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Equivalent Circuit Analysis for Core Snubber

Haitian Wang, Ge Li, Guangfu Tang, and Zhiyuan He

Abstract—An equivalent circuit for a core snubber is established
in this paper. The circuit can approximately express a parallel re-
sistance and inductance. The resistance can be directly calculated
according to the resistivity of the magnetic core and structure
dimensions of the core snubber referring to Fink-Baker—-Owren
(FBO) method, and the eddy current factor is adjusted to one.
In this paper, the shunt inductance neglected by FBO is first
considered, and it can be obtained from critical characteristics of
the magnetic core and structure dimensions of the core snubber.
The two electrical parameters are varied with saturated zone
of the inner turn of tape. Then, the simulated model of a core
snubber is set up. Finally, a miniature core snubber is analyzed,
and its parallel resistance and inductance are obtained from the
experiment condition. The test data validate the analytic model.
The method presented in this paper is proved to be useful in the
design of core snubber for the Experimental Advanced Supercon-
ducting Tokamak and the International Tokamak Experimental
Reactor.

Index Terms—Arec discharges, B — H curve, core snubber, eddy
current factor, electric breakdown, iron loss, magnetic cores, self-
consistency validation.

I. INTRODUCTION

HE NEUTRAL BEAM INJECTOR (NBI) system of the

Experimental Advanced Superconducting Tokamak in-
cludes high-power ion source, complex power supply sub-
systems, neutral beam transmission subsystem, bias magnet,
vacuum subsystem, and so on [1], [2]. NBI is one of the most
effective power sources for heating and current drive in fusion
plasmas, and the neutral beam is a candidate to heat to igni-
tion the International Tokamak Experimental Reactor. As the
accelerator grid operates at high-electric field, and also due to
its many different working conditions of electrode surface with
different gas pressure, electrical breakdowns are unavoidable
phenomena in NBI system. To prevent damages, the energy
deposited in the ion source should be limited to 50 J [3].
Although the power supply cuts off the output by the high-speed
switching immediately (< 10 us), when the breakdown occurs,
a high-frequency surge current will inject into the accelerator
grids from the stored energy in the stray capacitances between
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the high-voltage parts and the ground potential [4]. The stored
energy can be itself high enough to damage or destroy the
grids. The stored energy is proportional to the stray capacitance
and to the square of working voltage. The high-voltage and
high-power NBI power supply has a large stored energy in the
system.

Surge suppression elements such as core snubbers are
adopted in the power supply system of NBI system. The core
snubber can quench an arc current by means of its equivalent
impedance when an electrical breakdown takes place between
the accelerator grids. The stored energy can be consumed by
the iron losses, including hysteresis loss, eddy-current loss, and
residual loss. Therefore, the loss mechanism and characteristics
of the magnetic cores have attracted the attention of many
researchers in the literature [S]-[10]. However, these papers
have no consideration of the time-varying resistance of core
snubber.

Wheeler [11] presented a simplified equivalent network in
which the parallel resistance R and inductance L have val-
ues depending on the frequency. These shunt components are
used rather than series ones, because the effective parallel
resistance varies less with frequency than the effective series
resistance. Fink—Baker—-Owren (to be referred to as FBO) [12]
have analyzed some parameters on thickness of the saturated
regions, such as the induction voltage, eddy current, time-
varying resistance, and so on. They also used the model of
the core snubber replaced with an equivalent parallel L;—R;
circuit. Based on the assumption that L is so large that it can
be neglected, they have set up a model for the core snubber.
Then, they obtained the total equivalent time-varying resistance
and transient eddy current. FBO method (to be referred to
as FBOM) for the core snubber design is incomplete in two
respects. First, they do not consider the parallel inductance, so
that FBO had to choose their experimental conditions largely
on the basis of high inductance. Second, FBO chose the eddy
current factor (ratio of the observed eddy current loss to the
classical eddy current loss) equal to 2.5 referred to as the eddy
current anomaly [12]. This assumption is based on the domain
theory of the eddy current loss; however, this eddy current
factor only fitted the square cross section of the ferromagnetic
conductor. According to the domain model of Williams et al.
[13], Pry and Bean [14] found that the eddy current factor
depended on magnetic sheet configuration. They obtained that
the eddy current factor was a function of the ratio of the domain
wall spacing to the sheet thickness.

