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Abstract—Fe-based nanocrystalline (FE-N) cores are widely
used in power electronics and pulsed power applications. In pulsed
power applications, it always requires high excitation current (up
to tens of kiloampere) to excite large-volume cores (up to hundreds
of cubic centimeter) with fewer number of winding turns, and it is
hard to use the traditional test scheme to obtain the pulse magnetic
properties in this case. The principles and scopes for the applica-
tion of pulse magnetic properties measurement circuits, including
the single-winding test circuit and double-winding test circuit, are
analyzed and presented. Although the double-winding test circuit
is classical to test the hysteresis loop, the single-winding test circuit
is not totally useless in some cases. Based on the double-winding
test circuit, the initial magnetization curves and maximum hys-
teresis loops of toroidal FE-N cores with high and low remanence
are obtained under a relative constant magnetization rate with
the order of 0.7-7 T/us, and an equivalent frequency from 49 to
650 kHz. The unsaturated permeability is calculated based on the
experimental results and fitted with the magnetization rate. The
loss densities and permeability are fitted and compared. A design
procedure of the saturable pulse transformer is illustrated for the
application of the testing results. It is proved that the initial energy
loss and unsaturated permeability are used for the design of the
pulse transformer, and the traditional core loss is suitable for the
estimation of power loss under the repetitive operation condition.

Index Terms—Fe-based nanocrystalline (FE-N), hysteresis, loss
density, magnetic curve measurement, magnetic loss, magnetiza-
tion curve, pulsed magnetic.

1. INTRODUCTION

ITH the development of pulsed power technology in
W civilian and industrial applications, the requirements of
pulse magnetic components, including pulse transformers, mag-
netic switches (MSs), magnetic core inductors, and magnetic
core impulse current transformers, etc., are growing quickly
[1]-[5]. Recently, due to their high repetition rate, high stabil-
ity, and longevity, the pulse transformers and MSs are widely
used in repetitive pulsed power sources for water treatment, de-
composition of hazardous gases, food processing, and plasma
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production, etc., [1], [2], [6], [7]. Magnetic core inductors and
impulse current transformers are also widely used in pulsed
power sources for pulse shaping and pulse monitoring, respec-
tively. Unlike the working modes of the magnetic components
in power converters, the magnetic cores in pulse magnetic com-
ponents are always magnetized under very high magnetization
rates [7]-[11]. The magnetization rate is often larger than 1 T/us,
and sometimes over 50 T/us in some applications. The practi-
cal repetition frequency of the pulse magnetic component is
not very high, from tens of hertz to several kilohertz. But the
equivalent frequency under a single pulse is very high, up to the
orders of megahertz. Therefore, the working mode of magnetic
pulse components has two features: High magnetization rate and
high equivalent working frequency. However, the datasheets of
the permeability and core loss provided by the manufacturers
are generally obtained under 50-Hz sine wave excitations, and
cannot be applied in power electronic and pulsed power design
directly. It is necessary to pay attention to evaluate the magnetic
properties of the magnetic core under pulse excitation, espe-
cially for high density and high-frequency pulsed power source
design [6]-[8], [10].

Several past and recent studies have investigated the loss
density and permeability of nanocrystalline cores and other
magnetic cores, such as Ferrites, amorphous metal alloys, etc.,
[7]1, [9], [12], [13]. Fe-based nanocrystalline (FE-N), which has
properties like high saturation flux, low or high remanence, high
permeability, and low loss density, is often chosen as the ma-
terial of the transformer core, MS, and filtering inductor, etc.,
[71, [9], [11], [14]-[17]. FE-N has specific applications for its
different remanence. For example, FE-N with high remanence
is thought to be good as the material of a MS in magnetic pulse
compression. Normally, the coercive force of general magnetic
material increases as the B,. / B, increases (B, is the remanence,
and By is the saturated induction). However, the coercive force
of FE-N decreases as the B, / B increases, and it also has some
effect on the loss densities of FE-N with different remanences.
It is flexible to obtain high or low remanence FE-N by longi-
tudinal magnetic processing or transverse magnetic processing,
respectively. So it is necessary to focus on the pulse magnetic
properties of FE-N with different remanences, and choose the
suitable FE-N cores according to the specific application.

Currently, the pulse magnetic properties of FE-N cores under
high magnetization rate are measured in the same or similar
operating conditions [7], [11]. The methods can be divided into
two categories. One is based on the MSs, and the pulse mag-
netic properties are obtained under the cosine pulse excitation
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[71, [8]. The other is based on pulse magnetic components with
constant magnetization rate, and the pulse magnetic proper-
ties are measured under the square wave pulse excitation [10],
[11]. The pulse magnetic properties are analyzed from the B-H
curves, and the measuring principles of the methods are simi-
lar. However, the arrangements of the tested windings around
the magnetic core are not the same. Double-winding test cir-
cuit is classical and widely used while testing the hysteresis
loops of magnetic cores [9], [12], [13], [16]. However, in some
cases, including analysis of magnetic properties [4], [10] and
the design of MSs [5], [8], single-winding test circuit is also
applied to test the B-H curve and loss characterization. The
choice of the test circuit will ultimately influence the testing re-
sults. In the design-oriented modeling and simulation of power
electronics and pulsed power systems, accurate and practical
models of the magnetic components are of significant impor-
tance. The simulation models of magnetic components, includ-
ing reluctance models, permeance models, inductance matrix
models, T-circuit models, and gyrator-capacitor models, have
been investigated [19], [20]. A general dynamic magnetic cir-
cuit model including iron saturation and losses is proposed [21].
Dynamic high-fidelity magnetic equivalent circuits are accurate
and physics-based models of magnetic components, but even
the reduced-order ones are of high complexity [22], [23].

