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ABSTRACT As for the direct-current (DC) power systems, the DC leakage current sensor is indispensable
for positioning insulation faults. And in this paper, a quasi-digital flux gate sensor was designed based on duty
ratio model, and the mathematical model between the excitation voltage period and the measured current
which exceeded the measurement range was built by analyzing the working principles of the duty-ratio
model digital sensor. In this way, the measurement range of the original sensor could be expanded to 1.5
times of its original. Meanwhile, without changing the hardware, the solution provided in this paper also
solved the measurement failure problem of part of sensors when the any overcurrent situations happen in
the system, such as overload or short-circuit. Besides, the sensor designed in this paper could achieve Level-
0.1 measurement accuracy within range, and reach Level-2 over-range measurement accuracy, satisfying the
demands of DC power supply system on leakage current measurement.

INDEX TERMS Current sensor, over-range, flux gate.

I. INTRODUCTION

The DC system has become the tendency of power system
development. The direct current has been taken as the main
power distribution form in fields of electric vehicles, ships,
microgrids, and new energy sources [1]-[4]. In order to
guarantee the reliability of the DC system operating, and
improve the power supply continuity of the load, it is usu-
ally necessary to configure the DC insulation monitoring
device to troubleshoot the system insulation fault [5]-[7].
As a matter of fact, the insulation fault positioning of the
DC system depends on the DC leakage current sensor. The
sensor having higher accuracy and larger measurement range
can achieve larger range measurement of the insulation fault
and reflect more accurate trend of the system insulation
degradation [6], [7]. In recent years, various types of high-
accuracy and high-bandwidth DC current sensors have been
designed in a couple of papers to meet the ever growing
demands on measurement [8]-[10], among which, the flux
gate sensor was designed to measure the DC leakage current
of the system [11]-[13]. In 2009, a research team led by
Xu Zeliang of Siemens (China) Co., Ltd. designed a B-type
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residual current detector based on self-excited oscillation
applying magnetic modulation principle. This detector is
featured in closed-structure of magnetic core with an inner
diameter of 43mm, DC current measurement range of + 2A,
and DC linearity error of 10% [11]. In 2015, Wang Yao et al.
from Hebei University of Technology proposed a magnetic
modulation AC/DC leakage current detection method based
on all-phase Fourier transform, which on one hand, sim-
plifies the structure of the transformer while on the other
hand, optimizes the structure of the demodulation circuit.
Its designed magnetic core is of a closed structure with less
than 20mm inner diameter, +2.2A DC current measurement
range, and less than 5% detection error rate [14]. In 2016,
the research team led by Yang Xiaoguang of Hebei Univer-
sity of Technology optimized and upgraded the previously
proposed current sensor solution which was based on two-
magnetic-core three-winding. The new version expanded the
range from the original £20A to £25A, and enhanced the
measurement accuracy at full scale from original 0.7% to
0.4% [15], [16].

As for the DC power system, the electromagnetic environ-
ment to deploy the leakage current sensor is usually quite
complex, containing rectifier or inverter which can interfere
the work of sensors. In 2015, Academician Zhang Zhonghua
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FIGURE 1. Circuit diagram of leakage current sensor.

proposed [17] the duty ratio model sensor for measuring large
DC current. According to the principles of the such sen-
sors based on duty-ratio model, and combining with specific
design for the sensor core, excitation coil and external circuit,
it was made to be able to measure small leakage current in
this paper, which is convenient for insulation measurement.
Meanwhile, the situation that the measured current exceeds
the sensor range was also analyzed to establish relative mod-
els and conduct empirical study. The results show that, under
the precondition of no hardware change, the duty ratio model
sensor could improve the measurement range of the sensor by
measuring excitation voltage period. This provides a solution
for using this type of sensors to carry out over-range measure-
ment, such as overload and short-circuit current, etc.

