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ABSTRACT In the traction system of rolling stock, the common-mode (CM) voltage is over 500 V, so the
inductors that suppress the CM current are prone to saturation. To prevent saturation, the traction inverter
needs many numbers of cores inside CM inductors, but the required number of cores has been determined
empirically. This paper proposes a method calculate the approximate number of nanocrystalline cores to
avoid saturation of CM inductors in railway traction inverters without circuit simulation. Using the only the
CM capacitance of traction motor and the core characteristics on the datasheet, the maximum flux density
of the inductor is calculated. Comparing calculated results of the maximum flux density with the results
measured with a 1500 V DC inverter indicates that the proposed method can better identify the occurrence
of saturation than the methods based on CM current presented in the literature. Furthermore, for the entire
CM voltage range from 500 V to 3000 V, the minimum number of cores which saturation is prevented by
the proposed calculation method is shown to be in reasonable agreement with the simulation results.

INDEX TERMS Electromagnetic interference, inductors, inverters, magnetic cores.

I. INTRODUCTION

In traction inverters for rolling stock, the reduction of elec-
tromagnetic interference (EMI) is particular importance [1],
[2], [3], [4], [5]. Various measures are required to comply
with the limitations of international standards such as IEC
62236 series (European standards are EN 50121 series) and
requirements such as EN 50238 series for electromagnetic
radiation from different railway signaling systems [6], [7].
Common-mode (CM) currents must be suppressed to reduce
radiation from traction inverters. Filters consisting of CM
inductors have been widely studied not only in rolling
stock [8], [9], [10], [11], [12], [13], [14], [15], [16], [17].
Since traction inverters in rolling stock have a large normal
operating current, motor cables are bundled together and
penetrating through many toroidal-shaped magnetic cores to
form a CM inductor [16], [17]. For these magnetic cores,
nanocrystalline with highly saturated magnetic flux density
and high permeability are the best choice. However, since
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the CM voltage exceeds 500 V in the traction inverters, the
inductors must be carefully designed to avoid saturation.
The magnetic flux density in the magnetic core of a
CM inductor can be calculated either by integrating the
applied voltage waveform or by calculating of the CM cur-
rent [17], [18], [19]. However, if the high-frequency char-
acteristics of magnetic materials are ignored, an excessive
magnetic material size will be required in railway vehi-
cles. In addition, since the CM impedance of the motor is
unknown at the design stage, the number of cores to be
equipped inside the traction inverter is designed empirically.
Methods for designing core size based on the slope of CM
voltage [16] and various high-frequency models of mag-
netic materials [20], [21], [22], [23], [24], [25], [26] are the
methods that consider the high-frequency characteristics of
magnetic materials. However, these methods are effective
only when the core material and shape can be freely designed
or when the frequency characteristics of the core can be
measured in advance. Generally, railway traction inverters are
equipped with many commercially available cores, making
it difficult to apply the results of above-mentioned studies.
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Based on the core datasheet [27], circuit simulation including
saturation is now possible. This presents challenges, such as
the need to know the CM impedance of the motor. In addition,
it is time consuming to repeat the circuit simulation many
times to determine the number of cores.

This paper proposes a simple method for calculating the
number of cores required to prevent saturation in the design of
CM inductors with nanocrystalline cores for traction invert-
ers in rolling stock, using spreadsheet tools like Microsoft
EXCEL®)without circuit simulation. First, this paper shows
a simplified CM circuit using these cores and a formula for
calculating the maximum magnetic flux density inside the
cores. The only parameters needed for this calculation are
only the datasheet of the core (AL value, saturation flux
density, effective cross-sectional area, and frequency char-
acteristics of complex permeability), the capacitance in the
CM impedance of the motor, and CM voltage of the traction.
In other words, the calculation can be performed without the
actual motor, inverter, and core. Next, from the measurement
results using a 1500V DC traction inverter and the simulation
results (reproducing the measurement results), the proposed
maximum magnetic flux density calculation could properly
determine the presence or absence of saturation under six
test conditions with different numbers of cores and windings.
Furthermore, we confirmed the superiority of the proposed
method with respect to the number of cores required to avoid
saturation. The proposed method agrees well with the simu-
lation results, whereas the conventional method is more than
twice as large as the simulation results.

Il. CALCULATION OF MAXIMUM FLUX DENSITY IN THE
CORE OF THE CM INDUCTOR OF THE RAILWAY TRACTION
INVERTER

A. PROPOSED METHOD

In actual magnetic materials, the effective permeability
decreases at high frequencies. This phenomenon occurs
because the magnetic field inside the core, which is composed
of thin metallic films, is partially canceled by the eddy cur-
rents in the thin films [24].