The purpose herein is to propose a theoretical, experimental,
and easily used analysis of circuit selection in the measurement
of pulse magnetic properties, and presents a method to guide
the design of pulse magnetic components based on the com-
mon experimental results. The principles and scopes for the
application of pulse magnetic properties measurement circuits,
including the single-winding test circuit and double-winding
test circuit, are analyzed and presented. Based on the double-
winding test circuit, the dynamic B-H curves of FE-N cores
with high and low remanences are measured under different
magnetization rates and equivalent working frequencies. Two
definitions of loss densities, including the energy loss density
in initial magnetization, and the traditional core loss density
(CLD), are distinguished and used to evaluate the FE-N with
different remanences. Based on the experimental results, the
loss densities and permeability of the two FE-N types are pre-
sented and compared. The design procedure of a saturable pulse
transformer (SPT) is illustrated for the application of the testing
results. The testing results are also available for practical mag-
netic designs of MSs, iron-core Rogowski coil, and iron-core
inductors, but not restricted to them.

II. MEASUREMENT OF PULSE MAGNETIC PROPERTIES
A. Circuit Analysis

Fig. 1 shows the single-winding test circuit for measuring
pulse magnetization characteristics. It is based on the LC series
ferromagnetic resonance, where C is the energy storage capac-
itor; and L is the nonlinear inductor. There is a winding with N
turns wound on the tested core. S is the discharge control switch,
and R; is the stray resistor of the resonant circuit, including the
conductor resistor and equivalent resistor of core loss. Gener-
ally, according to Hpl = NI, where H, is the demagnetization
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Fig. 1.  Single-winding test circuit for measuring pulse magnetization charac-
teristics. (a) Circuit schematic. (b) Picture of single-winding test circuit.

field, /is the mean magnetic path length, N is the number of turns,
[ is the demagnetization current, if the demagnetization field
H satisfies Hy > (1 — 2)H,, the core can be demagnetized
effectively, where H. is the coercive force [18]. The voltage
across the magnetic core u is measured by a Tektronix P6015A
(20-kV dc/40 kV peak (100 ms pulse width), bandwidth:
75 MHz, 1000, 3 pF, 100 M(2). The current i flowing through
the winding is measured by a Pearson CT (Model: 110A.
0.1 V/A, maximum peak current: 10 kA, useable rise time:
20 ns, 3 dB pt. high: 20 MHz).

The magnetic induction B and average magnetic field inten-
sity H are expressed as

B= [ utat/na) M)
H = Ni(t)In(rg/ri)/2n(rg — 1) (2)

where, N is the number of turns; A is the cross-sectional area
of the core; r; and r( are the inner radius and the outer radius
of the core, respectively; and 7 is the packing factor. The pulse
magnetic properties of the magnetic core can be represented
by the performance of the nonlinear inductor L. So the pulse
magnetization process of the magnetic core can be described
by u(f) and i(f). In the following analysis, the parasitic parallel
capacitance and copper loss of the inductor are ignored. The
performance of the nonlinear inductor L can be expressed by
the W-i characteristic, which is actually the reflection of the B-H
curve in the circuit. The tested cores are well-demagnetized, and
only the initial magnetization process is involved in the circuit
analysis. As shown in Fig. 2, a piecewise linear approximation
is used to estimate the initial magnetization curve, and the U—i
curve can be expressed as

ki, (0<i<i)
w: kgl-f—a, (Zl <Z§Zz) (3)
ksi+b, (i >1iy)
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Fig. 2. W—i characteristics of the initial magnetization process.

where W is the magnetic flux, i is the current flowing through
the winding, and a and b are constants. As shown in Fig. 2, in
the interval O — ¢;, the core is unsaturated during magnetization
process, and the permeability is high. The nonlinear inductor
represents a large value of L;. In the interval ¢; — o, the core is
reaching the saturation stage. In this stage, the magnetic induc-
tion intensity B changes slowly with the magnetic field intensity
H. The permeability decreases, and the nonlinear inductor rep-
resents a lower value of L. In the interval t5 — ¢3, the core is
in the saturation stage. The magnetic permeability decreases to
the minimum value, and the nonlinear inductor represents the
average saturated inductance with the value of L.

When 0 < t < t;, according to the LC series resonance char-
acteristics, it can be obtained that

i(t) = Lie *' sinw;t “)

where I} = UyC/(L,C — 0.25R2C%)'/2, w, = [1/(L,C) —
0.25R2/I3]"/?, and @ = —0.5R, /L.

While ignoring the copper loss of the testing circuit, there is
Ry = 0. Then the voltage across the winding can be deduced as

kywi Iy coswit, (0<t<ty)
u(t) =< kawslycos [wy (t—t1) + ], (t1 <t <ty)
kswslIscos [wy (t —t2) +7], (ta <t <t3)
(5)
where
U, = Uy coswq ty
I = (U2C/Ly +2)'* ©
wy = (LgC')fl/2
¢ = arcsin (i1 /1)
Us = Uj coswy (tg — t1)
Iy = (U3C/1s + i) o
w3 = (L30)71/2
¢ = arcsin (i /I3)
and the excitation current can be presented as
I sinwi t, 0<t<ty)
i(t)=< Iysinjws (t—t1)+¢], (1 <t<ta). ()
Iysinfws (t—t2) +7], (t2 <t <t3)
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Fig. 3. Double-winding test circuit for measuring pulse magnetization char-
acteristics. (a) Test stand. (b) Simplified circuit.

