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Direct-Current and Alternate-Decay-Current Hybrid
Integrative Power Supplies Design Applied to

DC Bias Treatment
Zhiwei Chen , Member, IEEE, Baodong Bai , Member, IEEE, Dezhi Chen , Member, IEEE, and Wenping Chai

Abstract—This paper proposes a novel kind of direct-current
and alternate-decay-current hybrid integrative magnetization and
demagnetization power supplies applied to transformer dc bias
treatment based on a nanocomposite magnetic material. First, ac-
cording to the single-phase transformer structure, one dc bias mag-
netic compensation mechanism was provided. The dc bias flux in
the transformer main core could be eliminated directionally by
utilizing the material remanence. Second, for the rapid response
characteristic of the magnetic material to an external magnetic
field, one positive and negative dc magnetization superimposed
decaying ac demagnetization hybrid integrative power supplies
based on single-phase rectifier circuit and inverter circuit was de-
signed. In order to accurately control the magnetic field strength
by which a good de/-magnetization effect could be achieved, this
paper adopts the double-loop control technology of the magnetic
field strength and magnetizing current for the nanocomposite mag-
netic state adjustment. Finally, two 10 kVA transformers and the
experiment module of the hybrid integrative power supplies were
manufactured and built. Experimental results showed that the in-
tegrated power supplies have good de/-magnetization effect and
practicability, proving the validity and feasibility of the proposed
scheme.

Index Terms—Demagnetization, inverter circuit, magnetic ma-
terial, power supply, rectifier circuit.

I. INTRODUCTION

IN RECENT years, magnetic material has played an increas-
ingly important role in the social development. It is the main
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auxiliary product of all kinds of electronic products, which is
indispensable not only for the home appliances including com-
puter and communication equipment, but for the industrial prod-
ucts such as automobile and defense industry [1], [2]. There are
many kinds of magnetic materials. Among them, the soft mag-
netic materials and hard magnetic materials are the most widely
used in each area [3]–[5]. The magnetization and demagnetiza-
tion (MD) devices are indispensable devices in the process of
producing and developing magnetic material products. The MD
ability is an important factor, which is used to develop the per-
formance of all magnetic materials. With the development of the
embedded technology, power electronic technology, and com-
puter technology, MD devices start to develop with a trend of
high performance, multifunction, automation, and intelligence.

In practical applications, different MD power supplies have
different applications [6], [7]. Among the many MD devices,
the ac/dc power supply based on the power electronic technol-
ogy is widely used [8], [9]. Stable dc output can be utilized to
magnetize the magnet. When the dc flows through the coil, the
magnetized coil generates a constant magnetic field, which is
used to complete magnet magnetization [10]. For the demag-
netization, the demagnetizing field can be obtained by many
methods such as the thermal demagnetization, ac demagnetiza-
tion, and dc demagnetization [11]. As for the thermal demag-
netization, it is not conducive to maintain the original material
performance exactly and also has defects of the control difficul-
ties. Because the magnetic material has been assembled into the
product components, the difficulty of demagnetization is greater
and the influence of all the parts should be taken into consid-
eration. Applications of the thermal demagnetization method
are relatively limited [12]. DC demagnetization is realized with
the help of the reversing switch. The magnetization curve has
a larger difference. This demagnetization method is not easy
to retain the consistency of the demagnetization process, which
can only eliminate most of the magnetism [13], [14]. The dc de-
magnetization method is suitable for circumstances where the
demagnetization requirement is not very high. Fig. 1(a) shows
the dc demagnetization method. If one magnet is required to
achieve an ideal demagnetization state, this kind of occasion
should adopt the ac demagnetization method. A magnetic field
with variable intensity and direction is usually adopted and
added to the magnet for demagnetization [15]. Fig. 1(b) rep-
resents the ac demagnetization method. I on the y-axis is the
current passing through the magnetizing coil and T on the x-axis
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Fig. 1. Demagnetization methods. (a) DC demagnetization. (b) AC demagne-
tization. (c) Step-shaped decaying ac demagnetization.

denotes the time. But it cannot be ignored that the ac demag-
netization has the skin effect and it is difficult to remove the
residual magnetism of the internal material.

It is well known that the power transformer is a crucial device
for the power transmission. But its running state is often affected
by the dc component in the power system. The invasion of dc
may cause the rise of neutral point potential in the transformer.
As a result, there is magnetic saturation in the core and excita-
tion current distortion in the winding at every half-cycle, which
causes some serious hazards in the transformer, such as leak-
age flux increase, metal structure loss increase, local overheat,
insulation damage, noise increase, and vibration intension [16].
Therefore, it is necessary to study the dc bias and how to realize
its elimination. There have been some studies about the dc bias
restraint in the transformer [17]–[19]. For example, transformer
grounding via small resistance [20], electric potential compen-
sation method [21], and blocking capacitance in the neutral line
of the transformer to limit the dc bias current [22]. However, the
impact of dc bias has not been solved from the aspects of the
transformer design.

For the several dc bias treatment methods described above,
there exist some limitations, unreliability, and additional pres-
sure on the system. For example, changing the neutral grounding
mode of the transformer will lead to the change of the trans-
former line impedance. The series resistance in the transformer
neutral line will generate a large power loss. The blocking ca-
pacitance will also change the zero sequence impedance of the
transmission system. Meanwhile, it has a low economy and
practicality for dc bias treatment. For the reverse injection cur-
rent scheme, it often requires larger compensation current for
the dc bias and multiple grounding poles need to be created in
the transformer substation resulting in high building and oper-
ating cost [20], [22]. In [23], an electric excitation regulation
method is adopted for the inrush current mitigation. This electric
excitation regulation method has some guiding significance for
dc bias treatment, but the working process of MD requires con-
tinuous electricity relying on the auxiliary winding energized
by the converter, which increases the complexity and cost of the
devices undoubtedly [23]. So far, there is no treatment measure
that is effective to eliminate dc bias invasion without changing

the transformer external structure and guaranteeing the neutral
point of transformer grounding effectively.

