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Abstract:

Reactor characteristic evaluation and analysis tech-
nique was constructed by JFE Steel including the design
optimization simulation for the purpose of performance
improvement of high frequency reactor. Based on the
simulation, reactors which satisfy a given specification
were designed with different core materials and core
size. The validity of the simulation result was proved by
physically fabricating these reactors and estimating the
performance under the actual use conditions. Moreover
reactor noise visualization was achieved by using a
sound energy flux density system. It is possible to pro-
mote a solution suggestion of reactor to a customer by
utilizing these tools.

1. Introduction

In power electronics circuits, high frequency reactors
are one key component which plays the roles of voltage
transformer and filter by accumulation/discharge of
magnetic energy. As a typical example of reactor appli-
cations, Fig. 1 shows the circuit of a power conditioner
for solar power and the reactor current waveform. Reac-
tors are used under direct current or alternating current
on which a high frequency ripple is superimposed". In
order to reduce the size of reactors, a ferromagnetic core
material is usually inserted in the coil. In this type of
reactor, it is necessary to pay special attention to the
point that magnetic saturation exists in the core material
and the point that heat generation increases remarkably
due to eddy currents in the core at higher frequencies.
Coil heat generation also has a large influence on the
design of reactors. In order to obtain an appropriate
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reactor, not only evaluation of the magnetic properties
of the core material, simulation techniques for predict-
ing the reactor characteristics reflecting the desired con-
ditions, and technology for performing characteristic
evaluation and analysis by actual excitation waveform is
also essential. This paper explains the outline of reactor
simulation and the reactor evaluation equipment of JFE
Steel, then, introduces the comparative evaluation exam-
ples of loss and noise between the same specification
reactors which are fabricated with different core materi-
als respectively.
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Fig. 1 Schematic diagram of basic power circuit and reactor
current waveform
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2. Reactor Simulation

2.1 Magnetic Design of Reactors

Reactor inductance L is one of the most important
properties for circuit elements. Change of L due to direct
current is called direct current superimposition charac-
teristics. When electrical steel is used as the core of a
reactor, direct current superimposition characteristics are
adjusted by providing an air gap in the core in order to
avoid sudden drops in inductance due to magnetic satu-
ration. Figure 2 shows the relationship between the
magnetic flux density B vs. magnetizing force H curve
of a core that includes a gap and its direct current super-
imposition characteristics. When N turns of copper wire
are wound on a core with a magnetic path length /,+/,,
which includes a gap with length /,, and a current / is
passed, if magnetic permeability in a vacuum is y,, the
relative permeability of the core material (differential
permeability) is x, and the total effective permeability of
the core including the gap is g, the relationship in Eq.
(1) is materialized by Ampere’s circuital integral law
and continuity of magnetic flux.
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In case [, <1, ur can be expressed by Eq. (2).
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On the other hand, because inductance L is a value
which is obtained by dividing the interlinkage flux num-
ber by current, L can be expressed as follows by using N,
Uerr and the cross-sectional area of the core S.
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Fig. 2 Relationship between the direct current (DC)
superimposition characteristics and the gap length
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Equation (4), which expresses L by the form of the mag-
netic circuit, can be obtained from Egs. (2) and (3).

o] (4)
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The first term in the parentheses on the right side of Eq.
(4) expresses the magnetic resistance of the core, and
the second term expresses the magnetic resistance of the
air gap. In cores with multiple gaps, L may be calculated
by taking the sum of the magnetic resistance of each
gap. As is clear from Eq. (2) and Eq. (4), as the gap
length /, is increased, the effective permeability s of a
core is reduced and magnetic saturation can be avoided
up to the large current region; in other words, direct cur-
rent superimposition characteristics are improved. As
the negative aspect of this, inductance L in the service

current region decreases.

The actual measured values of L are larger than the
values calculated by Eq. (4), and the difference between
the measured values and calculation results shows a ten-
dency to increase with the gap length. As shown in
Fig. 3, this is thought to be because fringing of the mag-
netic flux occurs in the air gaps, where permeability is
low in comparison with the core material, and as a
result, the cross-sectional area of the magnetic circuit
increases and magnetic resistance decreases in this part.
Fringing is also different depending on the shape of the
gap. In order to calculate inductance with high accuracy,
it is necessary to correct magnetic resistance by using
the effective sectional area considering fringing of the
flux for each gap shape. Therefore, assuming that the
effective sectional area S,; of gap shape i is a function of
the gap length /,;, an approximation equation is obtained
experimentally by fitting to the measured data of induc-
tance. The inductance calculation formula in this case is

shown below.
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The direct current superimposition characteristics of a
reactor can be calculated with good accuracy by using
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Fig. 3 Fringing flux in the gap part of reactor core
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Eq. (5), which considers fringing effect of the magnetic
flux, and the magnetic data for the core material (either
w1 or u-B characteristics)?.

