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A Passive Negative Magnetic Reluctance
Structure-Based kHz Transformer for Improved
DC Magnetic Bias Withstanding

Yuanxi Chen"”, Weinong Fu

Abstract—How to effectively withstand the dc magnetic bias is
one of the key aspects of transformer design. General approaches
either require additional active power electronics devices or ap-
ply complicated control strategies, causing the increased cost or
reduced reliability. In this article, a passive negative magnetic
reluctance structure (NMRS) is proposed and installed in the air
gap of the open-core transformer, which could achieve improved
dc magnetic bias withstanding capability without extra active de-
vices. The key criterion of the proposed design is to employ the
NMRS with a frequency-variation magnetic reluctance property
as a magnetic bandpass filter, which shows a negative equiva-
lent magnetic reluctance for the fundamental component of flux.
Nevertheless, it presents a high magnetic reluctance for the dc
component. With the proposed design, the transformer provides
a strong withstanding dc bias capability and a low magnetizing
current as well as high efficiency. Accordingly, both the advantages
of open-core and closed-core transformers could be obtained with
the proposed design. For verification, a 500-W EES55-based core
prototype is constructed and verified with sinusoidal and square
wave excitation. Electromagnetic analysis and experimental results
are provided to demonstrate the effectiveness of the proposed
design.

Index Terms—DC bias withstanding capability, magnetic
bandpass filter, negative magnetic reluctance, transformer.

1. INTRODUCTION

ILOHERTZ (kHz) transformer is a key device widely
K applied in switching power supply [1], [2] and isolated
converters [3], [4], [5], [6]. Its main role is to isolate the primary
and secondary circuits. The key merits of the kHz transformer
are small volume, low magnetic hysteresis loss, high efficiency,
and lightweight [7], [8], [9], [10]. However, the dc bias problem
of the kHz transformer seriously restricts the performance of
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the isolated converters. Based on the voltage on the primary
side of the transformer, the isolated converters are mainly clas-
sified as dual active bridge (DAB) converters with a square
wave excitation transformer [11], [12], [13], [14] and matrix
ac—dc/ac—ac converters with a sinusoidal excitation transformer
[15], [16]. This is because the dc bias saturates the flux in the
magnetic core and reduces the output voltage of the transformer.
In applications with both sinusoidal and square wave excitation,
dc bias is always generated by an asymmetrical input voltage,
which is hard to be eliminated. To withstand the dc bias, the
open-core structure is used for its high magnetic reluctance
and less sensitivity to dc flux bias. However, high magnetic
reluctance results in a relatively high magnetizing current, low
efficiency, and low power factor. Hence, how to provide a strong
withstand dc bias capability while maintaining a relatively low
magnetic reluctance is the key to developing a high-efficiency
transformer.

Many research works have been carried out in terms of the
dc bias issue of the transformer, including the dc bias detection,
measurement, prediction, and suppression [17], [18], [19], [20],
[21], [22], [23], [24], [25], [26], [27], [28]. Based on the design
mechanism, general dc bias suppression methods can be divided
into two categories, namely power electronics converter design
and magnetic core design. The former includes the control
strategy and converter topology design, whereas the latter is
focused on magnetic core topology and material design [22],
[23], [24], [25].

For the converter-based solutions, an auxiliary winding is
added and used to compensate for the dc magnetic bias by
generating a revised modulation flux [22]. A decoupling control
method is proposed for eliminating the dc bias, which can
compensate for the bias within 30 ms at the operating frequency
of 1 kHz [23]. A flux balancing control technology of the
transformer applied to the DAB converter is proposed to make
the transformer operate normally with a 0.1-A dc bias [26].
A gravitational search algorithm-based switching combination
scheme is proposed to improve the efficiency of the dc blocking
devices and the transformer [27].

For the magnetic core-based solution, the auxiliary core and
winding are added and the high-frequency signals are injected to
improve the withstand dc bias capability [24]. A nanocomposite
magnetic material is utilized as the magnetic core to improve the
withstanding dc bias capability [25]. Yao et al. [28] proposed
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Fig. 1. Configuration of the NMRS-based transformer.

a geometric variables optimization method for transformers
applied to DAB.

However, the converter-based solutions require additional
active power electronics devices and relevant control strategies
to withstand the dc bias. The magnetic core-based solution still
requires extra core structure and control strategies, bringing
extra weight and increased cost issues.

