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Abstract: In recent years, DC power supply and distribution technology plays an increasingly sig-
nificant role in power supply and distribution systems with a low loss and large power supply
radius. However, the corresponding DC distribution network protection electric devices cannot
satisfy the needs of the existing DC power supply and distribution network. Based on this, in this
article, an intelligent/energy-efficient DC leakage protection circuit breaker based on two-phase
magnetic nanomaterials and detection and control technology is proposed. Firstly, the core of an
intelligent/energy-efficient DCCB is composed of two-phase magnetic nanomaterials, and the mathe-
matical modeling process, preparation and processing method of two-phase magnetic nanomaterials
are given. Secondly, the DC leakage detection technology is studied by fluxgate technology, and the
design process of magnetic rings, winding and detection circuit is given. Thirdly, the simulation and
experiment results of the detection system and actuator are given by the simulation and experiment
of an intelligent/energy-efficient DCCB to verify the correctness of the proposed scheme.

Keywords: DC distribution network; two-phase magnetic nanomaterials; leakage circuit breaker;
intelligent/energy-efficient; simulation and experiment

1. Introduction

In recent years, with the extensive access to distributed renewable energy, energy
storage systems and DC load in power grids, DC power distribution systems and DC
power supply systems have received extensive attention [1]. A lot of work has been done
on the topology, simulation model, control strategy and system analysis in the process
of AC to DC conversion [2–4]. However, there is a lack of research on the protection
equipment of DC distribution systems and power supply systems, such as DC air circuit
breaker, DC leakage protector, DC connector, etc.

A circuit breaker is an automatic control appliance used to frequently connect or
disconnect electrical circuits [5]. It is widely used in automatic control systems and has
the advantages of a large control capacity and remote operation [6,7]. The traditional AC
circuit breaker cannot detect the DC current, so it cannot be protected. Even when there is
a high-frequency leakage current or DC leakage current component, it will lose the basic
AC leakage protection function [8–10]. The B-type sensor that can detect DC leakage has
a high price, large volume and cannot grasp the production and supply situation [11,12].
Therefore, the development of a circuit breaker with a leakage protection function is of
great significance [13]. On the other hand, during recent decades, DCCBs have been deeply
investigated in industry and academia. There has been impressive progress in terms
of efficiency, response time, power-density, lifetime and electrical operating ratings [14].
However, the traditional circuit breaker still has some shortcomings, such as high energy
consumption, high calorific value, short service life, narrow application range of working
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voltage, low voltage working difference and high and low voltage cannot be taken into
account [15].

Based on this, this paper innovatively composed the stator core of a new DC leakage
protector (intelligent/energy-saving DC leakage protection circuit breaker) by nano two-
phase magnetic material and carried out DC magnetization and demagnetization of the
stator core. The remanence was used to make the contactor close, which can effectively
reduce energy consumption. At the same time, a single-core single-winding structure is
used as excitation winding and measurement winding, and the fluxgate current sensing
chip is designed. It can effectively detect the DC leakage current and form a new DC
leakage protector with a DC leakage protection function. Finally, a prototype is manufac-
tured, and the simulation and experiment are carried out to verify the correctness of the
proposed scheme.

2. System Overview

Figure 1 shows the main structure of the new DC leakage protector. As shown in
Figure 1, the new DC leakage protector mainly includes detection and control system, main
contact, moving core, static core and reset spring, etc.
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Figure 1. Main structure of the new DC leakage protector. 

According to the structure of the new DC leakage protector shown in Figure 1, when 

the control winding flows into the DC 20 min, the two-phase magnetic material is excited, 

the two-phase magnetic material is characterized by permanent magnet properties, and 

the DC leakage protector starts working. When the DC leakage sensor detects a leakage 

failure, the control winding rapidly accesses AC power, makes two-phase magnetic ma-

terials, and the DC leakage protector cut circuit to complete protection. 

3. Characteristic Modeling and Preparation of Nano Two-Phase Magnetic Materials 

In this paper, a macro hysteresis model of nano-two-phase magnetic materials is es-
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Figure 1. Main structure of the new DC leakage protector.