Il. DUTY RATIO MODEL SENSOR OPERATING PRINCIPLE

The leakage current of the DC system is I, the excitation
coil is wound on the iron core with windings of W;. The
R1, Ry, R3 and R4, as well as the operational amplifier and
the excitation coil constitute a self-excited oscillation circuit.
The operational amplifier acts as a comparing unit. And the
impedance of the excitation coil is equivalent to the resistance
R>. According to the working principles of flux gate tech-
nology, when the circuit encounters self-excited oscillation,
the operational amplifier outputs the square wave of a certain
frequency. The amplitude of the positive and negative half
cycles of the square wave should be equal to the power supply
voltage +Up of the operational amplifier. The operational
amplifier drives the excitation coil to make the iron core be
in the over-saturated state of alternated positive and negative
magnetic flux. When the measured cable contains leakage
current, the current I would generate bias magnetic flux in the
iron core, which is opposite to the magnetic flux generated by
operational amplifier when it outputs positive voltage; and is
of the same phase with that of the magnetic flux generated
by operational amplifier when it outputs negative voltage.
This result in gradual increase of iron core magnetic flux
along clockwise direction. When I1 = —Ig, the iron core
is saturated, the excitation coil inductance changes from L;
of the unsaturated state to Ly after being saturated, show-
ing decreased inductance, reduced circuit time constant, and
increased current change rate; If I; = Ir and reaching
reversal current, the voltage across both ends of the resistor
R; is equal to the voltage at the in-phase input end, and the
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FIGURE 2. Magnetization curve/waveforms of excitation voltage and
current.

operational amplifier outputs flips, Vo = Up.
Ir = LUP
Ri(R3 + R4)
Then being driven by forward voltage V, the amplitude
of the excitation current /; keeps decreasing. When I} =

—Ig, the excitation coil belongs no longer saturated, and has
increasing magnetic reluctance, and the inductance changes

ey

from Lo to Li. When I; rises to I; = Ig, the sensor core
becomes saturated again. When I; = Ir, the output of the
operational amplifier flips and Vo = —Up. The above pro-

cess repeats time and time again. The operational amplifier
outputs a periodic square wave, and the excitation coil forms
a self-oscillation.

The output voltage of the operational amplifier and the cur-
rent waveform in the excitation coil are as shown in Figure 2.
Suppose that the leakage current/ = 0A, due to the symmetry
of the core magnetization curve, all parameters of the self-
excited oscillation circuit are in a symmetrical state, and the
average values of the excitation voltage and excitation current
in one cycle are both zero. If the cable has any leakage current
which generates the counterclockwise magnetic flux in the
iron core, the excitation current required for the iron core to
reach positive saturation is reduced to Is — I/Wj, and the
excitation current required to reach the negative saturation
turns to be —Ig — I/W;. The magnetization curve of the
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iron core is as shown in Figure 2(a). It is equivalent to the
rightward shifting of the coordinate system. According to
the core magnetization curve and the measured current, the
sensor can work in three modes [18]-[20]:

Case 1: if the measured current is small, the excitation
square wave voltage can make the iron core saturated no mat-
ter in the positive-half cycle or negative-half cycle, namely:

7]
It Wi > I 2

Case 2: if the measured current gets greater, the iron core
is in saturation state when the excitation square wave voltage
is in the positive half cycle, but cannot get saturated in the
negative half cycle; or the core gets saturated when the exci-
tation square wave is in the negative half cycle, but cannot
enter saturation state in the positive half cycle, namely:

IT+ﬂ>IS
v 3)
IT_W1<IS

Case 3: if the measured current is too large, the excitation
square wave voltage cannot get the iron core out of saturation
state, and the excitation coil inductance is always Lg. That is

0 It > I “)
W, T S

In order to analyze the working process of the sensor, it is
assumed that the magnetization curve is a piecewise linear
curve, the iron core has no coercive force, the excitation coil
inductance is Ly when the core is in saturation state, the exci-
tation coil inductance is L; when the core is not saturated, and
Ly < Lj. The voltage and current equations of the circuit
under saturated and unsaturated conditions respectively are
as below:

dii (t)
dicfzt) )

dt

If the output voltage of the operational amplifier does not
flip, the maximum steady-state current of the loop formed by
the resistors Ry, R, and the excitation coil is:
— UP
~ Ri+R

The expression of the excitation current changes with time
in Case 1, and the expression of excitation voltage duty-ratio
could be given out and calculated easily according to the
circuit calculation rules. Relevant calculation methods have
been given out in Literature [18]:

(R1 + Ro)it(t) + Lo

Vo =

(R1 +Rp)it(2) + Ly

Iy

(6)

T, 13 — 1 1 1
pp_BbB- L+
2Wily — Is)

~ 7
T te — 1o 2 @

It can be seen from Formula (7) that the waveform duty
ratio of the square wave excitation voltage approximately
maintains linear relations with the measured leakage current.
When the leakage current is I = OA, the duty ratio D = 50%.

