contributions, and limitations related to bearing currents, lubrication, mitigation,
and diagnostics in electric vehicle motor applications.

Table 2. Comparison of key studies, emphasizing their focusing area, novelty, and limitations.

Ref No. Focus Area Contribution Limitation

[2] EV bearing current failures Comprehensive review of failure
modes

Limited discussion on lubricant
degradation

[3] Discharge behavior in EV
bearings

Experimental study on single-contact
discharges

Specific to single contact, not
system-level

[4] Nano-lubricants for EVs Review of nano-lubricants potential Limited focus on bearing currents

[6] Bearing current mechanisms Detailed mechanisms and mitigation
techniques

Minimal lubricant-related
discussion

[7] Bearing current damage Morphological damage review
(frosting, fluting)

Limited lubricant property
analysis

[8] E-motor bearing discharges Experimental + numerical approach Focused on electrical effects, less
on tribology

[9] Tribology of EV driveline lubes Tribological evaluation in electrified
setups Lacks electrical discharge focus

[10] Shaft voltage effects Impact on GCr15 bearing material Material specific, not broad motor
systems

[11] PWM drive and bearing currents Early study linking PWM to bearing
currents No lubrication analysis

[16] Micro/nano damage,
measurement

Microstructural damage from
currents Limited lubricant comparison

[18] Industrial motor mitigation Mitigation techniques for shaft
voltage General motors, not EV-focused

[24] Non-conductive lube effect on
bearings

Discusses arcing from film
breakdown Not experimental

[26] Speed/lube viscosity & pitting Links speed, viscosity to pitting,
fluting Context specific to EVs

[27] Bearing current variables Highlights role of film thickness,
impedance Theoretical focus

[28] Shaft voltage sensitivity Sensitivity to inverter/motor params Lacks tribological/lubricant
integration

[29] Nanoparticle grease in bearings Shows effectiveness on discharge
damage

Focused on two nanoparticle
types

[30] Electrical pitting prevention Preventative device study Device-specific, not generalizable

[31] Tribological effects of damage Tribology under electrical damage Lacks lubricant chemistry
evaluation

[56] Lube conductivity/bearing
currents

Experimental lube conductivity
results

No long-term lube stability
analysis

[66] Conductive grease Prevent electrical pitting using grease Focused on grease, not whole
system

6. Conclusions
This review systematically examined the phenomena of bearing current and shaft

voltage in electric vehicle (EV) motors, with a particular emphasis on electric discharge
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material spalling (EDMS) currents. This study highlighted key damage mechanisms—
such as pitting, fluting, and lubricant degradation—and underscored the role of lubricant
properties in suppressing current-induced failures.

Given the absence of standardized methods for directly measuring bearing currents,
this review evaluated various indirect diagnostic approaches, including vibration analysis,
temperature monitoring, and lubricant condition assessment. The importance of the dielectric
strength, conductivity, and film stability of lubricants in mitigating current flow was emphasized.

This review also outlined emerging trends such as improved inverter designs, ad-
vanced non-intrusive diagnostic tools, and the development of conductive and nanoparticle-
enhanced lubricants. These align with the broader aim of developing integrated, real-time
monitoring and mitigation strategies. In summary, this study achieved its objective by syn-
thesizing the current understanding of bearing current mechanisms, lubricant interactions,
and mitigation methods. It offers actionable insights to guide future research and enhance
the reliability of EV drivetrain systems.
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