In this paper, a novel dc bias treatment method was presented
for the transformer combined with the designed hybrid power
supply based on a nanocomposite. Under the steady dc magne-
tizing field, the dc bias can be effectively compensated through
the material own remanence. When the dc bias disappears, one
step-shaped decaying ac demagnetizing field would be applied
to the nanocomposite material. Fig. 1(c) shows the proposed
step-shaped decaying ac demagnetization method. The ampli-
tude of the demagnetization field increases first and the magnetic
domains of the magnetic material are disrupted, then the ampli-
tude of the demagnetization field decreases slowly. The material
would finally return to the magnetic neutral state. Transformer
keeps normal working in a small dc or no dc bias environment.

II. NANOCOMPOSITE MAGNETIC MATERIAL PROPERTY

A. Nanocomposite Magnetic Material

Nanocomposite permanent magnet material combines the
characteristics of the higher saturated anisotropy field of the
hard magnetic materials and the high saturation magnetization
intensity of the soft magnetic materials. They are viewed as two
important intrinsic properties to reflect the performance of mag-
netic materials [24], [25]. But the magnet grains anisotropy field
and the saturation magnetization intensity cannot be improved
simultaneously. In most cases, the increase of one aspect will in-
evitably lead to the decrease of the other one. So more and more
researchers have begun to composite the soft and hard magnetic
phases in order to obtain the composite magnetic material with
new performance [26].

Although the magnetocrystalline anisotropy constants of the
composite material are very different, the magnetic moment
from different orientations at the interface produces the mag-
netic exchange coupling effect when two magnetic grains are in
direct contact. It can prevent the magnetic moment from taking
the direction of easy magnetization, and the magnetic moment
orientation at the interface continuously changes from one grain
easy magnetization direction to another grain easy magnetiza-
tion direction. Eventually, the disoriented magnetic moment of
grain tends to be parallel, which leads to the increase of the
magnetic moment along the external magnetic field direction
and the remanence enhancement effect [27]. But at the same
time, the exchange coupling effect weakens the impact of each
magnetic grain’s anisotropy so that the effective anisotropy of
the grain at the interface decreases resulting in the reduction of
the coercivity. It can be seen from Fig. 2, if the material working
point is in the first quadrant (g1), it is characterized as the soft
magnetic property and can be used as the magnetic conductive
material. If the material working point is in the second quadrant
(g2), it is characterized as the hard magnetic property and can
be used as the magnetic exciting material.

Based on the nanotechnology and material composite tech-
nology, research on the nanocomposite preparation and the mag-
netic property was carried out in this paper. Blocky nanocom-
posite magnetic material that meets the technical requirements
is prepared. Ultimately, the coercivity range of the magnetic
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Fig. 2. Hysteresis loop curve of the composite material.

Fig. 3. Adhesive and dried magnetic powder. (a) Adhesive. (b) Magnetic
powder.

Fig. 4. Mold for the magnetic material and material size. (a) Nanocomposite
mold. (b) Shape and size of the material body.

performance is between 930 and 2300 Oe and the rema-
nence range is between 0.3 and 1.2 T. The ability of magnetic
conduction and magnetic excitation of the composite material
could be converted under the effect of an additional magnetic
field.

In terms of the technique, this paper adopted a melt-spinning
method to prepare the magnetic powder. Fig. 3(a) shows the
adhesive and Fig. 3(b) shows the dried magnetic powder. The
magnetic powder prepared is put into the mold and pressed into
molding in the hydraulic machine. According to the requirement
of the magnet, this paper designs the mold of the material. The
specific mold is shown in Fig. 4(a). The shape and size of the
material body are shown in Fig. 4(b).

The remanence and coercivity of the nanocomposite are
important parameters for the transformer design. The heat

TABLE I
PROPERTY OF THE NANOCOMPOSITE MAGNETIC MATERIAL

Property Remanence Coercivity

Property 1 0.34 T 74.57 kA/m
Property 2 0.72 T 131.24 kA/m
Property 3 1.22 T 187.17 kA/m

Fig. 5. Schematic diagram of the demagnetization. (a) Magnetic field strength.
(b) Magnetic flux density. (c) Demagnetization hysteresis loop.

treatment method was adopted to adjust the property of the
nanocomposite. This paper prepares the nanocomposite with
three magnetic properties. Table I presents the property of the
magnetic material.

B. Magnetic Material MD Method

It is known that when the magnetic material is applied to
a dc magnetization coil, the magnetic flux density of the ma-
terial would increase along the magnetization curve. Because
the magnetic materials have a hysteresis effect, the correspond-
ing magnetizing law is relatively complicated. Magnetization of
one magnetic material not only depends on the strength of the
magnetic field but also has to do with itself original remanence.
Before the magnetization, the magnetic characteristic of the ma-
terial sample is expected to be in the magnetic neutral (O point),
as shown in Fig. 5. In this point, the magnetic flux density B is 0
T and there is no residual magnetism. So in this paper, the good
magnetization effect of the nanocomposite material is based on
a good demagnetization effect [28].

General demagnetization methods select the appropriate ac
magnetic field amplitude. The magnetic flux density varies from
big to small and the material demagnetization is realized. The
method commonly used is to insert the magnet into a magne-
tizing coil with alternating current. If the external field changes
repeatedly between positive and negative value and its amplitude
decreases to 0 T gradually at the same time, the magnetized state
of the magnet will change along a hysteresis loop, which be-
comes smaller and smaller, as shown in Fig. 5(c). Finally, when
the current drops to zero, the magnetic domain will have no
clear magnetization direction. It returns to the magnetic neutral
state. Fig. 5 shows the schematic diagram of the demagnetiza-
tion principle [10].
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Fig. 6. DC bias formation mechanism.

III. DC BIAS COMPENSATION STRUCTURE DESIGN

In the design process of the power transformer, the trans-
former rated working point is usually designed between point
O and point A in the magnetization curve shown in Fig. 6(b).
After the dc bias, the dc magnetic flux ϕ0 and the ac mag-
netic flux ϕ superimpose, which makes one half-cycle magnetic
flux density increase greatly and the other half-cycle magnetic
flux density reduce. The excitation current wave presents as a
peak wave and the positive and negative half-cycle waves are
not symmetric anymore, changing from Fig. 6(a) to (c). In or-
der to highlight the distortion process of exciting current, the
core hysteresis loop is usually ignored and the core nonlin-
ear saturation characteristic is represented by the two pieces
of the broken line shown in Fig. 6(b). The slope of the line
segment O-A is k1 , which indicates the linear segment of the
magnetized curve. The slope of line segment A-B is k2 indicat-
ing the saturation segment of the magnetization curve. In this
way, the excitation current waveform obtained from the broken
line type magnetization curve could keep the high effective-
ness. The current waveform retains the main characteristic of
the original excitation current [29], [30].