If a model considers this magnetic field cancellation, the
magnetic flux in the model can approach the actual magnetic
flux inside the core. However, this paper aims to determine
how many cores need to be installed to avoid saturation dur-
ing the design phase of railway traction inverters. Therefore,
the application user can obtain only the AL value, effective
the cross-sectional area, and the frequency characteristics of
the complex permeability of the magnetic material from the
core datasheet. A following is a method for calculating the
magnetic flux density using only these values is shown below.

Figure 1 shows the circuit model of a traction inverter and
motor with CM inductors containing nanocrystalline cores.
The CM circuit of the motor is assumed to have only capac-
itance Cr,. The CM voltage Vom of the traction inverter is a
step voltage. For further simplification, the equivalent circuit
of the CM inductor is only the first stage of a Cauer I-type

VOLUME 11, 2023

Traction inverter Traction motor

0000—ce—

Nanocrystalline cores

‘f -D[ ------ jJ
]
Series =m, turns = n
Vcom L7 —
c, |
R,=3w/L,
o
47
!

FIGURE 1. A common-mode circuit for a motor drive system considering
core’s high-frequency characteristics.

circuit [24], with L; as the single-core inductance component
and R as the resistance component. Since the CM inductor
consists of multiple cores connected in series and wrapped
around a motor cable, the CM equivalent impedance is n*m
times that of a single core.

The symbol w. in Fig. 1 is the cutoff frequency, which can
be read from the characteristic graph of complex permeabil-
ity [27]. In the case of Hitachi Metals Finemet®FT-3KM,
which is widely used in rolling stock, @ is 6 kHz. When m
cores are connected in series and the number of windings is n,
the impedance Zj,g of the inductor is expressed by (1). In (1),

the symbol s is the Laplace operator:

7 5 SLiRy )
ind = B°M——r—
ind sLi + R,
Since the applied CM voltage of the inductor corresponds to

(2), the magnetic flux @ inside the inductor corresponds to

3).

Vcom Zind
Vi = —20 04 @
S Zind + o
&— Vind _ Veom Zind _ Veom
- - 2 1 2 s 1
ns ns : e
Zmd+SCm 57+ n2mCnR; n2mL; Cpy
3

By solving (3) for the oscillating state assuming zero initial
flux (the damping and critical conditions are rare and can be
ignored), time variation and maximum flux can be obtained
by (4) and (5), respectively.

V. 1
&= e sinbt,a= ——,
b 2n2mCnR1
b : 2 )
= |————a
n?mLCp
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FIGURE 2. CM circuit of CM inductor and traction motor.
Veom 1 1 a
Prax = ——e " sinbty, Cty = —cos™ ' ——
b /aZ + b2
(5)
The maximum magnetic flux density per core, Bmax, 18 (6).
Vcom
Bmax = ——e 0 sin bt 6
max bmAc 0 ( )

B. PREVIOUS METHODS

To compare with the method proposed in the preceding
section IIA, this paper presents some methods of calculating
the magnetic flux in the CM inductors of earlier studies.
In both studies, the magnetic flux in the CM inductor is cal-
culated by multiplying the CM current by the inductance of
the CM inductor. There is also a method [17] for calculating
the CM current from the CM voltage through rate. However,
since the calculation result of the maximum flux density is
independent of the number of cores, this paper excludes it
from comparisons.

1) CALCULATION FROM CM CURRENT

Figure 2 shows a CM circuit with a traction motor and a
CM inductors. The symbol Liyq is the inductance of the CM
inductor, and Ry, is the resistance component of the CM
circuit of the traction motor. Since Fig. 2 is an LCR series
circuit, if the CM voltage is a step voltage, and the initial CM
current is zero, the CM current /.o, is given by (7) [18].

Vcom —_ .
Leom = ———=——e 5" sin /1 — ¢2wnt (7
V1—=1¢22Z

where (8) shows each constant.

1 Rm Cm Lind
on = ——=,C¢=— |—, CZ=] (3)
" \/Lindcm 2 Ling Cn

The time with maximum CM current is (9) by calculating
the maximum value in the differentiation of (7) (there are
multiple maximum values for #1, but the minimum value after
zero provides the maximum CM current).

1
= —cosil%, Cp=twy, Cqg=+/1—2C2w,

b P*+q
©))

The maximum magnetic flux is expressed in (10).

VeomLi

Spmax =
1-¢22
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When Ling = n?mL; in (10), we obtain Bpax as (11).

