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Abstract: As motor capacity and rated voltage increase, the demand for motor insulation also
increases. Additionally, the electric field distribution at the end of a large-scale hydro generator is
extremely non-uniform, and corona discharge readily occurs. This destroys the main insulation,
which significantly affects the service life of electrical machinery. Thus, the regulation of the electric
field concentration at the end of a large-scale hydro generator needs to be addressed. There are
many problems in resistance—capacitance chain model research. Particularly, these models cannot
accurately reflect the insulation, corona structure, and electric field distribution in electrical
machinery. Additionally, the corner electric field and loss distributions cannot be obtained, leading
to a higher calculation error. The electric field distribution at the motor end and the loss distribution
were analyzed using the finite-element method. First, by applying the basic principles of electric
circuits and electromagnetic field theory, we calculated the electric field distribution at the stator
bar end. Second, a 3D model of the stator bar was built using Creo Parametric, yielding a model that
is more closely related to the prototype wirebar model. Then, the potential, electric field, and loss
distributions around the stator bar were simulated by using COMSOL simulation software. The
effects of the circular arc corner, nonlinearity coefficient, anti-corona coating length, and resistivity
of the stator bar on the electric field distribution at the motor end were explored.

Keywords: motor insulation; large-scale hydro generator; electric field distribution; corona
structure simulation

1. Introduction

The important structures of a large-scale hydro generator end are the stator bar, core, main
insulation, and anti-corona coating, which constitute bushing-type insulating structures [1,2]. The
electric field distribution in this bushing-type structure tends to be non-uniform. When the electric
field strength reaches a certain value, a corona discharge occurs, destroying the insulating structure
if it occurs over a long period of time. Insulation breakdown significantly affects the motor operation
reliability[3,4]. To achieve a uniformly distributed electric field in the large motor outlet, the coil end
can be wrapped with a nonlinear silicon carbide anti-corona belt. This improves the electric field
distribution and consequently inhibits corona generation[5]. Furthermore, silicon carbide is
nonlinear, and its resistivity decreases with increasing electric field strength. This results in an outlet
electric field that is automatically homogenized, from which the ratio of corona generation
decreases[6]. The main insulating surface of hydro generators has an anti-corona coating. To date,
the electric field distribution and anti-corona optimization at the large motor end have been obtained
using different computing methods, and this information provides a reference for anti-corona
structure design for motors[7,8]. Given this basic structure, additional computing methods have been
developed based on the electric circuit and electromagnetic field theory.

Traditional methods of electric field analysis for large motor ends include the link model method
and dichotomy shooting method[9]. Both methods yield solutions of differential equations from
which the potential distribution of the electric field can be obtained[10]. The advantages of these
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methods include their simplistic models and low time cost. However, they cannot solve the electric
field concentration problem for electrical machinery wirebars with narrower faces and end
corners[11]. The solution process for nonlinear anti-corona coatings is complex. However, obtaining
accurate results is difficult. Methods of electromagnetic field analysis continue to be widely applied
with the advancement of computers[12].

The anti-corona structure of the stator bar has been optimally designed using the finite-element
method[13]. The samples were also subjected to control tests. The electric field distribution at the
wirebar end was comprehensively analyzed, confirming the enhanced operational efficiency and
stability of the electrical machinery[14,15]. According to the finite-element analysis, an approximate
solution can be obtained by applying the variational method and discretization theory[16]. In
practice, the electromagnetic field can be solved using the following differential equation: This
method begins with the partial differential equation boundary-value problem[17]. The differential
equation to be solved is addressed via discretization, which yields a functional integrand[18]. After
the first type of boundary condition is set, the extreme value of the integrand can be obtained.
Therefore, the problem becomes a conditional variance problem[19]. The conditional variance
problem is similar to the partial differential equation boundary-value problem[20]. Thus, many
electromagnetic field problems can be solved by applying the problem of conditional variance in the
finite-element method[21]. To solve the electromagnetic field problem, a differential equation and all
the boundary condition information are required[22]. Simulation of the engineering problem allows
the actual engineered systems to be converted into a finite-element system with nodes and
elements[23]. Subsequently, the finite-element system can be mathematically modeled. The solutions
expressed by the nodes and elements can be obtained via numerical simulation[24]. In this
mathematical model, except for the nodes and elements, boundary, constraints, and external force
loads were included.

