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ABSTRACT Main shaft bearing failures in wind turbines have drawn increasing attention due to their
high maintenance costs and operational risks. While previous studies have primarily focused on mechanical
causes or bearing currents induced by generator-side common-mode voltage (CMV), limited attention has
been given to other sources and system-level interactions. This paper addresses these gaps by presenting
a unified modeling framework that captures CMV contributions from both the generator and the pitch
system—each driven by pulse-width modulation (PWM) inverters. An equivalent capacitive circuit model
is developed based on parasitic capacitances among key subsystems, including the generator, pitch motor,
hub, shaft, and grounding paths. The bearing voltage ratio (BVR) is derived using the superposition principle
to quantify the influence of each CMV source. The model accommodates different turbine configurations,
such as geared and gearless systems, enabling analysis of architecture-dependent behaviors. Critical inter-
face parameters are also identified and evaluated through sensitivity analysis. Experimental validation is
conducted using a custom test platform and simulation model, confirming the accuracy of the proposed
approach. The findings offer new insights into the role of different system CMVs in shaft voltage buildup
and provide guidance for more effective design and mitigation strategies in wind turbine systems.

INDEX TERMS Wind energy, bearing currents, common mode voltage, impedance model, electrical drive,
pulse width modulation.

I. INTRODUCTION
With the increasing global demand for sustainable energy
and the need to reduce carbon emissions, wind energy has
emerged as a key player in the transition to renewable power.
According to the Global Wind Energy Council, global wind
power capacity installed in 2025 had surpassed 1299 GW
[1], underscoring the growing role of wind energy in global
power generation. However, as wind turbines become larger
and more complex, the reliability and maintainability of these
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systems have become critical concerns for both operators and
researchers.

Among the various challenges faced by wind turbines,
main shaft bearing failures have drawn increasing attention
due to their rising frequency and associated maintenance
costs. As the key mechanical link between the rotor hub
and drivetrain, the main bearing plays a vital role in ensur-
ing turbine performance and reliability. Unlike many other
components, it is not easily accessible—particularly in off-
shore installations—making failures both difficult to detect
and extremely costly to repair. These issues often result in
extended downtime and substantial financial losses for oper-
ators [2], [3], [4].
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Conventional understanding suggests that main shaft bear-
ing failures are primarily caused by mechanical issues such
as excessive loading, misalignment, or lubrication failure [3],
[5], [6], [7]. Nevertheless, recent studies indicate that elec-
trical bearing currents may also play a significant role in
accelerating wear and damage of bearings. Although these
currents may not always serve as the root cause, they can
lead to localized heating, electrical erosion, and fluting,
thereby intensifying the degradation process of the bear-
ing [8], [9], [10], [11], [12]. A clear understanding of these
electrical mechanisms is therefore essential for enhancing tur-
bine reliability and minimizing maintenance costs. Although
bearing current issues in wind turbines have only recently
received attention, they are not a new phenomenon in the
broader field of electrical engineering. In fact, extensive
research has already been conducted on bearing currents
in various types of electrical machines (EMs), particularly
those powered by pulse-width modulation (PWM) invert-
ers. These inverters introduce high-frequency common-mode
voltages (CMVs) into motor-drive systems, which in turn
give rise to several types of bearing current phenomena,
including capacitive discharge currents and circulating cur-
rents [13], [14], [15]. As a result, numerous mitigation
techniques—such as shaft grounding, bearing insulation, and
common-mode filtering—have been developed and success-
fully implemented in industrial applications [13], [16], [17].
Despite extensive research on bearing currents, most stud-

ies have concentrated on standalonemotor systems, where the
electrical and mechanical configurations are relatively con-
sistent and predictable. In contrast, wind turbines incorporate
a variety of interconnected subsystems—including the power
generation system and transmission train (e.g., generator,
main shaft, and hub), the pitch system, and the grounding sys-
tem. These elements are coupled through complex parasitic
capacitances, forming multiple paths for CMV propaga-
tion throughout the structure. Such complexity significantly
affects the voltage distribution along the rotating shaft and
contributes to the development of bearing currents. How-
ever, the influence of CMV on main shaft bearing currents
in wind turbines has received limited attention in previous
researches. Only study [18] has considered the generator-side
CMV in a circuit model in geared wind turbine, leaving other
system-level influences and other type wind turbines largely
unexplored.

In wind turbine systems, common-mode voltage (CMV)
is not solely introduced by the generator-side converter.
Pitch systems, driven by PWM-based motors, also generate
CMV that can couple into the main shaft and contribute
to bearing currents. However, this influence remains largely
overlooked, with limited understanding of its transmission
paths or circuit-level impact on the main bearing.

Most existing studies focus on geared turbines, where
generator-shaft decoupling simplifies the analysis. In con-
trast, direct-drive and hybrid systems present distinct struc-
tural and electrical characteristics, altering CMV behavior
and its effect on bearing currents. The neglect of pitch system

contributions and turbine diversity has left key gaps in current
models and mitigation strategies.

To address this, a comprehensive system-level capaci-
tive circuit model is proposed, capturing generator- and
pitch-induced CMV interactions through parasitic capaci-
tances between subsystems such as the generator, hub, pitch
motor, main shaft, and grounding paths. Based on this, the
BVR is derived using the superposition principle to quantify
individual CMV source contributions across turbine types.
The study further explores how configuration and interface
parameters affect CMV propagation and bearing current risk,
forming a foundation for targeted design improvements.

The paper is organized as follows: Section II reviews
typical wind turbine architectures and introduces a unified
model for general analysis. Section III presents the mod-
eling of CMV propagation paths with equivalent circuits.
Section IV defines and applies the BVR for quantitative
assessment. Section V validates the model through simu-
lations and experiments, and Section VI concludes with a
summary and directions for future research.

II. MAIN SHAFT BEARING CURRENTS IN WIND TURBINES
In wind turbine systems, the main shaft bearing plays a
crucial role in ensuring the stability and proper functioning
of the drivetrain. Positioned between the turbine rotor and
the nacelle frame, the main shaft bearing is responsible for
supporting the weight of the whole turbine rotor. The main
bearing is subject to both axial and radial loads, as well as
cyclic stresses due to the varying forces exerted by the wind.
As a result, the main bearing is typically designed with larger
dimensions, often more than 50 cm in diameter [4], [6], [19],
to handle these combined forces. To efficiently support both
radial and axial loads, the main bearing is usually chosen as
double-row roller bearings.

