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ABSTRACT The increasing switching frequency of inverters in new electric power technology causes leak-
age currents at tens or even hundreds of kHz, exceeding the measurement frequency range of conventional
AC residual current sensors. In addition, the cost of residual current sensors developed specifically for DC is
high, limiting further application promotion. Hence, this paper focuses on designing a wideband closed-loop
residual current sensor based on self-excited oscillation fluxgate, which outperforms ordinary measurement
methods. The sensor is developed through the optimization of demodulation circuits, and the increase of AC
windings and the construction of excitation voltage regulating circuits. The DC residual current measurement
accuracy of the sensor is better than ±0.2%. The standard deviation of zero-point change is 0.00046 mA.
The adoption of this innovative sensor not only enables precise and stable measurement of residual currents
but also facilitates current monitoring in high-frequency applications. It can be fully applied in the field of
power technology and will promote the development of efficient and reliable power systems.

INDEX TERMS Self-oscillating, fluxgate, high frequency, residual current sensor, RC demodulation.

I. INTRODUCTION
With the development and safety improvement of elec-
tric power technology, the requirements for the accuracy
and bandwidth of leakage current measurement are getting
higher and higher, especially in the fields of new energy
vehicles, wind energy storage, and smart factories where
a large number of AC and DC converter circuits exist.
These applications require inverters to invert DC voltage
into frequency-adjustable AC to drive the motor, and dur-
ing this process high frequency pulse voltage accelerates
its insulation degradation [1]. The insulation degradation
leading to the presence of wide frequency currents in the
parasitic capacitance between the rotor and stator and the
casing of the inverter motor [2], so the insulation perfor-
mance of inverter motors can be evaluated and calculated
by measuring the leakage current [3]. In addition, although
the new transformer-less three-phase photovoltaic inverter
makes progress in reducing size, weight and cost, the lack of
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electrical isolation leads to large leakage currents [4]. Con-
sidering that the inverter’s switching frequency is 40 kHz, its
poor grounding of the enclosure will cause induced leakage
currents at low-frequency and high-frequency. In this case,
most conventional residual current sensors have difficulty in
meeting the requirements of wide-frequency measurements
[5]. Wide-frequency current sensors, including Hall current
sensors and Roche coils, usually have large measurement
ranges and their accuracy decreases under milliamp residual
current conditions [6], [7]. On the other hand, with the devel-
opment of DC distribution systems, more power systems in
the future adopt DC distribution [8], [9], [10], which has a
simpler structure and lower power consumption compared
with AC distribution systems [11]. At present, the measure-
ment of DC residual current is still immature, andAC residual
current sensors cannot meet the DC measurement require-
ments. The strength of fluxgate current sensors in stability,
sensitivity, linearity, etc., makes them suitable for DC residual
current measurement [6], [7], so in order to measure the
wide-frequency, low-magnitude AC and DC residual currents
with high accuracy, current sensors based on fluxgate are
frequently adopted.
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Traditional fluxgate current sensors consist of high-
frequency voltage excitation, analog switches and phase-
sensitive demodulators [12], and their modulation principles
include phase-difference magnetic modulation [13], [14],
[15], frequency-doubling magnetic modulation, etc. [16],
whose complex demodulation circuit structure and high cost
limit their large-scale applications [17]; and air-gap flux-
gate residual current sensors suffer from the complexity of
the core structure and high cost, low sensitivity and other
disadvantages. At the same time, the magnetic permeability
of the core air gap differs greatly from that of other parts,
resulting in a large eccentricity error of the sensor [18],
which is also not suitable for residual current measurement.
The measurement accuracy of DC residual current sensors,
based on the fluxgate principle, is reported to reach up to
±0.1% [19], [20]. However, these sensors are limited in terms
of measurement bandwidth. Typically, they can only handle
current measurement at the milliampere level, with a band-
width ranging from a few hundred to a few kilohertz [12],
[21], [22]. Consequently, these sensors may not fully meet
the requirements for conducting broadband residual current
measurements.