To solve the aforementioned issues, in this article, a passive
negative magnetic reluctance structure (NMRS) is proposed,
which is installed in the air gap of the open-core transformer
and requires no additional control strategies, power electronics
devices, and uncommon material. The proposed NMRS can be
esteemed as a copper-based magnetic bandpass filter, in which
only the flux at the selected frequency can be enhanced. For
the dc component and high order harmonics of the flux, NMRS
represents a high magnetic reluctance as air. But for the magnetic
field at the selected frequency, the NMRS shows a negative
equivalent magnetic reluctance. Therefore, the bias caused by
the dc component can be suppressed significantly, which makes
the NMRS-based transformer inherently have the advantages of
low magnetizing current, high efficiency, and strong withstand
dc bias capability.

In this article, the theoretical analysis and mathematical model
of the proposed NMRS are given, including the frequency-
variation property on magnetic reluctance and negative magnetic
reluctance region design. The magnetic circuit analysis of the
transformer with and without the proposed NMRS is compared,
theoretically demonstrating how the NMRS-based transformer
achieves both high efficiency and strong withstand dc bias
capability. The key properties of the NMRS-based transformer,
including withstanding dc bias capability, high efficiency, and
low magnetizing current, are verified via experiments.

II. THEORETICAL ANALYSIS OF THE NMRS-BASED
TRANSFORMER

A. Structure Configuration and Analysis

The overall configuration of the NMRS-based transformer
with an EE5S5 core is shown in Fig. 1. Considering the windings
installing issue of the transformer, the air gaps are designed at
the side poles and the NMRS is installed in the corresponding
two air gaps.
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TABLE I
PARAMETERS OF THE NMRS-BASED TRANSFORMER

Symbol Quantity Value
A, area product (cm?) 13.6764
A effective magnetic cross area (mm?) 354
Ay core winding window area (mm?) 386.34
AL inductive factor (nL/N?) 7100
v, effective volume (mm?) 43700
A core width (mm) 55.15
B half core length (mm) 27.5
C core depth (mm) 20.7
D middle pole width (mm) 17.2
E side pole inner width (mm) 37.5
F half pole length (mm) 18.5
Agap air gap length (mm) 0.6
I operating frequency (kHz) 55
Uiy input voltage (V) 90
N, number of turns of primary coil 20
Ny number of turns of secondary coil 20
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Fig. 2. Diagrammatic drawing of the magnetic core and corresponding mag-

netic circuit. (a) Front view and equivalent magnetic circuit. (b) Top view.

The detailed geometric parameters of the magnetic core and
corresponding diagrammatic drawing are shown in Table I and
Fig. 2, respectively. The material of the magnetic core is selected
as the PC44 with a maximum magnetic flux density of 0.4 T. The
NMRS is made of copper wire with a width of 0.6 mm.

All the transformers, including the proposed structure, are
designed following the basic operating rule.

(]inmax = 4fJVBmax Ae (1)
where Upnmax, f> Bmax» N, and A, are the maximum input
voltage, operating frequency, the maximum magnetic induction
intensity of core material, turns of the primary coil, and effective
magnetic cross area, respectively.

The equivalent magnetic circuit of the NMRS-based trans-
former is shown in Fig. 2(a), in which the F', R, and ¢ are the
magnetomotive force generated by the primary coil, magnetic
reluctance of magnetic core, and the main flux. ¢, and ¢, are the
fluxes and R,,, and R,,; the magnetic reluctance of NMRS or
air gap of branches, respectively, depending on the transformer
topology.



CHEN et al.: PASSIVE NMRS BASED KHZ TRANSFORMER FOR IMPROVED DC MAGNETIC BIAS WITHSTANDING 719

The magnet circuit equation of the NMRS-based transformer
is represented as follows:

F(wt)
ReoretRima(wt) /] Ry (wt) @

PNmrs (WE) =

where ¢nmrs (wt) is the flux in the magnetic core of the NMRS-
based structure.
The flux ¢ of the transformer is shown as follows:

¢ =g =fe (3)
where IV and ¢ are the numbers of turns of the primary coil and
the current through it. For the general structures, the magnetic
reluctance R, is fixed, which will not be affected by frequency
variation. Hence, the magnitude—frequency characteristic of the
magnetic reluctance is always ignored.

The magnetic reluctance of the NMRS structure considering
frequency variation is expressed as

Rie = Ry = Ro + Rysin (wt) + - - - - +R,, sin (nwt)
“)
where Ry, R;, and R,, is the magnetic reluctance of the dc
component, fundamental wave (rated operating frequency of
the transformer), and nth harmonics. Besides, n is the order of
harmonics.