A. MECHANICAL & ELECTRICAL CONNECTIONS OF MAIN
SHAFT BEARING
In order to investigate the main shaft bearing current issue
effectively, it is essential to understand the installation posi-
tion, mechanical connections, and the frequently neglected
electrical connections associated with the main shaft bearing.
These factors serve as the fundamental prerequisites for any
analysis of bearing currents, as the electrical behavior of the
system is closely linked to both its mechanical configuration
and the underlying electrical connections.

Currently, wind turbines can be classified into two major
categories: geared and gearless turbines [20], [21], [22]. The
former utilizes a gearbox to reduce the torque required by
the generator, thereby significantly decreasing its size, while
the latter eliminates the need for a gearbox, allowing for
a more integrated structural design. In order to study the
electrical connection inside the wind turbine, the analysis is
first conducted based on a geared wind turbine configuration.

In the typical geared wind turbine structure shown in Fig.1,
the main shaft bearing is located within the nacelle. The
rotating side of the bearing supports the main shaft, which
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connects to the hub frame, gearbox, slip ring, and ground
disk. On one end, the main shaft is connected to the hub
frame, a metal structure that supports the pitch system, while
the other end serves as the low-speed input to the gearbox.
The gearbox’s high-speed output shaft is connected to the
generator’s input shaft through an insulated coupling. The
stationary side of the bearing is securely fixed within the
bearing housing. The bearing housing, gearbox, and gener-
ator are all mechanically attached to the metal nacelle frame.
The nacelle is supported by the yaw system, which allows the
turbine to adjust its orientation, and is connected to the metal
tower structure. Finally, the tower is anchored to the ground
through a concrete foundation. Importantly, earth electrodes
are embedded beneath the ground, providing the grounding
point for the entire wind turbine system.

The electrical connections that are concealed behind the
mechanical interfaces play a critical role and must be care-
fully considered in the study of main shaft bearing currents.
A thorough understanding of these electrical links is essen-
tial for accurately analyzing bearing current behavior. What
should be emphasized is that the only electrical isolation
connection in the system occurs at the coupling (shown in
purple) between the high-speed output shaft of the gear-
box and the generator input shaft. All other mechanical
interfaces, however, involve direct metal-to-metal contact,
creating continuous electrical pathways that may contribute
to the formation of bearing currents.

From an electrical aspect view, the wind turbine sections
at tower height are grounded via the metal nacelle frame,
which is directly connected to the metal tower via the yaw
bearing and a separate grounding cable in parallel. Both paths
ultimately lead to the earth electrode embedded beneath the
foundation.

Inside the nacelle, various components are grounded
through either mechanical connections or independent
grounding cables that connect to the nacelle’s metal frame.

In the hub side, the pitch system’s grounding is achieved
through its mechanical installation, naturally creating an
electrical connection with the main shaft. As for the main
shaft itself, its grounding is established through a separately
installed ground disk, which is connected to the nacelle frame
via a brush, thereby completing the grounding loop.

However, due to the grounding method on the hub side,
where the main shaft is grounded through its mechanical
connection, the electrical potential of the main shaft becomes
identical to that of the hub frame. In this grounding path, the
connection between the ground disk and the ground brush is a
dynamic frictional contact, which inherently has lower relia-
bility compared to direct mechanical connections. As a result,
some of the floating charges on the main shaft may flow to
the nacelle frame through the main bearing and gearbox.

In this scenario, parallel grounding branches are formed
between the ground disk/brush, the main shaft bearing, and
the gearbox, with the main shaft potential serving as the
common reference voltage potential. The current in each
branch is determined by the impedance of its respective path.

B. MAIN SHAFT BEARING CURRENTS’ SOURCES
In the last section, the installation and electrical connections
of the main shaft bearing have been clarified. The genera-
tion of bearing currents is caused by the potential difference
between the inner and outer rings of the bearing. Since
the bearing housing ensures a reliable grounding connec-
tion through its mechanical installation, the variations in the
potential of the main shaft become the driving force behind
the formation of bearing currents. Consequently, the study of
main shaft bearing currents’ sources transforms into an inves-
tigation of the underlying causes of potential fluctuations on
the main shaft.

Awind turbine consists of various subsystems, almost each
of which relies on electrical power to operate. As a result,
the turbine system contains numerous potential sources that
could lead to the generation of bearing currents, especially
in relation to the main shaft bearing. Based on the previous
analysis, the investigation of bearing current sources can be
focused on subsystems that are electrically connected, either
directly or indirectly, to the main shaft.

As shown in Fig.1, the main shaft of the wind turbine is a
metal hollow shaft. On the hub side of the shaft, the primary
components include the pitch system and the wind turbine
blades. On the drivetrain side, the main shaft acts as the input
shaft for the gearbox, passing directly through the gearbox
housing. At the rear end of the main shaft, a slip ring is
installed to provide electrical power to the subsystems within
the hub. At the gearbox output end, the electrical connection
between the gearbox and the high-speed shaft is interrupted
by an insulated coupling between the output shaft and the
high-speed shaft.

Among the subsystems connected to the main shaft, only
the pitch system and the generator are electrical active com-
ponents. Both of these subsystems commonly utilize power
electronics, which results in the presence of CMV. Previous
studies have shown that CMV plays a decisive role in the
bearing currents of modern electrical machines [7], [8], [9].
Therefore, the presence of CMV within the wind turbine
systemmust be regarded as a significant factor in the analysis.

C. PITCH SYSTEM IN WIND TURBINES
With the development and application of wind power genera-
tion, wind turbine configurations have evolved significantly.
Initially, fixed-speed wind turbines were predominant, but
they have gradually been replaced by modern variable-speed
turbines with pitch control.

Alongside these developments, pitch systems have also
undergone continuous development, transitioning from early
mechanical pitch control to hydraulic pitch systems and,
ultimately, to the currently dominant electric pitch systems.
A typical electric pitch system is illustrated in Fig.2.

The system consists of a pitch converter, a pitch motor,
and a pitch gearbox on each blade. The converter regulates
the operation of the motor, which drives a primary gear
mounted on its output shaft. This primary gear engages with

107532 VOLUME 14, 2026



J. Zhao et al.: Contribution Study of Different Common Mode Voltage Sources

FIGURE 1. Electrical configuration of typical geared wind turbine.

