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Abstract: This paper presents a method to reduce the winding-to-rotor capacitance of electrical
machines for the purpose of suppressing shaft-to-frame voltage, which causes reliability issues, such
as electromagnetic interference (EMI) and bearing current. The proposed method is based on the
modification of slot opening shape of the stator core, including the variation of slot opening width
and the use of oblique slot opening. For the verification of the suggested method, six different
slot opening shapes, including a reference design, are analyzed and compared using finite element
analysis, and the results show that the proposed method can reduce the shaft-to-frame voltage by
98%, compared to the reference design.
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1. Introduction

Recent electrical machine drive systems generally include pulse-with-modulation (PWM)
inverters. Drive signals of the inverters may have a significant amount of common-mode voltage that
can be coupled to various parts of electrical machine systems through parasitic capacitances. These
coupled voltages can be the origin of various harmful phenomenons, such as ground current, shaft
voltage, and bearing current.

The bearing current can be categorized into circulating current, non-circulating current, and
electrostatic discharge machining (EDM) current [1]. The EDM bearing current is a result of partial
discharges between the bearing’s inner and outer races by the development of shaft-to-frame voltage
above a threshold. Repeated occurrences of the EDM current can significantly degrade the bearing
lifetime [2–4]. Thus, the shaft-to-frame voltage should be predicted and reduced for more reliable
operation of electrical machine drives.

Until now, reported solutions to mitigate the shaft-to-frame voltage include, for example, inserting
electro-static shields between the windings and the rotor, using common-mode filters, modifying the
modulation schemes of inverter control signals, and electrically shorting the shaft and the frame of
machines [5–7].

Nevertheless, the reported solutions cannot handle parasitic capacitances themselves that are
root causes of the undesired voltages. By dealing with the capacitances, it is expected that we can
effectively reduce the voltage without using any extra devices or modifications. For the purpose, this
paper proposes a method to reduce winding-to-rotor capacitance by modifying slot opening shape of
stator core, while not affecting the mechanical and electrical performances of machines.

Energies 2020, 13, 760; doi:10.3390/en13030760 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-6523-7525
https://orcid.org/0000-0002-7190-8492
http://www.mdpi.com/1996-1073/13/3/760?type=check_update&version=1
http://dx.doi.org/10.3390/en13030760
http://www.mdpi.com/journal/energies


Energies 2020, 13, 760 2 of 9

2. Shaft-to-Frame Voltage and Parasitic Capacitances

In conventional electrical machines, shaft and rotor are mechanically connected, ensuring them to
have the equal electric potential. Since frame and stator are mechanically and electrically connected, it
is reasonable to assume that the shaft-to-frame voltage is equivalent to the rotor-to-stator voltage in the
frequency range of our interest. Therefore, we need to investigate the coupling mechanism between
stator, rotor, and winding for the analysis of the shaft-to-frame voltage.

Various factors can contribute to the shaft-to-frame voltage, but a number of studies present
that the voltage can be expressed as a function of winding-to-rotor capacitance Crw, rotor-to-stator
capacitance Csr, and bearing capacitance Cb. Figure 1 shows an equivalent circuit that expresses
relations between the voltages and the capacitances [8]. In the figure, Vcm is common-mode voltage,
and Cb,d.e. and Cb,n.d.e. are capacitances of bearings attached to drive-end (D.E.) and non-drive-end
(N.D.E.) shaft-ends, respectively. The circuit can be interpreted as a voltage divider composed of
capacitors, so the shaft-to-frame voltage can be calculated as follows:

Vfs = Vcm · BVR, (1)

where
BVR =

Crw

Crw + Csr + Cb,d.e. + Cb,n.d.e.
. (2)

It is reported that shaft-to-frame voltages tend to follow the shape of common-mode voltage but
scaled by bearing voltage ratio (BVR) [9,10]. By inspecting Equations (1) and (2), to reduce Vfs, we
should decrease Vcm or adjust the capacitance values so that BVR is reduced.
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Figure 1. Circuit diagram describing shaft-to-frame voltage.

To reduce BVR, we need to change the values of capacitances in Equations (1) and (2), but the
modifications are not available due to various design and manufacturing constraints. For example,
rotor-to-stator capacitance Csr is a function of airgap length, rotor diameter, and core stack length,
all of which are closely related to performances of machines. Common-mode voltage is determined
by inverter and it directly determines performance. Cb,d.e. and Cb,n.d.e. are determined by bearing
structure and cannot have meaningful effects on the value of BVR, because they are much smaller
than Csr [11]. Considering these limitations, we can only modify the value of the winding-to-rotor
capacitance Crw.