In Fig. 6, i is the excitation current, im is the base frequency
excitation current, ih is the additional excitation current of mag-
netic saturation, ib is the dc bias current, Im is the peak value of
current, I is the effective value, ϕ is the magnetic flux, ω is the
angular frequency, and t is the time. The ordinate of two broken
lines intersection point is (im , ϕm ). The magnetic saturation
degree h and the included angle α, respectively, indicate the
saturation depth of the core and the initial angle of the distorted
excitation current.

The total excitation current if can be represented as the cur-
rent sum of three parts including the dc bias current ib , the
normal base frequency excitation current im , and the magnetic
saturation additional excitation current ih . The base frequency
excitation current im = Im sin(ωt). The magnetic saturation ad-
ditional excitation current ih in the range of α ≤ ωt ≤ π − α
can be expressed as

ih = (h − 1) (Im sin (wt) − Im + Ib) . (1)

In the other range of 0–2α, ih = 0. The dc components con-
tained in the magnetic saturation additional excitation current
are

Id =
(h − 1)

2π

[
2
√

Ib (2Im − Ib) − (π − 2α) (Im − Ib)
]
.

(2)
Total dc current in the excitation current I

I = Id + Ib . (3)

Above-mentioned formula is equal to the dc current compo-
nent flowing into the transformer winding by the neutral line. It
is also possible to deduce the peak of the excitation current, the
effective value of excitation current, the base frequency compo-
nent, and the expression of each current harmonic component
shown in Fig. 6(d).

For the dc bias, different types and structure transformers
have different abilities to withstand dc bias. The dc bias impact
on the transformer is related to its core and winding structure.
For example, the sensitivity degree for the dc bias intrusion from
large to small is the single-phase (1-1) transformer, three-phase
three-column (3-3) transformer, and three-phase five-column
(3-5) transformer. The 3-3 transformer is not sensitive to the
bias current, since there is no magnetic path for dc bias in the
transformer core. DC bias only can be returned from the oil or
the fuel tanks and other structural components. But the magnetic
resistance of these parts is bigger, so the dc bias magnetic flux
is small. However, dc bias in the 3-5 transformer forms current
loop through the side choke. The cross section of the magnetic
flux return path is small; thus, the core saturation may appear
under the low magnetic flux density. The dc bias impact is
relatively obvious. For the 1-1 transformer, because each phase
would provide a low magnetic resistance path for the dc current,
the influence of dc bias is most obvious, which the allowable
current is minimal. Therefore, there are strict limits on the dc
current allowed to pass. There is the same situation in the three-
phase group transformer [29].

Considering the 3-3 transformer is allowed to pass through a
larger dc current, detailed study of dc bias compensation for the
1-1 transformer, 3-5 transformer, and three-phase group trans-
former is carried out in this paper. The schematic diagram of
two transformer dc bias magnetic compensation structures is
presented in Fig. 7. Fig. 7(a) shows the dc bias magnetic com-
pensation method for the 1-1 transformer. Fig. 7(b) shows the
dc bias magnetic compensation method for the 3-5 transformer.

In Fig. 7, the red arrow is the dc bias magnetic flux and the
pink arrow is the compensated magnetic flux produced by the
nanocomposite. From Fig. 7, it can be seen that the direction of
the dc bias flux and the material flux is opposite. The dc bias
compensation purpose can be achieved. In order to achieve the
above-mentioned compensation structure, a reasonable structure
design is essential for the dc bias compensation. Considering
the consistency of the analysis ideas of the magnetic circuit
and the electric circuit, all-loop Ohm’s law can be applied when
the magnetic circuit is analyzed

Φ = BS = μHS = μ
NI

l
S =

NI

l/ (μS)
=

F

Rm
(4)
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Fig. 7. DC bias compensation structure diagram. (a) 1-1 transformer. (b) 3-5
transformer.

where Rm = l/(μS) is the magnetic reluctance, F is the mag-
netomotive force, l is the average length of the magnetic path,
S is the cross section of the magnetic path, and N and I are
the turn numbers and the current of the winding, respectively.
It is known that the magnetic flux is inversely proportional to
the magnetic reluctance. The larger the reluctance, the less the
flux passes through. In the transformer core, the compensated
flux without flowing into the side leg should flow along the op-
posite direction of the dc bias flux in the center leg. The most
reasonable strategy is to increase the magnetic reluctance of the
transformer side leg.

This paper adopts opening an air gap in each side leg, as
shown in Fig. 7. It can be seen clearly that the nanocompos-
ite works on two side legs of the transformer. The magnetizing
coil is designed on the C-type nanocomposite core, which is
used to compensate the dc bias flux. For the three-phase group
transformer, it is composed of three identical 1-1 transformers.
The main flux of each phase has its own independent magnetic
circuit. The dc bias treatment method can refer to the 1-1 trans-
former dc bias. The specific approach is not covered here. The
compensation structure of the 1-1 transformer is designed in
detail below.

The flux from the nanocomposite flows through the trans-
former side leg or the center leg and it depends on the air gap
reluctances Rcomp and Rside. And Rsteel is the reluctances of
the silicon steel sheet. The equivalent numerical models of the
power transformer under different conditions were analyzed and
established, which lay a foundation for the electromagnetism
design.

Due to the bilaterally symmetric structure, a half-model is
analyzed. Fig. 8 shows the equivalent magnetic circuit of the
half-transformer model. Fac and Fdc are the ac and dc magneto-
motives. Fc is the compensating magnetomotive. The condition
of ac and dc excitation is discussed.

Fig. 8. Equivalent magnetic circuit. (a) DC excitation. (b) Half-model of the
magnetic circuit. (c) AC excitation.