Different from the air and the PC44 material, the magnetic
reluctance of the NMRS is varied with frequency. Hence, if
Ry is designed to be negative and R is keeping positive,
the fundamental flux can be improved even with the air gap.
Correspondingly, the flux related to the dc component will be
decreased sharply.

Based on the above equations, the impact of the flux ¢ on
magnetic induction intensity B of the closed-core, open-core,
and NMRS-based structures is expressed as follows:

¢ (wt) F Ni
Bc = = = 5
S " SRuw  SRem ©)

N1
B, = 6
S(Rcore + O-5Rair) ( )
B Ni
MMRS ™ S (Reore + 0.5(Ro + Ry (wt) + - - - - Ry (wnt)))

(n =0,1,...,n) @)

where S is the magnetic cross area. B, B,, and Bnwmrs are the
magnetic induction intensity in cores of closed-core, open-core,
and NMRS-based structures. Reore, Rairgap, and Ro ~ R, are
the magnetic reluctances of the core, air gap, and NMRS.

As shown in (5) and (6), with the same magnetic induction
intensity, the magnetic cross area, and the number of turns, the
closed-core transformer requires a lower magnetizing current
to generate the same magnetic induction intensity B than the
open-core transformer, for it has no magnetic reluctance of air
gap R,i:. Hence, compared to the open-core structure, the dc bias
current in the closed-core structure will generate a larger bias
magnetic induction intensity B , which leads to a weak withstand
dc bias capability. Conversely, the open-core structure is less
susceptible to dc bias but needs a larger magnetizing current
to generate the required magnetic flux with a larger magnetic
reluctance.
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Fig. 3. Equivalent B—H curve of transformers. (a) Closed-core structure.
(b) Open-core structure. (¢) Proposed NMRS-based structure.

Following (7), the frequency-variation property of the NMRS
on magnetic reluctance can effectively solve those issues men-
tioned before. Due to the existence of high dc magnetic reluc-
tance Ry, the impact of dc bias current on magnetic induction
intensity B will be weakened. Besides, the magnetic reluctance
R, attherated frequency (55 kHz) is designed as negative, which
allows a very small magnetizing current to generate a required
flux and magnetic induction intensity B. The property of the
NMRS is fixed with its inductance and compensation capacitor.
The variable of the NMRS-based transformer is the operating
frequency that determines the magnetic reluctance of the NMRS.

To intuitively illustrate the effectiveness of the proposed
NMRS, the B—i relationship of those three structures is given in
Fig. 3. Those three structures are assumed to have the same dc
bias current A 4. Its impact on the magnetic induction intensity
B is shown as the dashed line in Fig. 3. B of the closed-core
reaches its peak at a relevant low magnetizing current i(wt),
hence, the same dc bias will lead to serious distortion. The
B—i curve of the open-core structure indicates that it is slightly
impacted by the dc bias, however, it needs a larger magnetizing
current ¢ to obtain the desired flux and the B, which negatively
impacts the efficiency.

The B-i relationship of the proposed structure shown in
Fig. 3(c) indicates the effectiveness of the NMRS. The abscissa
in Fig. 3 is the root-mean-square value of the input current,
including the dc, fundamental, and harmonic components. The
proposed structure requires a lower magnetizing current to
generate the required magnetic intensity B while less is less
susceptible to the same A 7gc.

B. Negative Magnetic Reluctance Structure (NMRS) Design

The NMRS can be regarded as a low-frequency metamaterial
[29], [30], [31], [32], [33], [34], [35], which shows a negative
equivalent magnetic reluctance at a selected frequency range.
The property of the NMRS can be analyzed via the L/C model
[36], which is deduced from the permeability. The relationship
between magnetic reluctance and permeability is expressed as
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Fig.4. Negative equivalent magnetic reluctance structure. (a) Overall structure
and geometrical parameters. (b) Equivalent circuit.

TABLE I
PARAMETERS OF THE PROPOSED NMRS

Symbol Quantity Value
Low outer length (mm) 20.7
Ly, inner length (mm) 7.5
W ot outer width (mm) 8.88
Wi, inner width (mm) 0.2
dgap coil turns gap (mm) 0.45
i coil diameter (mm) 0.55

N number of turns 10
C compensation capacitor (uF) 0.45
follows:
= L —_
R = poprA T pA ®)

where R,,, A, and [ are the magnetic reluctance, cross-area,
and length of the magnetic core. u, 1o, and p, are the overall,
vacuum, and relative permeability of the NMRS.

Following (8), the negative equivalent magnetic reluctance is
obtained when (i, is negative.