Fig. 3 shows the double-winding test circuit for measuring
pulse magnetization characteristics. There is another test wind-
ing around the core with a certain number of turns compared to
the single-winding test circuit. The measured electric parameters
include the voltage across the secondary winding, and the exci-
tation current through the primary winding. The two windings
are coupled through the mutual inductance, and the simplified
LC resonance circuit can be shown in Fig. 3(b). The current
through the secondary winding is in the orders of microampere
because of the high impedance of the voltage probe P6015A,
and the current through the primary winding is in the range of
several kiloampere. It can be thought that the secondary winding
is open circuit, and the mutual inductance from the secondary
winding to the primary winding is M,._, = 0. The secondary
winding has no effect on the resonance circuit, so the voltage
and excitation current can be calculated by (5) to (8). u,, is the
open-circuit voltage across the secondary winding, and it has
nothing to do with the self-inductance of the secondary wind-
ing. From the standpoint of the electric circuit, u,, is determined
by the excitation current i(#) and the mutual inductance M,
from the primary winding to the secondary winding, and from
the standpoint of the magnetic circuit, u,, is determined by the
change of the magnetic induction intensity in the magnetic core.
When the turns number satisfies Ny = N, there is

U, () = keu(t) 9)

where k. is the coupling coefficient, and k.; = M, _o;/L; (i =
1,2, 3). The voltage across the primary winding can be deduced
as

ki1keiwi I coswit, (Ogt <t1)

U (t) = kokeows Iy cos [UJQ (t — tl) + QD} s (tl <t< tQ) .
kskesws I3 cos [wg (t — ﬁg) + ’Y] 5 (tQ <t< tg)

(10)

In the initial magnetization process, uy, (t) is composed of
three sections of continuous cosine waveforms with attenuated
amplitude and increased frequency. There is k.; > 0.95 before
the core saturation, and k.3 — 0 after the core saturation. In the
interval ty < t < t3, there is uy, () < u(t).
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B. Calibration of Time Delays of the Probes

Some measures are taken to improve the accuracy and reso-
lution of the magnetization curve during the test. The delay time
of P6015A with 10 ft cable is only 14.7 ns, in which the trans-
mission time in the cable contributed 12.4 ns. Besides, the phase
shift of CT110A is below to 1% in its bandwidth. That is to say,
the delay times in the transmission cables contribute most of
the time delay difference between P6015A and CT110A, so the
cables with the same length are applied to reduce the time delay
difference. Necessary calibration experiments are conducted to
testify the time delay. To construct a calibration circuit, the iron-
core inductor in Fig. 1 is replaced by an air-core inductor, whose
inductance is below to 10 pH. P6015A and CT110A are used
to measure the voltage across the inductor u., and the current
through the inductor i, , respectively. The resistance of the air-
core inductor is several milliohm at 10 Hz—1000 kHz, and the
parasitic parallel capacitance is typically a few picofarad [24].
Consequently, the inductor can be seen as a pure inductance,
and the voltage waveforms obtained by P6015A shall be 90°
ahead of the current waveforms obtained by CT110A. Several
typical waveforms under different calibration frequencies f.,
are shown in Fig. 4. The time delay difference between P6015A
and CT110A is always less than one sampling interval from
42 to 659 kHz. The voltage and current offset are set zero on
computer. It is accepted by the experimental results.

C. Errors Estimation

Possible errors in the test are discussed as follows.

1) Error Caused by Time Delay Difference: When the signal
of CT110A is transmitted slower than that of P6015A, the
unsaturated section of initial B-H curve will be steeper;
otherwise, it will be flatter. According to the calibration,
the delay difference is less than one sampling interval. The
sampling points of oscilloscope TDS2024B is 10 000, then
the error caused by time delay difference varies with the
sampling length. Namely, the higher the frequencies of
voltage and current are, the better accuracy the test has.

2) Error Caused by Circuit Parasitic Parameters: When the
parasitic parallel capacitance is a few picofarad, the FE-
N core inductor can still be seen as a pure inductance.
Small parasitic parallel capacitance may cause unwanted
resonance above megahertz. The superposition oscillation
always lasts less than 100 ns after closing S, and the mag-
nitude is often less than 10% of the real magnitude of u.
Besides, the integration of u reduces the error caused by
the oscillation.

3) Error Caused by Offset Compensation: The offsets are
compensated from dozens volts or amperes to less than
0.1 V or ampere by deducting the average of data be-
fore t = 0. Consequently, the corresponding error can be
ignored.

D. Experimental Results

A single-winding test circuit is constructed according to
Fig. 1, where C' = 75 nF, Uy = 5.5 kV, and N = 3. A FE-N
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Fig. 4.  Waveforms of u, (¢) and i., (¢) under different frequency. (a) f., =
42 kHz; (b) f.q = 146 kHz; and (c) f., = 659 kHz.

TABLE I
DATASHEETS OF FE-N CORES WITH LOW AND HIGH REMANENCE

Remanence Low High
At 50 Hz B (T) 1.0 1.0
B, /B 0.25 0.85
H. (A/m) 2.5 5.0
Loss density (W/kg) (0.5T/20kHz) 32 74
Material 1K107 1K107
Magnetic field annealing Transverse  Longitudinal
Lamination thickness (pm) 30 30

core with outer diameter of 110 mm, inner diameter of 60 mm,
height of 20 mm, and packing factor of 0.8 was tested (the
material will be introduced in Table I). The typical measured
voltage u(f) and current i(f) are shown in Fig. 5. A digital filter
program based on Savitzky—Golay algorithm is used to smooth
the waveforms. The original and the processed waveforms are
shown in Fig. 10. (Black line is the original, and the red line is
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Fig. 5. Typical waveforms of u(#) and i(f) under the single-winding test with
dB/dt = 3.7 T/us.
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Fig. 6. Waveforms of B(f) and H(f) under the single-winding test with
dB/dt = 3.7 T/us.

that after processed.) It just smoothed the waveform, and does
not change the shape. B(r) and H(f) can be obtained from (1)
and (2). The interval 0 — ¢3 represents the initial magnetization
process, and the oscillation waveform after ¢35 corresponds to
the reverse magnetization process under a certain frequency.