2.2 Reactor Design Support

In reactor design, estimation of copper loss and core
loss, which are causes of heat generation, is also impor-
tant. Although various methods for calculating these
types of loss have been studied®, a simple rough calcu-
lation of loss is possible from the reactor rated current
I, ripple amplitude A/, ,, direct current superimposition
characteristics and iron loss characteristics of the core
material. The core material, dimensions and gap length
are selected so that the heat generation of the core does
not exceed the allowable temperature. Similarly for the
coil, the wire diameter and number of turns are adjusted
considering heat generation. As shown in Eq. (5), the
core sectional area and the number of turns of the coil
also have a large influence on the inductance of a reac-
tor. Moreover, even with the same number of turns, cop-
per loss will differ depending on the coil geometry and
winding method. The cooling conditions in the actual
use environment, also is an important factor for the reac-
tor design.

As described above, magnetic design, coil design and
heat design are closely related. Therefore, mutually opti-
mizing these factors so as to obtain the desired electrical
specification under the given conditions can be consid-
ered the essence of a reactor design (Fig. 4).

The merits of reactor simulation include the fact that
it is possible to respond flexibly, without limitations
associated with evaluation equipment, for example, in
predicting the characteristics of reactors which are to be
used in the large current region of several hundred
amperes and various control methods under excitation
conditions corresponding to the power source. More-
over, simulations also make it possible to propose the
most suitable use method quickly and flexibly, before
manufacturing the reactor, to customers who have few
opportunities to deal with electrical steel sheet.
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Fig. 4 Important point with a reactor design
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3. Reactor Evaluation Equipment and
Examples of Its Application

3.1 Reactor Evaluation Equipment

JFE Steel has introduced reactor evaluation equip-
ment which enables magnetic excitation of reactor test
materials with the specified excitation current waveform
by connecting the test material and adjusting the effec-
tive value of the commercial alternating current and the
frequency and amplitude of ripple, respectively, and
uses this system to perform evaluation tests under a vari-
ety of conditions. The basic configuration of the reactor
evaluation equipment is shown in Fig.5. In general
evaluations, ripple corresponding to the carrier fre-
quency is superimposed on an alternating current corre-
sponding to the rated current of the reactor, the ampli-
tude of the ripple is adjusted while checking the
waveform monitor, and the reactor loss at the specified
excitation current waveform is measured with the power
meter. It is also possible to measure the core loss by
applying a secondary winding to the reactor. In this case,
the copper loss is calculated as the difference between
the reactor loss and core loss.

3.2 Comparison of Loss
of Alternating Current Reactors

This section presents the evaluation example of an
alternating current reactor which satisfies the specifica-
tion in Fig. 6. As the test reactor, two test reactors were
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Fig. 5 Reactor evaluation equipment

Specifications
Rated current: 27.5 A (50 Hz)
Initial reactor (L) >850 uH
Rated L>600u H
Ripple current, A,.,: 3.5 A
Ripple frequency: 16 kHz
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Fig. 6 Specifications of the test reactor
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built using 4-block cores with dimensions of
70%20x30 mm and a coil of round copper wire, and a
simulation of the number of turns of the coil and the gap
length was performed for the respective cases in which
[A] a Fe-Si powder core and [B] a stacked core of the
high Si electrical steel Super Core™ 10JNHF600 were
used as the core materials, so that approximately the
same direct current superimposition characteristics were
achieved in both reactors. In addition, a small-scale
reactor was also built with the same core material as [B].
To secure inductance while reducing the scale of the
core, it is necessary to increase the number of turns by
using a smaller copper wire diameter than that in [B],
but as a result, copper loss increases. Here, reactor [C],
which is a small-scale version of [B], was designed in a
form in which copper loss was adjusted to that in [A].
The results are shown in Table 1.