FIGURE 2. Configuration of typical electrical pitch system.

a secondary gear at the blade root, transmitting motion to
adjust the blade pitch angle. By adjusting the pitch angle,
the aerodynamic performance of the wind turbine can be
effectively controlled. Furthermore, as shown in Fig.1, both
the pitch motor and the pitch converter are mounted on the
hub frame. The power supply for the pitch system is delivered
directly from the grid side through the hollow main shaft and
the slip ring installed at its rear end.

D. GENERAL CONFIGURATION FOR MAIN SHAFT
BEARING CURRENTS STUDY
While the subsystems within the hub, particularly the elec-
tric pitch system and its installation, remain largely uniform
across both geared and gearless wind turbines In gearless
turbines, themain shaft is highly integrated into the generator,
potentially allowing CMV from the generator to transfer
directly into the main shaft. Consequently, a comprehensive
analysis of main bearing currents requires a deeper inves-
tigation into the electrical configuration of gearless wind
turbines.

A typical configuration of a gearless wind turbine is illus-
trated in Fig.3. Apart from the absence of a gearbox in the
nacelle and the relocation of the slip ring to the rear end
of the generator’s main shaft, the remaining subsystems are

identical to those in a geared wind turbine. In this configura-
tion, the main shaft is directly integrated with the generator
rotor. Unlike in geared turbines, the outer race of the main
bearing is integrated with the rotating shaft, while the inner
race is connected to the grounded bearing housing. As a
result, the main bearing also functions as a bearing for the
generator rotor, making the contribution of CMV from the
generator windings a significant factor in the main shaft
bearing currents.

To investigate the influence of CMV on main shaft bearing
currents, it is essential to consider the distinct electrical and
structural configurations of both geared and gearless wind
turbines. This necessitates the establishment of a general-
ized configuration that incorporates the key characteristics
of both turbine types, enabling a unified configuration for
analysis. Fig.4 illustrates a specific type of gearless wind
turbine, known as individual main bearing gearless wind
turbine. In this configuration, the generator shaft serves as
the main shaft of the turbine, consistent with conventional
gearless designs. However, unlike typical gearless configu-
rations, the main bearing is implemented as a separate unit
and is mechanically mounted on the nacelle frame, consistent
with the arrangement in geared wind turbines. Therefore, this
configuration is adopted as the basis for analysis in this study,
serving as a representative model for investigating main shaft
bearing current mechanisms.

III. CMV’S TRANSMISSION PATHS
Building upon the conclusions drawn in Section II-B, it is
identified that the two principal sources of CMV in a wind
turbine system are the main generator windings and the elec-
tric pitch system. This section investigates the transmission
mechanisms through which these CMVs couple to the main
shaft, and analyzes their respective contributions to the for-
mation of main shaft bearing currents.

A. CMV PATH ANALYZATION
Following the analysis presented in Subsection II-D, the wind
turbine configuration illustrated in Fig.4 is selected as the
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FIGURE 3. Configuration of integrated bearing gearless wind turbine.

representative configuration for this study. To account for
both geared and gearless wind turbine architectures, an insu-
lated coupling is conceptually introduced between the gen-
erator and the main shaft. This coupling, which is typically
found only in geared wind turbines, is not present in
actual individual bearing gearless wind turbines. Therefore,
by switching between with or without the insulated coupling,
the electrical behavior of both wind turbine types can be
analyzed within a unified configuration shown in Fig.5.

As shown in Fig.5, components electrically connected to
the main shaft include the main bearing, ground disk, gen-
erator, and the hub-mounted pitch system. Since the hub
assembly is electrically floating, the shaft’s potential can
return to the grounded nacelle frame only via three paths: the
ground disk, the main bearing, or the generator.

The shaft potential is primarily influenced by CMVs,
among which the pitch system constitutes a significant
source. In the pitch system, CMV is generated by the
high-frequency switching operations of power electronic
devices within the pitch converter and is transmitted via short
cables to the windings of the pitch motor. Within the motor,
multiple parallel leakage paths exist between the windings
and the motor housing, which can be effectively modeled as
a capacitive voltage divider [18]. For a given motor type, the
ratio of CMV transferred from the winding to the housing
remains approximately constant. Since the housing is directly
bonded to the metallic hub frame, which is mechanically and
electrically connected to the main shaft, the CMV present
in the pitch motor windings is correspondingly coupled to
the shaft in a fixed proportion. Accordingly, the transmission
path of the pitch-induced CMV can be described as: pitch
converter → motor winding → motor housing → hub frame
→ main shaft, as illustrated by the red dashed lines and
arrows in Fig.5.

Additionally, it should be noted that the connection
between the motor housing and hub frame may include non-
metallic washers, which could introduce a capacitive effect
rather than a direct low-resistance connection. This will be
further discussed in the next subsection.

Another CMV source is the generator, where CMV origi-
nates from the high-speed switching of power electronics in
the inverter. Unlike the pitch system, the inverter and genera-
tor are located separately, with a long cable running through
the tower to deliver the CMV to the generator windings.
In the generator, since the main shaft is integrated into the
generator assembly, the transmission path of the CMV from
the generator windings to the main shaft is more complex.

Since the generator is directly mounted onto the nacelle
frame, its housing is effectively grounded. As a result, any
CMV present on the main shaft within the generator can be
conducted to ground through the generator bearings. Outside
the generator, the CMV on the main shaft is further transmit-
ted to the main bearing and ground disk.

Moreover, there exist multiple coupling paths between the
generator windings and the grounded frame. Specifically,
the CMV from the generator windings can reach the ground
through the following routes:

Generator winding → Generator frame
Generator winding → Rotor (shaft) → Generator bearing

→ Generator frame
Generator winding → Rotor (shaft) → Main bearing /

Ground disk
Among these three parallel paths, only the last one passes

through the main bearing. Hence, in Fig.5, only this path is
highlighted by green dashed lines and arrows to illustrate the
transmission of generator CMV to the main shaft.

B. CMV TRANSMISSION CIRCUIT MODEL DERIVATION
In order to move beyond the qualitative analysis of CMV
propagation paths presented earlier, it is necessary to estab-
lish a quantitative model. While the previous discussion
focused on identifying these paths, understanding the specific
impact of CMV on shaft bearing current requires more than
topological insight. Based on the identified paths, a trans-
mission circuit model must be developed to quantify this
influence and determine the key contributing factors. This
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FIGURE 4. Configuration of individual bearing gearless wind turbine.