38936

FIGURE 3. Situation2: waveforms of excitation current.

That’s the principle of duty-ratio model sensor. Therefore,
the value of the leakage current can be calculated by taking
MCU to measure the duty-ratio of excitation voltage. And
the purposes of sensor digitalization and non-interference of
circuit measuring could be thereby achieved without ADC.
So, it is suitable for being used in places with intensively
deployed electronic devices, like ships.

IIl. PRINCIPLE OF OVER RANGE MEASUREMENT
If the measured current continues to increase, the iron core
gets saturated when the excitation square wave voltage is
in the positive half cycle, but cannot enter saturation state
during the negative half cycle. The current waveform flowing
through the resistor R is as shown in Figure 3.
The time and current equations of Case 2 are as below:

m
Iy + (It — Iyp)e @ fh<t<t

) i
Iy — Uy —Is+ —)e ™ n<t<t
() = ", @®)
—Iy + U7 + Im)e n<t<n

13—t

I B
—Iy+Uy+Is——)e B<t<l
Wi

It can be solved by calculating the time intervals of 7y, #g,
t, 13, and #4 that:

t 1 71 1n —IM+IT
1—th=T1
IM—Is-i-WL1

IM—15+WL1
thh—ti=79lh| ———
Iy — It

9
Iy +I7
n—n=th|——r
I +1Is — -
Wi

. Iy +1Is —
4W—tH3=171In| —/—/—m 77—
4— 13 1 I —1Ir

79 < 71, the oscillation period can be calculated as below:

Iy + 1 Iy +1Is — -
Th~1 In LT, +oln [ ——" ) (10
Iy —1Is + 3 Iy — It

Since Iyy > I, Iyy > I/Wq, the square wave oscillation
period T of Case 2 could be simplified as below:

It +Ig 27y

Iy Iy W,

%

T, ~ 27 1 Y
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It can be known from Formula (11) that, when the mea-
sured current exceeds the measurement range of the duty ratio
model sensor, the period of the self-oscillated square wave
decreases with the measured current increase.

If the measured current continues to increase, it can result
in over-large current and enter situation described in Case 3.
Supposing that the magnetization curve is a piecewise linear
function [21], the period of the self-oscillated square wave
will remain unchanged with the increase of the measured
current. But in fact, the magnetic permeability of the iron core
will change with the increase of the measured current, show-
ing changes characterized in arc tangent function properties.
That is, approaching to a setting value gradually. In Case 3,
the period of the self-excited oscillation square wave will
keep decreasing with the increase of the measured current.
However, since the degree of decrease reduces, the period
change seems not so significant. In summary, once the mea-
sured current exceeds the range of the duty ratio model
sensor, the period of self-excited oscillation will continue to
decrease. That is: when the current exceeds the range, the size
of the measured current can be determined by measuring the
square wave period. As a matter of fact, the measurement of
square wave period is the precondition for measuring duty
ratio. Therefore, the duty ratio model sensor can achieve
over-range measurement without any changes in hardware.
Theoretically, the measurement range of the duty ratio model
sensor can be extended easily.

According to Equations (10) and (11), the sensitivity of the
sensor in cases 1 and 2 can be calculated as:

d(DT 21
S — (DT) _ ST (12)
dl Wily(Iy — Is)
d(T>) 27y
S, = = 13
AT Wiy (13)

Iy > Is, By comparing the values of Sy and S1, we can
get:
So Im
—=——-1>1 14
ST 1 (14)
In case 2, the time for the iron core to enter the unsaturated
state is prolonged, and the average inductance of the coil is
rapidly reduced, resulting in a rapid decrease in the oscillation
period. At this time, the sensor sensitivity is greatly improved,
which is convenient for the detection of small current.