TABLE II
RESULTS OF THE AIR GAP IN THE TRANSFORMER

Type Length of
Rcomp

Length of
Rside

Length of the material
magnetic circuit

220 V/10 kV/10 kVA 0.3–1.0
mm

0.4–0.7
mm

128 mm

Based on the Kirchhoff law, the equivalent magnetic circuit
of a half-magnetic circuit model under dc bias excitation is

⎧
⎪⎨
⎪⎩

Fdc = φ1 [Rsteel + (Rsteel + Rcomp) //Rside ]
FC = φ2 [Rside + (Rsteel + Rcomp) //Rside ]
φ1 + φ2 + φ3 = 0

(5)

where ϕ1 , ϕ3 are the dc magnetic flux. The equivalent magnetic
circuit under ac excitation is⎧

⎪⎨
⎪⎩

Fac = φ4 [Rsteel + (Rsteel + Rcomp) //Rside ]
φ5Rside = φ6 (Rsteel + Rcomp)
φ4 + φ5 + φ6 = 0

(6)

where ϕ5 , ϕ6 are the ac magnetic flux. Let ϕ2 , ϕ4 = 0, the
length of Rcomp and Rside can be calculated. This paper designs
two 220 V/10 kV/10 kVA transformers. Table II presents the air
gap opening results of the transformers.

IV. MD CIRCUIT DESIGN BASED ON SINGLE-PHASE RECTIFIER

AND INVERTER CIRCUIT

A. Relationship Between the Demagnetization Frequency and
the Demagnetization Effect

The influence of the demagnetization frequency on the de-
magnetization effect is mainly reflected by the eddy current
loss. The eddy current cannot be carried out like the current
in the conductor and it would cause material heat and energy
loss. As a result, the energy used to change the material internal
magnetic domain decreases. The efficiency of demagnetization
would reduce. So it is necessary to select the appropriate de-
magnetization frequency to reduce the eddy current loss as far
as possible. In an alternating magnetic field, because the change
of the magnetic flux density B lags behind the change of the
external magnetic field, the amplitude of B would wear off from
the ferromagnetic surface to the ferromagnetic inside. There is
almost no magnetic field in the ferromagnetic conductor. The
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magnetic field exists only in a thin layer on the surface of the
ferromagnetic conductor. The existence of the skin effect will
produce a certain influence on the demagnetization effect [31].

The problem of eddy current and the skin effect can be
handled by Maxwell equations. It is assumed that there is an
alternating magnetic field along the y-axis in the surface of the
ferromagnetic conductor. The magnetic flux density, the mag-
netic field strength, and the eddy current of the ferromagnetic
conductors can be obtained according to the boundary condi-
tions. Basic equations can be simplified as follows:

∂ �Hy

∂x
= Jz ,

∂Jz

∂x
=

μμ0

ρ

∂Hy

∂t
. (7)

Among them, H is the magnetic field strength. J is the eddy
current density. ρ is the resistivity. μ is the vacuum magnetic
permeability 4π × 10−7 . μ0 is the relative permeability of the
ferromagnetic medium. Here, Hy and Jz are only related to x.
And simplify Jz

∂2Hy

∂x2 =
μμ0

ρ

∂Hy

∂t
. (8)

In (8), Hy is a function of x and t. The unique solution, which
meets the requirements of the physical, can be obtained as

Hy (x, t) = H0e
−bxej (ωt−bx) (9)

where b =
√

ωμμ0
2ρ (> 0). This is the magnetic field distribu-

tion in the ferromagnetic conductor.
Therefore, the magnetic field intensity Hy spreads along H =

H0 on the surface. At the point x on the surface, there is the
magnetic field strength

Hm (x) = H0e
−bx . (10)

The phase of the magnetic field strength Hy lags behind bx.
Define the skin depth as

ds = 1/b =
√

2ρ/ (ωμμ0) = 503
√

ρ/ (μf). (11)

The physical interpretation of the skin depth is that the am-
plitude of the magnetic field would decrease as 1/e (e = 2.718)
of the boundary when it spreads at the depth of x = ds .

Equation (11) shows that the skin depth of the ferromagnetic
conductor is directly proportional to the square root of the re-
sistivity and is inversely proportional to the square root of the
magnetic permeability and frequency. The distribution of the
eddy current in the ferromagnetic conductor is

Jz =
∂Hy

∂x
= −b (j + 1) H0e

−bxej (ωt−bx) . (12)

As for the effect of eddy current loss on demagnetization,
the decrease rate of demagnetization efficiency caused by eddy
current loss is the error of demagnetization efficiency caused
by the eddy current. It is approximately equal to the ratio of the
eddy current loss energy to the ac demagnetization magnetic
energy in a cycle [31]. The energy density of the ac magnetic
field ω = B2

m /2μ0 . Therefore, the decrease rate of demagneti-
zation efficiency should be PeT/ω × 100%. For the cylindrical

Fig. 9. Schematic diagram of direct-current and alternate-decay-current.
(1) Equivalent power supply. (2) Rectifier. (3) Limiting circuit. (4) Capacitor.
(5) Inverter. (6) Magnetization coil. (7) Filter circuit.

sample magnetic material, the average power loss is

Pe =
1
2

π2μ0f

ρ
r2
0 × 100%. (13)

It can be seen that the loss is proportional to the alternating
magnetic field frequency f and the material size r0 . So in order
to reduce the eddy current loss for the demagnetization effect,
it is required to reduce the frequency of the magnetic field.

B. Single-Phase Rectifier and Inverter Circuit

In order to complete the dc bias compensation, this paper
designs a direct-current and alternate-decay-current hybrid in-
tegrative power supply for magnetic state adjustment of the
nanocomposite. Fig. 9 shows the hybrid power supply schematic
diagram [32].