The geometric parameters of the NMRS are shown in Fig. 4
and Table II. The equivalent circuit of the NMRS is shown in
Fig. 4(b), where e; and e5 are the voltage induced by the primary
coil and secondary coil, respectively. R, L, and C are the internal
resistance, equivalent inductance, and compensation capacitor,
respectively.

The relationships between the parameters of the NMRS and
its permeability can be derived as follows [36].

The equivalent circuit of the NMRS composed of an equiva-
lent resistor R, inductance L, and the compensation capacitor C
is shown in Fig. 4(b). Kirchhoff’s voltage equation of the NMRS
is obtained as follows:

1 . _ ondé_a V&Y
1 (R—I—m—i—]wlj)_ NF=% >

k=1

st )
where S}, is the area surrounded by each coil turns, and ¢ is the
flux in the NMRS.

The relationship between magnetization intensity Mnwmrs,
volume magnetic susceptibility X, and current [ is as follows:

Mnvrs = 712]’%110 S e =Xy H = X,-B— (10)

HoHr

where V is the volume of the NMRS, e, is the magnetic dipole
moment, and H is the magnetic field intensity.
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Based on (10), the volume magnetic susceptibility X, is
directly related to the relative permeability j, of the NMER
structure, which is shown as follows:

pr = po (1+x0) - an

Substituting (9) and (10) into (11), the relative permeability
of the NMRS can be expressed as

N =10

X sk

k=1

2

Nr:1+uio ©

IV w2 w2582

12)

where [ is the length of the magnetic circuit consisting of the
NMRS and the air gap of the transformer. wy and w are the
resonant frequency of the NMRS and the operating frequency
of the transformer. wq equals 1/ m .

According to (12), the relationship between permeability and
the operating frequency is shown in Fig. 5. The real component
of the permeability represents the magnetic reluctance while the
imaginary component is about the loss. Hence, by regulating
the L/C of the NMRS, the magnetic reluctance will represent
negative under the operating frequency of the transformer. Be-
sides, the magnetic reluctance of NMRS will be positive beyond
the negative magnetic reluctance region. Hence, the NMRS can
inherently suppress the dc bias of the transformer.

Based on the abovementioned analysis, the effects of the
NMRS on flux in the magnetic core are shown in Fig. 6, where
Ayis larger than A/ . Assuming the excitation of those three
transformers is the same, the NMRS-based transformer can
effectively suppress the dc bias of flux, which is shown in
Fig. 6(c).

The design rule of the NMRS is concluded as two steps. The
first step is to increase the inductance L of the NMRS. The quality
factor Q of a series RLC circuit is proportional to the inductance,
which is expressed by follows:

Q=4 yE- ®

The quality factor Q is also used to describe the proportion
between the stored energy and the loss of the RLC circuit. A
high-quality factor Q will bring the NMRS a high efficiency and
performance. The second step of the NMRS design is to reduce
the resistor R, which is achieved by increasing the sectional area
of the coil for NMRS. In addition, the ends of the coil should
pass over the NMRS to connect the compensation capacitor C.
Hence, a thin slot was made in the magnetic core to install the

stored energy
loss
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Fig. 6. Effect of different transformer structures on flux in the magnetic
core. (a) Closed-core transformer. (b) Open-core transformer. (c) NMRS-based
transformer.

intersection part of the NMRS coil, which is shown in Fig. 9(b)
and (c).

III. ELECTROMAGNETIC ANALYSIS AND COMPARISON

For the sake of clear analysis, the proposed structure will
be compared with the conventional closed-core and open-core
transformers. The material of the transformer core is PC44
and the air gap of the open-core transformer and NMRS-based
transformer is designed as 0.6 mm. The B—H relationship of
PC44 can maintain linear if the magnetic induction intensity B
is no more than 0.4 T. The magnetizing current of the open-core,
the closed-core, and the NMRS-based transformers are 0.4 A,
3.8 A, and 0.8 A, respectively. Using the current source with
corresponding magnetizing currents as the excitation, the core
magnetic induction intensity B of those three transformers is
approximately equal, which is shown in Fig. 7(a)—(c).

The impacts of different dc biases current on magnetic in-
duction intensity B of the core are demonstrated in Fig. 7(d)—(1).
The magnetic core of the closed-core transformer is approaching
saturation when the dc bias reaches 0.2 A, as shown in Fig. 7(d).
If the dc bias current is larger than 0.2 A, the magnetic core
reaches the deep saturation region and the performance of the
transformer will decrease sharply.