IV. SENSOR PARAMETER

The leakage current sensor is mainly composed of iron core,
coil, self-excited oscillation circuit, shielding layer and mea-
surement circuit.

It can be known from the working principle of the sensor
that, the iron core works in a periodic saturation state. In order
to achieve accurate measurement, the iron core usually needs
to satisfy the following requirements:

(1) High magnetic permeability: the higher the magnetic
permeability of the core in the unsaturated state, the greater
the change of magnetic permeability in saturated state, and
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TABLE 1. The parameters of soft magnetic material.

. BS H(» Ur ).s P

Materials T Ao 100 puQ-em
6.5% silicon steel 1.89 40 100 82 68
Permalloy 1J86 0.75 0.64 150000 -0.6 55
Cobalt-based
amorphous 2714A 0.57 0.2 170000 1 142
Fe-based
nanocrystalline 1.24 0.53 157000 2.1 120
FeCuNbSiB

the greater the effective signal provided by the sensor. This
can help to improve the sensor sensitivity. But the sensor with
high magnetic permeability is usually more sensitive which
could result in larger noise sound.

(2) Low coercive force: the magnetic field generated
by small leakage current is relatively weaker, which could
achieve higher resolution for measurement of small current,
thus to reduce the overall power consumption of the sensor.

(3) Low saturation magnetization makes iron core get sat-
urated easier, and achieves higher sensitivity of sensor.

(4) The difference between the outer diameter and the inner
diameter of the iron core is small. The principle of the flux
gate sensor requires that the iron core enters the saturation
state while being excited. If the difference between the inner
and outer diameters of the iron core is too large, the magnetic
flux is likely to be uneven, which could result in measurement
errors.

Moreover, the iron core should also have comparatively
high resistivity, low electromagnetic noise, and low magne-
tostriction. All these characteristics can effectively reduce the
power consumption and improve the signal-to-noise ratio of
the sensor.

A. MATERIAL SELECTION

It can be seen from the requirements that, materials that sat-
isfy the above conditions are usually soft magnetic materials.
Therefore, the iron core of the flux gate sensor is usually
made of permalloy, amorphous materials, or nanocrystalline
materials.

It can be seen from Table 1 that the hysteresis and perme-
ability of silicon steel sheets are slightly lower, which is not
suitable. Permalloy, cobalt-based amorphous and Fe-based
nanocrystals are all suitable for being used to make sensor
cores. Among the above, the permalloy and cobalt-based
amorphous materials are of better parameters. But amorphous
materials are usually brittle and fragile, not suitable for being
used in places with shock and vibration, such as ships. There
have been cases where amorphous material transformers have
failed the impact test. Therefore, as for sensors used on ships,
the Permalloy materials should be the best choice. Then,
the iron core saturation can be calculated according to the
ampere loop theorem:

I =Hl == (15)
"

38937



IEEE Access

N. Luo et al.: Experimental Research on Over-Range Measurement Method Based on Quasi-Digital DC Leakage Current Sensor

FIGURE 4. Flux gate simulation model.

The inner diameter of the sensor core is D = 40mm.
Supposing that the difference between the inner and outer
diameters of the core is much smaller than the inner diameter,
[ is the equivalent magnetic path length of the core | ~ 7D =
126mm, it can be calculated by Formula (15) that, when the
leakage current is 1A, the magnetic field strength B inside the
iron core is about 1.7T~2.5T.

For the iron core with an inner diameter of ® = 40mm,
if enameled wire with an outer diameter of ®3 = 0.35mm
is used for winding, the number of winding turns required to
cover the entire iron core should be:

Td
1z 9 (16)

q

The resistance of the 359 winding turns of excitation coil
Ry = 2.26€2 can be calculated according to the resistivity of
the enameled wire.

The resistance of R3 and R4 have little effect on the mea-
surement result and plays the role of calibrating the reverse
voltage. The values of R3 and R4 should not be too large,
and should match the input impedance of the operational
amplifier. Changing the R3 and R4 ratio can change the square
wave frequency of the excitation voltage. The lower the ratio,
the higher the frequency. Usually R3 and R4 should be less
than 100k€2. In order to ensure that the excitation current can
make the iron core get in deep saturation, R; = 1k<Q.