As shown in Figs. 5 and 6, the waveform of u(?) is consistent
with the three stages analyzed in Section IIL. If only considering
two magnetization stages from the unsaturation to saturation
process, it will not be in conformity with the experimental phe-
nomena. It can be concluded that the becoming saturated process
is prominently in the pulse magnetization process of the FE-N
core. In the interval 0 — ¢;, the waveform of u(#) can be approxi-
mate to a square wave with a small amplitude attenuation, and B
rises linearly when the magnetization rate is dB/dt = 3.7 T/us.
In the interval t; — t3, the waveform of B(#) can be thought to
the sine function wave.

A double-winding test circuit is constructed according to
Fig. 3. The parameters are the same with Fig. 1, and there is
Ny, = N = 3. The typical measured u,, (¢) and i(r) are shown in
Fig. 7. From the experimental results, it can be obtained that the
coupling coefficient k., is 0.96 before the core saturation, and
ko is less than 0.1 after the core saturation. The corresponding
B(t) and H(¢) are shown in Fig. 8. In the interval 0 — ¢, B rises
linearly when the magnetization rate is dB/dt = 3.7 T/us. In
the interval ¢; — 3, the waveform of B(f) can be thought to the
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Fig. 7. Typical waveforms of u(¢) and i(f) under the double-winding test with
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Fig. 9. Initial magnetization curves and space magnetization characteristics.
sine function wave. However, the amplitude does not have a
significant growth due to k.3 < 0.1.

E. Analysis and Discussion

The initial magnetization curve can be obtained from Figs.
6 and 8. As shown in Fig. 9, the initial magnetization curves
obtained by the single-winding test and double-winding test
are shown as B; and Bs, respectively. The difference between
the two initial magnetization curves is presented as AB, and the
space magnetization curve is shown as B, . AB reflects the space
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magnetization characteristic of the magnetic core coil after the
core saturation. In the single-winding test circuit, the winding
inductance L can be thought to be consisted of a saturable in-
ductance L. by the effective core cross-sectional area nA and a
constant inductance L, by the surrounded area A,,. The voltage
across the inductance L can be expressed as

U= U + Ug

an

where u, is the induced voltage caused by the changing of the
magnetic induction intensity B,

dB.
dt -
For the single-winding test, equation (1) can be expressed as
B [y ue (t) dt N [ ua () dt
r nNA NA,

However, it is difficult to divide u into u. and u,. The mag-
netic induction intensity B; can be calculated by

B fgu(t>dt:fguc<t)dt+fgua(t)dt
! nNA nNA nNA

For the double-winding test, ignoring the resistor and leakage
flux of the winding, there is u,, ~ u., and

e (t)dt
nNA

u. = nNA

12)

13)

(14)

B, = s)

In Fig. 9, there is

- _fgua (t)dt

After the core saturated, the actual equivalent space magnetic
induction intensity is

(16)

t
o () dt
Bo= By, By = Bt

i (17)

Combining (16) and (17), there is
_n4
B A?U

If the cross-sectional area of the winding is the same as the ef-
fective cross-sectional area of the magnetic core, the difference
between the two initial magnetization curves under different
test methods should be the space magnetization. However, the
packing factor of FE-N core is always 0.7-0.8. The winding
cannot be close to the core surface due to insulation consid-
eration. The cross-sectional area of coil is always larger than
the effective cross-sectional area of the magnetic core. The
space magnetization effect is enlarged in the single-winding
test circuit according to (18). But for the double-winding test,
the coupling is mainly determined by the magnetic core, and the
coupling becomes poor after the core saturated. The saturation
characteristics of the magnetic material can be measured accu-
rately in the double-winding test. The unsaturated and saturated
permeability obtained from the initial magnetization curve are
larger. In Fig. 9, when H = 6 kA/m, the relative saturated per-
meability from the initial magnetic curve in the single-winding

B, AB.

(18)
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testis pp51 = 33.9, and that in the double-winding test circuit is
s = 5.85. From the space magnetization curve, the relative
saturation permeability is fiyso = 5.94 at H = 6 kA/m, and it is
in agreement with the results of the double-winding test. The
little difference is caused by the ignoring of the leakage mag-
netic flux. The effective cross-sectional area of FE-N core is
determined by packing coefficient 7). The effect of space mag-
netization on the experimental results after the core saturation
is enlarged, and this error cannot be reduced through other mea-
sures. What’s more, the exciting winding cannot be completely
close to the insulation surface of the tested core. There is also
a skin effect on the winding under high frequency. The differ-
ence of the effective cross sections A,, and A is caused by all
the factors. There is an inherent error during the measurement
under single-winding test circuit, and the winding should be
considered close to the magnetic core shell as close as possible
to reduce the error.

The voltage-second product (VSP) is one of the key parame-
ters for the pulse magnetic component design. The VSP obtained
in the two test methods will not be the same because of the ef-
fect of space magnetization. The VSP from the single-winding
test represents the saturation characteristics of the nonlinear in-
ductor, and that from the double-winding test represents the
saturation characteristics of the magnetic core. Considering the
definition of VSP, the VSP obtained from the single-winding
circuit should be redefined as the apparent voltage-second prod-
uct (AVSP) of the magnetic core, or the VSP of the nonlinear
inductor, and that from the double-winding circuit is the VSP of
the magnetic core. The VSP can be measured by

ts
VSP:/ u(t)dt (19)
0

VSP = ABNnA. (20)

In engineering, the VSP is usually obtained under a certain
induction incremental AB for a specific magnetic core. The core
gets saturated after ¢o. Based on the measured u(r) and wuy, (),
it can be deduced that the AVSP in the single-winding circuit
is 1.48 kV-us, and the VSP from the double-winding circuit is
1.25 kV-us. AVSP is much more appropriate to be used in the
design and analysis of pulse magnetic components with a single
winding, such as MSs, and magnetic core pulse inductors. VSP
is suitable for the design of pulse magnetic components with
double windings, such as pulse transformers, and magnetic core
pulse current transformers.