FIGURE 5. CMVs’ transmission paths in wind turbine.

model enables a more detailed analysis of how different
variables affect the magnitude of the bearing current.

1) ELECTRICAL MACHINE CMV PROPAGATION CIRCUIT
MODEL
As previously analyzed, the origin of CMV in the system lies
in the high-speed switching of converters, which generates
voltage disturbances that propagate through cables to the
windings of the electrical machine. However, the CMV that
affects the main shaft bearing is ultimately originated from
the electrical machine (motor/generator). Therefore, before
developing the system-level circuit model, it is essential
to review the internal transmission/coupling paths of CMV
within the electrical machine.

Fig.6 illustrates the CMV propagation paths within the
electrical machine. As reported in the literatures [11], [23],
the CMV in the windings propagates via capacitive cou-
pling between various internal components. The parasitic
capacitances between these components are labeled in the
cross-sectional view of the machine shown on the left side of
the figure. Based on these capacitive relationships, a circuit

model is derived to represent the CMV transmission paths
among the windings, output shaft, and frame, as depicted in
the light orange box on the right side of the figure.

The CMV refers to the potential difference between the
winding neutral and ground. In wind turbine generator instal-
lation, themachine is grounded through its frame. In this case,
the green dashed connection in the circuit model becomes
solid, forming a closed grounding loop. Accordingly, two par-
allel coupling paths are formed between the winding neutral
and the frame. One is through the capacitor CSWF , which
directly couples the windings to the stator and frame; the
other path involves capacitive coupling from the stator to the
rotor via CSWR, and then from the rotor to the frame through
the parallel combination of the rotor-frame capacitorCRF and
the bearing capacitor CBG.
In the pitch motor installation, the pitch motor forms the

grounding loop through the hub frame, the wind turbine main
shaft ground disk, and the ground brush. In this case, the
green dashed line in the circuit model on the right side of
Fig.6 cannot be directly converted into a solid line anymore.
Instead, a series of capacitors need to be added to represent
the coupling relationships between the components along this
path.

2) WIND TURBINE CMV PROPAGATION CIRCUIT MODEL
Based on the CMV distribution within the electrical machine
discussed in the last section, as well as the installation con-
figurations of both the pitch motor and generator shown in
Fig.5, the circuit model can be further extended to represent
the CMV propagation and distribution throughout the entire
wind turbine system. The extended circuit model representing
the system-level CMV propagation within the wind turbine is
presented in Fig.7.

In the figure, the CMV distributions of the pitch motor
and generator follow Fig.6 and are enclosed in dashed boxes
matching the component colors from Fig.5. The hub and
nacelle areas are similarly outlined for clarity.
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FIGURE 6. Electrical machine circuit model for CMV propagation study.

FIGURE 7. CMV transmission circuit model in wind turbine.

On the generator side of the circuit, grounding is achieved
through its frame, making its circuit model consistent with
that of a typical electrical machine. At its output end, the
rotor shaft is electrically connected to the main shaft via the
coupling’s equivalent capacitance CMG. The main shaft is
grounded through two parallel paths: the shaft bearing capac-
itance CMB and the equivalent capacitance of the grounding
brush CBrush.
On the pitchmotor side, the configuration ismore complex.

The motor frame is connected to the hub frame via an equiv-
alent capacitance CMF at its mounting base. The hub frame
is then coupled to the main shaft through the contact capaci-
tance CFS between them. From the main shaft to ground, the
return path remains the same as on the generator side.

IV. CONTRIBUTION ANALYZATION AND KEY FACTORS
Targeting at analyzing the influence of CMV on main shaft
bearing, this study takes a system-level perspective rather
than focusing on individual components. Thus, based on the
full circuit model in Fig.7, a simplified model is necessary to
enable clearer analysis.

From the system point view, pitch CMV VCM ,P enters the
pitch motor via the windings and exits through its frame.
Although the internal circuit involves multiple series and par-
allel capacitances, the entire pitch motor can be represented
by an equivalent capacitance CPM . Since the hub frame is
directly connected to the main shaft, the contact capacitance
CFS can be neglected.

On the generator side, the rotor-frame capacitance CRF
and bearing capacitance CBG form a parallel network and

FIGURE 8. Simplified wind turbine CMV transmission circuit model.

FIGURE 9. Pitch CMV transmission circuit model.

are simplified into a single equivalent capacitance CSG. The
simplified system-level circuit model is shown in Fig.8

A. BEARING VOLTAGE RATIO ANALYZATION
BVR is widely used in bearing current study in electrical
machines [11]. It is defined as the ratio between the voltage
across the bearing and the CMV, expressed as:

BVR =
VBearing
VCM

(1)

It reflects the ratio of the CMV couples to the bearing in elec-
trical machines. A higher BVR indicates a greater proportion
of CMV appearing across the bearing, which increases the
risk of bearing current and potential electrical damage.

In the study of main shaft bearing currents in wind tur-
bine systems, the concept of BVR can be extended from
the motor-level to the system level. However, due to the
increased complexity of the wind turbine system, a more
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FIGURE 10. Generator CMV transmission circuit model.

detailed analysis of the main shaft bearing BVR becomes
essential with the established circuit model. According to the
superposition theory [24], [25], the two CMV sources in the
circuit model (Fig.8) can be analyzed separately to determine
their individual contributions to the main shaft bearing BVR.

1) PITCH CMV BVR DERIVATION
Starting with the pitch-side CMV, and applying the super-
position theorem, the generator-side CMV is shorted. This
isolates the effect of the pitch CMV, allowing for a focused
analysis of its contribution to the main shaft bearing voltage.
The corresponding simplified circuit model is shown in Fig.9.

Based on the simplified circuit, the potential on the main
shaft can be derived. By applying Equation (1), the BVR
contribution from the pitch-side CMV can then be calculated.
The detailed derivation is presented as follows

VBearing,P = BVRP·VCM ,P (2)

where,

BVRP =

(
ZMG + ZSG ∥ ZSWR

)
∥ ZMB∥ZBrush(

ZMG + ZSG ∥ ZSWR
)

∥ ZMB∥ZBrush + ZMF + ZPM
(3)

2) GENERATOR CMV BVR DERIVATION
The analysis now turns to the contribution of the generator-
side CMV. According to the superposition theorem, the
pitch-side CMV is shorted in this case, leading to a simplified
circuit model as illustrated in Fig.10.

