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Abstract The core snubber, as a passive protection device, can suppress arc current and absorb
stored energy in stray capacitance during the electrical breakdown in accelerating electrodes of
ITER NBI. In order to design the core snubber of ITER, the control parameters of the arc peak
current have been ﬁrstly analyzed by the Fink-Baker-Owren (FBO) method, which are used for
designing the DIIID 100 kV snubber. The B-H curve can be derived from the measured voltage
and current waveforms, and the hysteresis loss of the core snubber can be derived using the revised
parallelogram method. The core snubber can be a simpliﬁed representation as an equivalent
parallel resistance and inductance, which has been neglected by the FBO method. A simulation
code including the parallel equivalent resistance and inductance has been set up. The simulation
and experiments result in dramatically large arc shorting currents due to the parallel inductance
eﬀect. The case shows that the core snubber utilizing the FBO method gives more compact design.
Keywords: international thermonuclear experimental reactor (ITER), neutral beam injector (NBI), B-H curve, core snubber, eddy current, arc current, eddy current loss, hysteresis
loss
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Introduction

The neutral beam injector (NBI) system of the International Thermonuclear Experimental Reactor (ITER)
includes a high power ion source, a high voltage power
supply (HVPS), a neutral beam transmission subsystem, a vacuum subsystem and so on [1∼3] . High energy
neutral beam injection is a highly eﬃcient technique
for plasma heating and current drive in tokamaks. As
the accelerator grid operates at a high electric ﬁeld and
works under diﬀerent conditions, the ion sources in NBI
frequently suﬀer from electrical breakdown, which is deﬁned as short circuit in the ﬁeld of electrical science.
In order to prevent the ion source from malfunctions
or permanent damage, the short-circuit current should
be less than 3 kA, and the absorbed energy on its ion
source electrodes must be less than 10 J [4] . The core
snubber as a protection system is usually inserted between the ion source and the acceleration power supply
as seen in Fig. 1 [5] . The core snubber is shown in Fig. 2,
where iA is the arc current, r1 and ro are the inner radius and outer radius respectively, Nc , NL , NT are the
number of cores, magnetic tape layers of each core, and
conductor turns, and W is the width of each core. The
work principle of the snubber is that it can suppress the
short-circuit current by its impedance, and can absorb
the discharging energy by its equivalent resistor.
∗ supported

Fig.1 The schematic diagram of EAST NBI power supply
system

As in Ref. [6], the simpliﬁed equivalent circuit of the
core snubber consists of the parallel resistance R and
inductance L when neglecting its leakage inductance.
It has two key elements which depend on the frequency
of the applied source. These parallel components are
adopted rather than series components, because the effective shunt resistance varies less than the eﬀective
series resistance with high frequency excitation. The
core snubber absorbs the capacitive stored energy by
iron losses, mainly by eddy current loss [7∼9] . FinkBaker-Owren (FBO) presented the analysis method for
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the core snubber on the assumption that the core snubber never saturates and the magnetization inductance
is an inﬁnitely large quantity [7] . The design of the core
snubber for DIIID 100 kV referred to the FBO method.
With the secondary resistor, the capability of the snubber system to absorb energy can be improved [10∼12] .
In fact, the inductance is in real existence in the equivalent circuit of the core snubber, and the hysteresis loss is
also existent. In this paper, we analyze the topological
structure of the core snubber ﬁrst. Secondly, the characteristic parameters of the Fe-based nanocrystalline
soft magnetic materials (FINEMET) are obtained, and
the hysteresis loss is computed. Then, the simulation
model including the parallel inductance is set up. Finally, the scheme of the 400 pF/1 MV core snubber
based on the mini core snubber is determined by the
simulation model.

Due to NT =1 in the ITER NBI system, Eq. (2) can be
rewritten as
T0 =

2.1

2

Topological structure of the
core snubber

Fig. 3 shows the stray capacitance Cs and the equivalent time-varying resistance Rs of the core snubber [7] .
Neglecting its shunt inductance, FBO [7] presented the
analytical form of Rs , which is
3/2

(1)

where ρ is the resistivity of the tape metal, B is the
swing of magnetic ﬂux density of the FINEMET core
material, which equals the residual density Br plus saturation ﬂux density Bs . The discharge time constant
T0 is [7,9]
3/2

T0 =

5Nc NL NT W BρC 1/2
(
) .
[1 + (r0 /r1 )1/2 ] πr1 V0

The discharged peak current of the arc is
îA = 0.385CV0 /T0 .
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The simpliﬁed circuit of core snubber

Modification of inner and outer
radii of core snubber

We assume that d, W , L and r0 /r1 are constant.
If a proportion factor k > 0 and r1 → kr1 , we have
r0 → kr0 and NL → kNL . Now the equivalent variable
resistance Rs is