In this paper, the equivalent eddy current resistance of core
snubber referring to FBOM will be described first from the
domain model point of view. The simulation model considering
time-varying resistance Rs and time-varying parallel induc-
tance L, of core snubber will be reported second.

0093-3813/$31.00 © 2012 IEEE



636

N, w

Fig. 1. Configuration of a core snubber.
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Fig. 2. Eddy current and flux density of a core tap winding.

II. EDDY CURRENT FACTOR AND REVIEW OF FBOM

As shown in Fig. 1 [12], the core snubber consists of N,
transformer cores encircling N7 turns of a conductor through
which the arc current 7 4 flows. The bias current i, is used for
keeping the core snubber with negative magnetic saturation,
which results in the core snubber with saturated inductance.
As a result, the normal operation of the accelerator grid is
unaffected by the core snubber. Furthermore, the flux density
swing, from negative remanence to positive saturation, can be
enhanced with the bias current i,. With inside and outer radii
of r1 and rq, respectively, the cores are wound of N layers
of metal tape. These parameters W and d are the width and the
thickness of the tape, respectively. The tape is made of Fe-based
nanocrystalline soft magnetic materials (FINEMET) [8].

When the NBI is in failure-free operation, the cores are
given a residual magnetization, in a sense, opposite to magnetic
field generated by the arc current. Therefore, the onset of an
arc current causes flux density in the tape from —B, to Bq.
Moreover, we assume that the eddy current rises sharply so
that very narrow interfaces exist between those regions of the
tape saturated with a flux density B and those regions that
remain with residual magnetism at a flux density — B, shown
in Fig. 2 [12].

At some time shortly after the arc current is initiated, there
are an annular region of saturation and a region of residual mag-
netization. In a simplification method [6], FBO took an assump-
tion that the saturated regions be at some uniform thickness a
and the inner region be at a thickness (d — 2a) [12]. Lamination
parameters satisfy the condition of W > d. According to Pry
and Bean [13], this case is a small ratio of the domain wall
spacing to the sheet thickness; the eddy current factor should
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Fig. 3. Arc current as a time function.
be one. The equivalent resistance of the core snubber R can be
expressed as [12]

2N Ny N2pW

s = 1
R( Tairy [1 + (7"0/’]"1)1/2] ( )

where p is the resistivity of the core metal and a; represents the
thickness of saturation of the first tape.

When an electric breakdown occurs between accelerator
grids, the equivalent model of the core snubber and stray
capacitance is such that

ia+Cd(iaRg)/dt = 0. )

For solving (2), the solving process with transformed vari-
able was described elsewhere [15]. To thoroughly understand
the calculation of the arc current, it is necessary to study the
derivation in [12] and [15], but a summary of the procedure is
denoted with (3)—(8).

The thickness of the saturated region a; in the first of the
lamination is

a1 = ag fa = agtanh(yt/2) 3)

in which f,, [12] and constant a are
1— et <NTpCV0>1/2
_ 0=

o= The

“

mBrq

where the flux density swing B = B, + B,.
The time constant of the exponential is
1 2N N N2pWC

To=~= . 5
0 Y magri [1 + (ro/rl)l/ﬂ )

The arc current is
ia =4CVov fi (6)

in which f; is the same as the one in FBO method [12]
e M1 —e
fi= (—3) (7N
(1+e?)

Moreover, it changes with ¢ as shown in Fig. 3.
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From the derivative of (7), we find that the arc current has its
peak value when v¢ = 1.317. In addition, the peak value is

ia = 0.385CVyn. (®)

From (8), we know that the peak current of the arc current
can be controlled by the choice of an arc snubber with the
suitable ~.

The peak value is 1.58 times as much as the one in [12]. The
saturated depth in the first tape is 1/1.58 as much as the one in
[12]. These factors show that, updating the eddy current factor
from 2.5 to 1, the peak value increases by about 60%, and the
voltage can increase by 150% when the innermost tape becomes
entirely saturated.

