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ABSTRACT To provide power to electrical power distribution systems cost effectively, it is necessary to
understand the efficiency of large turbine generators. Stator cores, which account for 10%–15% of total
generator losses, are supported by a either a dovetail key bar or a square key bar. The dovetail key bar, mainly
used in large turbine generators, has a shallow depth of penetration into the stator core; consequently, the need
for research related to core loss has been limited in the case of dovetail key bars. By contrast, the square key
bar, which is attracting attention owing to its ease of assembly, deeply penetrates the stator core, and thus
has a greater effect on core loss than the dovetail key bar. However, core losses due to the key bar design
have not been examined quantitatively in the literature. This paper analyzes the core-loss changes due to the
key bar. Using electromagnetic finite-element analysis, we calculate the differences in core loss between the
two aforenoted key bar types, which are commonly used in large turbine generators. In addition, we propose
points for consideration when designing key bars for large-capacity generators.

INDEX TERMS Core loss, magnetic flux density, finite-element analysis (FEA), key bar, large turbine
generator.

I. INTRODUCTION
Stable power generation is required to maintain electrical
power-transmission systems that supply the baseload power
needed for homes, hospitals, and factories.

Solar power and wind power have recently been
spotlighted as representative sources of renewable energy.
However, these energy sources are notably unstable and unre-
liable as they are highly dependent on the weather. Therefore,
reliable thermal and nuclear power plants remain important
and relevant for complementing developing renewable energy
sources.

Unlike other rotatingmachinery, turbine generators located
in power plants are characterized by a large capacity and
long continuous-operation time. The capacity of a turbine
generator in a power plant is typically between 100 and 1,000
MW [1]–[3]. The lifetime of a generator exceeds 20 years,
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and generators operate continuously during their lifetime
[4], [25]. Because the energy costs of generating electricity
are directly proportional to the work applied to the generator,
a difference of even 1% in efficiency will have a significant
economic impact over the operational lifetime of a generator.
Therefore, to supply the exact power required by electrical
power distribution systems and to predict the economics of
power plants, it is important to identify the generator losses
correctly. Owing to the development of computer technol-
ogy, many studies now utilize finite-element analysis (FEA)
to accurately predict the losses arising from large genera-
tors [6]–[14].

The loss distribution of a large turbine generator is shown
in Fig. 1 [6]. The core loss occurs in the stator core; it is
caused by the alternating magnetic flux that produces the
generator voltage.

Depending on the type of generator, the core loss accounts
for 10%–15% of the total losses. Since core loss is a
major loss component in electric machineries, many studies
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TABLE 1. Previous studies on core loss and key bar in large generators.

FIGURE 1. Loss distribution of a large turbine generator.

have reported on calculation formulas or models for core
loss [15]–[17]. General power loss properties of soft fer-
romagnetic materials have been studied [15], resulting in
an improved equation for lamination core loss [16] and
a core loss model for soft ferromagnetic materials [17].
Further, core loss in energy-conversion devices has been
reported [18]–[24]. By applying FEA, the core losses of
a motor [18]–[21], synchronous generator [22], [23], and
hydropower generator were accurately calculated [24].

The rotating magnetic field inside a generator exerts forces
on the stator core, which could cause it to move. As shown
in Fig. 2, the key bar supports the stator core firmly during
operation, preventing any movement. To achieve core stabil-
ity, part of the key bar must penetrate the stator core, but this
can lead to increased core-efficiency losses. The depth of core
penetration (and thus the core loss) depends on the type of key
bar employed.

Dovetail key bars, which are mainly used in large turbine
generators, entail shallow penetration into the stator core.
Their effect on core loss is small enough to be neglected;
consequently, the need for research regarding core loss when
considering a dovetail key bar is minimal. For dovetail key
bars, the current due to stator core fault [25]–[27] and the

FIGURE 2. Location of the key bar in a large turbine generator.

key bar voltage [28] have been reported. However, square key
bars, which are increasingly attracting attention due to their
ease of assembly, penetrate deeply into the stator core, and
their effect on core loss is consequently greater than that of
dovetail key bars. Nevertheless, as shown in Table 1, to the
best of our knowledge, there are no published studies on core
loss considering the influence of key bar design.

In this paper, we elucidate the influence of key bars on core
loss. We studied two types of key bars that are frequently
used in large-turbine-generator design. We conducted FEA to
calculate the core loss and performed factory t tests to verify
the computational results. At the end of the paper, we suggest
points for consideration when designing the key bar for an
electrical generator.