Its working principle is described briefly as follows. First, the
value of the dc bias current and the direction should be deter-
mined when the dc bias occurs. If the direction of the dc bias
current is downward, the left rectifier circuit provides compensa-
tion current by the combined action of VT1 and VT2. Similarly,
if the direction of the dc bias current is upward, it is the com-
bined action of VT3 and VT4. The rectified current creates a
reverse compensation flux, which is in the opposite direction of
the dc bias flux and equal to the dc bias magnetic flux. After the
magnetization operation, the nanocomposite can eliminate the
dc bias flux by making full use of the nanocomposite remanent
magnetism. When the dc bias disappears, the inverter circuit
creates an attenuation alternating current, which increases at
first and then decreases until to 0 A by the combined action
of VT1–VT4 controlled by the sinusoidal pulse width modu-
lation (SPWM) wave. It can demagnetize the nanocomposite
material and restore the power transformer to a normal working
condition. Fig. 10 shows three kinds of a circuit working state.

In this paper, magnetizing dc current is obtained by the recti-
fier circuit. The power electronic devices of the diode are cho-
sen as the switching device in the rectifier circuit. The rectifier
circuit adopts the single-phase rectifier circuit, which is most
commonly used. The detailed discussion was not carried out
here. Demagnetizing ac decaying current is realized by the in-
verter circuit and the insulated-gate bipolar transistor (IGBT) is
selected as the switching device. Fig. 11 shows the equivalent
circuit diagram of a single-phase bridge inverter circuit. In the
bridge inverter circuit, two switching devices above and below
the bridge arm take turns to be ON. Namely, V1 and V2 have the
opposite ON–OFF state when they are working. V3 and V4 have
the same situation [32], [33]. In the model of the inverter circuit,
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Fig. 10. Three kinds of a circuit working state. (a) Positive magnetizing dc.
(b) Reverse magnetizing dc. (c) Alternate-decaying-current demagnetization.

Fig. 11. Single-phase bridge inverter. (a) Main circuit structure diagram.
(b) Equivalent circuit of a single-phase inverter.

the power switch devices V1–V4 are seen as an ideal device.
Lf and Cf are the output side filter inductance and filter capac-
itance of the inverter circuit, and Rm and Lm are the equivalent
resistance and inductance of the magnetizing coil, respectively.
E is the dc bus voltage, and u0 is the output voltage of the bridge
circuit. um is the voltage on both ends of the magnetizing coil.
iL and im are the current of inductance Lf and magnetizing
coil Lm .

The SPWM wave of the demagnetization current formation
process is achieved through the following method. The bipolar
triangle wave is selected as the carrier wave with the frequency
of 2000 Hz. The modulation waves can be achieved by the
variation of the frequency and the amplitude. The modulation
waves of the two arm bridge control are Ur1 , Ur2 , separately. In
this paper, the modulation wave adopted the waveform shown
in Fig. 12. The detailed formula is

Ur1 = M × sin (2πf) (14)

Ur2 = M × sin (2πf − 2π/3) . (15)

Fig. 12. Amplitude of the modulation wave.

Fig. 13. Voltage of the output on two switch tubes.

The comparative value of the bipolar triangle wave and the
modulation waves is switched into the high or low electrical
level, which can form the different pulse widths to control the
conduction state of four switch tubes. The output voltage of the
SPWM inverter can be obtained, as shown in Fig. 13. According
to Kirchhoff’s law

Lf
diL
dt

= u0 − um ,Cf
dum

dt
= iL − im , um

= Lm
dim
dt

+ Rm im . (16)

So the relationship between magnetizing current im and mag-
netizing voltage um can be obtained as

Lf Lm Cf
d3im
dt3

+ Lf Rm Cf
d2im
dt2

+ (Lf + Lm )
dim
dt

+Rm im = um . (17)

In this paper, the duration time of the alternate-decay-current
demagnetization is set to 2 s. In other words, the ac current wave-
form decays to the end within 2 s and there are 20 attenuation
times in 2 s.
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Fig. 14. Structure block diagram of a double-loop control system.

C. Double-Loop Control and Cosimulation Technology

In order to accurately control the magnetic field strength H of
the magnetizing coil, which a good MD effect for the magnetic
material can be achieved, this paper adopts the double-loop con-
trol technology of the magnetic field strength and magnetizing
current achieving the nanocomposite magnetic state adjustment.
It is assumed that i∗m is the target magnetizing current, which
could produce the above target magnetizing field H shown in
Fig. 5. This paper adopts the current proportional-integral regu-
lator to track the current reference signal in order to realize the
magnetizing coil current im can track i∗m quickly [34]. As shown
in the following equation, in order to eliminate the influence of
the voltage of the magnetizing device equivalent resistance Rm

on the magnetizing current controller, the expressions of the
controller um are designed as

um = kip (i∗m − im ) + kii

∫
(i∗m − im )dt + Rm im . (18)

Among them, kip is the proportional coefficient of the current
error PI regulator, and kii is the integral coefficient of the current
error PI regulator. Through Laplace transform, the formula can
be converted as

Um (s) = (kip + kii/s) [i∗m (s) − im (s)] + Rm im (s) . (19)

According to the expression of the transfer function (19), the
equivalent block diagram of the magnetizing current controller
can be obtained and is shown as the pink part in Fig. 14

im (s)
i∗m (s)

=
kips+kii

Lm Lf Cf s4 +Lm Rm Cf s3 +(Lf +Lm ) Lf s2 +kips+kii
.

(20)

As the equivalent inductance Lm of the magnetization coil is
a known variable. For the high-order system, the appropriate PI
parameters are confirmed based on the pole assignment method,
which makes the system have good tracking ability and dynamic
performance in the change range of Lm .

A magnetic field strength controller is designed to build the
target magnetizing current. The magnetic field strength PID
controller with feedforward compensation is designed and is
shown as the brown part in Fig. 14, and the target magnetizing
current i∗m can be obtained. H∗ is the trajectory of the target
magnetic field strength shown in Fig. 5. khp , khi , and khd are
the proportional, integral, and differential parameters of the PID

controller, respectively. According to (20)

I∗ (s)
H∗ (s)

=
[uH /uF e · (1−δ) /N+δ/N ])

[
khds

2 +(khp +δ/N) s+khi

]
khds2 + [khp + uH /uF e · (1 − δ) /N + δ/N ] s + khi

.