Veom n2L1

_ —Lwnly o; 1—¢2
= e sin 4/ Cewpty,  (11)
" Acmzo !

As an approximation to (11), (12) with ¢ = 0 is used in
previous studies [17], [18].

B

\% C
Icom_maxgz_oom = Vcom Li:; (12)
The flux maximum obtained from (12) is (13).
. VeomLind
gﬁmaxz === Vcom\/ LingCr (13)

Zy
When m cores are connected in series and n is the number
of windings, Linq is n?mL;. We can obtain the approximation
(14) for the maximum flux density from (13).

~ Vcom\/m Veomhn/L1 Ciy

max mA, \/%AL (14)

2) CONDITION IN DUMPING

Ogasawara and Akagi [18] shows the method of damping the
CM current by inserting a resistor Rq in the secondary side of
a CM transformer. In this case, the CM current is (15), and
the maximum value of the magnetic flux is (16).

V. I
Teom = ;—":e (15)
VeomLi
émax _ com&~ind (16)
Rq

According to (16), the maximum magnetic flux density in the
core is (17), with L as the inductance of a single core, A, as
the effective cross-sectional area, m as in the number of cores
in series, and n as the number of windings.

Vcomnszl _ Vcomn2L1
mA Ry AcRq

In such circumstances, the damping resistance is the same as
the internal resistance in Fig. 1. The maximum magnetic flux

a7

Bmax =
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FIGURE 4. Test setup for verification testing of two parallel motor drives.
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FIGURE 5. Photo of the test setup.

density can be obtained as (18) with Rq = n*mRj.

_ Vcom”2L1

B _ VeomL1
T An2mR,

o AcmRy

(18)

C. CM VOLTAGE OF RAILWAY TRACTION INVERTER

Most railway traction inverters calculate switching timing
by comparing a three-phase sine wave with a single-phase
triangular wave. In the asynchronous mode shown in Fig. 3,
there is timing when the triangular wave intersects two sine
waves simultaneously. At this time, the two phases turn on
and off simultaneously, and the CM voltage applied to the
CM circuit is two-thirds of the DC input voltage E for the DC
traction inverter, which is 1000 V if the DC catenary voltage
is 1500 V. This is more likely to occur at low speeds and low
modulation rates. As in many previous studies [28], [29], the
CM voltage generated by a single switching is one-third of E
in high-speed and synchronous mode.

Saturation due to CM voltage also depends on carrier fre-
quency [30], [31]. The carrier frequency of traction inverters
for rolling stock is about 500 Hz for GTOs and 2 kHz for
IGBTs [32]. The UK Class 390 has a carrier frequency of
1.8 kHz [33]. In addition, Siemens AG is developing a trac-
tion inverter with a carrier frequency of 3 kHz using SiC [34].
On the other hand, if the harmonics of the carrier frequency
exceed 10 kHz, they may match the frequency of signaling
devices such as axle counter systems [35]. Therefore, a carrier
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FIGURE 6. Cores inside traction inverter.

TABLE 1. Measurement cases.

Number of
Series of Cores Turns | series cores with
Case
m n the same

inductance
1 4 1 4
11 1 7
111 11 1 11
v 14 1 14
A\ 2 16
VI 7 2 28

frequency of 3 kHz is the current upper limit for traction
inverters of rolling stock.

The time variation of the flux in the CM choke contains an
exponential function as shown in (4) in section ITA. The time
constant T is given by (19).

t=1/a= 2n2mCmR1 = 6n2ma)CCmL1 (19)

If we assume C, = 36.1 nF and L; = 150 uH as a realistic
condition in section III, we obtain (20).

T =n*m x 1.22 x 107°[s] (20)

From (20), in the range n?m < 135, the time constant T is
sufficiently small relative to the half period of the carrier fre-
quency of 3 kHz, and the magnetic flux is expected to decay
to near zero before the next CM voltage change. Therefore,
for the saturation of the CM choke in the traction inverter for
rolling stock, it is sufficient to consider the CM voltage as
two-thirds of the step voltage of the DC input voltage.

Note that when the modulation ratio is extremely low, the
all three phases can be switched on or off simultaneously,
because the values of the three-phase modulation waves are
close together. In this case, it is sufficient to consider the CM
voltage as a step voltage equal to the DC input voltage.