In this paper, we propose a wideband closed-loop AC/DC
residual current sensor based on self-excited oscillating flux-
gate, with enhanced measurement bandwidth through AC
winding in-crease. Moreover, the stability of the zero-point
of the sensor is improved by adjusting the sensor excitation
current and frequency, and the structure complexity and cost
of the sensor are reduced through the optimization of the
de-modulation circuit. The proposed scheme can meet the
residual current measurement demands in the insulation per-
formance evaluation process or online monitoring of inverter
motors.

II. PROPOSED RESIDUAL CURRENT SENSOR DESIGN
The general design schematic of the closed-loop self-excited
fluxgate residual current sensor is shown in Fig.1. The excita-
tion current iE1 excites the magnetic core T1 to an alternating
saturation state through NE1, and the measured current gen-
erates a magnetic potential bias, which then turns into a
harmonic voltage VE in the excitation loop. The harmonic
voltage goes through a filter and an integrator and becomes
the error voltage signal at the excitation frequency, which is
then amplified by a power amplifier and transformed into
the compensation current Is. Afterwards, Is passes through
the compensation winding Ns to generate a magnetic flux 8s
inside the magnetic core. A magnetic flux 8p(generated by
the current iP) of equal amplitude and opposite direction to
8s makes the total magnetic flux inside the magnetic core T1
and T2 zero, so iP = (Is*Ns).
To ensure the stability of the sensor zero-point, the excita-

tion voltage regulationmodule is applied to the sensor, which
can adjust the amplitude of the excitation voltage precisely
during the commissioning process, observe the dynamic
changes in the zero-point, and optimize the magnetic core

FIGURE 1. The schematic of closed-loop self-oscillating excitation
fluxgate residual current sensor.

working condition. In addition, the overload detection mod-
ule can be used to set up the action current value in accordance
with the standard of the residual current sensor to ensure the
safety of the circuit, and a light is utilized to indicate thework-
ing status of the sensor. The ACwindingNAC , high frequency
AC pickup module, the integrator and the power amplifier
module together form a wide-frequency current transformer,
which finally turns into a system for wide-frequency residual
current measurement. Since the fluxgate excitation circuit
periodically saturates the coil, the transformer effect will
be introduced into the measured end of the high-frequency
noise [23]. The excitation current iE2 through the NE2 will
be the magnetic core T2 excitation to the alternating to com-
pensate for the excitation current noise, which generates a
magnetic flux inside the core of T2 of equal magnitude and
opposite direction to that of T1, to cancel out the excitation
current noise of T1. The design scheme of each sub-module
is described below.

A. EXCITATION CIRCUIT DESIGN
The excitation module consists of the magnetic core T1 and
T2, the excitation winding NE1 and NE1, and the Schmitt
trigger. In order to ensure that the fluxgate sensor has good
sensitivity, the designed excitation circuit must be able to
keep the magnetic core in the oversaturation state, and the
magnitude of the saturation current of excitation coil is an
important factor affecting the saturation of the magnetic core
[24]. The Schmitt trigger can generate positive and negative
square wave signals by setting positive and negative threshold
voltages, which drive the excitation coil into alternate satura-
tion states through push-pull circuits.

Considering the linear approximation of the core B-H rela-
tionship, the excitation coil saturation current Isat is defined
as (1) [25]:

Isat =
Hsat le
NE1

≈
Bsat le

µ0µrNE1
(1)

where Bsat is the core flux density saturation, le is the mag-
netic circuit length, µr is the relative permeability. Ae is the
core cross-sectional area and the coil inductance Ls can be
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TABLE 1. Core parameters.

defined as [25]:

Ls =
N 2
E1µ0µrAe

le
(2)

Generally, lower saturationcurrent and inductance can
reduce the sensor size and power consumption, and lower
the cost of the sensor. Since the current to be measured
is small, the residual current sensor is required to possess
high sensitivity. Consequently, the core with high relative
permeability and small size should be selected for overall
consideration.