(21)

The appropriate PID regulating parameters of the magnetic
field intensity outer loop are confirmed by utilizing the pole
assignment method, which ensures the good steady-state preci-
sion and good tracking ability of the magnetic field strength in
the range of nonlinear variation. According to (20) and (21), the
structure block diagram of the double-loop control system can
be obtained, as shown in Fig. 14. See (22) shown at the bottom
of this page.

The characteristic equation of the control system is W (s) =
Ms5 + Ns4 + Rs3 + Ps2 + Qs + khikii . Among them [35]

M = [uH /uF e · (1 − δ) /N + δ/N ] Lm Lf Cf

N = [uH /uF e · (1 − δ) /N + δ/N ] Lf Rm Cf

R = [uH /uF e · (1 − δ) /N + δ/N ] (Lf + Lm ) + khdkip

P = [uH /uF e · (1 − δ) /N + δ/N ] kip + khpkip + khdkii

Q = [uH /uF e · (1 − δ) /N + δ/N ] kii + khikip + khpkii .
(23)

The transformer with the dc bias compensation function is an
integral body integrated by the control system and the trans-
former ontology. The conventional simulation methods can-
not satisfy the actual working condition of the transformer.
This paper adopted a cosimulation method using MATLAB,
SIMPLORER, and ANSOFT software. At first, the control sys-
tem model was established in MATLAB and the control algo-
rithm was applied to the control model by the S function. In
addition, the main circuit and the control circuit of the con-
trol system were established in SIMPLORER. The main circuit
power supply is the hybrid integrative power supplies model.
The transformer secondary side was designed as an open circuit.
The two-dimensional finite element model of the transformer
was built based on ANSOFT software. Simulation of the trans-
former dc bias compensation is studied. The flux density distri-
bution and magnetic lines distribution of the transformer before
and after the dc bias compensation were provided in this paper.

Fig. 15 shows two working schemes of the dc bias compen-
sation. Fig. 16 shows the dc voltage output curves used for

H (s)
H∗ (s)

=
khdkips

3 + (khpkip + δ/Nkip + khdkii) s + (khikip + khpkii + δ/Nkii) s + khikii

Ms5 + Ns4 + Rs3 + Ps2 + Qs + khikii
(22)
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Fig. 15. DC bias generation. (a) State I. (b) State II.

Fig. 16. DC current for the magnetization.

Fig. 17. Transformer flux density distribution and the magnetic lines trend in
a normal working state.

producing the magnetizing field. According to the current di-
rection of the dc bias occurrence condition, the compensation is
divided into the following two situations.

When the direction of dc bias current is from the bottom to
top flowing into the transformer core, the current generated by
the power supplies is shown as state I in Fig. 16. The current
establishes the magnetizing field to reversely compensate the
dc bias flux and reduce or eliminate the dc bias impact. If the
opposite event of the dc bias happens, the generated current is
shown as state II in Fig. 16. The purpose of reverse compensating
dc bias is also achieved.

Based on the cosimulation method, the simulation model
was built to verify the correctness and feasibility of the design
scheme. The simulation includes three aspects. First, the work-
ing magnetic flux was studied when the transformer is running
normally. Second, the compensation flux of the magnetic mate-
rial was analyzed when the material works independently so that
it can determine if the direction of the compensation flux is flow-
ing correctly. Finally, after dc compensation, the transformer
operation state was observed. When the transformer works nor-
mally, the flux density distribution and the trend of the magnetic
lines are shown in Fig. 17. It can be seen that the transformer

Fig. 18. Transformer flux density distribution and the magnetic field lines
trend in the dc bias condition.

Fig. 19. Flux density distribution and the magnetic field lines trend of the
nanocomposite.

Fig. 20. Flux density distribution and the magnetic field lines trend after dc
bias compensation.

ac magnetic flux flowing through the nanocomposite core is al-
most 0 T. In this way, the demagnetization of nanocomposite
core materials caused by the transformer working flux can be
effectively avoided.

The flux density distribution and the magnetic lines trend
of the transformer dc bias condition are shown in Fig. 18. As
it can be seen, the saturation phenomenon of the transformer
core occurred and the transformer is divorced from the normal
working state.

The flux density distribution and the magnetic lines trend in
the transformer core are shown in Fig. 19, when the nanocom-
posite core works alone. Most of the compensation flux forms
a closed loop in the center column and the nanocomposite ma-
terial, which can effectively restrain the dc bias flux.

After the material compensation, the magnetic flux density
distribution and magnetic lines trend results can be seen in
Fig. 20. The direction of the compensation flux is opposite
to the direction of the dc bias flux. The saturation degree of
the transformer core is obviously reduced, and the transformer
operation condition obviously improved.

V. EXPERIMENT AND RESULT

The hybrid integrative power supply is the essential part for
achieving the dc bias compensation. According to the operating
condition of the power system, the dc bias current component
can be effectively detected. The dc bias in the power system is
monitored in real time, which the bias flux can be effectively
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Fig. 21. Hybrid power supply system structure.

compensated. In order to realize the transformer magnetic ad-
justment, the power supply is built based on a digital signal pro-
cessor DSP TMS320F28335. The power supply system mainly
includes the following seven parts.

1) A rectifier module made up of diodes.
2) Rectifier side filter circuit.
3) Single-phase full bridge inverter circuit composed of the

IGBT.
4) Inverter side LC filter circuit.
5) Driving circuit of the inverter circuit.
6) Current detection and its signal conditioning circuit.
7) Digital signal processor TMS320F28335, including in-

ternal AD sampling and pulse width modulation (PWM)
output.

TMS320F28335 is mainly applied to PWM output, analog
input, control signal output, and the realization of MD operation.
Fig. 21 shows the structure diagram of the hybrid integrative
power supply system.

The performance of power conversion circuits is often closely
associated with the selected power devices. The unreasonable
parameters of the power device may not only reduce the power
supply indexes but also affect the reliability of the power supply.
Therefore, it is crucial to select the appropriate power device in
the design of power electronic products. In this paper, the power
switching device of the rectifier circuit of the MD power supply
system adopts the rectifier diode because of its simple circuit and
low working frequency. The common diode can be satisfied with
the rectifier circuit. The single-phase rectifier bridge module
of MDQ30A was adopted in this paper. The module adopts a
full-pressed structure, with the advantages of small volume and
lightweight, which is often used in the input rectifier power
supply of the PWM converter. The power switching device of
the inverter circuit of the MD power supply system adopts the
IGBT, a composite power switching device, which has dual
characteristics of bipolar power transistor and MOSFET. It has
the advantages of simple control mode, low power loss, and
rapid reaction speed, which are applicable to a wide range of
frequency and large capacity.