Ill. VERIFICATION WITH MEASUREMENT RESULTS

A. CM CURRENT MEASUREMENT IN TRACTION INVERTER
To verify the flux density calculation method presented in
Section IIA, the CM current in a traction inverter with an
input voltage of 1500 V DC was measured for a commuter
train. The traction inverter drives two asynchronous traction
motors in parallel. Figures 4 and 5 show the diagram and
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TABLE 2. Simulation parameters.

Parameter Value
AL value L1 150 puH/n?
Core Cross sectional Area Ac 427.5 mm?
Cutoff frequency we 6 kHz
Saturation flux density Bsat 1.23T
Resistance Rm 451 Q
Motor Capacitance Cm 36.1 nF
Inductance Lm 45.5 uH
DC 1500V
L{YYY\ Traction inverter Current sensor
|mmmmmm e e m
, Cores | PEM CWT-1
! Jr(:} JK'} !
1
11 u
1T \ w : T//;:v:a
| 1
| KA KA ;
1
R :
Recorder
HIOKI 8861-50 Traction motors

FIGURE 7. Test and measurement circuit.

CM inductor
500 V CL
or 1000 V '

FIGURE 8. Simulation circuit.

the photograph of the test setup, respectively. The cores are
installed inside (Fig. 6) and outside the inverter.

To reproduce the saturation of CM inductors, the number
of cores connected in series and the number of turns in the
windings varied. Table 1 shows the measurement cases. The
cores used were FT-3KM F140100 (Hitachi Metals). Table 1
also shows the number of series of cores with the same
inductance in each case. The individual cores are not identical
across to save time when changing cases (As shown in Fig. 4,
multiple cores were prepared, and each case was created by
shortening unnecessary cores).

Figure 7 shows the setup for the CM current measure-
ments. Since the traction inverter drives two traction motors
in parallel, the CM current is measured as the sum of the two
motors. Due to the configuration of this test, the CM current
is recorded for approximately 1 second at the inverter startup.
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FIGURE 11. Measurement and simulation results (Case III).

This is due to the possibility of high CM voltage shown in
Section IIC.

B. ESTIMATING FLUX DENSITY WITH CIRCUIT
SIMULATION
Since the magnetic flux density was not measured in the mea-
surement described in the previous section, circuit simulation
was performed to estimate the magnetic flux density inside
the core. The circuit simulation is based on the literature [27],
confirming that the current waveform is close to the measured
waveform.

Figure 8 shows the simulation circuit. Table 2 lists the
parameters used in the simulations. AL values in the datasheet
has range from 63 to 150 ,uH/nz, so L; was fixed at
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FIGURE 13. Measurement and simulation results (Case V).
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FIGURE 14. Measurement and simulation results (Case VI).

150 wH/n? for all simulations. The CM circuit constants for
the two parallel motors are based on previous measurements
[36], [37].

The saturation behavior of the core is expressed using the
limit functions of the LTspice@®)circuit simulator (Analog
Devices, Inc.). The magnetic flux density is calculated by
integrating the voltage between both terminals of the CM
inductor. The CM voltage is either 500 V or 1000 V based
on the measured current waveform. The rise time of the CM
voltage is set to 1 us because the current waveforms do not
change even at 10 ns in the simulation. The rise time of the
CM voltage does not affect to the simulation circuit [27].
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TABLE 3. Comparing Bmax (T) inside the core.

Numbers& Conventional Proposed Result
turns | Bq. (11) | Eq. (14)] Eq. (18) | Eq. (6) b
Casel | He6 | 272 | 517 1.04 | 123
m=4,n=1
Casell | 500 | 206 | 296 093 | 1.13
m=7,n=1
Caselll |61 | 16a | 188 | 084 | 093
m=11,n=1
CaselV 143 | 146 1.48 0.79 | 0.86
m=14,n=1
Case V. | 537 | 544 | 517 152 | 123
m=4,n=2
Case VI | 407 | 412 | 296 130 | 123
m=7,n=2

Note: gray cells are not saturated.

TABLE 4. Minimum number of cores (Vcom = 1000 V).

turns Conventional Proposed Simulation
Eq. (11) |Eq. (14)| Eq. (18) | Eq. (6)

n=1 20 20 17 4 5

n=2 78 79 17 9 9

TABLE 5. Minimum number of cores (Vcom = 1500 V).

turns Conventional Proposed Simulation
Eq. (11) |Eq.(14)| Eq.(18) | Eq.(6)

n=1 44 45 26 13 16

n=2 177 177 26 27 27

Figures 9 through 14 compare the current measurement
results in the previous section with the circuit simulation
results in this section. In Case V (Fig. 13) and Case VI
(Fig. 14), where the current increases rapidly, saturation obvi-
ously appears. The simulation results for these cases also
show a rapid rise in CM current and the magnetic flux density
reaching saturation flux density, indicating that the circuit
simulation reproduces the measurement results. In the second
impulse of Case I (around 75 us in Fig. 9), the measured
current does not surge, but there is a time when the current
increases on the falling edge, which also seems to cause satu-
ration. Simulation results also confirm short-time saturation.
In Cases II, III, and IV, the measured and simulated currents
are in good agreement. Therefore, it can be concluded that
in all test cases, the internal flux density of the core can be
properly estimated by circuit simulation.