In this study, a 3D model of the anti-corona structure in a large hydro generator stator bar end
was built using PTC modeling software. The rated capacity and voltage were 120 MW and 15.75 kV,
respectively. Then, by conducting finite-element numerical simulation analysis using COMSOL
Multiphysics, the end potential, electric field, and loss distribution in the stator bar anti-corona
structure were analyzed. Additionally, the effects of the circular arc rotational degree, anti-corona
layer length, intrinsic resistivity, and nonlinearity coefficient on the electric field distribution and loss
were explored.

2. Stator Bar Simulation

COMSOL Multiphysics is an advanced numerical simulation software package[25]. This was
based on the finite-element analysis method. The actual physical phenomenon is modeled via analog
simulation using differential equations or an equation solution[26]. COMSOL Multiphysics is widely
used to simulate physical processes in various fields of science and engineering. Compared to other
electromagnetic field simulation software packages, COMSOL has many advantages. For example,
when coupled field analysis is performed, various differential equations can be concurrently
applied[27]. This framework has been widely applied, and the differential equations required for a
graphical interface can be freely defined. The material properties, boundary conditions, and load can
be controlled by setting the parameters. Each built-in physical model can be easily selected and
revised. Additionally, there are many mesh-generation functions in this software. The mesh
generation of polyhedrons, such as tetrahedrons and hexahedrons, can be performed by the software.
Its numerous features allow this platform to smoothly perform calculations and simulations.

The COMSOL Multiphysics platform is powerful. In this study, the AC/DC Module was
used[28]. This module applied the steady-state and dynamic electromagnetic fields in 2D and 3D
spaces. Additionally, traditional passive and active elements were also incorporated into the circuit
model. All model formulas were derived based on Maxwell’s equations, subsets, special cases, and
Ohm'’s law. By applying a series of predefined physical field interfaces (i.e., special physical field
interfaces of low-frequency electromagnetics), the electric, magnetic, and electromagnetic fields were
modeled under a steady state and low frequency. The modular workflow can be divided into the
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following steps: geometrical definition, material selection, appropriate low-frequency
electromagnetics and physical field interface selection, boundary and initial condition definition,
finite-element network definition, solver, and visualization result selection, all of which were
performed using COMSOL Multiphysics. By applying the default settings in the solver, all processes
can be automated. Additionally, COMSOL Multiphysics possesses an abundant post-processing
function that enables the analysis of various data, images, curves, and animations according to user
requirements.

3. Establishment of the Stator Bar Simulation Model

COMSOL Multiphysics software was used to perform the physical field modeling analysis to
obtain the simulation model images at the stator bar end.

3.1. Geometric Model Establishment

The shape of the hydro generator stator winding end is the most significant challenge in the
alternator design process. In conventional modeling methods, the wirebar structure of actual
electrical machinery is not fully considered. Additionally, the anti-corona coating does not involve
segmentation assignment processing. The electric field distribution of the simulated wirebar was
designed to be consistent with that of the actual wirebar. Because the anti-corona coating structure is
very thin, surface interference detection was employed using the conventional thickening mode once
the anti-corona coating was set. If interference was detected, the electric field distribution could not
be accurately determined. A specific deviation adversely affects the design of the anti-corona
structure. To obtain the actual end structure in the stator winding of the hydro generator, a circular
arc corner angle was added based on the traditional modeling flat turn angle. The primary insulating
structure was obtained by using the thickening method. By applying the shifting and
substantialization functions, a 0.32-mm thick anti-corona structure was constructed on the main
insulating surface. Additionally, the anti-corona coating was divided into a multi-segment anti-
corona structure to enable independent analysis of the anti-corona coating of the wirebar. The
boundary condition settings were satisfied. The single-wirebar structure in the actual hydro
generator end (15.75 kV rated voltage and 120 MW rated capacity) was obtained. Additionally, the
effects of electromagnetic induction on multiroot wirebars were explored. The wirebar was then
solved for the entire system. The main parameters of the stator bars are shown in Table 1.