Simultaneously, the flux gate sensor is simulated in COM-
SOL. As shown in Figure 4, the coil is wound on the toroidal
core. The red arrow is the direction of the coil current, and
the measured current flows through the core. Among them,
the number of turns of the coil is 1000, the cross-sectional
area of the coil wire is 10~"mm?, and the conductivity is
6x107S/m. Among them, the core inner diameter r = 40mm,
outer diameter R = 56mm, and relative permeability u, =
150000.

Through COMSOL simulation, the internal magnetic field
strength of the iron core is as shown in Figure 5. The iron core
can reach deep saturation in forward excitation.

When the measured current flowing in the middle of the
iron core I = OA, after applying a square wave voltage to the
iron core coil, the current change of a section of the coil is
intercepted as shown in Figure 6.
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FIGURE 6. Waveform of coil current change under normal conditions.
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FIGURE 7. Coil current change waveform when over-range.

It can be seen from the figure that the current oscillation
period T of the iron core coil under normal working condi-
tions is about 0.014s, the frequency f = 71.4Hz, and the coil
current is 0.1A, the iron core enters a saturated state. At this
time, the coil inductance changes and the current change rate
change. The duty cycle of the square wave voltage is 50%.

Then continuously increase the measured current value in
the middle of the magnetic core, and at the same time apply a
square wave voltage to the magnetic core coil, and intercept
a section of the coil current change as shown in Figure 7:

It can be seen from the figure that the current oscillation
period of the magnetic core coil is about 0.011s, the fre-
quency, the coil applies a reverse excitation square wave
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: A

FIGURE 8. Structure diagram of shielding layer.

voltage until the current value reaches the reverse current,
the magnetic core still cannot enter the saturation state.

B. SHIELDING DESIGN

The external magnetic field can significantly affect the mea-
surement results of the flux gate sensor, so a shielding struc-
ture needs to be fitted on the flux gate sensor. The shielding
structure is an outer shell of sensor, which is made of high
permeability material. It is mainly used to shunt the external
interference magnetic field, thereby guiding most of the low-
frequency interference magnetic fields to pass through the
shell instead of passing through iron core, thus to reduce the
disturbance to the measurement. The shielding structure is as
shown in Figure 8.

The shielding structure is featured in thickness of a, inter-
val of b between the iron core and itself, external width of
¢, relative permeability of u,, external interference magnetic
flux of @, and the magnetic flux ®; flowing through the
shield, as well as a small part of the magnetic flux ®, pene-
trating from the shield to the inside.

Dy =P + Dy (17)

The formula of the magnetic shielding effectiveness §
can be obtained by calculating the magnetic circuit of the
shielding layer [22]:

ol 12 | 1

_32_(1'+c/2)2nzxurxc—b—2a+ (18)

In order to ensure the shielding effect, the 1.5mm thick

1J86 permalloy which is made of the same material as that

of the iron core is applied. u, = 150000, a = I.5mm,

b = 12.5mm, ¢ = 36mm, and inner diameter r = 30mm.

The shielding effectiveness can be calculated according to
Formula (18):

ab(c — a)

S = 25004 (19)

This means that, the external magnetic flux interference
can be weakened to 0.00004 time of the original. Except
encountering an extremely strong pulse magnetic field, the
general magnetic field interference can be well shielded,
satisfying the design requirements.

V. EXPERIMWNTAL VERIFICATION

The platform takes Keithley 2461 source meter as the mea-
sured current reference, which can maximumly outputs 10A
current with 0.02% current precision. The actual current,
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FIGURE 9. Testing platform.

which is measured by the calibrated Keithey DMM7510
7-and-a-half digits multimeter can be taken as the standard
current. NPLC = 10 to satisfy sufficient precision. The duty
ration measurement is achieved by all Agilent experiments in
lab conditions. The ambient temperature is set as 25 °C. Since
the sensor is installed inside the emergency switchboard of
the ship, and the cabin has been equipped with air conditioner
to adjust the temperature which guarantees small temperature
change, the sensor has little requirement on temperature drift,
so the experiment excludes examination on the temperature
drift.

In the experiment, the testing range of the measured current
reference is 0-1A. The measurement is carried out once every
SmA within 0-100mA range, and once every 20mA within
200mA-1A range.