The conﬁguration of core snubber

5Nc NL NT ρW (πBr1 )1/2
t
Rs =
coth(
),
1/2
1/2
2T0
πr1 [1 + (r0 /r1 ) ] (ρCV0 )

(4)

where d is the thickness of the magnetic tape, Sf is the
packing factor of the core snubber, L is the length of
the core snubber, which equals Nc W .
From Eqs. (1) and (4), we can see that the equivalent time-varying resistance Rs and the time constant
T0 are proportional to the length of the core snubber,
and that the peak current of the arc current is inversely
proportional to the length of the core snubber. In order
to raise the material utilization ratio, we should choose
which kind of structure between slender core snubber
and stubby core snubber.

Fig.3

Fig.2

5L(r0 − r1 )Sf
BρC 1/2
) ,
(
d[1 + (r0 /r1 )1/2 ] πr1 V0

(2)

[7,9]

(3)



Rs =

√
5Nc kNL NT2 ρW
(πBkr1 )1/2
= kRs . (5)
1/2
1/2
πkr1 [1 + (r0 /r1 ) ] (NT ρCV0 )

And the discharge time constant T0 is


T0 =

5Dk(r0 − r1 )Sf BρC 1/2 √
)
= kT0 .
(
d[1 + (r0 /r1 )1/2 ] πkr1 V0

(6)

From Eqs. (5) and (6), we ﬁnd that the equivalent variable resistance and discharge time constant are proportional to the square root of the scale factor k. From
Eq. (3), we can see that the peak current of the arc is
inversely proportional to the square root of the scale
factor k. And the consumable core material of the core
snubber is of the ratio to square of the scale factor k.

2.2

Modification of length of core snubber

In this case, only the length of the core snubber L
is changed to kL, and the other dimensions of the core
snubber are still constant. From Eqs. (3), (5) and (6),
we can ﬁnd that the peak current, equivalent variable
resistance and discharge time constant are the same as

the corresponding ones in section 2.1. The consumable
core material of the core snubber is also the ratio to
the scale factor k. Therefore, from the point of view of
saving material, we ﬁnd that the topological structure
of the core snubber is better in a slender structure than
in a stubby structure.

3

Characteristics of the magnetic cores

The magnetization of the mini core snubber with reversal residual magnetization, Nt turns winding, an effective cross-sectional area Ac , and an average magnetic
path length le can be described by relating the electrical quantities of the winding and the ﬁeld quantities of
the mini core snubber,

1
(7)
v(t)dt − Br ,
Bt =
Nt Ac
Nt
i,
(8)
le
where v is the voltage across the winding, i is the current through the winding, Bt is the magnetic induction,
H is the magnetic ﬁeld strength, le equals multiplying
π by the sum of r1 and r0 .

b. A half part of the B-H curve should be plotted.
For the record-data of the voltage waveform and current
waveform, we use Eqs. (8) and (7) taking no account of
Br , and plot a half part of the B-H curve as shown in
Fig. 5(a). Point a is determined by the ﬁrst pair sample data of the voltage waveform and current waveform.
Point b corresponding to the same pair sample data is
on the upward side of point a. In order to determine
point b, this B-H curve may be plotted repeatedly.
c. Br can be obtained. According to the characteristics of the B-H curve, the length of line ab quantitatively equals 2Br . Consequently, point a and point b
can be expressed as (0, −Br ) and (0, +Br ) respectively.
And the B − H curve derived is shown in Fig. 5(b).

H=

3.1

Fig.4

Simpliﬁed schematic of experimental circuit

Confirmation of residual density

The residual density Br can be obtained by two
methods. One is obtained from the manufacturer of
the FINEMET core material, and the other is obtained
by an experimental method. Here, the experimental
method is introduced. A simpliﬁed schematic of the experimental circuit is shown in Fig. 4. It consists of three
switches (K1 , K2 , K3 ), a core snubber, a capacitance, an
adjustable voltage source, an adjustable current source,
a current transformer, a divider voltage probe and an
oscilloscope. The capacitance can be charged by the
adjustable voltage source. Ibias can be adjusted by the
current source. The oscillograph can record the voltage
waveform and current waveform of the discharge pulse.
Based on this experimental circuit, the residual magnetic ﬂux density Br can be obtained by referring to
the procedure as follows:
a. Ibias0 is determined. In order to keep the core
snubber in reverse residual magnetization, the minimum reverse magnetizing current Ibias0 should be determined ﬁrst. Br and the magnetic intensity H0 should
satisfy
(9)
Br = μH = μr0 μ0 H,
where μ is the total permeability of the FINEMET that
deﬁnes the slope of the B-H curve, μr0 is the relative
permeability of the FINEMET and μ0 is the permeability of air μ0 = 4π×10−7 T · m/A. According to Eqs. (8)
and (9), Ibias0 should satisfy
Ibias0 ≥