II. THEORY
A. OPEN-CIRCUIT CORE LOSS
Inside the generator, the mechanical power from a turbine,
determined by the product of the rotating speed and torque,
is converted into electrical power, defined as the product of
voltage (V ), current (I ), and power factor (cos θ ):

Torque · Speed = V · I · cos θ (1)
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Large turbine generators are connected to the electrical
power grid and transmit electrical power. To transfer electri-
cal power to the electrical power grid, the voltage in (1) must
be kept constant. The voltage is defined as

V = Kp · Kd ·
√
2π f · φ · Natckt (2)

where V is the terminal voltage of the generator, Natckt is
the number of armature winding turns, f is the operating
frequency, and Kp and Kd are the armature winding pitch
factor and armature winding distribution factor, respectively.
Themagnetic flux φ in the generator is related to themagnetic
flux density BC in the stator core as follows:

BC = KS ·
φ

LSC ·WSC
(3)

where KS is a coefficient determined by the ratio of magnetic
to non-magnetic materials such as insulation throughout the
stator core, and LSC and WSC are the length and width of the
stator core, respectively. In anAC power system, themagnetic
flux passes through the stator core at 60 Hz. This alternating
magnetic flux causes the core loss in the stator core, which is
defined [16], [17] as follows:

PCore Loss = PE + PH + PA
= KE · B2C · f

2
+ KH · BnC · f + KA · B

1.5
C · f

1.5

(4)

The core loss (PCore Loss) consists of the eddy-current loss
(PE ), hysteresis loss (PH ), and the excess loss (PA). KE ,
KH , and KA are the coefficients of the eddy-current loss,
the hysteresis loss, and the excess loss, respectively. BC is
the magnetic flux density in the stator core, f is the operating
frequency, and n is the exponent coefficient of the hysteresis
loss. KE , KH , KA, and n are material dependent.

In general, when designing an electrical generator, the core
loss is calculated assuming that the magnetic flux density is
distributed on the outer area of the stator core. However, when
considering the key bar, the distribution of the magnetic flux
density (BC ) in the stator core can be changed, particularly
when using a square key bar. Therefore, the area where the
key bars penetrate the stator core needs to be considered in
detail, as shown in Fig. 3.

B. KEY BAR
The eddy-current loss of the stator core is proportional to
the square of the core thickness [15]–[17]. Hence, thin steel
plates are used for manufacturing stator cores, and hundreds
of thousands to millions of plates are required, depending on
the generator capacity. To support the stator core, dovetail and
square key bars are used in large turbine generators, as shown
in Fig. 3.

The dovetail key bar, Fig. 3(a), is designed to be wider
toward the interior of the generator in order to support the
stator core firmly. Only a small penetration depth is required
when assembling the stator core and key bar. However,
the assembly entails a considerable amount of time as it must
be performed in the axial direction.

FIGURE 3. Stator core and key bar: (a) Dovetail key bar, (b) Square key
bar.

TABLE 2. Generator specification.

The square key bar, shown in Fig. 3(b), is a rectangular
structure. Owing to the square shape of this key bar, the stator
core can be assembled from the side, which helps to reduce
the assembly time. However, a greater penetration depth is
required to support the stator core firmly.

III. ANALYSIS
A. MODEL SPECIFICATION
The loss distribution of the generator depends on the gener-
ator cooling type. In air-cooled generators, the contribution
of mechanical (friction) loss is greater than that in hydrogen-
cooled generators because the density of air is greater than
that of hydrogen. To compare the effects of key bar types on
core loss, generators with the same cooling type and similar
capacity were selected, as shown in Table 2.

The generators in this study were of the air-cooled type
used in thermal power plants. The rated voltage of both

70664 VOLUME 9, 2021



D.-I. Song et al.: Open-Circuit Core Loss of Large Turbine Generators Considering Influence of Key Bar Design

generators was the same, and the difference in power capacity
was approximately 3.05%.

FIGURE 4. Generator model: (a) Dovetail key bar model, (b) Square key
bar model.

B. FINITE-ELEMENT ANALYSIS MODEL
Fig. 4 shows the FEA model. The analysis was carried out
under a no-load open-circuit condition. The terminal voltage
was increased from zero to 15 kV in 3 kV increments to
replicate the factory-test conditions. The two-pole generators
were applied to a 60 Hz system; hence, the rotor and field
winding were set to a 3,600 RPM rotational zone. A transient
analysis was required to calculate the core loss.We performed
a half-model analysis on several cases according to the time
flow.

The stator cores in all of the generators were composed of
the same material, had the same outer diameter, and the same
number and depth of stator core slots. Owing to the difference
in capacity, the stator core slot width and armature winding
width in the square key bar model were several millimeters
larger than those in the dovetail key bar model; nevertheless,
the geometries of the rotor and the field winding were the
same. Therefore, D1 and S1 in Fig. 6 and Fig. 7 are the
same, except for the stator core width and armature winding
width.