The parameters that mainly influence the sensitivity of
the sensor include the core permeability, the frequency of the
excitation field, and the effective cross-sectional area of the
core [24]. Nanocrystalline soft core materials are ideal for
fluxgate current sensors owing to their high permeability, low
power consumption and low coercivity [26]. In this paper,
VITROVAC 6025 Z cobalt-based amorphous, which has a
low saturation point (0.58 T), is chosen as the core material
for low power consumption [27]. The core material has small
coercivity and is also suitable for higher excitation frequency.

Based on the circuit characteristics of this scheme, the
excitation frequency is set between 8 and 10 kHz, which
is determined according to the fluxgate excitation current
equation [24]:

f =
VH

4BsatNE1Ae
(3)

VH is the amplitude of the excitation voltage.
The prototype is made from a core strip, which is wound

along the circumference of the excitation coil skeleton. The
excitation winding is made of 0.25 mm diameter enameled
wire.

The specific parameter settings for the core material are
shown in Table 1.
The self-excited oscillation circuit proposed in this paper

is illustrated in Fig.2, Vz is the excitation voltage limit, so the
maximum value of the excitation current when the core is
positively saturated is:

IE+ max =
Vz

R1 + RE + R3
(4)

where RE is the internal resistance of the excitation winding,
and the negative saturation current IE+ min = −IE+ max .

FIGURE 2. Self-excited oscillation circuit.

FIGURE 3. Signal modulation waveform.

FIGURE 4. Excitation current waveforms during core operation.

According to KVL law the voltage equations for the unsat-
urated and post-saturated excitation loops are as follows:

VE1 = ie(t) (R1 + RE + R3) + L
diE (t)
dt

(5)

VE2 = ie(t)(R1 + RE + R3) + Lsat
diE (t)
dt

(6)

In the presence of the primary current ip, and taking
the positive saturation as an example, the excitation current
is:

i+E = IE+ max − ip
NP
NS

(7)

i−E = IE+ min − ip
NP
NS

(8)

Due to the injection of the measured current, the excitation
coil saturates early or delayed in the positive and negative
directions. Correspondingly, the excitation current waveform
changes, so the average value in the cycle is no longer zero.
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FIGURE 5. Excitation voltage regulation circuit.

Thus, the measured current completes the modulation as
shown in Fig.3.

After the test sensor is energized, the waveforms when
the magnetic core is working are shown in Fig 4. From the
shape of the excitation waveform, it can be seen that the
magnetic core oscillates repeatedly between the saturated and
unsaturated state, which satisfies the conditions for normal
operation of the magnetic core. The experimental waveform
plots were drawn from the data sequence points obtained
from the oscilloscope data sampling.

B. EXCITATION VOLTAGE REGULATION CIRCUIT
The magnetic core of the fluxgate current sensor is periodi-
cally saturated alternately, the size of the excitation current
is an important factor affecting H , which directly leads to
the degree of saturation of the hysteresis return line of the
core material, and the excitation current can be adjusted by
the excitation voltage, so the zero-point dynamic change
of the sensor can be optimized by designing the excitation
voltage regulation circuit to change the size and frequency of
the excitation voltage. The design of the excitation voltage
regulation circuit is shown in Fig. 5 (the zero-point dynamic
change test is shown in Fig. 15).
The relationship between the magnetic field strength and

the excitation current is:

H =
NE1IE1
le

(9)

where H is the magnetic field strength; NE1 is the number of
turns of the excitation coil; IE1 is the excitation current; and
themagnetic field strength generated by the excitation current
and the measured current is [24]:

H (t) =
NE1
le

(IP + iS (t)) (10)

In Fig.5 R9 provides working current for Z1 to acquire
VZ1, VZ1 is amplified by equal and inverse proportionality
to acquire VZ−, and since R5 = R6, VZ+ = −VZ−. After R10
regulation feedback, VZ changes as shown in (11).

VZ = −Vz1 ×
R2
R1

+ (−vadj ×
R2
R1

) (11)

vadj =
2Vz+

R12 + R11 + R10
×

(
1
2

− δadj

)
R10 (12)

In (12), δadj is the relative ratio of the current adjustable
resistor R10 to the full value. R10 adjustment can tune the

FIGURE 6. Excitation voltage regulation circuit effect diagram.