Br le
.
μr0 μ0 Nt

(10)

(a) Without regard to Br , (b) With regard to Br
Fig.5
line)

Sketch map of a half part of B-H curve (color on-

1019

3.2

B-H curve and characteristics of the
magnetic cores

The test mini core snubber consists of 3 cores. The
dimensions of each core are 170 mm in inner diameter,
240 mm in outer diameter, 30 μm in tape thickness and
50 mm in tape width. The material is the FINEMET.
The capacitance Cs is 76 nF. The current i is measured
with a current transformer. The voltage v across a 4turn winding is measured with a high-voltage probe.
The data are collected at the highest rate of a 2 GS/s
digital oscilloscope. According to the dimensions of the
core snubber and Br provided by the manufacturer, the
bias current Ibias0 is about 25 A. Considering the possible error, we choose Ibias0 for about 50 A. It should
be noted that, before turning on K2 , K1 should be
switched oﬀ. The measured voltage and current pulses
on the test stand are shown in Fig. 6. The B-H curve
can be obtained using Eqs. (7) and (8), and the typical
curve is shown in Fig. 7.

the key parameters of the mini core snubber can be
obtained as listed in Table 1. As in Ref. [13], Cao L
and Li G found that the major loop area of the parallelogram equals that of the B-H rectangular loop, and
presented a method for the hysteresis loss Lossh calculation, which equals the product of the area of the
hysteresis loop and the volume of the hysteresis ring,
Lossh =

4μr0
Br Hc Ac le ,
μr0 − μrs

(12)

where μrs and μr0 are the magnetic saturated and unsaturated relative permeability respectively, and their
corresponding quantities equal the slope of line dc and
ed as seen in Fig. 5(b) divided by μ0 .
Table 1.

Key parameters of the core snubber

Core material

Value

Saturation ﬂux density Bs (T)

1.25

Residual density Br (T)

0.3

Coercive force Hc (A/m)

20

Magnetic unsaturation relative 8500 (200 kHz)
permeability µr0
Magnetic saturation relative

160

permeability µrs

Fig.6 Voltage and current waveform recorded by oscilloscope (color online)

According to the dimensions of the test mini core
snubber and parameters listed in Table 1, the hysteresis loss is about 0.1 J, and it is nearly 7% of the stored
energy in the charging capacitor (76 nF/6 kV). This result shows that the eddy current loss is the main part
of the total iron loss.

4

Fig.7

Typical B-H curve (color online)

The non-saturation inductance of the mini core snubber is
N 2 Ac dBt
L= t
,
(11)
le dH
where dBt /dH, correspondence non-saturation inductance, equals the slope of line ed as shown in Fig. 5(b).
The unsaturated inductance of the mini core snubber
with 4-turn winding is about 1 mH when it is magnetically unsaturated. According to Fig. 7 and Eq. (11),
1020

Test and simulation of mini
core snubber

In the experiment, the core snubber is the same as
the one in section 3, where Nt =1, Cs =26.5 nF, initial
voltage V0 =2.2 kV. The waveforms of the voltage and
discharge current of Cs are shown in Fig. 8, and the discharge current referring to the FBO method is shown
in Fig. 8 also. If the ﬁrst turn of the tape is not fully
saturated, the tape thickness should meet [7]
d0 ≥ (

10Nt ρCs V0 1/2
) .
πBr1

(13)

According to Eq. (13) and experimental conditions, we
have d0 =30.4 μm. This means that the ﬁrst turn of
the tape is nearly fully saturated. For the comparison
between the measured current and the calculated current referring to the FBO method, we found that the
two peak values of the current are nearly equal. This
means that two curves agree well.

Fig.8 The discharge voltage and current waveform of core
snubber (color online)

Fig. 9 shows the discharged current and voltage
pulses for the increased 4.4 kV charging voltage, and
LC oscillation mode occurs in this condition which increases the peak current signiﬁcantly. The test peak
current is about 90 A, and the calculated peak current
is about 44 A, which is about one-half of the test value.
Accordingly to Eq. (13), we have d0 =43.4 μm. This
means that the ﬁrst turn of the tape is already fully
saturated. The eﬀective layer of the core snubber is
decreased, and so is the parallel inductance L, and the
eﬀect of the inductance neglected by FBO is more obvious.