Table 1. Main parameters of stator bar.

Parameters Numerical Parameters Numerical

value value

Elevation at the end: a (degree) 30 Arc street corner degree: f8 25
(degree)

Copper bar width: W, (mm) 14.9 Copper bar length: L. (mm) 63

wirebar width: Wi (mm) 340.46 wirebar length: Hi (mm) 629.8

Main insulation thickness: d1 (mm) 4.36 | Anti-corona coating thickness: d2 0.32
(mm)

Low resistance length: L1 (mm) 100 | Middle resistance length: L2 (mm) 170.48

Middle and high resistance length: 183.12 High resistance length: L+ (mm) 232.58

L3 (mm)

According to the data in Table 1, the modeling process of the stator bar end is as follows:
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(1) In the Creo Parametric software, a bias with a § angle was drawn in one plane. The bias length
was set to be equal to the wirebar width, Wi. The other plane was generated based on this bias. Then,
a cross section of the wirebar was constructed. This cross section was positioned in the initial circular
arc and is vertical to it. The center of the wirebar cross section was generated based on the wirebar
length and width. Then, this center point was projected into the plane generated based on angle § to
obtain the scanning track for the wirebar. This is illustrated in Figure 1.

Figure 1. Scanning trajectory of stator bar.

(2) The center of the plane was scanned, and the cross section was drawn according to the
developed path, which is called an entity. Then, the structures of the wirebar ends were obtained.
During plane selection, the copper busbar at both ends of the circular arc of the transition corner must
be drawn. During the scanning process, a specific torsion angle compensation was required. The scan
pattern was drawn based on length L. and width W of the copper busbar. The copper wirebar at the
end of the electrical machinery was obtained following the application of the scanning track, as
shown in Figure 2.

(3) We generated the main insulating structure of the wirebar end as follows. After the 3D
wirebar was established, the main insulating structure with d: thickness was added to the exterior of
the wirebar. Because a thickened removed material was adopted, the corner angle of the circular arc
was added. This generated a certain amount of interference, which adversely affected the subsequent
simulation. To eliminate this interference, the course of the copper core surface must be duplicated
during the establishment of the main insulating structure. By applying the function of
substantialization shifting, the main insulating structure of the stator bar was obtained, as shown in
Figure 3.

(4) The anti-corona coating structure was generated as follows. Because anti-corona coatings
possess different resistivities, different anti-corona coatings were designed. Moreover, the anti-
corona coating was very thin relative to the main insulation. The required thicknesses and fractional
lengths were obtained by applying curved surface duplicates, shifting, material removal, and
segmentation. The following optimization process was also performed. First, a three-segment corona-
resistant wirebar structure was created. Subsequently, an assembly modeling method was adopted.
After the uniform assembly of the structure, the geometric model of a single stator bar was obtained,
as shown in Figure 4.
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Figure 2. Copper core of stator bar.

Figure 3. Main insulating structure of stator bar.
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Figure 4. Anti-corona stator bar structure.

After building the model, an iron core was applied. The STP file format is the leading format
when applying COMSOL software for 3D simulation analysis.

3.2. Physical Field and Material Parameters

COMSOL software possesses an excellent physical field interface. In this study, we developed
and simulated a coupled electric-temperature field model. During physical module selection, the
current interface in the AC/DC Module and solid heat transfer in the heat transfer module were
selected. The current interface was used to calculate the preset initial conditions. When the boundary
conditions were set, Ampere’s law was automatically satisfied. The current and electric potential
distributions were then calculated. Additionally, the frequency domain, time domain, and small
signals were analyzed. The heat conduction and convection processes were simulated using the heat
transfer module.

Regarding the material parameters, COMSOL includes a vast basic material library. Common
materials can be obtained directly from material libraries. Customer material are also included. If no
materials are required, then the basic parameters can be defined by the user. Additionally, a current
module was adopted for the simulation. The basic parameters of the materials, such as the
conductivity and relative dielectric constant, were considered. Generally, if they are constant, the
material attribute values can be manually entered. Regarding the parameters with a function
expression form, the material attribute expressions, such as those for analysis and piecewise linear
interpolation, can be added to the global definition.