Similarly, based on the simplified circuit model shown in
the figure, the main shaft voltage and the corresponding BVR
can be calculated, with the detailed derivation provided as
follows.

VBearing,G = BVRG·VCM ,G (4)

where,

BVRG

=
[(ZPM + ZFM ) ∥ ZBrush ∥ ZMB + ZMG] ∥ ZSG

[(ZPM + ZFM ) ∥ ZBrush ∥ ZMB + ZMG] ∥ ZSG + ZSWR
(5)

FIGURE 11. Lab turbine pitch system configuration.

B. DIFFERENT CMVS’ CONTRIBUTION DISCUSSION
Continuing the previous analysis, the voltage across the shaft
bearing in the actual system, where both CMV sources act
together, can be obtained by superimposing the individual
voltages contributed by each source. The expression for this
is as follows:

VBearing = BVRP·VCM ,P + BVRG·VCM ,G (6)

Since both BVRG and BVRP involve multiple capacitive
elements—some constant and others variable—it is necessary
to classify these capacitances. This classification enables a
more structured analysis of the relative contributions of each
voltage source and allows for the identification of the key
factors influencing these contributions.

In wind turbine system design, key components such as the
pitch motor, generator, and main shaft bearing are typically
standardized commercial products. Consequently, the asso-
ciated parameters—including CPM ,CSWR, CSG, CSWF , and
CMB—can be regarded as constant values within the system.
Although the main shaft bearing capacitance CMB is theoret-
ically a function of rotational speed, wind turbines generally
operate within a narrow speed range. Therefore, CMB can also
be reasonably treated as a constant.
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In contrast, parameters such as CMF , CBrush and CMG,
which are closely related to the physical installation and
assembly quality of the turbine system, may vary across
different turbines. These variables are the main focus of this
study, as they directly influence CMV transmission and the
resulting shaft bearing current. Specifically:

• CMF represents the contact capacitance between the
pitch motor and the hub frame. In some turbines, these
components are in direct metal contact, resulting the
CMF → ∞ (ZMF →0). In other designs, a rubber
vibration isolator is inserted between them, leading to
a finite capacitance value.

• CBrush denotes the contact capacitance between the
grounding brush and the ground disk. Due to the rota-
tional nature of the system, this capacitance is dynamic
and influenced by several factors, including the relative
speed between the brush and disk, material properties,
contact area, contact pressure, surface roughness, and
cleanliness. While some parameters—such as relative
speed, material, and contact area—remain relatively
stable over the turbine’s lifecycle, others (e.g., pres-
sure, cleanliness, and roughness) fluctuates with turbine
operation, maintenance conditions, and even seasonal
environmental changes, causing significant variation in
CBrush.

• CMG refers to the coupling capacitance between the
generator output shaft and themain shaft. In gearedwind
turbines, the coupling is often made of insulating mate-
rials such as glass or carbon fiber, electrically isolating
the two shafts and resulting in CMG →0, (ZMG →

∞). In gearless turbines, however, the coupling is usu-
ally metallic to meet mechanical strength requirements,
making CMG → ∞, (ZMG →0).

Due to the significant variation in CMG across different
turbines, a case-by-case analysis is required to accurately
assess its influence on CMV transmission and bearing current
behavior.

1) GEARED WIND TURBINE CASE
The following discussion begins with the geared wind turbine
configuration CMG →0 (ZMG → ∞). In this case, the
CMV transmission path from the generator side is effectively
blocked, and the shaft voltage is influenced solely by the pitch
side VCM,P.

VBearing

=
VBearing = BVRP · VCM ,PCMFCPM

CMF (CPM + CMB + CBrush) + CPM (CMB + CBrush)
· VCM ,P (7)

2) GEARLESS WIND TURBINE CASE
In the case of gearless wind turbine, CMG → ∞

(ZMG →0),both VCM ,P and VCM ,G are active together.
In wind turbine systems, the CMV generated by the pitch
and generator subsystems are primarily determined by their

respective supply voltages. The bearing voltage in a gearless
wind turbine configuration can be achieved by equation (7).
In this case,

BVRP =
CMFCPM

CMFCPM +
(
CSG + CSWR + CMB + CBrush

)
(CMF + CPM )

(8)

BVRG =
CSWR

CMFCPM
CMF+CPM

+ C
SWR

+ CSG + CMB + CBrush
(9)

As shown in Equations (8) and (9), the relative con-
tributions of different CMV sources differ depending on
the turbine configuration. A detailed assessment of these
contributions requires consideration of several influenc-
ing parameters, comprising both constant and variable
quantities. To facilitate further analysis, the numerical
values of the constant parameters must be achieved,
and the range of variation for the adjustable parameters
must be defined. A more detailed discussion on param-
eter identification and subsequent analysis is presented
in section V-C.

V. EXPERIMENTAL VERIFICATION
Building on the generalized wind turbine configuration and
the CMV propagation analysis presented in Section III-B
and IV, a circuit model was developed to investigate BVR
and quantify the impact of different CMV sources on shaft
bearing currents. The model also helped identify key factors
influencing CMV coupling paths.

To verify the validity of the above analysis, testing on a
real wind turbine would be ideal. However, due to the system
complexity and safety requirements, such tests are challeng-
ing, and some subsystems are even inaccessible. Additionally,
the generalized configuration shown in Fig.5 introduces an
insulated coupling between the main shaft and generator,
which does not exist in actual turbines.

Therefore, a simplified wind turbine setup is constructed
under laboratory conditions. This setup does not replicate
the full turbine structure, but includes only those subsystems
directly relevant to the generation and transmission of shaft
bearing current.

A. LAB SETUP DESIGN
Based on the design requirements outlined above, a down-
sized prototype wind turbine was constructed for experimen-
tal validation, as shown in Fig.11. Structurally, it consists
of three main components: the tower, nacelle, and hub.
Functionally, the configuration integrates a power generation
system and an electrically driven pitch system. In addition,
a dedicated monitoring subsystem is incorporated specif-
ically to enable precise observation and analysis of the
electrical phenomena associated with main shaft bearing
currents. In the following subsections, the design and imple-
mentation of each subsystem within the prototype wind
turbine are presented in detail.
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FIGURE 12. Lab turbine nacelle& power train prototype.