III. EFFECT OF PARALLEL INDUCTANCE

At frequencies so high that they are twice the depth of
penetration but are no more than the effective thickness of
each lamination, the parallel inductance of the core snubber is
determined by the resistivity of the magnetic material as well as
the saturation induction, ribbon thickness, and thickness of the
effective conducting layer. We assume that r; and a represent
the radius and thickness of saturation in the kth turn. Before the
first winding of the tape is completely saturated, the saturated
thickness in the kth winding is [12]

ar = a1 (ri/ri) 2. )

When the first tape becomes just completely saturated, the total
saturated thickness D of the snubber can expressed as

D= S\/E/ ' %dw = 25r, [(ro/r)? ~ 1] (10)

where S is the packing factor, which is defined for a tape-wound
magnetic core to be the ratio of the volume of magnetic material
to the total core volume.
Note that, prior to complete saturation of the first tape, the
total unsaturated thickness of the core snubber is
De:S(TofT‘l)*D'fa. (11)
Moreover, the parallel inductance is given by the following
equation:

Ly =41 x 107" % pt, x No x W x D/l (12)

where p,. is relative permeability and [, is the average magnetic
path length. This inductance will decrease with the increase
of saturated thickness of the first tape. In order to effectively
protect the ion source, we should keep ample margin of safety
and assume that the first tape is fully saturated, at the very most.

The parallel inductance is time-varying inductance also.
According to maximum relative permeability versus time to
saturation for several metallic glasses tested by Smith [16], the
approximate relative permeability can be written
pr =T x 10'0/2 (13)

where 7' is the time to saturation.
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Fig. 4. Schematic diagram in a discharge circuit.
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Fig. 5. Simulation model of snubber considering paralleling inductance.

IV. SIMULATION MODEL

Substituting (3) and (4) into (1), we have

t
s = h{ =
Ry = Rgcot <2T0>

where Ry = 2N Ny N2 pW /magri[1 + (ro/r1)Y/?].

In the accelerator grids where an electrical breakdown takes
place, the discharge circuit consisting of the stray capacitance
C and the shunt R;— L, is shown in Fig. 4.

Here, on the base of time-varying resistance of FBO, we
consider the effect of time-varying parallel inductance by sim-
ulation model rather than analytic solution, because the circuit
in Fig. 4 is a cubic differential equation. The simulation model
in the MATLAB/SIMULINK is shown in Fig. 5.

In Fig. 5, tanh function and coth function present ¢/(27p)
of hyperbolic tangent and hyperbolic cotangent, respectively;
K3 gain denotes the coefficient Ry in (12); Ko gain denotes
the total saturation thickness in (11); K3 gain presents (12)
except variable D.; R and L blocks utilize the corresponding
controlled current source to express the time-varying resistance
and inductance, which vary with the charging voltage of the
fixed capacitor, respectively; and C' is the same as the one
in Fig. 4.

(14)

V. EQUIVALENT TRANSFORMATION BETWEEN PARALLEL
MODEL AND SERIES MODEL

The core snubber belongs to a kind of transformer, which can
be presented as simplified equivalent circuit in Fig. 6(a) [17]. It
consists of four elements which are shown in Fig. 6(a). R; is the
resistance of the transmission line. X is the leakage reactance
attributable to the transmission line. X, is the magnetizing
reactance of the core snubber, representing the stored energy in



638

© (@)

Fig. 6. (a) Parallel model of the equivalent resistance and the magnetizing
reactance. (b) Series model of the equivalent resistance and the magnetizing
reactance. (c) Simplified equivalent circuit of the core snubber. (d) Simplified
equivalent circuit of the core snubber with the secondary resistance.

the magnetic field. X, equals wL,, and w is angular frequency
of the applied voltage. Under the same applied voltage, the
parallel of Ry — X, can be equally translated into the series
of equivalent resistance R,, and magnetizing reactance X,,
shown in Fig. 6(b).

The series model of the equivalent resistance and the mag-
netizing reactance can be obtained from the resistance and
reactance of the parallel model. R,,, can be expressed as

-1
R, = R.X, (R + X)) (15)
Moreover, X,,, can be expressed as
X = X,R? (R?+ X2)™ (16)

Neglecting R; and X5, the simplified equivalent circuit of
the core snubber is plotted in Fig. 6(c). With the secondary
resistance Ry, the capability of the snubber system can be
improved [8], [18]. In this case, R; can take on the shunt
resistance of the core snubber and R; and R are parallel
shown in Fig. 6(d). Therefore, the multiple circuits of R, and
L4 can facilitate analysis of the core snubber with or without
the secondary resistance.