In this study, the anti-corona material was silicon carbide; thus, it was applied as a nonlinear
material in the finite-element analysis. As the electric field strength increased, the resistivity
decreased. The expression for the silicon carbide resistivity is shown in Equation (1).

p = poexp (—B |%|) @

To reflect the nonlinearity of the system, the electric field was defined as ec.normE. The basic material
attributes of the system are listed in Table 2.
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Materials Relative dielectric Intrinsic resistivity Nonlinear

constant (Q'm) coefficient
(cm/kV)

Iron core 1 1.02 x 107

Copper core 1 5.99 x 107

Air 1 2 x 1011

Main insulation 4 2 x 1014

Low resistance anti- 12 2 x 102

corona coating

Intermediate- 12 1.25 x 108 0.5

resistance anti-corona

coating

Intermediate- and 12 2 x 108 0.7

high-resistance anti-

corona coating

High-resistance anti- 12 1 x 1010 0.9

corona coating

The resistivity of air is 0 Q-m. However, if an input material parameter value is set to zero, the
simulation results will not converge. Thus, the air resistivity was set to be 2 x 10-11 Q-m.

3.3. Boundary Conditions and Mesh Generation

When an electric field is simulated, boundary conditions must be established. The boundary
conditions of the electromagnetic field were divided into three types. To establish the Dirichlet
boundary condition, the potential and grounding system conditions were provided. To ensure that
the calculations were realistic, the copper wire was connected to a power-frequency high voltage.
The rated voltage and frequency were 15.75 kV and 50 Hz, respectively. The other boundary
condition is the grounding condition. The iron core and the low-resistance layer were grounded. The
entire wirebar was then coated with an air shed. This completed the establishment of the boundary
conditions.

Mesh generation was applied to the entire wirebar, and each subdivided unit was subjected to
finite-element analysis. Therefore, mesh generation played a crucial role in the simulation. Using the
aforementioned simulation software, automatic and semi-automatic mesh generation functions were
established. Tetrahedral mesh generation was adopted for the main insulating and wirebar
components. For a relatively thin anti-corona coating, special mesh generation settings are required.
In this study, a scanning subdivision method was used to divide the anti-corona coating into small
elements. There is a close relationship between mesh generation and calculation accuracy. With a
more precise mesh generation scheme, the calculated results tend to be closer to the real structure.
However, highly specialized mesh generation exponentially increases the computation time.
Nonetheless, a highly specialized mesh generation method was adopted in this study. A 3D scan
mesh was used to model the anti-corona coating model. Thus, a more accurate mesh generation result
was obtained, as illustrated in Figure 5.
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Figure 5. 3D mesh generation of stator bar.

3.4. Research Procedures and Solver Settings

The steady-state, transient-state, and frequency-domain solvers were preset by using the
COMSOL Multiphysics platform. Therefore, additional research procedures were used for the
calculations. By applying the settings for the material properties and boundary conditions, the
multiple physical states and boundary conditions in the model could be effectively and quickly
calculated. To calculate the electric field in the stator bar, a frequency-domain solver was chosen. The
voltage was set to 50 Hz alternating voltage. The maximum number of iterations was set to 400, at
which point the calculations were terminated. Lastly, the 3D stator bar model was simulated.

4. Simulation Results and Analysis for the End of the Stator Bar

The material properties, boundary conditions, and solver were set on the COMSOL platform
and a mesh was generated. By applying frequency-domain electric field analysis and an airshed
peripheral device, a wirebar with a non-anti-corona structure, a linear anti-corona structure, a two-
level nonlinear anti-corona structure, and a three-level nonlinear anti-corona structure were
simulated. Under the conditions of the applied rated voltage, the surface potential, 3D electric field,
and surface losses of the four structures were simulated and compared.