According to the structure of the new DC leakage protector shown in Figure 1, when
the control winding flows into the DC 20 min, the two-phase magnetic material is excited,
the two-phase magnetic material is characterized by permanent magnet properties, and the
DC leakage protector starts working. When the DC leakage sensor detects a leakage failure,
the control winding rapidly accesses AC power, makes two-phase magnetic materials, and
the DC leakage protector cut circuit to complete protection.
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3. Characteristic Modeling and Preparation of Nano Two-Phase Magnetic Materials

In this paper, a macro hysteresis model of nano-two-phase magnetic materials is
established based on the Preisach model theory. The hysteresis characteristics of nano-
two-phase magnetic materials are calculated to provide theoretical basis for circuit breaker
prototype. The basic principle of the Preisach hysteresis model is to express the hysteresis
characteristics of magnetic material as a set of magnetic dipoles with rectangular hysteresis
characteristics. When ferromagnetic material is not magnetized, the number of forward
and reverse magnetic dipoles with rectangular hysteresis characteristics is the same, and
the material is not magnetic [16–18]. The Preisach diagram under different states is shown
in Figure 2.
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Corresponding to Figure 2a:

B =
x

S+

µ(α, β)dαdβ −
x

S−

µ(α, β)dαdβ = 0, (1)

When the material begins to magnetize, the corresponding Preisach diagram is shown
in Figure 2b, and the corresponding magnetic induction intensity can be expressed as:

Bi =
s

S+

µ(α, β)dαdβ −
s

S−
µ(α, β)dαdβ

= T(H,−H)
, (2)

with
T(α, β) =

∫ α
β

∫ α
y µ(α, β)dxdy

=
∫ α

β

∫ x
β µ(α, β)dxdy

, (3)

In the formula, the area integral T(α, β) of the triangle has (α, β) as its vertex. In
Figure 2b, T(H,−H) can be equivalent to the area of triangle ABC. It can be concluded
from the above that T(α, β) = T(−α,−β), and Bi is the magnetic induction intensity of the
initial magnetization curve.
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After the magnetic material is magnetized to saturation, with the decrease of the
magnetic field intensity, the magnetic induction intensity changes in the descent trajectory
of the limit hysteresis loop. The Preisach diagram of this process is shown in Figure 2c,
which can be expressed as:

Bd =
s

S+

µ(α, β)dαdβ −
s

S−
µ(α, β)dαdβ

= Bi(Hsat)− 2T(Hsat, H)
, (4)

In the formula, Bd represents the magnetic induction intensity on the descending branch.

Bu =
s

S+

µ(α, β)dαdβ −
s

S−
µ(α, β)dαdβ

= −Bi(Hsat) + 2T(H,−Hsat)
, (5)

When the magnetization process includes local hysteresis loops, assuming that there
are n local extreme points on the magnetization curve, the magnetic flux density on the
descent trajectory can be expressed as:

B(H) = B(Hn)− 2T(Hn, H), (6)

The magnetic density of the rising branch can be expressed as:

B(H) = B(Hn) + 2T(H, Hn), (7)

In the above formula, Hn is the magnetic field intensity of the nth extreme point,
B(Hn) is the magnetic induction intensity of the nth extreme point, and T(α, β) can be
expressed as:

T(α, β) =
Bu(α)− Bd(β)

2
+ F(α)F(β) (8)

In the formula, Bd and Bu are the magnetization trajectories on the falling and rising
branches of the limit hysteresis loop, respectively.

F(α) =
Bd(α)− Bu(α)

2
√

Bd(α)
(α ≥ 0) (9)

F(α) =
√

Bd(−α)(α ≤ 0) (10)