1) LABORATORY TURBINE MECHANICAL STRUCTURE
The experimental wind turbine with configuration in Fig.11
has a central height of approximately 80 cm. The structure
is divided into three main sections: the tower, nacelle, and
hub. The tower is constructed from a multi-layer wooden
framework, with the main converter of the power generation
system and a transformer for the pitch system installed in
the basement layer. Thin metal sheets are used to cover the
tower externally, imitating the metallic enclosure of a real
wind turbine.

The nacelle is shown in Fig.12, it features a 3D-printed
plastic frame, with wires connecting various metal compo-
nents for easy monitoring of the turbine’s operating status,
which will be detailed in the monitoring system section.
To ensure proper alignment with the generator and stable
support for the main shaft, two bearings are employed: a
cylindrical roller bearing (NU208) and a deep groove ball
bearing (6204).

The roller bearing, which closely resembles those used in
actual wind turbines, is the focus of this study, while the ball
bearing is primarily responsible for supporting axial loads.
To ensure that the deep groove ball bearing does not influence
the study, its electrical behavior is isolated. This is achieved
by the insulating properties of the nacelle’s plastic structure,
which keeps the ball bearing electrically floating, preventing
any electrical loop formation.

Regarding the hub, since the blades do not affect the
CMV’s impact on themain shaft bearing current, the hub only
contains the pitch system, which will be further detailed in the
pitch system section.

2) POWER GENERATION SYSTEM
The power generation system consists of a permanent magnet
synchronous generator (PMSG), its dedicated converter, and
a hollow steel main shaft. The main shaft is connected to the
generator rotor via an interchangeable coupling. To accom-
modate both geared and gearless configurations, the system
allows for switching between an insulated coupling (for emu-
lating geared turbines) and a metallic coupling (for gearless
turbine scenarios).

Due to the absence of aerodynamic torque input blades,
the PMSG operates solely in motor mode under laboratory
conditions. However, as the focus of this study is on the CMV
and its propagation paths, rather than the direction of energy
flow, this operational mode does not affect the validity of the
CMV analysis.

3) PITCH SYSTEM
The pitch system, consists of the pitch motor, pitch converter,
a dedicated transformer for power supply, and a slip ring for
electrical transmission. Due to the absence of blades, actual
pitch operation cannot be implemented on the downscaled
lab turbine. However, this study focuses on the transmission
path of CMV generated by the pitch system. A brushless DC
motor and its controller are used to emulate this behavior.
The mechanical installation and electrical configuration of
the pitch system are designed to be consistent with those of
a real wind turbine, ensuring an accurate representation of
CMV transmission. The configuration of the lab turbine’s
pitch system is illustrated in Fig.13.

The lab turbine power supply system is designed to repli-
cate the one in an actual wind turbine. The power is drawn
from the grid through a transformer, then transmitted via long
cables to a slip ring mounted on the main shaft. From there,
the power passes through the rotor of the slip ring, travels
through the hollow shaft, and is delivered to the pitch rectifier
installed on the hub, which rotates with the main shaft.

It should be note that the power supply voltage for the
lab turbine’s pitch system differs from that of an actual wind
turbine. In real wind turbines, the pitch system is powered by
230VAC, while the generator side is 690VAC or higher. Since
the lab system can only connect to a standard 230VAC power
supply, which is much lower than that in actual wind turbines,
the supply voltage to the pitch system had to be reduced.
Taking both electrical limitations and safety considerations
into account, the pitch system in the lab turbine operates with
a lowered voltage of 15 VAC.

Aiming at increasing the current flowing through the pitch
motor, three small resistors connected in a Y-configuration
are placed in parallel with the motor windings. For structural
compactness, the entire hub is implemented as an integrated
PCB, as shown in Fig.14, with the rectifier, converter, pitch
motor, and power resistors all mounted on it.

As shown in the side view of Fig.14c, two additional layers
are positioned beneath the main PCB. One is the insulating
board, and the other is a metal plate used to emulate the hub
frame. The insulating board electrically isolates the PCB from
the metal plate, except at the mounting point of the pitch
motor frame, which is secured to the metal plate with metal
screws.

These three layers are stacked axially to form the pitch
system structure within the hub. The entire assembly is fixed
to the main shaft via a threaded connection at the shaft’s
front end, where the metal plate is in direct face to the
main shaft. Through this sandwich-style structural arrange-
ment and installation method, the lab pitch system effectively
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FIGURE 13. Lab turbine pitch system configuration.

FIGURE 14. Lab turbine hub &pitch system prototype.

replicates the electrical connectivity of the pitch system in a
real wind turbine.

4) MONITOR SYSTEM & SYSTEM GROUND
In real wind turbines, the monitoring system is designed to
observe the overall operational status of the turbine. In con-
trast, the monitoring system in the lab turbine is specifically
tailored for the investigation of CMV and main shaft bearing
currents. Therefore, its primary function is to measure and
record electrical signals relevant to CMV transmission and
shaft current behavior. The configuration of the monitoring
system in the lab turbine is illustrated by light orange block
in Fig.11 and Fig.13, consisting primarily of an oscilloscope
and multiple signal probes.

To support effective signal acquisition for CMV and
shaft current analysis, the ground system of the lab tur-
bine is redesigned. The goal is to maintain consistency with
real wind turbine grounding while ensuring measurement

FIGURE 15. Lab turbine monitor system signal collection point.

accessibility. This is achieved by electrically isolating major
components using the previously described plastic nacelle
frame. Subsequently, their grounding points are reconnected
via short copper wires. These wires serve not only as ground-
ing paths but also as convenient locations for inserting signal
probes, allowing accurate measurement without affecting the
system’s electrical behavior.

The main electrical signals monitored in the system
include: the CMV at the winding neutral of the pitch motor,
the DC-link voltages (+/−) at the converter input, the main
shaft bearing current, and the shaft voltage. For the pitch-
related signals, dedicated measurement points were reserved
on the hub PCBduring its design. These signals are conducted
out via separate channels in the slip ring.

The outer ring of the main bearing is clamped within
the bearing housing by screws, and one of these screws is
connected to ground via a dedicated wire (as shown in Fig.15
a). The main shaft bearing current is measured by inserting a
shunt resistor in this grounding path, converting the current
into a voltage signal. The shaft voltage is captured using a
spring-loaded brush pressed directly against the shaft surface,
as illustrated in Fig.15b.