In order to develop the MD ability of the dc and ac hy-
brid power supply as large as possible, the hard phase of the
nanocomposite could show the best magnetic properties state

and make the diode; the IGBT power switching device can be
satisfied with different levels of magnetic materials MD opera-
tion; the highest coercivity 187.17 kA/m is set as the calculation
standard in this paper. As long as the biggest coercivity could
meet voltage class, the power device can meet requirements of
all magnetic materials’ property. The relative permeability of
the transformer silicon steel sheet is generally located in the
range between 7000 and 10 000. The magnitude of the vacuum
permeability μ0 is 4π × 10−7 H/m. In this paper, the turn num-
ber of the MD coil is 1500, and the effective length of closed
magnetic path l is 1.14 m. The effective distance between N pole
and S pole δ is 0.55 m. From the following formula, we obtain

i0 =
(

μ0 (SF e − SH ) + μH SH

μF eSF e
· 1 − δ

N
+

δ

N

)
· Hδ ≈ 50 A.

(24)
Considering the 3–5 times overload and the safety factor, the

rated current value is 156 A. Infineon FF200R17KE3 IGBT is
chosen as the power tube. Its rated current is 200 A and the
withstand voltage value is 1600 V. The comprehensive perfor-
mance of this module is very superior, and it is also the main
component of the inverter circuit dc/ac. Similarly, the magne-
tizing current for the other two materials is 20 and 30 A. In the
experiment, a suitable magnetic property will be selected for the
dc bias compensation [35].

The output waveform of the inverter circuit is just the wave-
form of PWM modulation, which contains the fundamental har-
monic and a large number of high harmonics without the filter
circuit. In order to avoid the impact of high harmonics on the MD
coil, an appropriate filter must be set on the output side to filter
out the high harmonics contained. The output side filter of the
inverter is not only to filter out the unnecessary high-frequency
components but also to reduce the transmitted power loss as
much as possible. The LC second-order low-pass filter without
loss is generally selected, which presents low impedance char-
acteristic for low frequency and high impedance characteristic
for high frequency. It also has no voltage drop of fundamental
wave.

According to the design of the hybrid power supply, the
sampling frequency of DSP28335 is set as 5 kHz. The cut-
off frequency of the filter is 500 Hz. The filter inductance
Lf = 14.5 mH and the filter capacitance Cf = 24 μF. Fig. 22
shows the main hardware components of the power supply
system.

The design of the magnetizing coil is the key to achieve the
good MD effect. The change of magnetization intensity in the
magnetizing coil should be even and slow, so that the mag-
netic intensity vector can be redistributed. Actually, there is no
demagnetization method that could realize the ideal state of the
magnetic material with no residual magnetism. Designers are
concerned with the method that has the smallest residual mag-
netism. The magnetic resistance of the ferromagnetic material
serving as a closed magnetic circuit in the magnetizing coil is
small because the ferromagnetic material has high saturation
magnetic flux density Bs , high magnetic permeability μm , and
smaller intrinsic coercivity Hcj . The less energy the space of
the magnetizing coil consumed, the stronger the magnetic field
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Fig. 22. Hardware components of the power source systems.
(1) FF200R17KE3 IGBT. (2) Main control chip TMS320F28335. (3)
DSP-XDS100V3 simulator. (4) and (5) Filter capacitance and inductance of
output. (6) Partial resistance of the load side. (7) DC power supply. (8) Two-way
drive plate.

Fig. 23. MD coil and nanocomposite arrangement. (a) MD coil. (b) Specific
arrangement of nanocomposite and MD coil.

strength could be used for magnetic material demagnetization.
According to the dc bias compensation method, the transformer
body is utilized as part of the magnetic circuit loop in which the
reluctance of the magnetic circuit can be reduced. The specific
dimensions of the MD coil are as follows: the magnetic coil
section size is 35 × 20 mm2 , the extreme distance is 55 mm,
and the magnetization winding consists of two sets of enameled
magnet wire coil in series, each coil has 1500 turns. Fig. 23(a)
shows the MD coil and the nanocomposite arrangement.

Transformer dc bias compensation experiment was designed
based on the nanocomposite material. In this paper, a pair of
the magnetic materials is installed on left-side and right-side
legs of the transformer for dc bias compensation. The amount
of dc bias compensation can be improved. Fig. 23(b) shows the
specific arrangement of nanocomposite and MD coil.

In order to realize dc bias events and compensation experi-
ment, this paper designs an experimental system to imitate dc
bias. The excitation current and harmonics of the power trans-
former before and after the dc bias were tested and analyzed.
Fig. 24 shows the experimental system. In the experiment, an
imitating circuit using two transformers with the same param-
eter is designed, which the primary side is in parallel and the
secondary side is in series opposing. The back electromotive
force in the secondary side can be counteracted so that the dc
source can be introduced into the secondary side, and the dc
current is adjusted by adjustable resistance.

Fig. 24. Experimental system figure.

Fig. 25. Steady MD current curve. (a) Positive dc magnetizing current.
(b) Reverse dc magnetizing current. (c) Step-shaped decaying ac demagnetizing
current.

Fig. 25(a) and (b) shows the comparison of the dc magnetizing
current between the simulation and the experiment. Fig. 25(c)
shows the ac demagnetizing current curve obtained from the
simulation and the experiment. From the comparisons, it can be
seen that the results of the experiment and simulation remain
fairly consistent. In the power converter, when the ac voltage of
220 V is fed, the maximum required current pulse can reach up
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Fig. 26. Two kinds of the ac demagnetization method.

to 50 A, and the power rating of the power converter approxi-
mate to 7.8 kW. The steady dc magnetization and decaying ac
demagnetization from the hybrid integrative power supplies are
good, which lay important guarantee for adjusting the magnetic
state of the nanocomposite and lay a good foundation for dc bias
compensation.