According to Formulas (9) and (10) calculate F(α), and then calculate T(α, β), only
the magnetic induction intensity data of the ultimate hysteresis loop is used, without
considering the distribution function µ(α, β). Figure 3 shows the hysteresis loop of nano
two-phase magnetic materials based on the Preisach model.
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The hysteresis retaining of the two-phase magnetic material shown in Figure 3 can
determine the relationship between the coercive force and the residual magnetic, and the
nano-phase magnetic material can be prepared. Among them, the heat treatment process
of nano-two-phase magnetic materials is as follows: two-phase magnetic materials are
heat treated with a 5-stage tempering process. The specific implementation is as follows:
620 ◦C × 1 h + 610 ◦C × 1 h + 590 ◦C × 2 h + 570 ◦C × 3 h + 560 ◦C × 3 h. Figure 4 shows
the iron core of the nano-two-phase magnetic material prepared.
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As shown in Figure 4, the leakage protector electromagnetic actuator mainly includes
two portions of the dynamic core (silicon steel sheet material) and the static iron core
(two-phase magnetic material), winding the windings in the static iron, to achieve the
opening of the leakage protector and turn off.

4. Design of DC Leakage Sensor
4.1. Leakage Current Detection of Single-Winding Single-Core Fluxgate

The detection method of fluxgate detection technology is to superimpose the mod-
ulated excitation source of the magnetic ring in advance. Once there is current flowing
in the magnetic ring, the waveform of the excitation source will change. The current is
detected by demodulating the waveform of the excitation source. This detection method is
characterized by strong small current measurement ability and is not easy to be disturbed,
and it is very effective for the mA level leakage current detection [19].

Based on the fluxgate detection principle, a single-core and single-winding detection
method is proposed in this paper. The detection winding and excitation winding are
integrated into one winding. The magnetic core works in the deep saturation region under
the excitation of square wave voltage. The differential leakage current in the positive and
negative buses is obtained by detecting the current change in the winding. Figure 5 shows
the schematic diagram and equivalent circuit of fluxgate DC leakage current sensor.
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As shown in Figure 5, the excitation voltage U(t) is an ideal square wave, then the
circuit equation of the circuit is

U(t) = i(t) · R +
dψ

dt
(11)

In the formula, ψ is the total flux linkage linked by the excitation winding.
According to Ampere’s loop theorem:

H(t) · l = N2 · i(t) (12)

where l is the average magnetic circuit length of the toroidal core, N2 is the number of turns
of the excitation winding, and i(t) is the instantaneous current in the loop.

ψ(t) = N2φ(t) = N2B(t)S (13)

B(t) = µ(i)µ0H(t) (14)

So

U(t) = i(t) · R + µ(i)µ0 · N2
2 · S

l
· di(t)

dt
(15)

Among them, µ(i) is the dynamic relative permeability of the magnetic core; µ0 is the
vacuum magnetic permeability 4π × 10–7 Wb/(A·m); S is the cross-sectional area of the
magnetic core.

When the leakage current in the positive and negative buses is zero, assuming that the
negative voltage just ends at time t0 and the magnetic core is in negative saturation, the
circuit equation is written in sections as follows:

Upp = i(t)R + L1
di(t)

dt , 0 < t < t1

UPF = i(t)R + L2
di(t)

dt , t1 < t < t2

Upp = i(t)R + L3
di(t)

dt , t2 < t < t∞

Lj = µ0µj ·
N2

2 S
l , j = 1, 2, 3

(16)

In the formula, the Upp is the peak value of the added subsided voltage, and L1 is the
self-induction of the magnetic core in the positive and negative saturation segment and the
linear segment, and t1 is the start time of the linear segment, t2 is the hour, resulting.

i = I∞

(
1 − 2e−

1
τ1

)
, 0 < t < t1

i = In + (−Is − In)e
− t−t1

∂2 , t1 < t < t2

i = I∞ + (Is − I0s)e
− t−t2

e1 , t2 < t < tn0

t1 = τ1 ln
(

2I∞
In+Is

)
t2 = τ2 ln

(
I∞+Is
I∞−Is

)
+ t1

(17)

In the formula, τ1 = L1
Rs

, τ2 = L2
Rt

; IS is the current in the sensor windings in the

magnetic saturation, I∗ = H1 I
N2

and I∞ is the maximum value of the current in the winding,

I∞ = Um
2Rn

.
As shown in Figure 6, since the magnetic core operating current is symmetrical, the

current waveform of the latter half cycle can be obtained from the current waveform of the
first half cycle. In view of L2 >> L1 = L3 and L1 = L3 ≈ 0, L3 >> T∞/2 (the transition process
is sufficiently short), the magnetic core current waveform can be further approximately as
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shown in Figure 6, the cycle of the current waveform depends mainly on the rise time and
fall time of the linear segment, which is:

T ≈ 2τ2 ln
(

Im+Is
Io−Is

)
= 2 µ0µ2 N2

2 S
Rs l ln

(
1 + 2

N2Upp
2Rs Hsl −1

)
(18)Energies 2022, 15, x FOR PEER REVIEW 8 of 17 
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When there is a forward leakage current I0 in the positive and negative bus, the
magnetic field intensity in the magnetic core is:

H =
N1 I0

l
+

N2i(t)
l

(19)

Among them, N1 is the number of turns on one side, N1 = 1;

H =
I0

l
+

N2i(t)
l

=
N2

[
l(t) + I0

N2

]
l

=
N2i(t)

l
(20)

Since the current i(t) in the excitation winding is obtained on the sampling resistance,
it can be seen from Equation (15) that the role of I0 is actually equivalent to pulling the
i(t) vertical direction I0/N2, as shown in Figure 7a; similarly, when there is a negative DC
leakage current −I0, it is equivalent to translating i(t) upward along the longitudinal axis
I0/N2, as shown in Figure 7b.
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Since the monomagnetic current is a nonlinear cycle signal, the DC leakage current is
to be detected, and the characteristics of the signal need to be analyzed, and it is found that
the feature amounts that can represent the leakage signal can be found. Since the Fourier
exhibition of the applied square wave exciting voltage is:

U(t) =
2Um

π

(
cos ω1t − 1

3
cos 3ω1t +

1
5

cos 5ω1t − · · ·
)

(21)

When there is a DC leakage current I0 in the busbar, it can be obtained according to
the superposition theorem of the circuit.

i(t) = 2UN2
π

(
1

Rx+ja1L2
cos α2t − 1

3 · cos 3a1t
Rx+j3ω1L2

+ 1
5 · 1

R2+j5ω2L2
cos 5 cos t − · · ·

)
+ J0

N2

(22)

As can be seen from the Formula (17), only the DC component and the wholly har-
monic component are contained in i(t) and the DC component is proportional to the DC
leakage current I0, so high frequency components can be used by design appropriate low
pass filters. Filter is filtered to obtain a direct current leakage signal, and adaptive detection
is achieved according to this.

The common values of the operating current of the DC leakage protector are 10 mA,
30 mA, 100 mA, and 300 mA; 30 mA is the maximum value for human protection, and
300 mA is the maximum value for fire protection. IEC60479-1 shows that when the current
flows through one hand and one foot of the human body and the current is greater than
30 mA, it may cause death. Unless the current is cut off quickly, the operating current
of the leakage protector for human protection shall not exceed 30 mA. This DC leakage
current sensing module can detect a leakage current of 30 mA, which meets the needs of
personal safety protection; this DC leakage current sensing module can detect a leakage
current of 300 mA, which meets the requirements of fire safety protection. The DC leakage
protector can be very suitable for personal and fire protection scenarios and has a good
market prospect.

According to the characteristics of single-winding and single-core fluxgate detection
technology, the magnetic core with high permeability, low coercivity and good rectangular
hysteresis loop characteristics is needed. Based on this, permalloy material is used as the
magnetic core material in this paper. Figure 8 shows the core hysteresis loop.
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4.2. Chip Design

Based on the study of fluxgate analog circuit, the core sensing excitation detection
circuit was designed, and auxiliary modules were added. The overall chip layout was
designed, and the layout of each module of the analog RF front-end was designed to carry
out the layout and wiring of the circuit and complete the final layout integration. Figure 9
shows the functional block diagram of fluxgate current sensor chip. Figure 10 shows the
Soc chip integration design. After designing Soc, the chip was manufactured. The chip size
was 1.72 mm × 1.72 mm, the PAD window size was 0.09 mm × 0.09 mm, and the power
supply was DC5 V. Figure 11 shows the Soc chip designed in this paper.
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Figure 9. Magnetic flux gate current sensing chip function block diagram.