are 189 μH and 63 μH, respectively. However, the magnetic non-saturation relative permeability μr0 of the
FINEMET with 1 MHz pulse excitation is 3500 [12] ,
and the upper limit and lower limit of the parallel inductance are 81 μH and 27 μH respectively. The simulation waveforms of the arc current corresponding to
Fig. 9, considering three cases of parallel inductance of
200 kHz and 1 MHz pulse excitation, are respectively
shown in Fig. 10(b) and (c).
From Fig. 9 and Fig. 10(b), considering 63 μH parallel inductance, we ﬁnd that the peak of the measured
arc current in Fig. 9 nearly equals the peak of the simulated one in Fig. 10(b). Because the equivalent resistance of the Fink-Baker method is greater than that of
considering fully saturated inner layer tapes, the simulated arc current can attenuate faster than the test one.
Fig. 9 and Fig. 10(b) also validate that the simulated
arc current attenuates faster than the test one.

Fig.9 The discharge voltage and current waveforms of core
snubber (color online)

In this study, our simulation model consists of the
parallel resistance and inductance as seen in Fig. 10(a).
The resistance is a variable resistance indicated by the
FBO method. The parallel inductance of the core snubber with the FINEMET material is measured by Accuracy Inductance Bridge. The measured inductance
is 189 μH with a 100 kHz actuating signal, which is
fully unsaturated inductance. Another measured inductance is about 63 μH (1 mH/16), which is magnetization inductance by a high magnetizing current,
and it is proportional to the relative permeability. The
FINEMET magnetic material with the higher inductance and higher saturation magnetic ﬂux density was
conﬁrmed to be the most favorable core material for
the compact core snubber in the NBI power supply systems [12] . Therefore, the upper limit and lower limit of
the parallel inductance with 200 kHz pulse excitation

(a) Simulation model, (b) Simulation arc current with relative permeability µr0 = 8500, (c) Simulation arc current with
relative permeability µr0 = 3500
Fig.10 Simulation model and simulation arc current
(color online)
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Comparison of the designed
scheme with reference design
for ITER

The stray capacitance of the ITER NBI system is
about 400 pF, and the operating voltage is 1 MV [12] .
The absorbed energy on the ITER ion source electrodes
must be less than 10 J. WATANABE et al. presented a
design base for the core snubber in the ITER NBI system [12] . At present, this design base as the reference
design has been determined by ITER oﬃcials for the
core snubber of ITER NBI. And the design of the core
snubber in the DIIID NBI system is based upon the
FBO method. The reference design and FBO method
are diﬀerent mechanics. The former is based on the
parallel inductance whereas the latter is based on the
equivalent time-varying resistance neglecting the parallel inductance. Therefore, it is very diﬃcult to make a
logical comparison for the two typical methods. In this
paper, we assume that the core is of the same dimensions as one in Ref. [12], except that the tape thickness
d is 30 μm. Its dimensions and characteristic parameters of the core material are listed in Table 2. We
decrease Nc from 13 to 11. And the result means that
the size of the core snubber as by the FBO method is
less than the size of one as by the WATANABE method.
Table 2.

Parameters of ITER NBI

Item

Value

Inner radius r1 (mm)

200

Outer radius r0 (mm)

450

Core width W (mm)

25.4

Tape thickness d (µm)

30/20

Number of laminations NL

5833

Packing factor Sf
Conductor turns NT
Number of core Nc

0.7
1
11/13

Saturation ﬂux density Bs (T)

1.35

Residual ﬂux density Br (T)

1.23

Magnetic unsaturation relative 3500 (1 MHz)
Permeability µr0
Operating voltage V0 (MV)

1

Stray capacitance Cs (pF)

400

Fig. 11 shows that the arc current peak referring to the
FBO method is almost the same as one by WATANABE (1 MV/500 Ω=2000 A). This shows that the size
of the core snubber can be reduced by 2/13 using the
Fink-Baker core snubber compared with the WATANABE core snubber. If the ratio of r0 /r1 is less, the
advantage of the FBO method is more obvious.

Fig.11 Simulated arc current with diﬀerent parallel inductances for ITER core snubber (color online)

6

Based on the controlling parameter T0 of the FBO
method for the arc current peak, the relation between
the controlling parameter and the topological structure
of the core snubber can be derived, and the slender
structure for the core snubber has been conﬁrmed. Accordingly to the B-H curve of the mini core snubber,
the ﬁve key parameters listed in Table 1 can be obtained, and the hysteresis loss can be derived. In this
investigation, we have analyzed the eﬀect of the parallel inductance, which is neglected by FBO, and we have
set up a simulation model including the parallel equivalent resistance and inductance. Our simulation and
experimental results show that the eﬀect of the parallel
inductance can increase the arc current obviously. This
investigation has improved the FBO method. The core
snubber referring to the FBO method is more compact
than one referring to the WATANABE method.
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