B. PARAMETER ACQUISITION
In order to further explore the analytical framework discussed
in section IV-B, it is essential to obtain the constant values
and variation ranges of the parameters defined in the model
equations. Accordingly, this section focuses on extracting key
electrical parameters—specifically CSWR, CSG, CPM , CMB,
CBrush, and CMF—from the experimental platform illustrated
in Fig.16.
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FIGURE 16. Lab turbine prototype.

For the static capacitancesCSWR,CSG, andCPM , their value
are relative constant after assembling of the system. Thus
direct measurements were performed using an LCR meter
under 2 V, 5 kHz excitation

For the bearing capacitance CMB, which is speed-
dependent, the generator was first driven in motor mode, after
which the main shaft was accelerated to 100 rpm to emulate
the representative operating speed of a utility-scale wind
turbine. Under this condition, CMB was measured multiple
times and the average value was recorded. Due to the smaller
bearing size in the test rig, the lower roller line speed failed
to establish a sufficient lubricant film, causing the bearing
to remain in a conductive state. Aiming at replicating the
insulated state observed in real wind turbine bearings, addi-
tional grease was applied to the test bearing to ensure similar
dielectric behavior.

The brush contact capacitanceCBrush, which is installation-
dependent, was characterized by varying the spring pressure
and surface roughness at the brush–ground disk interface.
Additionally, to emulate poor maintenance scenarios in
actual turbines—where grease may contaminate the brush-
to-ground disk interface—a test condition was introduced
in which grease was deliberately applied to the contact
surface.

For the pitch motor installation interface capacitance CMF ,
different capacitance values are obtained by inserting various
numbers of insulating spacer between the motor foot and the
hub frame, as illustrated in Fig.14b.

The measured values of the above capacitances under var-
ious test conditions are summarized in Table 1.

The measurement results show that CSWR, CSG, and CPM
remain stable, while CMB, CBrush, and CMF vary significantly

TABLE 1. Lab turbine tested parameter.

FIGURE 17. Lab test connection and signal detection.

with contact conditions. Under well-contacted or conduc-
tively filled states, these capacitances physically vanish;
however, for mathematical analysis, they are approximated
as C→ ∞.

Notably, CBrush involves dynamic contact and does not
achieve ideal conduction even under normal conditions.
It instead exhibits capacitive behavior with relatively large
capacitance (low impedance). When grease contamination
is present, the capacitance decreases, resulting in a more
pronounced capacitive behavior with higher impedance.

C. SYSTEM VERIFICATION
With the capacitance parameters of all subsystems and com-
ponents obtained from the measurements, a simulation model
is established based on the circuit structure shown in Fig. 8.
Using Equations (7) and (9), this model enables a sys-
tematic evaluation of the contributions of different CMV
sources to the resulting bearing voltage. To further vali-
date the analytical and simulation results, comprehensive
experimental verification is subsequently performed on the
laboratory-scale turbine platform, with the corresponding
experimental connections illustrated in Fig. 17.

The physical quantities measured in the experimental sys-
tem include the bearing current IBearing, the shaft voltage
VBearing, and the common-mode voltages on the generator and
pitch sides, VCM ,P and VCM ,G, respectively.

Direct measurement of the bearing current in the laboratory
turbine is difficult because the system voltage is low and the
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TABLE 2. Test case number definition.

resulting current is very small. Thismakes direct current sens-
ing prone to large errors. To overcome this, a shunt resistor is
placed between the bearing housing and ground. Its resistance
is chosen to approximate the grounding resistance of a real
turbine bearing house. IBearing is then obtained by measuring
the voltage across the shunt, which provides a more reliable
signal.

The shaft voltage VBearing is measured by installing an
additional brush parallel with the ground brush, and ensur-
ing a stable and low-impedance electrical contact by strong
spring pressure on the additional brush.

The pitch-side CMV VCM ,P is obtained by directly access-
ing the neutral point on the pitch PCB and routing the
signal through the slip-ring signal channel. In contrast, the
generator-side CMV VCM ,G is measured directly from the
neutral point of the PMSG stator windings.

Since geared and gearless turbines differ mainly in whether
the PMSG is electrically connected to the main shaft, two
coupling conditions are tested: an insulated coupling and a
metallic coupling of identical size, representing the isolated
and conductive cases. The following sections discuss these
two configurations separately.

1) GEARED WIND TURBINE CASE(CMG →0, ZMG → ∞)
In geared case, the use of an insulating coupling electrically
isolates the generator shaft from the main shaft, thereby
blocking VCM ,G. Consequently, only the pitch-side common-
mode voltage VCM ,P is present.

Since different combinations may occur for the brush,
bearing and the pitch motor installation, both simulation and
experimental analyses were performed for various combina-
tions of these states, as summarized in Table 2.

The waveform comparison under typical operating con-
ditions is shown in Fig. 18. The color definitions of the
oscilloscope channels are consistent with those in Fig. 17.
In Case 1, with the brush firmly pressed, both the Vshaft

and current exhibit near-zero average values. Meanwhile,
synchronous transient spikes are observed in both voltage and
current waveforms.

In Case 2, corresponding to normal operating conditions,
Vshaft follows a waveform trend similar to the pitch-side
CMV. In the shaft current, dv/dt -induced current spikes
appear at voltage transitions.

FIGURE 18. Lab turbine geared case test result comparison.

Comparing Case 2 and Case 3, when grease contamination
is present on the shaft grounding brush, Vshaft increases sig-
nificantly. In addition to the dv/dt current, oil film breakdown
occurs in the bearing, resulting in high-amplitude EDM cur-
rents.

Comparing Case 2 and Case 5, after inserting insulation
spacer between the pitch motor frame and the hub frame,
Vshaft is substantially reduced. The bearing current contains
only weak dv/dt components, with no EDM current.

In Case 8, when conductive grease is applied, the results
are similar to Case 1 with a firmly tight brush. The stepped
voltage waveform disappears, and only minor spikes and
current transients are observed during switching events.

For the BVR analysis, a simulation model is established
based on Fig. 8 using the parameters listed in Table 1. In both
simulation and experimental results, the voltage values are
extracted from the plateau regions of the stepped waveforms.
According to the definition of BVR in equation (1), the cor-
responding BVRP for each case is calculated. The results are
summarized in Fig. 19.
A comparison of BVR across different cases shows that,

in the tight brush conditions (Case 1/4/7/10) and when

107542 VOLUME 14, 2026



J. Zhao et al.: Contribution Study of Different Common Mode Voltage Sources

FIGURE 19. Lab turbine geared case BVR simulation vs test.

conductive grease is applied (Case 7–12), the BVR
approaches zero (below 0.5% in both simulation and mea-
surement).