As shown in Figure 12, the module in this paper adopts a single magnetic core and a
single winding structure. The detection winding and the excitation winding are combined
into one. The magnetic core works in a deep saturation state under the excitation of a square
wave voltage. By detecting the current change in the winding, the differential leakage
current of the positive and negative busbars can be obtained, which simplifies the structure
of the sensor and makes the volume of the sensor very small, which can be applied to many
scenarios with high space requirements, and also improves the working reliability.
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For proportional amplification of coupled leakage current signals, low-pass KRC-
Sallen–Key filter is adopted. Its gain unit consists of a noninverting amplifier and two
RC filters combined in combination with operational amplifier to form a second-order
active low-pass filter, and a two-stage structure is used to form a fourth-order active
low-pass filter.

As shown in Figure 10, each part of the function is briefly described as follows:

(1) PGA: The programmable gain adjustment module, is used to adjust the sensor gain
without manually adjusting the resistance, which can be modified by programming.

(2) Temp sensor: Temperature compensation module, temperature calibration, used to
compensate for the phenomenon of the leakage current.

(3) Sensor Array: Sensing excitation detection arrays, generating excitation, while detect-
ing signals after the magnetic core coupled.

(4) COMM: Communication interface, read data onto external communication, and the
program burning.

(5) Output Drive: Output drivers, output drivers, increase the output current of the
module, so that the sensor output is more stable.

(6) P-Vref: Adjustable reference voltage output, programmable reference, adjustment reference
voltage value (sensor V-ref is automatically adjusted, can be 2.5 V or 1.25 V, etc.).

(7) OTP: Disposable programmable module.
(8) DSP: Digital signal processor, arithmetic unit, its main application is real-time, quickly

realize various digital signal processing algorithms.

The design of the DC leakage sensor mainly includes the design of the Soc chip, the
design of the magnetic core and the winding, and the design of the circuit, and the device
reliability design of the DC leakage sensor is carried out. Figure 13 shows a DC leakage
sensor manufactured with the chips in Figures 10 and 11.
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5. DC Leakage Protection Circuit Breaker Simulation and Experiment

Figure 14 shows the prototype of DCCB. Figure 15 shows the cloud diagram of
magnetic density distribution of DCCB at different times.
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Figure 15. Contactor magnetic density distribution cloud at different times.

As can be seen from Figure 16, when the displacement of the moving iron core is
3.5 mm, the action time is 50 ms. At this time, if the excitation current is increased, the
action time of the moving iron core will be shorter, which is in line with the action law of
the DC leakage protector.
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Figure 16. Mobile dynamic core displacement and velocity curve.

Figure 16 shows the moving displacement and speed curve of the moving core, and
Figure 17 shows the change curve of the moving core and spring reaction force with time.
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The test steps in the results of Figures 16 and 17 are as follows:
First, let samples 1–5 represent 5 samples of DC leakage protectors manufactured,

respectively, then pass a high-precision current to the current sensor through the Agi-
lent 34970A power supply, and measure the output voltage of the current sensor with
a high-precision multimeter, as shown in Figure 18. As can be seen from Figure 18, the
current sensor accuracy is within 1%, and can effectively detect the leakage current of
30 mA–600 mA.
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Secondly, the frequency response test was carried out. Single magnetic ring single
winding was adopted, and 3.7 kHz frequency excitation was used. After the measuring
module is switched on for 10 min at rated voltage. Through the signal generator, the
signal amplifier, the current valid value of the IPN is passed into the sensor input ter-
minal, then scans the frequency segment of 0 Hz–2 kHz. Figure 19 shows the frequency
response diagram.
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As shown in Figure 19, after testing and verification, the frequency response of the DC
leakage sensing monitoring module proposed in this paper is 700 Hz (−3 dB).