In this paper, the comparison between the traditional ac de-
magnetization and the proposed step-shaped decaying ac de-
magnetization method was carried out. Owing to the fact that
anisotropic NdFeB magnet cannot be completely demagne-
tized relying on ac demagnetization given in [28] shown in
Fig. 26, further demagnetization operation may be required.
Sometimes, multiple ac demagnetization or thermal demagneti-
zation is needed for the complete demagnetization, which may
cause damage and bring pressure to the equipment. At the same
time, the current would cause the magnetic material heating
during the process of multiple ac demagnetizations, which will
affect the usage life.

In order to ensure the uniform variation of the magnetic flux
density, the duration of the demagnetization process is also im-
portant. For different magnetic materials, the appropriate du-
ration should be selected according to their own properties.
For a good demagnetization effect, the change of magnetiza-
tion intensity is required to be uniform and slow to ensure that
the magnetization vector can be redistributed. The maximum
amplitude of demagnetization should reach the magnetic field
value of saturation magnetization. The lower the frequency of
the demagnetization curve and the slower the amplitude varies,
the better the demagnetization effect it would have. In this pa-
per, 10 Hz is selected for the demagnetization frequency. The
step-shaped decaying ac current varies 20 times in 2 s and then
the decaying process comes to the end. It can be seen from
Fig. 27(a), the demagnetization precision with high frequency
is not easy to control, and the demagnetization effects may
vary widely. Choosing the low frequency is suitable for the ac
demagnetization. And the low-frequency magnetic field is eas-
ier to control and has a quite good repeatability. Fig. 27(b) indi-
cates that ac demagnetization cannot satisfy the requirement of
H = 0, B = 0. Compared with the demagnetizing curve of the
traditional ac demagnetization method shown in Fig. 27(b), the
step-shaped decaying ac demagnetization method has a better
demagnetizing effect.

Table III shows the comparison of the excitation currents be-
fore and after the compensation when dc bias current is 0.3,

Fig. 27. Demagnetizing curve of the nanocomposite. (a) Demagnetizing curve
in a second quadrant at different frequencies 10, 50, 500, and 1000 Hz.
(b) Demagnetizing curve of two ac demagnetizing methods. B(T) is the unit
of the magnetic flux density, and H(Oe) is the same as H (kA/m), which is
the unit of the magnetic field strength. There is such a conversion relationship
1 kA/m = 4 ∗ π Oe. In this paper, Oe is utilized to represent the unit of the
material coercivity uniformly.

TABLE III
COMPARISON OF THE POWER TRANSFORMER EXCITATION CURRENT BEFORE

AND AFTER COMPENSATION

DC bias
current
(A)

Normal
working

DC bias Postcompensation
size

Compensation
amount (%)

Idc = 0 4.63 – – –
Idc = 0.3 4.63 7.80 5.17 33.72
Idc = 0.6 4.63 13.65 9.72 28.79
Idc = 1.0 4.63 18.74 15.13 19.26

Fig. 28. Exciting current distribution before and after dc bias compensation.

0.6, and 1.0 A. It can be seen that after the application of the
magnetic material, the transformer excitation current has a no-
ticeable falling and the purpose of transformer magnetic state
adjustment has been achieved. Under the condition of 0.3 A dc
bias, 33.72% of the maximum compensation is achieved. But
it should be noted that with the increase of dc bias current, dc
bias compensation ability decreases, which may be mainly due
to the limit of the magnetic energy of the nanocomposite.

Figs. 28 and 29 show the excitation current before and after
the compensation when the dc bias current is 0.3 A; it can be
seen that the transformer excitation current waveform moves up,
the peak value of positive half-wave increases, the peak value
of negative half-wave decreases, and the harmonic content in-
creases when the dc bias occurs. Compared to the traditional
ac demagnetization method in [36], it can be seen that the har-
monics are obviously improved in the low-frequency domain.
This is because the proposed step-shaped decaying ac demagne-
tization method has a good material magnetic state adjustment
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Fig. 29. Harmonic distribution before and after dc bias compensation.

effect. The transformer excitation current and excitation cur-
rent harmonic content have a significant decline. The feasibility
and correctness of the design are further verified through the
experimental results.

VI. CONCLUSION

According to the magnetic exchange coupling effect, this pa-
per put forward a hard and soft magnetic phase nanocomposite
material, which is suitable for the electromagnetic equipment.
Based on the nanocomposite combined with magnetic resistance
theory, novel transformer structure with dc compensation ability
was presented. It can realize the inverse compensation of the dc
bias magnetic flux by controlling the remanence of the material.
The transformer does not change its connection mode and ef-
fectively ensures transformer grounding, which has advantages
of simple structure, rapid compensation, and low energy cost.

Based on the characteristics of the nanocomposite to the
external magnetic field, one kind of direct-current and alternate-
decay-current hybrid integrative power supply was proposed. It
is used for the material magnetic property adjustment and can
realize the effective transformation between hard phase and soft
phase, which could lay a good foundation for the subsequent
effective regulation of the core magnetic state. Double-loop
control and cosimulation technology were adopted in this pa-
per; simulation of the transformer field-circuit in different states
was conducted, which verified the correctness and feasibility of
the design.

In the last section, MD power supply system was designed
and two 220 V/10 kVA power transformers were manufactured.
The MD experiment and dc bias compensation experiment were
completed. The experimental results show that the simulation
results are in good agreement with the experimental results. The
direct-current and step-shaped decaying ac current output can
achieve a good MD effect for the magnetic material. DC bias oc-
curred in the transformer core can be effectively compensated.
The hybrid power supplies designed in this paper can offer some
valuable guidance to the research and application of MD. It can
be also used in other locations for the magnetic materials MD.
Finally, what needs to be pointed out is this paper is an ex-
tension of a conference paper presented at the 2016 IEEE 8th
International Power Electronics and Motion Control Conference
(IPEMC-ECCE Asia). The authors abandon the original rectifi-
cation method and propose a new single-phase supply power of

rectifier and inverter circuit. The amplitude of the demagnetiza-
tion field increases and then decreases slowly and it can achieve
a better demagnetization effect [36].
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