In the single-winding test, it can be concluded that the mag-
netic properties of the FE-N after the core saturation cannot
be reflected accurately due to the packing factor of the FE-N
core and the winding construction of pulsed magnetic compo-
nents. But it is useful in some cases. For example, ¥—i curve
is important for the simulation and analysis of MS in pulsed
power technology and iron-core reactors in power systems. In
these cases, W—i curve shall be obtained by testing voltage and
current waveforms in single-winding circuits because air mag-
netization is included in the characteristics after saturation. In
this case, additional series saturation inductance is excess, and
the winding must be constructed the same as the actual situation.
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However, when testing the B-H curve of magnetic core for fur-
ther analysis of magnetic properties, the double-winding circuit
will be a better choice. Besides, both circuits can be used for
the design of pulsed power magnetic components. The wind-
ing pattern of the testing circuit had better be the same as
the component in design. As for the determination of aver-
age saturation inductance, different calculation method shall be
used.

From the insight of loss, if ignoring the copper loss, the loss
densities (including energy loss during initial magnetization and
traditional core loss) obtained by the single-winding test con-
tain the part of leakage magnetic loss in air. Consequently, the
double-winding test will be better for the evaluation of the loss
characteristic of cores, and the single-winding test is preferred
for the loss test of actual magnetic component.

III. CHARACTERIZATION OF FE-N CORES

Based on the double-winding test circuit, the FE-N cores with
high and low remanence are tested. The datasheet of cores un-
der test is shown in Table I. Both the two types of cores have
the same dimensions: Outer radius r, = 55 mm, inner radius
r; = 30 mm, and height 1 = 20 mm. The packing coefficient
is 0.8. Normally, the saturation induction of FE-N is about 1.2 T.
As better for pulsed power applications, the saturation flux of
the cores is sacrificed a little for the improvement of other prop-
erties by doping and annealing processes to some extent. The
remanences of the two types of FE-N cores are 0.25 and 0.85 T,
respectively. A circuit producing I = 0.5 A alternating current
with N =5, Hg = 6.6 A/m > (1 — 2)H, is used to demagne-
tize the core to the initial point (H = 0A/m, B = 0T') prior to
each shot. The alternating current lasts for 1 min and then goes
to zero gradually.

The typical waveforms are shown in Fig. 10. The current
waveform smoothed by the Savitzky—Golay algorithm is shown
as the red line.

The voltage across the tested core is similar to a square pulse,
and the magnetization rate can be considered to be constant and
calculated by

B _ U
dt N, A

2L

where U is the voltage across the tested core measured in the
test stand; IV; is the number of turns; and A is the effective cross-
sectional area of the core. The corresponding B—H curve can be
derived based on (3) and (4). The B—H curves based on filtered
and unfiltered current waveforms are shown in Fig. 10(b).

During the measurement, the capacitance and charging volt-
age is selected to keep the consistent maximum magnetic field
intensity. The peak value of the excitation current is 1 kA,
and it corresponds to the maximum magnetic field intensity of
10 kA/m. The initial magnetization curves under different mag-
netization rates and hysteresis loops under different equivalent
frequencies are obtained under different capacitances and charg-
ing voltages. The test parameters of FE-N cores with low and
high remanences are shown in Table II.
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Fig. 10. (a) Typical voltage and current waveforms at 6.6 T/us (equivalent

frequency of 615 kHz); (b) Initial curve and hysteresis loop based on the data
in (a). (Yellow line represents the smoothed curve).

TABLE II
TEST PARAMETERS OF FE-N CORES

Parameters Low remanence High remanence

C(nF) Uo(kV)  dB/dr (T/ps) fikHz) Uo(kV)  dB/dr(T/ps)  fikHz)
2500 0.93 0.7 49 0.92 0.7 49
300 3 2.1 151 3 2.1 151
150 4 27 208 4 26 208
75 5 37 303 6 38 303
50 10 52 363 75 47 361
25 11 5.6 504 11 56 506
15 142 7.1 650 14 6.6 615

A. Initial Magnetization Characteristics

As shown in Fig. 11, the initial magnetization B—H curves of
low- and high-remanence FE-N cores under different dB/d¢ from
0.7 to 7.0 T/ s are obtained and presented. As shown in Fig. 11,
the maximum magnetic field intensity reaches Hy,.x = 6 KA/m.
Actually, the FE-N material completely saturates to a relative
permeability of unity at a large magnetic field (more than 10*
A/m) [1]. It is not considered in this paper. When magnetic field
H reaches 6 kA/m approximately, the saturation fluxes B, of
the FE-N are 1.0 T. As the magnetization rate increases, due
to the influence of magnetic viscosity and eddy current, the
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Fig. 11. Initial magnetization curves of B-H curves. (a) Low remanence FE-N;
(b) high remanence FE-N.

magnetization curve rises slowly. The relative permeability of
FE-N versus the magnetic field is shown in Fig. 12. The relative
permeability is obtained from the initial magnetization curves
shown in Fig. 12 using [18]

B

= — 22
ol (22)

I
where i is the vacuum permeability; and p is the relative per-
meability of the core material. Under a certain magnetization
rate, as the magnetic field intensity increases, the relative per-
meability increases rapidly first, and then declines slowly. When
the magnetization rate is lower than 2.7 T/us, there are two peak
values on the relative permeability curve. The relative perme-
ability reaches its first peak value when the magnetic field is
less than 100 A/m. When 2.1 T/us < dB/dt < 3.7 T/us, the peak
value of relative permeability corresponds to the magnetic field
intensity of 300-600 A/m. For the curve under dB/dt = 2.1
T/us, the maximum value of the relative permeability is located
at the second peak. As the magnetization rate increases further,
there is no longer a significant peak on the relative permeability
curve, and the curve is changing more gently.