VI. SIMULATION AND EXPERIMENTAL VALIDATION

The experimental system is shown in Fig. 7.

The experimental system mainly consists of a dc adjustable
voltage source F, a capacitor C, the core snubber, a spark
gap switch (SGS), and a current source (using the bias current
to keep the initial flux density at about the reverse residual
flux density when the accelerator grids are in normal working
condition). The stray capacitance of the NBI is substituted by a
capacitor C'. We use SGS to simulate electric breakdown in the
accelerator grid. In addition, the core dimensions and relevant
properties of the material are listed in Table I. The parameter
values of the experiment condition are taken as N, = 3 and
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Fig.7.  Photograph of the core snubber setup and the experimental system.

TABLE 1
DIMENSIONS AND MATERIAL PROPERTIES OF THE CORE SNUBBER

W (m) 0.050 N 817
d (um) 30 Ny 1
s 0.7 By (T) 1.25
r1(m) 0.085 B, (T) 0.6
7o (m) 0.12 » (UQ-m) 0.80
1, (m) 0.644
4
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Fig. 8. Current and voltage experimental waveforms in linear condition.

C = 26.5 nF. The initial voltages of capacitor Vj are 3.7, 4.2,
and 4.8 kV, respectively.

Typical test waveforms of applied voltage and current for the
core snubber are shown in Figs. 8-10. The parallel inductance
reduces as the applied voltage of the fixed capacitor increases,
and the effect of the parallel inductance is increasing obviously.
In Figs. 8 and 9, the waveforms of the voltage and current are
almost single pulse; one pair of solid line expresses the experi-
mental results of 3.7 kV/26.5 nF and results of 4.2 kV/26.5 nF,
respectively. Under the applied voltage of 4.8 kV/26.5 nF,
the resonance curves of the voltage and current are shown in
Fig. 10. Table II lists the key parameters of various applied
voltages; it also shows the theoretical values by FBOM.

From the comparison of the first two cases, we found that
the ratios of the theoretical calculation to corresponding exper-
imental measure data of the time constant Tj are about 0.85.
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Fig. 10. Current and voltage experimental waveforms in saturation (or reso-
nance due to saturation) condition.

TABLE 1I
TESTS OF CORE SNUBBER PERFORMANCES

Ty (ps) ; A
Applied 0 4@
voltage (kV)
Theoretical Observed  Theoretical Observed
37 0.71 0.83 52.9 29
42 0.66 0.75 63.9 38
4.8 0.62 Unknown 78.1 94

The two time constants are about one-sixth of homologous
decay time [12]. We also found that the two ratios of the
theoretical calculation to corresponding experimental measure
data of the peak current i 4 are about 1.7. Unfortunately, the
aforementioned concordance is no longer kept when the circuit
is in resonance, which is probably due to neglecting the effect
of the parallel inductance.

Based on the proposed simulation model considering both
time-varying parameters in Section IV, we have simulated
earlier three experimental conditions. Moreover, the simulation
current results are shown in Figs. 8—10 with the broken line,
respectively.
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From Figs. 8 and 9, we have found that the two cases of
decay time, including experimental test, referring to FBOM
and simulated result, correspond and are approximately equal
under 3.7- and 4.2-kV applied voltages. At the same time, the
simulated peak values of arc current increase slightly than the
ones referred to FBOM under 3.7- and 4.2-kV applied voltages,
whereas the two circuits slightly arise in resonance. Increasing
the applied voltage of the fixed capacitance can increase the
total saturated thickness of the core snubber. This can decrease
the parallel inductance. Simulated results show that the effect
of the shunt inductance is more obvious when the parallel
inductance is smaller. It can be seen from Fig. 10 that there
is a very good agreement between the experimental arc current
and the simulated one.

VII. CONCLUSION

The model considering the effect of shunt inductance be-
comes complete for the analysis of the core snubber. As to the
miniature core snubber studied in this paper, if the parallel in-
ductance is not taken into consideration, the error of the energy
method could be about 20% when a resonance takes place in the
arc current. The newly derived equivalent circuit can be used for
single pulse and multiple impulses of arc current. The electrical
parameters can be obtained from the structure dimensions of the
core snubber and critical characteristics of the magnetic core.
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