As for the experimental results of the duty ratio model sen-
sor, please refer to Figure 10. The measurement range of this
sensor is 1A, and the range of the duty ratio output is about
10-90%. The reverse current test result is consistent with that
of the forward current. Therefore, only the parameters of the
forward current experiment are given. It can be seen from
the experimental results that within the 0-1A measurement
range, the output duty ration of the sensor is basically linear.
When the measured current exceeds 800mA and approaching
range limits, the sensor is close to the saturation region and
is affected by the nonlinear magnetization curve of the iron
core. At this time, the test data error is large. But within the
0-1A range, the absolute error of the sensor duty ratio output
is less than 0.01A. And at this time, the sensor accuracy is
higher than Level-1, which has already met the application
requirements of the sensor.

The leakage current required to be measured is usually
within 500mA. Therefore, the sensor’s measurement preci-
sion within 0-500mA testing range is examined. The results
show that, the absolute error of the duty ratio output at that
time is less than 0.0004, and the sensor accuracy is higher
than Level-0.05. Meanwhile, the designed range of the duty
ratio model sensor should be 200% of the actually required
range, thereby preventing too large measurement error caused
by iron core linearity, and improving measurement accuracy.
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range of the sensor, the duty ratio of the square wave exci-
tation voltage is further measured, from which, it is figured
out that the duty ratio changes in reverse and the rate of
change gradually decreases, failing to reflect the change of
the measured current. But at this time, the period of the square
wave excitation voltage continuously decreases. As for the
excitation voltage waveform, please see Figure 11.

The excitation voltage period decreases monotonously
with the increase of the measured current. The measurement
results are as shown in Figure 12, containing two obvi-
ous quasi-linear areas. This is corresponding to Case 2 and
Case 3 as mentioned above. Linear fitting could be conducted
to the two cases, thus to obtain the calculation formula of the
measured current.

Due to the saturation and nonlinearity of the iron core,
the relative error in Case 2 is comparatively large. The max-
imum error reaches 20mA, and the sensor accuracy is within
Level-2. This can basically satisfy the measurement demand
of leakage current, and the relative error can be less than 1%.
After entering Case 3, the iron core gets fully saturated, and
the resolution is reduced, so that the sensor accuracy is at
about Level-2.

Table 2 shows the standard deviation and peak-to-peak
value of the duty ratio and square wave period of the
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TABLE 2. The P-P and StdDev parameters of duty ratio and period.

StdDev P-P of StdDev
P-P of
Curren of duty duty of .
. . . Period
t (mA) ratio ratio Period (ns)
(mPct) (mPct) (ns)

0 10.10 54.63 333.7 2428
200 12.69 76.42 650.3 4413
400 10.15 56.70 399.5 2573
600 11.10 71.82 1030.4 4566
800 79.58 765.8 1729.1 8991
1000 1542.2 2991.0 123631 632509
1050 59.67 375.75 7.64 47.40
1200 29.27 194.24 16.45 108.58
1400 24.42 207.09 10.75 45.45

waveform that is output by the sensor under different mea-

in case 2, the sensitivity can be up to 27.7ms/A, which is 20
times higher than that in case 1.

VI. CONCLUSION

In this paper, a DC leakage current sensor is designed by the
flux gate scheme based on duty ratio model. It is featured
in high measurement accuracy and good stability. Since it
adopts digitalized design, it can hardly be affected by external
electromagnetic interference, and suitable for being used in
places with complicated electromagnetic environment, such
as ships.

If the measured current exceeds the design range of the
sensor, the over-range current can be measured by measuring
the excitation voltage period. As a matter of fact, this solution
helps to enlarge sensor range which is 1.5 times of the orig-
inal, but still maintains Level-2 accuracy. If adopting high-
order polynomial fitting method, the over-range accuracy of
the sensor can be further improved.

It is also figured out from the experiment that in the over-
range region, the period of the sensor excitation voltage is
extremely sensitive to the measured current. At this time,
the sensor sensitivity is higher than that within the range. The
change of the 100mA measured current causes 3ms change
of excitation voltage period and the sensitivity is increased
by 20 times. This feature can be applied to measure the micro
current fluctuations of large current load. And its character-
istics need to be further studied.
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