Fig. 13 shows the relationship between the maximum relative
permeability and dB/dt, H. As dB/dt increases, the maximum
relative permeability decreases. Under the same dB/dz, the max-
imum relative permeability of FE-N core with high remanence
is larger than that of low remanence. When dB/dt is 2.7 T/us,
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Fig. 12. Relative permeability curves under different dB/dt. (a) Low rema-
nence FE-N; (b) high remanence FE-N.

both the two types of cores have a turning point on the max-
imum relative permeability curve. The difference between the
two types of cores is decreased as dB/dt increases. As shown
in Fig. 13, the fitting equations of maximum relative perme-
ability associated with magnetization rate can be expressed as,
respectively

dB dB

25.6 —2102.7—, — <2.7T
6525.6 0 7dt’ dt< 7T/ us
Hmax1 = d d (23)
B B
1430.6 — 153.6— — > 27T
80.6—153.6—, — >2.7T/us
dB dB
215.5 — 2220.5— — < 27T
7215.5 05dt’ 7 < 7T/us
Hmax?2 = (24’)
dB dB

where [imax1 fimax2 are the maximum relative permeability of
low-remanence and high-remanence FE-N cores, respectively.
When dB/dt is lower than 4 T/us, the value of the maximum
relative permeability of FE-N with the high remanence is larger
than that of the low remanence FE-N. Then the values of the
maximum relative permeability are nearly the same under high
magnetization rate.

The average relative permeability corresponding to different
flux swing under different dB/dz is shown in Fig. 14. The values
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of average permeability were calculated in three situations (0.0-
0.4T,0.4-1.0T, and 0.0-0.8 T).The average permeability of the
core can be obtained by

AB

poAH )

Hav =
where AB is the magnetic flux density, and AH is the magnetic
field increment corresponding to AB. As the magnetization rate
increases, the average relative permeability of the two FE-N
types decreases. Under the same magnetization rate, the value
of the average relative permeability of the low remanence FE-
N is larger than that of the high remanence FE-N. But as the
magnetization rate reaches 2.7 T/us or higher, the difference
between the average permeability of the two FE-N types is
very small. Both to the two FE-N types, the average relative
permeability corresponding to magnetic flux swing 0.4-1.0 T
is not much higher than that corresponding to magnetic flux
swing 0.0-0.4 T. It is found that there is not a so fast rising
stage in the B—H curve under high magnetization rate because
the B—H curve rises slowly and change gradually due to high
magnetization rate.

B. Loss Characterization

Loss analysis is crucial for the design of magnetic com-
ponents in high-voltage pulse applications. It should be clar-
ified that there are two kinds of losses under pulse excitations.
The traditional one is the heat dissipated during cyclical mag-
netization and demagnetization and calculated by the area of
hysteresis loop. The other one is the energy loss needed to sat-
urate a magnetic component, for MS, it is defined as switching
loss [7]. In a simple pulsed power system like the two testing
circuits in this paper, energy is usually stored in capacitors. With
the switch closed, the energy will be released from the capac-
itor, and transferred to the magnetic energy temporarily stored
in core and air, iron loss of the core, and copper loss of the loop.
The magnetic energy makes it possible for magnetic compo-
nents to increase the voltage or compress the pulse shape. The
transformation process corresponds to the duration from ¢ = 0
to t = t3 in Fig. 5, which is also the interval of the initial mag-
netization process. The energy loss density can be calculated by
(26) and shown in Fig. 15

Initial Energy Loss Density (IELD) =

/]'1 HdB =Y {H(i)[B(i)— B(i —1)]}  (26)
( i=0

where j is the point samples of the data in the initial magnetiza-
tion curve.

The physical meaning of the energy density enclosed in the
enclosed area by the initial B-H curve and the vertical B-axis
varies with the testing circuit. If the single-winding test cir-
cuit is applied, as presented in [7] and [10], the area of “B-H
curve” (IELDy) contains three parts: Magnetic energy temporar-
ily stored in core and air, iron loss of the core, and copper loss
of the winding. However, if the B-H curve is obtained from the
double-winding test circuit, the effect of the air magnetization
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will be eliminated. Besides, the induced voltage across the sec-
ondary winding contributes no copper loss. Consequently, the
area (IELDy) is only the summary of the magnetic energy tem-
porarily stored in the core and the iron loss of the core. Evidently,
IELD; is dependent on the winding arrangement and circuit
characteristic. It is actually the energy loss for a certain com-
ponent with the certain condition. Initial energy loss (IEL) can
be defined as the total energy that transfers to the core in the ini-
tial magnetization process. It contains two parts: First one is the
magnetic energy temporarily stored in core, and the second one
is the traditional iron loss. The first part of the IEL is temperately
absorbed by the core and stored in the form of magnetic energy.
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It will be released in the following oscillation. The second part
is dissipated in the form of heat. IELD can be thought to be
the IEL of a core with a volume of 1 m* and can be calculated
from the initial B-H curve as presented by (26). IELD obtained
from the double-winding test circuit is the energy that the core
needed to be saturated, no matter what component structure is,
and how the circuit characteristic changes.