3. Slot Opening Shape Modification

A simplified cross-section of a stator slot is described in Figure 2. A study shows that the
winding-to-rotor capacitance is a function of distance from winding to rotor, core stack lamination
length, and slot shape [8]. The capacitance can be estimated by using parallel-plate capacitor
approximation between the windings and rotor, the which leads to

Crw = Q
ε0wL

d
, (3)
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where Q is the number of stator slots, and L is the core stack lamination length. The approximation
is slightly inaccurate because it assumes all electric fields between the windings to the rotor surface
are vertical and orthogonal to the rotor surface, ignoring the effect of slot teeth attracting the fields.
Although more accurate capacitance calculation can be found [11,12], at least we can use Equation (3)
to predict the overall tendency of the winding-to-rotor capacitance with changed slot dimensions.

Rotor

WindingStator



Figure 2. Cross-sectional diagram of a slot.

To reduce the winding-to-rotor capacitance Crw, we can change the values of Q, L, and/or d in
Equation (3), but their changes can also reduce the air-gap flux density and torque. Hence, in order
not to affect the machine performances, we should reduce the slot opening width w, as supported by
previous studies showing that the effect of modified slot openings on the machine performances is
slight or ignorable [13,14].

However, we need to consider other limitations on decreasing the slot opening width. The reduced
slot opening will increase the leakage magnetic flux between adjacent slot teeth. In addition, a
minimum slot width should be provided for proper winding process during the manufacturing of
motors. To address these limits and further reduce the winding-to-stator capacitance, oblique slot
opening shape can be applied as described in Figure 3. This suggested shape can block more electric
flux lines with additionally decreased slot opening width by d0 and θ. The decreased slot opening
width can be calculated as follows:

w = w0 − d0 tan θ. (4)

Provided with the fixed values of w0 and d0, we can adjust θ to change effective slot opening
width, reducing the winding-to-rotor capacitance.





Figure 3. A slot with oblique slot opening shape.
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Currently, most induction machines are automatically wound up. This makes it difficult to
implement the suggested method. Therefore, for motors that are made with certain methods, such
as using hairpin winding or segmented stator-core, are more suitable with the suggested method. In
addition, the suggested method can be applied not only to induction machines but also different types
of electrical machines that have slot openings.

4. Verification by Finite Element Analysis

To verify that the oblique slot opening shape can further reduce the winding-to-rotor capacitance,
we analyzed and compared six different slot opening shapes, parameters of which are shown in Table 1.
The analyses were done with a finite element analysis (FEA) software (Ansys Maxwell). The parameter
values of the reference design (Ref. in Table 1) are of a commercial 3.7-kW three-phase, four-pole,
squirrel-cage induction machine. The machine has a core-stack length of 150 mm, a air-gap length of
0.35 mm, 36 stator slots, and a radial distance of 2 mm between the winding and the rotor, including
the air-gap. The other five cases in Table 1 have the same design parameters with Ref., except for
those shown in the table. By comparing the analysis results, we can confirm the effectiveness of the
reduction of slot opening width and the introduction of obliquity in slot opening shape.

Table 1. Slot opening dimension parameters.

Ref. Case 1 Case 2 Case 3 Case 4 Case 5

ws.o. (mm) 3 3 3 1.5 1.5 1.5
d0 (mm) 1.38 mm 1.38 1.38 1.38 1.38 1.38

θ 0◦ 30◦ 45◦ 0◦ 30◦ 45◦

The analyses were done with a finite element analysis (FEA) software (Ansys Maxwell) with
electro-static solver. Boundary condition is defined so that stator- and rotor-cores have zero potential
and winding has 380 V potential. The reason we determined rotor-core’s potential as zero, although it
can be floating, is that it can help us to more clearly see the coupling relation between winding and
rotor surface. Figure 4 depicts a cross-section model of Case 2 in Table 1 for simulation.

Figure 4. A cross-section model of Case 2 in Table 1 for simulation.

Figure 5 shows the calculated two-dimensional equipotential lines for each case. Each plot in the
figure qualitatively shows that, in the order from (a) to (e), electric fields are more blocked by slot teeth,
leading to the reduction of the winding-to-rotor capacitance.
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The calculated values of the capacitances and the performance parameters are listed in Table 2,
where the performance parameters are calculated when slip is 0.05. As we used Ansys Maxwell
transient solver for simulations, torque calculation is done by using Maxwell stress tensor method [15].
Efficiency calculation is done using the equation below,

η = avg
(

pmec

pelec

)
, (5)

where avg is time-average at steady-state, pelec = ∑
nphase
n=1 Vn In, and pmec = ωmecτ. ωmec is mechanical

angular velocity, and τ is mechanical torque. Losses due to finite conductance and core eddy current are
calculated internally in the FEM solver. Winding-to-rotor capacitances of the table are in accordance
with Figure 5. With the decreased slot opening width, the rotor-to-stator capacitances are slightly
increased. This is because the air-gap length is fixed and the total area of the stator surface facing the
rotor is just a little increased. By observing the results in the table, we can conclude that, although
reduction of slot opening width decreases BVR, slot opening obliquity can also reduce BVR. Torques
and efficiencies in the table guarantee that the slot opening shape modifications do not affect the
machine performances.