The open-core and the NMRS-based transformer indicate a
strong withstand dc bias capability, which can withstand the 2-A
dc bias current shown in Fig. 7(j). Even when the dc bias current
of the NMRS-based transformer reaches 2 A, its saturation
degree (0.36 T) is still far less than the closed-core transformer
with a 0.2-A dc bias current (0.39 T).

Besides, as shown in Fig. 7(j) and (1), although the saturation
degree of the NMRS-based transformer is more serious than
that of the open-core transformer with the same dc bias, the
magnetizing current of the former is still far less than that of
former. It will bring the NMRS-based transformer a higher
efficiency compared to the generalized open-core transformer.
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Fig. 7. Electromagnetic analysis of the closed-core transformer (type A),
open-core transformer (type B), and the NMRS-based transformer (type C)
under dc bias. (a) Type A without dc bias. (b) Type B without dc bias.
(c) Type C without dc bias. (d) Type A with 0.2 A. (e) Type B with
0.2 A. (f) Type C with 0.2 A. (g) Type A with 0.5 A. (h) Type B with
0.5 A. (i) Type C with 0.5 A. (j) Type A with 2 A. (k) Type B with 2 A, and (1)
Type C with 2 A.

Based on the abovementioned analysis, the proposed NMRS-
based transformer provides a strong withstanding dc bias capa-
bility as the open-core transformer. Detailed efficiency verifica-
tion will be conducted in the next section.

IV. EXPERIMENTAL VERIFICATION

The experimental verification test bed consists of the signal
generator (SDG 1032X), power amplifier (AE Techron 7224),
dc source (MCH-K605D), oscilloscope (ZDS3024), load, and
the NMRS-based transformers, which are shown in Fig.8. The
NMRS-based transformer, magnetic core, and NMRS are shown
in Fig. 9.

For conducting a detailed comparison, the experimental re-
sults with sinusoidal excitation and square wave excitation are
given to verify the operation condition in ac—dc matrix convert-
ers [12] and DAB applications [10].

A. Normal Operating Condition Analysis

The no-load (magnetizing) current is to generate the flux in
the magnetic core to transfer the power from the primary side
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Fig. 9. Prototype of the NMRS and NMRS-based transformer. (a) NMRS-
based transformer. (b) Magnetic core. (¢) NMRS.

to the secondary side of the transformer [37]. The primary coil
current consists of the magnetic current and the load current,
shown as

(14)

Tpri = tmag 1 ?pri_load

where ipri, tmag, and pri_load are the current vector of the
primary coil, magnetizing current vector, and the current vector
caused by the load.

The efficiency of the transformer is defined as

_ Usec Lec Cos(esec )

Usee Lsec COS(Gsec)
n = Upri Lpri cos(Opri)

Upri (Lpri_toad +Imag ) 0 (Opri)

as)

where Usec , Upri, Isec, and I, are the effective value of the
output and input voltage as well as that of the output and input
current. f.. and 0, are the phase difference between the output
and input voltage and current.

If the load is resistive, the magnetizing current will only
reduce the power factor of the transformer. However, in most of
the applications, the load is inductive, which improves the phase
difference 0,;. Hence, with the inductive load, as shown in (11),
the efficiency of the transformer is inversely proportional to the
magnetizing current [n,.. Theoretically, a lower magnetizing
current will lead to a high power transfer efficiency and power
factor. Ip,g is stable with a fixed input voltage.
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Fig. 10. Experimental results of no-load operating condition with sinu-
soidal excitation. (a) Closed-core transformer. (b) Open-core transformer.
(c) NMRS-based transformer at the negative magnetic reluctance region (55
kHz). (d) NMRS-based transformer out of the negative magnetic reluctance
frequency region (40 kHz).
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Fig. 11. Experimental results of no-load operating condition with square
wave excitation. (a) Closed-core transformer. (b) Open-core transformer.
(c) NMRS-based transformer at the negative magnetic reluctance region (55
kHz). (d) NMRS-based transformer out of the negative magnetic reluctance
frequency region (40 kHz).

Under the no-load condition, the primary current only consists
of the magnetizing current Ip,,,,. Hence, by evaluating I, , the
performance of the transformer under on-load conditions can be
obtained.

The magnetizing current of the open-core and closed-core
transformer, as well as the NMRS-based transformer at the
designed frequency, is shown in Fig. 10. Besides, a contrast
experiment of the NMRS-based transformer is also conducted
under 40 kHz, which is beyond the negative magnetic reluctance
operating frequency region. As shown in Fig. 10, the NMRS
reduces the magnetizing current compared to the open-core
transformer from 689 to 166 mA.