For each key bar type, we also analyzed the models with
and without key bars. By comparing the results of these two
analyses, we can determine the extent to which the core
loss changes depending on whether the key bar is included.
Table 3 shows the analysis cases.

FIGURE 5. Total magnetic flux density distribution: (a) Dovetail key bar
model, (b) Square key bar model.

TABLE 3. Analysis cases.

C. ANALYSIS RESULTS
Fig. 5, 6, and 7 present the results of the electromagnetic field
analysis of the generators in a no-load open-circuit condition.
The magnetic flux density is concentrated at the stator core
and is low at the key bar, as shown in Fig. 5. This is due to
the difference in the relative permeability of the stator core
and the key bar. The magnetic flux density (B) is the product
of the permeability (u) and magnetic field intensity (H ).
Permeability is determined by the product of the free space
permeability (u0) and relative permeability (ur ). Thus,

B = u · H = u0 · ur · H (5)

A higher relative permeability indicates a lower magne-
toresistance. As shown in Fig. 8, the relative permeability
of the stator core is several tens of times larger than that of
the key bar over the operation range. Therefore, the magnetic
flux from the rotor moves through the stator core, which has
a higher permeability.
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FIGURE 6. Analysis result: Magnetic flux density at the stator core for dovetail (D) and square (S) key bar models, without (1) or with (2) the key bar.

FIGURE 7. Analysis result: Core-loss density at the stator core for dovetail (D) and square (S) key bar models, without (1) or with (2) the key bar.

FIGURE 8. Relative permeability of the stator core and the key bar in the
operation range.

When the key bar is not included, the magnetic flux density
is uniformly distributed up to the outer diameter of the stator
core, as shown in Fig. 6 (cases D1 and S1). The core-loss
density also extends to the outer diameter of the stator core
and is high in the inner region of the stator core, as shown

in Fig. 7. The dimensions of the rotor, field winding, and
stator core outer diameter and length are the same for the two
generators, and the stator core slot widths differ by only a few
millimeters. Therefore, without the key bar, the magnetic flux
density distribution and core-loss density distribution for the
two generators are almost identical, as shown in Fig. 6 and 7
(cases D1 and S1).

With the key bar, the magnetic flux density does not reach
the outer diameter of the core and is mainly concentrated
between the key bar and the inner diameter of the core,
as shown in Fig. 6 (cases D2 and S2). The core-loss density is
also high in the region between the key bar and the core inner
diameter. This phenomenon is particularly noticeable with the
square key bar model, which exhibits deeper penetration.

IV. FACTORY TEST
Generators with a dovetail key bar and a square key bar were
manufactured, and factory tests were performed. The core
loss in each generator was obtained by the following process:
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A. ROLLING TEST
� Test Condition: No current flows through the field
winding. The rotor parts rotate at 3,600 RPM.

� Loss Component: Mechanical loss (friction loss) due to
the 3,600 RPM rotation.

B. OPEN-CIRCUIT TEST
� Test Condition: Current flows through the field wind-
ing, and the open-circuit voltage of the armature wind-
ing is measured. The rotor parts rotate at 3,600 RPM.

� Loss Components:Mechanical (friction loss) due to the
3,600 RPM rotation, ohmic loss in the field winding,
and core loss in the stator core.

Subtracting the total loss obtained via the rolling test from
that obtained via the open-circuit test yields the core loss and
the field-winding ohmic loss. The resistance (Rf ) of the field
winding was measured after manufacturing the generator.
Since the field current (If ) was measured during the generator
test, the ohmic loss of the field winding can be calculated as
follows:

Field −Winding Ohmic Loss = I2f · Rf (6)

Thus, the core loss in the open-circuit condition can be
obtained by subtracting the field-winding ohmic loss from the
loss-value difference of the two tests. The flow chart of core-
loss calculation through the factory test is shown in Fig. 9.

FIGURE 9. Flow chart of the core-loss calculation through factory test.

Each generator was manufactured as shown in Fig. 10 and
tested from 0 kV to 15 kV with 3 kV increments in terminal
voltage.

V. TEST RESULTS AND DISCUSSION
The analysis and factory-test results for core loss are shown
in Fig. 11 and Table 4. Fig. 11 presents the core loss for each
case from 0 kV to 15 kV. Table 4 shows the difference in
the core loss for each case at the rated voltage relative to the
analysis result for the dovetail model without the key bar.

FIGURE 10. Stator cores and factory-test apparatus.

FIGURE 11. Core-loss versus voltage for dovetail (D) and square (S) key
bar cases: analysis without key bar (1); analysis with key bar (2); factory
test (3).