Finally, test the response time. Under the condition of rated voltage, the DC leakage
sensing monitoring module connects the power to the sensor for 10 min, and then passes the
signal generator and signal amplifier to the current with a frequency of 50 Hz and a current
of IPN input the sensor input terminal, use RIGOL-MSO5354 oscilloscope (oscilloscope
parameters: bandwidth 35 M, 5 Gsa/s) to measure the time required for the sensor to reach
10% and 90% of the final value. Figure 20 shows the test device for this experiment.
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Figure 20. The diagram of testing device.

As shown in Figure 21, the pink line represents a given signal, and the yellow line represents
the actual output signal. We can get that the response time of DC leakage sensor is 520 µs when
it reaches 10% and 990 µs when it reaches 90%, which meets the system requirements.
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Figure 21. DC leakage time response of the sensor.

The output of the DC leakage sensor is a voltage analog signal. The leakage current
of the test system mainly generates a ±0.03 A, ±0.3 A, ±0.6 A current signal through the
power supply to simulate the leakage signal. Figure 20 shows the schematic diagram of
leakage current detection system.

As shown in Figure 22, The current I1 changes, causing the voltage VH to change,
Voltage signal is extracted and amplified by differential amplifier and then enhanced by
proportional amplifier, and then output the Vout.
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Table 1 shows the comparison of the measurement results of the DC leakage sensor.
Among them, sample 1–sample 5 represents the five DC leakage protector samples manu-
factured. Through the 34970A power supply of Agilent company, the current sensor is fed
with high-precision current, the input current is changed, and the output voltage of the
current sensor is measured. The following data are obtained through the test.

Table 1. DC leakage sensor measurement results.

Temperature
Range/◦C

Current
Range/A

Voltage
Range/A

Measured
Current/A

Sample 1
/V

Sample 2
/V

Sample 3
/V

Sample 4
/V

Sample 5
/V

25 0.03 2.6 0.03004 2.5964 2.6087 2.6069 2.6051 2.5977
25 0.06 2.7 0.0599 2.6969 2.7105 2.7088 2.7067 2.6985
25 0.3 3.5 0.29972 3.4987 3.5313 3.5238 3.5185 3.4994
25 0.6 4.5 0.59967 4.4989 4.5317 4.5278 4.5247 4.4994
25 0 2.5 0 2.4982 2.5079 2.5054 2.5058 2.4979
25 −0.03 2.4 −0.03003 2.3955 2.404 2.4023 2.4015 2.3951
25 −0.03 2.3 −0.0599 2.2949 2.3024 2.3003 2.3001 2.2947
25 −0.3 1.5 −0.29974 1.4915 1.4786 1.4837 1.4865 1.4935
25 −0.6 0.5 −0.59969 0.4909 0.4623 0.4665 0.475 0.4913

As shown in Table 1, the output signal of DC leakage sensor is leakage current.
According to the leakage signal, the action of two-phase magnetic materials can be guided.
When the leakage current reaches the protection action value, the nano two-phase magnetic
materials demagnetize to change the contact from closed state to open state to complete the
protection action.

It can be seen from Table 1 that the accuracy of the module at room temperature is
within 1%, which meets the system requirements. Additionally, it can effectively detect the
leakage current in the range of 30 mA–600 mA. The correctness of the proposed scheme
is verified.

6. Conclusions

This paper develops a smart/energy-saving DC leakage protection circuit breaker
based on nano-two-phase magnetic material and detection control technology, which
gives the preparation, processing method and characteristic parameters of nano-two-phase
magnetic materials; secondly, DC leakage detection technology is launched. Research, a
design process of a magnetic ring, a winding, etc. Finally, a smart/energy-saving DCCB is
manufactured with the related experiments, which is obtained:

(1) When the nano two-phase magnetic material is characterized by permanent mag-
netic characteristics, the magnetic induction intensity of the operating mechanism of
intelligent/energy-saving DCCB leakage protection circuit breaker is 1.5 T, reaching a
stable pull-in state.

(2) When the DC leakage sensor reaches 10%, the response time is 520 µs and when
it reaches 90%, the response time is 990 µs. Therefore, it can be judged that the
equipment can make the leakage outlet mechanism act quickly to achieve the purpose
of leakage protection.
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(3) The smooth implementation of this paper provides a new idea about the product
development of energy-saving DCCB.
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