Apart from the sinusoidal excitation, the magnetizing current
induced by the square wave excitation is indicated in Fig. 11.
The magnetizing currents of the closed-core and open-core
transformers are 57.5 and 665 mA, respectively, whereas the
magnetizing currents, at the negative magnetic reluctance region
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and out of that region of the NMRS-based transformer, are 218
and 733 mA, respectively. The results indicate an identical trend
with the sinusoidal excitation in Fig. 10.

The 200- and 500-W on-load experimental verifications of
those three transformers with sinusoidal and square wave excita-
tion are shown in Figs. 12 and 13, respectively. At the power level
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TABLE III
PERFORMANCE OF THE TRANSFORMERS UNDER NO DC BIAS

Type Closed- Open- NMRS-
yp Core Core Based
magnetizing Current (sin) 43 mA 689 mA 166 mA
magnetizing Current (square)  57.5 mA 733 mA 218 mA
200W efficiency(sin) 97.3% 96.4% 96.7%
200W efficiency(square) 97.5% 96.5% 96.6%
350W efficiency(sin) 98.2% 96.6% 97.4%
350W efficiency(square) 98.2% 96.7% 97.1%
500W efficiency(sin) 98.5% 97.2% 98.1%
S00W efficiency(square) 98.6% 97.4% 98.0%
Sinusoidal Excitation Sinusoidal Excitation
No-Load 500 W
Innars (2 A/div) Tnaes (2 A/div)
Time :5 ms/div Time :5 ms/div
(a) (b),
Square Wave Excitation Square Wave Excitation
No-load 500 W
Iyams (2 A/div) Inars (2 Aldiv)
Time :5 ms/div Time :5 ms/div
©) @
Fig. 14.  Current through the NMRS under different excitation and power level.

(a) 90-V sinusoidal excitation and no load. (b) 90-V sinusoidal excitation and
500 W. (c) 90-V square wave excitation and no load. (d) 90-V square wave
excitation and 500 W.

of 200 W in Fig. 12, the efficiency of the closed-core transformer
is 97.3% with sinusoidal excitation and 97.5% with square
wave excitation, respectively. The attainable efficiencies are the
highest among those aforementioned three transformers. The
efficiencies of the open-core and the NMRS-based transformer
are 96.4% and 96.7% with sinusoidal excitation and 96.5% and
96.6% with square wave excitation. The efficiency improvement
is not significant under the condition of the light load. If the
load gets heavy, the efficiency promotion of the NMRS will be
apparent, as shown in Fig. 13.

As shown in Fig. 13, under the power level of 500 W, the
efficiency promotion of the NMRS-based transformer reaches
0.9% with sinusoidal excitation and 0.6% with square wave
excitation, respectively, which is significantly larger than that
under 200 W. To evaluate the performance of the NMRS-based
transformer better, the 200-, 350-, and 500-W experiments are
conducted and the corresponding results are given in Table III.
As shown in Table III, the efficiency NMRS-based transformer
is larger than that of the open-core transformer and close to that
of the closed-core transformer.

The current waveforms through the NMRS with the sinusoidal
excitation and square excitation are given in Fig. 14.

The variation of the current through NMRS with 90-V excita-
tion under different power levels is small. The variation current
is from 1.337 to 1.384 A with sinusoidal excitation as well as
from 1.444 to 1.479 A with square wave excitation, varying from
the load condition.
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Fig. 15. Loss distribution of the NMRS-based transformer. (a) Sinusoidal and
no load. (b) Sinusoidal and 200 W. (¢) Sinusoidal and 350 W. (d) Sinusoidal and
500 W. (e) Square wave and no load. (f) Square wave and 200 W. (g) Square
wave and 350 W. (h) Square wave and 500 W.

Based on the data indicated in Figs. 12—14, the loss distribu-
tions of the transformers are given in Fig. 15. As shown in Fig. 15,
the proportion of the loss caused by the NMRS is decreased with
the increase of the power level with both the square wave and
sinusoidal excitation. Under on-load operating conditions, the
share of the NMRS loss is not larger than 2.2% compared to the
total loss.

B. DC Bias Operating Condition Analysis

In this part, the power experiment and inductance measure-
ment experiment will be conducted to verify the performance of
open-core, closed-core, and NMRS-based transformers under
different dc biases.

As for the first method, the experiment platform is shown in
Fig. 8. For conducting an effective comparison, the source of the
experimental platform is selected as the voltage source with both
sinusoidal excitation to verify the operation condition in the ac—
dc matrix converter and square waves excitation to verify that in
DAB applications, respectively. The dc bias current is achieved
via modifying the dc bias voltage of sinusoidal excitation and
duty cycles of square wave excitation.