IELD increases slowly when the flux swing of the core is
lower than 0.6 T. As the flux swing increases, IELD increases
fast, especially under high magnetization rate. There is not a
good microscopic physical magnetization model for the IELD
calculation because the rather chaotic time and space distribu-
tion of the magnetization changes cannot be described exactly.
According to specific applications, some available core loss cal-
culation models based on macroscopic physical mechanisms are
used to describe the losses, such as the loss separation approach
and empirical equations [9], [10], [16], [17]. In this paper, it is
tried to fit the loss densities. As shown in Fig. 16, the IELD
fitting equation of the low and high remanence FE-N associated
with magnetization rate and magnetic induction increment can
be expressed as

dB 1.04

IELDy = 145.9 <dt> AB?05 27
dB 0.87

IELDyjign = 150.86 <dt> AB?*%, (28)
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Fig. 17. IELD of FE-N cores versus the magnetization rates (LR: Low Rema-
nence; HR: High Remanence).

It should be noted that the fitting equation (28) is valid only
when dB/dt<6.6 T/us. For high remanence FE-N, when dB/dt
= 6.6 T/us, the fitting equation of the IELD can be expressed as

dB\ """ ;
IELDy;gn (6.6 /us) = 200.1 (dt) AB*%. (29)

It shows that the loss densities are proportional to the power
functions of the magnetization rate and magnetic induction in-
crement. The power index of the magnetic induction increment
is close to 2. The IELD of the high remanence FE-N is much
more related to the magnetic induction increment, and that of
the low remanence FE-N is more sensitive to the change of
magnetization rate.

Fig. 17 shows the IELD versus dB/dt in regard to different
flux swing AB from the initial point (H =0 A/m, B=0T)
with an interval of 0.1 T. As shown in Fig. 17, both the FE-N
cores with high and low remanences deliver lower IELD at the
lower magnetization rates. Under each flux swing, the loss of
the low-remanence FE-N core is a little higher than that of the
high residual one. As the flux swing increases, the difference
of the IELD between the two different FE-N cores gets larger
and larger. When the flux swing is lower than 0.4 T, the FE-N
cores with high and low remanence present low IELD and are
less than 200 J/m?>. It can be concluded that the FE-N cores can
work under high repetition when the flux swing is lower than
04T.

High magnetization rates in FE-N alloys are associated with
high magnetic losses due to induced eddy currents. Losses not
only reduce efficiency, but also result in increases in core tem-
perature, which ultimately limit the maximum frequency or rep-
etition rate at which the core can be used. In pulsed power,
high repetition rate is usually necessary for high average output
power. The quantity of the magnetic material used in pulse trans-
former and inductor is related to the flux handling capabilities
of the materials. This capability is determined by the product of
the cross-sectional area of the core and the achievable change
in flux density. As shown in Fig. 18, the hysteresis loops of
low- and high-remanence FE-N cores under different equiva-
lent frequencies from 49 to 650 kHz are obtained and presented.
The equivalent frequency is defined based on the waveform of
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Fig. 18. Hysteresis loops of B—H curve. (a) Low remanence FE-N; (b) high
remanence FE-N.

excitation current. In Fig. 5, t3 and ¢, are the moments when the

excitation current reaches its first and second peak, respectively,

which are corresponding to the half cycle of the hysteresis loop

from 4B, to —B;. Consequently, the equivalent frequency of
the hysteresis loop is calculated by
1

=5 (30)

The loss densities per cycle are calculated based on the hys-

teresis loops, as shown in Fig. 19. The area of the hysteresis

loop is the traditional loss density, and it can be written as CLD.

The fitting equations of the loss densities can be expressed as,

respectively

€Y
(32)

CLDy,gy = 11.20 f — 361.0
CLDy;,, = 6.222 f + 183.9.

It is noticed that the difference between all-cycle loss densi-
ties of the two cores are reducing with the decrease of f. Besides,
according the datasheet in Table II, the loss density of the low-
remanence core is lower than that of the high-remanence one
at lower frequency. Additionally, for the FE-N, it is univer-
sally acknowledged that low-remanence core annealed under
transverse magnetic field has lower loss density than that of
the high-remanence core annealed under longitudinal magnetic
field [25]. In this case, a conclusion can be deduced as follows.
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The loss density of the low-remanence core will not keep lower
than that of the high-remanence one at all frequencies. The mag-
nitude relationship between the loss densities of the low- and
high-remanence FE-N cores may turn upside down at a rather
high frequency (in this paper, the turning frequency is approx-
imate 100 kHz). When the cores are worked below the turning
frequency, there is CLDj, < CLDyjgn; once the frequency
is higher than the turning frequency, CLD),, will be larger
than CLDyg1,. According to (31) and (32), the intersection is
corresponding to the turning frequency. It is necessary to choose
the suitable core material according to the equivalent frequency.
It should be pointed that the conclusion above is deduced based
on the experimental results in limited parameter space. More
samples shall be examined to testify this empirical conclusion.

IV. APPLICATION OF RESULTS IN AN SPT DESIGN

A repetitive nanosecond pulse generator based on the SPT
and MS is designed and optimized. The circuit is similar to the
one in [26] and shown in Fig. 20. Based on the test results in
Section III, a flowchart for the design of the SPT is shown in
Fig. 22. The results are listed in Table III.
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Most parameters are calculated based on further analysis con-
sidering the saturation of the MS. The magnetization rate of
the SPT is estimated by (21). At 0.67 (~0.7) T/us, the high-
remanence FE-N core has a little bit lower IELD than that of the
low-remanence one, as shown in Fig. 17. However, the core is
demagnetized by the reverse discharge current, and no special-
ized demagnetization circuit is designed. If the high-remanace
core is selected, accumulative magnetic bias of the core may
occur and result in bad consistency of output pulses. So the low-
remanence core is selected in order to keep the SPT working
from the initial point of the B—H curve in the repetitive opera-
tion modes. The VSP of the SPT can be calculated as 1.2 kV-us
(converted to the primary side) [6]. In order to reduce the charg-
ing time, it is necessary to decrease the leakage inductance of
the SPT. So the primary winding is chosen as one turn. It is also
conducive to construct the SPT and keep enough insulation. The
volume of the core can be calculated, and three above mentioned
cores (outer radius 7, = 55 mm, inner radius ; = 30 mm, and
height A = 20 mm) are used [6]. The resonant charging process
of C and C5 can be illustrated based on the equivalent I'-type
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TABLE III
PARAMETERS OF THE SPT