TABLE 4. Analysis and factory-test results of the core loss at the rated
voltage (15 kV).

The model results without the key bar (D1, S1) differ by
only 0.5%. This is because the generator dimensions are the
same, with the exception of the core slot width. The core slot
width of the square type model is a few millimeters larger
than that of the dovetail type model.
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The difference between the D1 and D2 results is 3.4%.
As shown in Figs. 6 and 7, the application of the key bar does
not have a significant effect on the changes in the magnetic
flux density distribution and the core-loss distribution. This
is because the penetration depth of the dovetail key bar into
the stator core is small. However, in the case of the square
key bar (S1, S2), the results reveal a core-loss difference
of 26.8% when the key bar is considered. As can be seen
in Figs. 6 and 7, the effective area of the magnetic flux route
is reduced by the penetration of the square key bar. Thus,
in (3), the width of the stator core (WSC ) is reduced, and the
magnetic flux density (BC ) is increased. Therefore, the core
loss defined in (4) is increased.

By comparing the analysis results and the factory-test
results (D2-D3 and S2-S3), we observe that the loss in
the factory test was larger by 4.6% for the dovetail key
bar and by 7.2% for the square key bar. The difference
between the analysis results and factory-test data is caused by
eddy-current loss in the key bars, generator-end-region loss
owing to magnetic flux leakage [33], and the performance
degradation of the stator cores owing to the manufacturing
process [29]–[32]. The key bar is made of carbon steel,
a conductive material. Eddy-current loss occurs in the key
bar under the influence of the magnetic flux flowing to the
stator core. However, the majority of the magnetic flux flows
through the stator core rather than the key bar, as shown
in Fig. 5; consequently, the eddy-current loss of the key bars
is small compared to the core loss. Generator stator cores are
manufactured using a punching process and assembled into
the generator, which is then pressed at both ends; the per-
formance of the stator core decreases due to the mechanical
stress. Unlike the dovetail key bar, the square key bar requires
a welding process, which results in additional deterioration
due to heat. Moreover, the core loss of a generator is calcu-
lated for ideal conditions, whereas the actual generator entails
deviations arising from manufacturing tolerances that may
cause core-loss increases when compared to the losses under
ideal analysis conditions.

Summarizing the above results, the core loss differs by
8.2% in the dovetail key bar case (D1-D3) and by 36.0% in
the square key bar case (S1-S3).

For the generators in this study, the core loss accounts
for 13.5% of total generator losses. Therefore, the total loss
increase considering the key bar is 1.1% for the dovetail
key bar and 4.8% for the square key bar. The efficiency
of a generator is usually above 98% [2], [3], [34]. Hence,
an increase of 4.8% of the total loss significantly reduces
the competitiveness of the generator. Further, according to
the IEEE standard [35], the loss tolerance of a synchronous
generator, with a capacity of 10 MVA and above, should be
within +10%. Therefore, if a loss difference of 4.8% occurs
from the core loss alone, the design criteria may easily be
exceeded.

Fig. 12 shows the magnetic flux density and core loss
according to key bar type at 12 kV and 15 kV. As themagnetic
flux density increases, the core loss rises. The magnetic flux

FIGURE 12. Core-loss curve and design points.

density increases at a certain rate for each key bar type. The
core-loss increase is larger at the higher voltage, as shown
in Fig. 12. Recently, generators with a high energy and high
magnetic flux density have been designed to enable compet-
itive pricing [3]. If factors that affect the stator core, such
as the key bar type, are not considered at the design stage,
the difference in the efficiency after manufacturing can be
significant.

VI. CONCLUSION
In this paper, we describe the impact of the key bars used
in large turbine generators on core loss. The core losses of
a generator with a dovetail key bar and square key bar were
calculated by FEA and verified by factory testing.

It was found that the effective area of the magnetic flux
route in the stator core is reduced by the penetration of the
key bar into the stator core. As a result, the magnetic flux
density and core loss are increased.

This increase in the core loss becomes greater in devices
with a high magnetic flux density. Therefore, when design-
ing a key bar for a large turbine generator, care must be
taken about how deeply the key bar penetrates the stator
core.

Furthermore, a generator can be operated continuously
under the low frequency (−2%) and high voltage (+5%)
condition [35]. In this case, more magnetic flux passes to the
stator core as per (2), which increases the core loss according
to (4). Therefore, it is necessary to consider that the core loss
during actual operation can be higher than that during rated
operation.

In energy-conversion devices that use a stator core, such
as generators and motors, core loss has a significant impact
on performance. Therefore, if there is a structure such as the
key bar that affects the stator core, ensuring the performance
of the machine requires estimating the core loss at the design
stage and then verifying the result by a factory test.
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