Experimental results regarding the dc bias are given in Fig. 16.
As shown in Fig. 16(a), (c), and (e), a dc bias voltage of 0.4 V
will lead to a 4.7-A bias current of the closed-core transformer
with the sinusoidal excitation. Correspondingly, the same dc
bias voltage will only cause a 1.2- and 1.1-A bias current of the
open-core and NMRS-based transformer. This trend can be also
found in the transformers with square wave excitation, which is
shown in Fig. 16(b), (d), and (f).

The bias ratio is the proportion between the positive and nega-
tive parts of the square wave. With the bias ratio of 50.05:49.95,
the dc bias currents of the closed-core, open-core, and NMRS-
based transformers are 6.6, 1.01, and 1.04 A, respectively. It is
noticeable that the open-core and the NMRS can significantly
reduce the dc bias current caused by the asymmetrical excitation,
indicating a strong anti-dc bias capability.
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Fig. 16.  Experimental results of transformers with different dc. (a) Closed-

core transformer with 4.7-A bias. (b) Closed-core transformer with 6.6-A bias.
(c) Open-core transformer with 1.2-A bias. (d) Open-core transformer with
1.01-A bias. (e) NMRS-based transformer with 1.1-A bias. (f) NMRS-based
transformer with 1.04 A bias.

However, the withstand dc bias capability varies from the
load condition, hence, Apart from the abovementioned method,
observing the inductance L is also a widely used solution to
evaluate the withstand dc bias capability.

The inductance L of the primary coil and secondary coil is
another parameter to verify the withstand dc bias capability of
the transformer, which can be verified as follows.

Based on (3), the relationship between inductance and the flux
can be expressed as follows:

¢ = Li = BS = §* (16)

where ¢, B, and S are the flux, magnetic induction intensity,
and the cross area of the magnetic core, whereas L and ¢ are the
inductance and the current of the coil. R, is the overall magnetic
reluctance of the transformer. The maximum magnetic induction
intensity B of the magnetic core material, PC 44, is 0.4 T. The
relationship between the magnetic field intensity H and magnetic
induction intensity B is defined as

B = uH = pfit (17)

where [ is the equivalent length of the magnetic core.

Based on (16)—(8), the inductance L of the coil is expressed by
the induction intensity B and magnetic field intensity H, shown
as follows:

[ - NS B

S B - N (18)

R
According to (18), the inductance L can be regarded as
the slope of the B—H (B—i) relationship shown in Fig. 3. The
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LCR Bridge
oLl |

NMRS-Based
Transformer

Fig. 17. Inductance measurement platform.

(d)

Fig. 18.  Inductance of coil with/without dc bias current at different frequen-
cies. (a) Closed-core without dc bias at 55 kHz. (b) Open-core without dc bias
at 55 kHz. (¢) NRMS-based without dc bias at 55 kHz. (d) Closed-core with
dc bias of 0.5 A at 55 kHz. (e) Open-core with dc bias of 7 A at 55 kHz.
(f) NRMS-based without dc bias of 7 A at 55 kHz.

magnetic field intensity H will increase with the rise of the dc
bias current. Under the unsaturation region, the B—H relationship
is stable, making the inductance L fixed. However, under the
saturation region, induction intensity B cannot keep increasing
with the rising magnetic field intensity H. The slope of the
B—H relationship and the inductance L will sharply decrease.
Correspondingly, the dc bias current will distort the flux in a
semicircle and lead to saturation of the transformer. Hence,
by observing the inductance of coils, the withstand dc bias
capability can be demonstrated.

The experimental platform of inductance measurement is
shown in Fig. 17, including a dc source, an LCR bridge, and a
transformer. The experimental results and comparison are shown
in Figs. 18 and 19, respectively.

As shown in Fig. 18(a)—(c), the inductance L of the NMRS-
based transformer is the highest at 55 kHz, for the NMRS shows
anegative magnetic reluctance at that frequency. Figs. 18(d)—(f)
demonstrates the impact of dc bias on the inductances L of the
closed-core, open-core, and NMRS-based transformers when
their inductances have a 30% reduction.