Parameters Values
Initial parameters C 1.336 nF
V. 800 V
C; and Cy 0.5 nF
Desired peak voltage across C; Vp 25kV
Transformation ratio 30
Ideal Resonant transformation ratio 30 x 1.5
Maximum operation frequency fp ¢ 5000 pps
Parameters for the VSP of primary winding 1.2kV-pus
construction of SPT Magnetization rate 0.67 T/ps
Remanence of the core Low
Number of the cores 3
IELD 146.8 J/m?3
IEL 0.04517
Actual n, (calculation) 30 x 1.15
Actual n, (experiment) 30 x 1.10
Average pulse permeability (0-0.8 T) 4250
Primary winding 1 turn
Secondary winding 30 turns
Stray inductance in circuit 1.65 uH
Parameters for the Oscillation duration 70 ps
core loss estimation Typical waveform in one shoot In Fig. 23
Typical equivalent frequency In Table IV
CLgp 1 in one shoot <0.16]
P.1, (5000 pps) <800 W

circuit of the pulse transformer [6]. In the duration of resonant
charging, C; and C5 are both charged to U, on condition that
the MS saturates properly. Uy /Uy, is usually higher than the
winding ratio n because of the resonance of CLC. Therefore,
resonant transformation ratio n, is defined as

ny = U‘?S/Uop' (33)

The ideal resonant transformation ratio can be calculated ac-
cording to the equivalent I'-type circuit without considering the
core loss [6]. However, as shown in Fig. 21, part of the energy
in C is to be transferred into the IEL of the core, and it results
in lower actual n, than the ideal resonant transformation ratio.

The energy transferred from C to C; and Cs can be recalcu-
lated by

EC = ECu + Eair + EMS + Ey + IEL (34)
where
1
Eq = §C’ng (35)
1 2 1 2
El = §ClUss + 502[]53' (36)

In the construction of the SPT, some measures are taken to
make the wires as short as possible and the windings as tight
as possible. In the design of the SPT, the cooper loss, leakage
flux loss, and loss of the MS (which will be considered in the
design of MS) are ignored. Once IEL is obtained by IELD, the
actual n, of the SPT can be recalculated in the design of SPT
according to (33)—(36).

Single-shoot experiment is conducted after the SPT construc-
tion (the SPT prototype is shown in Fig. 23), and the core
loss power of the SPT under repetitive operation condition is
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Fig. 23.  SPT prototype.
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Fig. 24.  Typical waveform of V.; and flux swing of the SPT.

TABLE IV
EQUIVALENT FREQUENCIES OF FLUX SWING

At,  Value (us) fa (kHz) CLD, (/m%) CL, ()
Aty 7.1 70.4 423 0.132
Aty 11.1 45.0 202 0.063
Aty 137 36.5 <202 <0.063
Aty 17.2 29.1 <202 <0.063

estimated. The typical waveform of U.; and the flux swing of
the SPT are shown in Fig. 24. U.; has a perfect repeatability
in each single shoot, but it is too complicated to be analyzed in
detail. A simplification shall be made for the loss estimation.
The equivalent frequency of the flux swing can be obtained by
the definition of (30). Equivalent frequencies of the flux swing
of the SPT in one shoot are listed in Table IV. Due to the fact
that each interval corresponds to one branch of the hysteresis
loop, the core loss energy of the cores of the SPT is calculated
by
k
CLspr =3» CL; /2,
i=1

n=123... (37)
where k is the number of intervals obtained from Fig. 24. When
t > 70 us, it is believed that the magnitude of flux swing will
approach zero, and the equivalent frequencies will be much
lower than the first ones’. Therefore, the loss after 70 us will be
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much lower. Besides, because not all of the IEL contributes to
the temperature rise, IEL is not taken into account in the core
loss estimation. The research on energy distribution of the IEL
will be conducted in the future. Consequently, only the first four
intervals are considered, and the loss power can be calculated
by

Poy, = CLspr X fra (38)

where fp is the operation frequency of the pulse generator. If
frc is 5kHz, then Py, will be less than 800 W. Suitable cooling
measures (natural cooling, cooling fan, immersion in oil and so
on) are to be determined based on the loss power estimation
above and some widely used empirical formula. The design
of the SPT in the pulse generator is an example of the appli-
cation of the testing results. Although the magnetization rate
and equivalent frequency above are relatively low, the design
procedure and test results can be applied to other conditions.
For example, if the Uy, is upgraded to 8 kV for higher output
voltage, the magnetization rate will be 7 T/us. It is convenient
to redesign a SPT based on aforementioned procedures.

V. CONCLUSION

While prior work has investigated the loss density and per-
meability of nanocrystalline cores and other magnetic cores
applied in power systems and power electronics, this paper
has made a significant contribution analyzing pulse magnetic
properties measurement and characterization of FE-N cores for
high-voltage pulse magnetic applications.

1) The pulse magnetization characteristics under the single-
winding test circuit include the space magnetization ef-
fect, and this leads calculation errors of the pulse perme-
ability and saturated inductance. It is necessary to analyze
the pulse magnetization characteristics of magnetic mate-
rials under the double-windings test circuit.

2) In pulsed power applications, two kinds of loss densities
of the core, including the IEL density and CLD, can be
tested under high magnetizing rates and high equivalent
frequencies under the normal circuit. They can be easily
used to guide the design of pulse magnetic components
combining the proper calculation.
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