C. COMPARING METHODS OF CALCULATING NUMBER OF
CORES TO PREVENT SATURATION

Table 3 shows the results of the maximum flux density by
calculating method in section IIA and IIB for each test cases
in Table 1, as well as the flux density estimation results from
the simulations. In each calculation, L, Ac, R1, and Cy, is the
same as those used in the simulations. For the calculations of
(11), (14), and (18), Ry, is also the same as the values used in
the simulations. The results in the calculations (11), (14), and
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FIGURE 15. Minimum number of cores for preventing saturation (n = 1).
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FIGURE 16. Minimum number of cores for preventing saturation (n = 2).

(18) are judged to be saturated when they are greater than or
equal to Bgy, otherwise they are judged to be unsaturated.

As shown in Table 3, results of the conventional method
are saturated in all cases while the proposed method in this
paper (6), which deviated from the simulation by about 20%
with respect to the magnetic flux density in the unsaturated
condition, properly determines saturation as the measurement
results. Case I (Fig. 9), which determination of saturation
differs between (6) and the measurement, is considered to be
a boundary condition for saturation, because the CM current
in saturation is the same level as the current peak before the
saturation. Therefore, we can judge that (6) determines the
saturation inside the cores in the CM inductor.

The difference between the magnetic flux density of the
proposed method (6) and the measured is due to the fact that
method (6) uses only the first stage of the ladder circuit and
disregards the CM inductance of the traction motor.

In designing a traction inverter, it is necessary to determine
the minimum number of cores that will not saturate based
on the given Cy, and Viom. Tables 4 and 5 show the results
of determining the minimum number of cores that do not
saturate by (11), (14), (18), and (6) for one pulse of CM
voltage with Voo, = 1000 V and Vo = 1500 V in Fig. 8.
The tables also show the minimum number of cores based on
simulation results for comparison.

20424

Tables 4 and 5 also indicate that the proposed method (6)
is close to the simulation results. However, the conventional
methods, (11), (14) and (17), produce more than twice the
number of cores in the simulation. This is because the voltage
generated inside the CM inductor is larger than the actual
voltage. After all, the flux relaxation inside the core is not
taken into account in conventional methods.

In conventional methods, only the results of (18) for n =
2 almost equal the simulation results. To verify (6), (14) and
(18) in various CM voltages, Figs. 15 (n = 1) and 16 (n =
2) show the graphs of the minimum number of cores when
Veom Vvaries from 500 to 3000 V. The V,om range consists of
the worldwide DC feed voltage based on IEC 60850, and the
intermediate voltage of the N700S Shinkansen train [38].

As the voltage V.om changes, (14) and (18) deviate far
from the simulation results, while (6) remains close to the
simulation results over the entire range of CM voltages.
Also, as shown in Figs. 15 and 16, V.oy, and the minimum
number of cores have an almost quadratic relationship, while
(18) shows a proportional relationship. This discrepancy is
because that (18) simulates damping condition, whereas the
oscillation condition holds for CM inductors in railway trac-
tion inverters. These facts indicate that (6) proposed in this
paper is useful for estimating the minimum number of cores
in the CM inductors of rolling stock traction inverters.

IV. CONCLUSION

This paper proposes a method for estimating the number of
nanocrystalline cores to prevent saturation in the design of
CM inductors for railway traction inverters without circuit
simulation. The proposed method calculates the magnetic
flux density from the motor CM capacitance and uses the first
stage of the Cauer-type circuit of the core as an equivalent
circuit. Comparison with the actual results of CM current
measurement using a 1500 V DC inverter for commuter trains
shows that the method proposed in this paper adequately
represents the occurrence of saturation inside the CM induc-
tor. Furthermore, the minimum number of cores in the range
of CM voltages from 500 to 3000 V shows that the pro-
posed method appropriately estimates the minimum number
of cores over the entire range of DC input voltages used
for railway feed voltage. In contrast, conventional methods
in previous studies require more than twice the minimum
number of cores through circuit simulation.
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