The detailed results of inductance L measurement with dif-
ferent dc bias currents are shown in Fig. 19. The closed-core
transformer will enter into the saturation region when the dc
bias current is larger than 0.5 A, whereas the open-core and the
NMRS-based transformer can maintain unsaturated unless the
dc bias current reaches 4.5 A. Besides, the coils of NMRS-based
transformer have an overall highest inductance, which is much

Inductance (mH)
O =MW RN

iy,
s 0

Q@Q’

Fig. 19. Relationships between the inductance, dc bias current, and type of
transformers under 55 kHz.
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Fig. 20.  Frequency versus inductance of the primary coil of transformers.

larger than that of the open-core transformer. It will bring a lower
magnetizing current and higher efficiency to the transformer.
Furthermore, the proposed structure can withstand more than
the dc bias of 4 A, whereas the open-core transformer cannot
operate normally with that of 0.5 A.

C. NMRS Property Analysis

The negative magnetic reluctance and harmonic suppression
properties are verified via inductance measurement. Based on the
inductance value of the open-core and closed-core transformer,
the inductance of the NMRS-based transformer can be used to
evaluate the magnetic reluctance of the NMRS. The frequency
versus inductance of the transformer coil is shown in Fig. 20.

Based on the structures of closed-core, open-core, and
NMRS-based transformers, the overall magnetic reluctance R,
of them is defined as follows:

Reore + Rair, Open Core
R, ;LLA ~ Reore,  Closed Core (19)
Rcore + RNMRS, NMRS Based

where Reore, Rair, and Ryvrs are the magnetic reluctance of the
magnetic core of the transformer, air, and the proposed NMRS,
respectively.

Based on (18) and (19), the inductance L of a coil is in-
versely proportional to the overall magnetic reluctance. For the
open-core and closed-core transformers, the magnetic reluctance
R,, will not change under frequency variation while that of
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Fig. 21.  Harmonic injection experiments for transformers. (a) Closed-core

transformer. (b) THD of the closed-core secondary voltage. (c) Open-core
transformer. (d) THD of the open-core secondary voltage. (¢) NMRS-based
transformer. (f) THD of the NMRS-based secondary voltage.

the NMRS-based transformer will be varied with frequency.
Correspondingly, the negative magnetic reluctance of the NMRS
can be obtained when its inductance is larger than that of the
closed-core transformer.

Hence, the best relative permeability pnwvrs can be obtained
with a maximum positive inductance and calculated by the
magnetic reluctance of those transformers, which is shown as

fhic 1y = —15.52 (20)

Rnwvrs

HNMRS =

where pnmrs and pg are the relative permeability of NMRS and
air, respectively.

For evaluating the effect of the proposed NMRS on har-
monics, harmonic injection experiment results are given. The
input voltage of the transformers is set as 80sin(w?)+10sin(5wr),
where w is the corresponding radian frequency of the operating
frequency 55 kHz. By injecting the high-order harmonics, the
harmonics optimized effectiveness of the NMRS can be verified
by comparing the total harmonic distortion (THD) of open-core,
closed-core, and NMRS-based transformers. The relevant re-
sults are shown in Fig. 21.

As shown in Fig. 21, the fifth-harmonic component of the
NMRS-based transformer is lower than that of the open-core
and closed-core transformers, indicating the harmonic prop-
erty of the proposed design. The fifth-harmonic contents of
the closed-core, open-core, and NMRS-based transformer are
11.2%, 10.9%, and 9.8%, respectively.

V. CONCLUSION

This article proposes a passive NMRS to improve the effi-
ciency and withstand the dc bias capability of the kHz trans-
former. The equivalent magnetic circuit of the transformer, the
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mathematical model of the NMRS, and the theoretical feasibility
of the overall system are established and verified.

The negative magnetic reluctance and harmonic property of
the proposed NMRS are verified by inductance measurement
and harmonic injection experiments.

The normal operating conditions of the NMRS-based trans-
former and contrast models with both sinusoidal and square
wave excitation are conducted. When sinusoidal excitation and
square wave excitation are enabled, the proposed structure ef-
fectively reduces the magnetizing current from 689/733 mA to
166/218 mA. Meanwhile, it improves the efficiency of the trans-
former by 0.9/0.6% under the power level of 500 W compared
with the open-core transformer.

The dc bias experiment results demonstrate the withstanding
dc bias capability of the proposed structure. If sinusoidal exci-
tation and square wave excitation are activated, with the same
dc bias voltage, the NMRS-based transformer can reduce the
dc bias current from 6.4/4.7 A to 1.1/1.04 A compared to the
closed-core transformer.

Strong dc bias withstanding capability for open-core trans-
formers and high efficiency for closed-core transformers are si-
multaneously presented in the proposed design, which confirms
its superiority in industrial application.
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