From the quantitative results of BVRP, the simulation
and experimental data exhibit consistent trends. Comparing
Case 2 and Case 3, the presence of grease increases BVRP
from approximately 6% to 25%. In contrast, comparisons
between Case 2/5 and Case 3/6 show that introducing insu-
lated spacers significantly reduces the CMV coupled to the
main shaft by about 80%.

Comparing the simulation and experimental results for
Case 2/3/5/6, the measured BVRP values are consistently
lower than the simulated ones, regardless of whether grease
is present on the brush. This discrepancy can be attributed
to the CBrush values in Table 1, which are obtained under
dynamic but short-duration conditions. In actual operation,
longer rotational periods lead to smoother brush surfaces due
to friction and more uniform grease distribution within the
interface. As a result, a thinner and more stable air/oil film
(with smaller gap) is formed between the brush and the shaft,
leading to an increased CBrush and consequently a reduced
BVRP according to equation (8).

2) GEARLESS WIND TURBINE CASE(CMG → ∞, ZMG →0)
In the gearless turbine configuration, the insulating coupling
in Fig. 16 is replaced by ametallic coupling. In this case, it can
be mathematically approximated thatCMG → ∞ (ZMG →0).
Under this condition, both VCM ,P and VCM ,G are active

simultaneously, leading to a more complex interaction. As a
result, BVRP and BVRG can no longer be evaluated indepen-
dently, and a comprehensive analysis based on the measured
waveforms is required. Similar to the geared turbine case,
different operating conditions are defined based on brush
contamination and the presence of insulation spacers in the
pitch motor. The cases are indexed according to Table 2, and
the corresponding waveforms are presented in Fig. 20.
From the experimental results, a similar trend to the geared

turbine is observed. Under tight brush and conductive grease
conditions (Case 1 and Case 8), the shaft voltage and current
exhibit near-zero average values, with only transient spikes
occurring during switching events. However, compared to

FIGURE 20. Lab turbine gearless case test result comparison.

Case 1 and Case 8 in the geared turbine (Fig. 18), the
spike amplitudes are more than doubled. This is because the
generator-side CMV is directly coupled to the main shaft
through the metallic connection. Given that its magnitude is
several times higher than VCM ,P, its impact is more direct and
pronounced.
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In Case 2/3/5, the generator-side CMV VCM ,G exhibits
the typical stepped waveform, with significant voltage over-
shoots occurring at the step transitions. The main shaft
voltage waveform is dominated by the influence of VCM ,G,
with VCM ,P superimposed at a smaller proportion, due to the
much larger magnitude of VCM ,G compared to VCM ,P.

The bearing current waveform is primarily generated at
the voltage transition moments of both VCM ,G and VCM ,P,
producing dv/dt-induced currents. Notably, the current ampli-
tudes are largest at the transitions of VCM ,G.
In terms of voltage amplitude across different cases, Vshaft

reaches its highest value in the greased brush Case 3, while
Cases 2 and 5 show comparable amplitudes. Comparing
Case 2 and Case 5, adding an insulation spacer slightly
reduces the contribution of VCM ,G to Vshaft . However, since
the overall contribution of VCM ,G is already low, the effect of
the insulated spacer is limited.

In the greased brush Case 3, two bearing breakdown events
were observed. After each breakdown, the shaft voltage
dropped to zero and remained there until the voltage polarity
reversed, at which point Vshaft resumed following the trend
of VCM ,G. The breakdown was accompanied by large EDM
current spikes.

It is important to note that bearing breakdown is influenced
by multiple parameters and occurs probabilistically. As the
voltage increases beyond a certain threshold, the likelihood of
breakdown rises sharply. For example, in the geared turbine
Case 3 (Fig. 18), only one breakdown waveform was cap-
tured in tens of tests, whereas in the gearless turbine Case 3,
breakdowns were observed after just a few tests. Therefore,
in Fig. 20, althoughVshaft amplitudes in Case 2 and Case 5 are
similar to those of Case 3 in Fig. 18, no breakdown occurred.

D. TEST RESULT DISCUSSION
Based on the above experimental results, the following obser-
vations can be made for both geared and gearless turbines:

• Tight brush contact and the use of conductive grease
can effectively reduce BVRP and BVRG. However, dv/dt-
induced current spikes during switching events still
persist.

• A greased brush significantly increases the shaft volt-
age, leading to a much higher probability of bearing
breakdown. In this case, the contribution of VCM ,P
increases by approximately four times, while that of
VCM ,G increases by about one time.

• Introducing an insulation spacer at the pitch motor
grounding interface effectively reduces the influence of
VCM ,P on the shaft voltage, with a reduction of about
80%.

It should be noted that in the laboratory turbine, the pitch
system voltage level (15 V) is much lower than that of
the main power system (230 V), resulting in a relatively
smaller contribution in the gearless configuration. In practical
wind turbines, however, the pitch system typically operates
at around 400 V, while the main power system is approxi-

mately 690 V. As this gap is significantly smaller than in the
laboratory setup, the contribution of VCM ,P in real gearless
turbines is expected to be much more pronounced.

VI. CONCLUSION
This paper presents a systematic investigation of CMV-
induced bearing currents in wind turbine systems across
different configurations. A unified wind turbine model is first
established to enable comparative analysis between geared
and gearless topologies. Based on this model, CMV prop-
agation paths are analyzed and a system-level equivalent
capacitive circuit model is developed. The BVR is then
derived to quantify the contributions of generator-side and
pitch-side CMVs.

Experimental and simulation studies demonstrate that
both CMV sources significantly influence shaft voltage and
bearing current behavior, with their relative contributions
depending on turbine configuration and interface conditions.
Results show that tight brush contact and conductive grease
effectively suppress BVR, although dv/dt-induced current
spikes remain. In contrast, brush contamination increases
shaft voltage and significantly raises the probability of
bearing breakdown, accompanied by high-amplitude EDM
currents. The use of insulation spacers is shown to effectively
reduce pitch-side CMV coupling. Furthermore, the impact of
pitch-induced CMV is expected to be more pronounced in
practical turbines due to higher voltage levels. These findings
provide valuable insights for improving wind turbine reliabil-
ity and developing targeted mitigation strategies.
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