Evaluation reactor samples were manufactured based
on the design of Table 1. Figure 7 shows the results of
measurement of their direct current superposition char-
acteristics. The fact that all three reactors satisfy the
specification in terms of both initial inductance and
rated inductance can be confirmed from this figure.
Next, using the reactor evaluation equipment, a loss

Table 1 Simulation results of the test reactors

Sample [A] [B] [C]
Core material Powder Core Super Core™ Super Core™
6.5% Si-Fe  10JNHF600 10JNHF600
Core size  (mm) 70%x20%30 70x20%30 60x15%31
Gap length (mm) 0 0.7x4 0.8x4
Wire diameter
(mm) 2.3¢x2 2.9¢x2 2.1¢x2
Turn number 78 58 66
Design
induction, B (T) 0.684 1.050 1.136
Direct current
resistance (DCR) 24.8 12.5 25.5
(mQ)
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Fig. 7 Direct current (DC) superposition characteristics

40

30

D
(=]

9]
W
T

W
(=]

)
(=)
T
]
I
(e

Reactor loss (W)
s
T
(%]
2
Core volume (cm®)

St
L | ¢
szl 2
10 Ho 2| ¢ |+ 120
&
51 S I 410
0 L I 0

[A] [B] [C]
Reactor sample

Fig. 8 Comparison of reactor losses and core volume

comparison was carried out with a waveform in which a
ripple with a frequency of 16 kHz and amplitude of 3.5 A
was superimposed on the rated current. With these reac-
tors, secondary windings with the same number of turns
as the respective excitation coils were wound, and core
loss was measured simultaneously with reactor loss.
Copper loss was obtained by subtracting core loss from
reactor loss. The measurement results are shown in
Fig. 8.

Comparing the reactor loss of [A] and [B], which
have identical core dimensions, the loss of [B] was
approximately 37% lower than that of [A]. When loss is
separated into core loss and copper loss, it can be under-
stood that the copper loss of [B] is small in comparison
to that of [A]. This is because the effective magnetic
permeability of the core material of [B] is higher than
that that of the powder core [A], which means the num-
ber of copper wire coil turns necessary to satisfy the
inductance condition can be reduced. Next, comparing
[A] and [C], in the design of [C], downsizing of the core
dimensions by approximately 30% in comparison with
[A] is possible while continuing to keep approximately
the same copper loss. These results are in good agree-
ment with the tendency that had been assumed when
designing the specifications in Table 1. Thus, the simu-
lation results and evaluation results show consistency.

3.3 Noise Evaluation
of Alternating Current Reactor

Reactor noise is considered to have various causes,
including magnetostrictive vibration of the core, electro-
magnetic force vibration of the gap, vibration of the coil,
and resonance of these various types of vibration, among
others. Although acoustic pressure measurements can be
performed with a microphone, it is normally difficult to
identify the source of reactor noise.

Recently, a system was developed and put into prac-
tical use by applying the acoustic intensity method,
which makes it possible to designate the distribution of
sound generated from mechanical devices and the posi-
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Amorphous core

Fig. 9 Noise visualization of two reactor samples excited
by same current waveform

tion of the noise source by measuring the sound energy
flux®. In this system, a microphone for acoustic pressure
measurement and a particle velocity detection sensor are
set in the probe, the probe is placed in front of a video
camera, and the designated surface of the object is
scanned. Thereafter, the track of the probe and the mea-
surement data are matched, and the respective distribu-
tions are visualized. Visualization of the energy density
is also possible by multiplying the acoustic pressure and
the particle velocity.

Here, Fig. 9 presents an example of noise visualiza-
tion in which two reactors with the same specification
(Rated inductance: 1.5 mH) were constructed using an
amorphous cut core and a stacked core of the high Si
electrical steel sheets Super Core™ 10NJEX900, respec-
tively, and the cores were excited under conditions of a
rated current of 13.6 A, ripple frequency of 10 kHz and
ripple amplitude of 1.9 A.

Comparing the two cores, it can be understood that
the reactor of 10JNEX900 has lower noise overall than
the amorphous core. Since 10JNEX900 is a 6.5% Si
electrical steel with a magnetostriction constant of close
to zero, these results show that using a low magneto-
striction material in the core is effective for reducing
reactor noise. On the other hand, with the amorphous
core, the acoustic pressure is high overall, and the level
of acoustic pressure is especially high in the part corre-
sponding to the gap of the cut core. It is estimated that
the overall noise is the result of magnetostrictive vibra-
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Fig. 10 Solution suggestion by reactor evaluation

tion, and the noise in the vicinity of the gap is caused by
electromagnetic force. Visualization of noise in this
manner is expected to enable casy designation of the
noise source, and quick identification of the cause and
implementation of noise reduction measures.

4. Conclusion

In improving the performance of high frequency
reactors, not only knowledge of soft magnetic materials
and detailed data on their characteristics, but also
knowledge of electrical circuits including coils and
knowledge of heat, noise and vibration are necessary.
JFE Steel plans to develop soft magnetic materials for
use in reactor cores, and to propose quick and accurate
solutions to customers by providing design support
based on reactor simulations and linking measurement
and analytical techniques by utilizing its reactor evalua-
tion equipment (Fig. 10).
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