4.1. Potential Distribution on Wirebar Surface

The potential distribution diagram for each anti-corona structure is shown in Figure 6. For a
wirebar without an anti-corona layer structure, the entire insulation surface exhibited high potential.
However, the potential near the low-resistance layer changed rapidly. The electric potential jumps to
the notch. The electric potential in the wirebar notch with a linear anti-corona layer was smoother
than that in the notch with a nonlinear anti-corona layer. When the potential reached 16.3 kV, it began
decreasing. The change in potential stopped at the rated voltage. For the wirebars with nonlinear
two- and three-layer anti-corona structures, the potential variation exhibited a similar trend. Figures
3-6 show that, near the intermediate- and high-resistance overlap positions, the potential increased
to a value that was 8.4% higher (i.e.,, 17.1 kV) than the rated voltage. When it reached the high-
resistance anti-corona level, the potential at the end of the wirebar was restored to the rated voltage
value. The maximum potential occurred at the end of the intermediate-resistance anti-corona layer.
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The maximum potentials of wirebars with two- and three-layer anti corona structures were 17.5 and

17.1 kV, respectively.
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Figure 6. 3D surface potential distributions for different structures.

The 3D surface potential diagrams are direct and clear. However, comparison of the results is
difficult. By employing the composition method, we derived a path curve for the anti-corona coating.
The 1D potential distribution for each anti-corona structure is shown in Figure 7.
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Figure 7. 1D surface potential distributions for different structures.

For the 1D structure, in the absence of an anti-corona structure, the outer surface of the main
insulating layer was suspended. Additionally, no grounding existed, which is equivalent to one pole
of an ungrounded capacitor. The insulation on the outer surface of the wirebar end reached the rated
voltage, as shown in Figure 7a, and the potential changed rapidly. For the linear anti-corona structure,
we observed a steep slope in the graph, indicating rapid change. The maximum voltage was reached
at the start of the intermediate-resistance layer. These abrupt changes in potential were significant.
For the nonlinear anti-corona structure, regardless of the presence of two or three anti-corona layers,
we observed a slope in the voltage curve; however, the change in voltage was minimal. The potential
reached its highest value and then decreased to the rated voltage value. The maximum voltage
occurred near the intermediate- and high-resistance layers. This is because, after dressing the anti-
corona belt, a resistance-capacitance structure formed between the main insulating anti-corona layer
and copper wirebar. This resistance-capacitance structure consisted of a real resistance and an
imaginary reactance. After superposition, it was higher than that after the addition of pure
conduction. Capacitive current flows through. A capacitance-increasing voltage was generated,
which caused the potential in the wirebar to increase.

4.2. Electric Field Distribution in the Wirebar

The 3D electric field distribution diagrams for the four structures are shown in Figure 8. The
inception and discharge of the wire-bar corona were primarily induced by the electric field. Corona
inception and flashovers are typically caused by tangential electric fields. This electric field strength
was low, and the corona inception voltage was high, which ensured the reliability of the voltage test
and actual operation. The distribution of the electric field without an anti-corona layer is shown in
Figure 8. At the slot outlet, the electric field was relatively concentrated. The highest electric field
strength was 86.8 kV/cm, which is significantly higher than the air inception voltage. At the slot
outlet, air was ionized to enable corona discharge.

Electric field mode (kViem) LY

A 56.8
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Figure 8. Electric field distribution without anti-corona coating.

The electric field distribution of the wirebar with a linear anti-corona field is shown in Figure 9.
This figure shows that the electric field distribution remained concentrated at the slot outlet.
However, the maximum field strength was 18.3 k V/cm, which was lower than that for the structure
with no anti-corona layer. Although the maximum electric field strength was relatively lower, the
concentration at the slot outlet was still evident. This fails to meet the requirements of an anti-corona
coating.

Electric field mode (kViem)
A 183

Figure 9. Electric field distribution for linear anti-corona coating.

The electric field distribution of the wirebar surface with two nonlinear anti-corona layers is
shown in Figure 10. The field strength tended to be the highest at the wirebar end, which corresponds
to the low- and intermediate-resistance sections at the slot outlet. The highest field strength value
was 3.37 kV/cm, which is two times higher than that in the intermediate-resistance section. The
electric field distribution of the wirebar surface with three nonlinear anti-corona layers is shown in
Figure 11. The electric field distribution was more uniform in the intermediate-resistance section. We
also observed a concentrated electric field in the area between the intermediate- and high-resistance
sections. This is because the capacitor current can flow easily through this area, which results in a
concentrated electric field. Additionally, this area became superheated, causing thermal damage. The
highest electric field strength value for the structure with three nonlinear anti-corona layers was 2.80
kV/cm. This was 16% lower than that for the structure with two nonlinear anti-corona layers. Thus,
the field distribution conditions were improved.