(a) (b) (c)

(d) (e) (f)

Figure 5. Calculated equipotential lines of (a) Ref., (b) Case 1, (c) Case 2, (d) Case 3, (e) Case 4, and
(f) Case 5.

Table 2. Calculated capacitances and performance parameters at slip = 0.05. BVR = bearing voltage ratio.

Ref. Case 1 Case 2 Case 3 Case 4 Case 5

Crw (pF) 30.15 24.57 16.59 3.93 2.05 0.46
Csr (pF) 1145.90 1159 1179.4 1339.30 1342.21 1354.30
BVR (%) 2.56 2.08 1.39 0.29 0.15 0.03

Torque (N-m) 39.03 39.64 39.47 39.03 38.85 38.64
Efficiency (%) 80.22 80.02 80.27 80.22 80.48 80.54

As shown in Table 2, we also calculated winding-to-stator capacitance values for each case.
The calculated values mean that decreased slot opening width and slot opening obliquity both increase
the capacitance. It is important in the sense that, generally, increased winding-to-stator capacitance
value leads to decreased common-mode impedance of electrical machines and increased risk of partial
discharges and damages of insulation between coils at sudden surges or voltage spikes. Therefore,
when applying this method, it will be better to check insulation strength is enough to prevent partial
discharges using methods, such as shown in Reference [16].
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To further investigate the effects of the oblique slot opening on the performances, we calculated
torques and efficiencies at different slips.The calculated results are summarized in Figures 6 and 7. As
shown in the figures, differences in the torque and the efficiency characteristics are insignificant among
the tested cases. From the observations, we can guarantee that reduction of slot opening width and the
introduction of obliquity do not affect the machine performances.
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Figure 6. Calculated torques at different slips.
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Figure 7. Calculated efficiencies at different slips.

4.1. Effect of Skewed Rotor

Medium power motors as used in our example cases are usually made with skewed rotor slots.
Therefore, it is worth to investigate the effect of skewed rotors on the capacitance values in relation
with the suggested method. We applied 5◦ and 10◦ skewnesses on rotors of Ref. and Case 2 in Table 1
and computed the related capacitance values of them. An example of rotor with 10◦ of skewness is
presented in Figure 8. Simulation results are shown in Table 3.

It is shown in the table that the skewness of rotor slightly increased both rotor-to-stator and
winding-to-rotor capacitances. This is due to the fact that rotor slot opening teeth side area is increased
due to the skewness as shown in Figure 9. The area can be expressed as below.

A = Qrdl sec θ, (6)

where Qr is total number of rotor slots. However, increased value of rotor-to-stator capacitance value
is much bigger than that of winding-to-rotor capacitance value. This is because winding-to-rotor
capacitance is also strongly affected by stator slot structure.

The resultant BVR values due to the skewnesses are decreased, because, in Equation (2),
rotor-to-stator capacitance is placed only in the denominator. However, it also can be seen that
the change of values of BVR due to the skewness has negligible impact than obliquity of slot opening.
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Figure 8. An example 3D model of skewed rotor for simulation with 10◦ of skewness.

Table 3. Calculated capacitance values with skewed rotors.

Ref. Case 2
skew 0◦ skew 5◦ skew 10◦ skew 0◦ skew 5◦ skew 10◦

Crw (pF) 30.15 30.22 30.27 16.59 16.74 16.91
Csr (pF) 1145.90 1171.6 1233 1179.4 1212.6 1277.5
BVR (%) 2.56 2.51 2.40 1.39 1.36 1.31

로터 skew 반영시표면적변화

 예제

1

Area, 𝐴

𝜃
𝑙

𝑑

 𝐴 = 𝑑𝑙 sec 𝜃
 Skew angle 𝜃이커지면면적 𝐴가증가함

Figure 9. Rotor surface area change due to skewness.

4.2. Slotting Effect

Stator slotting effect on the magnetic-field distribution is important that it induces motor’s eddy
current core loss [17,18]. To investigate effect of the suggested slot opening shape on the slotting effect,
we calculated airgap magnetic flux density around a single slot of Ref., Case 1, and Case 2 of Table 1.
The simulation results are shown in Figures 10 and 11.

As shown in the figures, the three cases do not differ except for phase difference. Because losses
due to slotting effect are caused by rotating motion of rotor relative to space harmonic airgap flux
density, the suggested slot opening shape does not change the loss characteristics of motors.
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Figure 10. Normalized airgap densities of Ref., Case 1, and Case 2 of Table 1 around a single slot.
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Figure 11. (a) Magnitude and (b) phase angle plots of the normalized airgap flux densities in Figure 10
in spatial frequency domain.

5. Discussion

For the reduction of the winding-to-rotor capacitance, oblique slot opening shape is proposed in
this paper. The proposed slot opening shape is verified by analyzing six different slot opening designs
with FEA. The analysis results show that the suggested shape reduces the winding-to-rotor capacitance
by about 98% compared to a reference design, while not affecting the machine performances.
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