A 337
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Figure 10. Electric field distributions for the two nonlinear anti-corona coatings.
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Figure 11. Electric field distributions for the three nonlinear anti-corona coatings.

From identical curve positions, the electric field distributions for the anti-corona structures are
shown in Figure 12.
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Figure 12. 1D electric field distributions for different structures.

In the absence of an anti-corona wirebar structure, sudden changes in the electric field occur at
the slot outlet. After increasing to 26 kV/cm, the electric field strength rapidly decreased. Particularly,
the electric field strength of the linear anti-corona structure abruptly decreased to 10.4 kV/cm. For the
two-layer anti-corona structure, the highest field strength decreased to 5.62 kV/cm. However, the
electric field strength rapidly increased near the end of the intermediate-resistance region. For the
three-layer anti-corona structure, the maximum field strength was 4.5 kV/cm, which was 20% lower
than that for the two nonlinear anti-corona layers.

4.3. Surface Loss Distribution

Another major property of anti-corona structures is their maximum surface loss density. At the
end of the wirebar, if the surface loss density is too high, the anti-corona coating burns and
carbonizes, damaging the bar. The surface loss density in the multi-layer anti-corona coating did not
exceed 0.6 W/cm?. The surface loss density for the end of the wirebar is shown in Figure 13. The
maximum heating area was observed at the head end of the first anti-corona section. The anti-corona
structures, maximum temperatures, and surface loss densities were different.

A 3 Tax107
*107

Surface loss

2

0
Yo

Figure 13. Surface loss distribution without anti-corona coating.
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As shown in Figures 13 and 14, if no anti-corona coating or a linear anti-corona coating was used,
the wirebar loss would be concentrated around the junction of low resistance and intermediate
resistance, i.e., near the slot outlet. The maximum surface loss values for these two structures were
3.79 x 107 and 8.16 x 10° W/cm?, respectively. The insulating structure for the wirebar was easily
degraded following heating, which resulted in damage.

Surface loss A 316x10%
w10%
8

/s

Figure 14. Surface loss distribution with a linear anti-corona coating.

o

L]

L)

As shown in Figures 15 and 16, which depict nonlinear anti-corona structures, the surface loss
values were accurately calculated. Higher loss values were mainly distributed on the short side of
the corner. In the two-layer anti-corona structure, the surface loss was concentrated on the arc turning
into an inward corner. The maximum surface loss was 2.06 W/cm?2. The highest field strength value
for the three-layer anti-corona structure appeared at the slot outlet. At the corner, there was no
evident upward loss trend, as the surface loss decreased to 0.48 W/cm?. Particularly, it decreased by
approximately one order of magnitude relative to the two-layer anti-corona structure. Additionally,
there was no obvious concentrated surface loss at the interfaces of the intermediate resistance and
the intermediate and high resistances.
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Figure 15. Surface loss distribution with two nonlinear anti-corona coatings.
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Figure 16. Surface loss distribution with three nonlinear anti-corona coatings.

5. Conclusion

In this study, a large hydro generator stator bar with a 15.75-kV rated voltage was modeled and
simulated using Creo Parametric software. The potential, electric field, and loss distributions of
wirebar with different structures were analyzed and compared. The conclusions are as follows:

(1) Electric potential mutation occurs in the absence of an anti-corona and in the presence of a
linear anti-corona structure. The electric potential of the nonlinear anti-corona structure increased,
corresponding to an 8.4% increase, which exceeded the rated voltage.

(2) The electric field was most concentrated at the slot outlet for all structures. For the three-layer
nonlinear anti-corona structure, the electric field at the end was more uniform, and the maximum
electric field was reduced to 2.8 kV/cm.

(3) Under the conditions of no anti-corona structure and a linear anti-corona structure, the
surface loss reached 3.79 x 107and 8.16 x 105 W/cm?, respectively. After the three-layer nonlinear anti-
corona structure was added, the surface loss decreased to 0.48 W/cm?. Thus, the anti-corona effect is
ideal.
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