FIGURE 7. Integrator circuit.

magnitude of VZ , and then control the magnitude of the
excitation voltage through the limiting circuit. In this way,
the dynamic control and adjustment of the sensor zero-point
is achieved.

The effect of excitation voltage regulation is shown in
Fig. 6. The amplitude and frequency of the excitation voltage
change after circuit regulation, this indicates that the excita-
tion voltage regulation module is working properly and meets
design expectations.

C. SECOND HARMONIC DEMODULATION
When the primary current Ip is not zero, the induced second
harmonic voltage is linearly related to the primary current
[28]. Therefore, the demodulation of the second harmonic is
completed by integrating the excitation current to obtain the
non-zero error voltage signal uDC , which drives the power
amplifier to generate a compensation current into the com-
pensation winding to achieve a zero-flux state.

Currently there are various methods for demodulation of
the second harmonic commonly used in flux gates, such as
peak difference detector method, phase sensitive demodu-
lation method and average current method [23], [29], [30].
In this paper, we adopt the relatively simple average current
method and design a RC circuit for demodulation. which
has a simple structure, strong anti-interference, favorable
low frequency performance. The RC circuit can be com-
posed of only resistive-capacitive components for reducing
cost.

An integrator takes an input signal and integrates it,
averaging to reject high-frequency noise while preserving
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FIGURE 8. Simulation of RC filter integrator.

lower frequency signals [31], [32]. From this point of
view, it is reasonable to consider the integrator as equiv-
alent to a low-pass filter. The integrator used in this
paper is shown in Fig. 7 and consists of four identi-
cal RC filters, which form a fourth-order RC integrator,
R1=R2=R3=R4=R, C1=C2=C3=C4=C. The transfer func-
tion of the fourth-order RC integrator is given in (13):

Vo
VE

=
1

(jωRC)4 + 7(jωRC)3 + 15(jωRC)2 + 10jωRC + 1
(13)

Because the signal passing through the integrator needs
to be used as a compensation current to cancel out the
measured current, the attenuation of the high-frequency sig-
nal is more strictly controlled. As shown in Fig.8, through
the simulation of the RC low-pass filter, it can be found
that the attenuation values of the second-order, third-order
and fourth-order RC circuits for the signal at 20 kHz
(the second harmonic frequency) are 30 dB, 60 dB and
90 dB, respectively, and therefore the third-order and fourth-
order RC low-pass filters are more in line with the design
requirements.

D. AC PICKUP CIRCUIT AND BAND COMBINING
INTEGRATORS
Current transformer is usually selected for high frequency
residual current measurement, but it cannot be used for DC
measurement [7]. Currently, the commercial high-frequency
residual current sensors are only a simple integration of the
current transformer as a second sensor, which cannot be used
as a systematic current sensor. The entire measurement pro-
cess is not in a zero-flux state, resulting in non-ideal accuracy.
In this paper, the current transformer and the fluxgate current
sensor are designed as a current measurement system by
implementing an AC pickup circuit, which superimposes the

FIGURE 9. Principle of high-frequency current pickup.

FIGURE 10. AC pickup circuit.

high-frequency AC signal with the DC signal. The output
signal is applied to the compensation circuit, in a closed loop
for keeping the measurement process in the zero-flux state all
the time.

The principle of high-frequency current transformer pick-
ing up high-frequency current is shown in Fig.9. According
to the principle of electromagnetic induction, the transfer
function from the current to be measured to the output voltage
is [33]:

H (jω) =
U2

I1
=

NP
NAC

·(
1

1
RL

+ jωCL +
1

jω(NAC)2
R

) (14)

where R is the core reluctance.
The AC pickup circuit and band combining integrator are

shown in Fig.10, which uses a differential amplifier cir-
cuit to pick up the high-frequency AC, effectively suppress
the common-mode signals, and amplify the AC signals on
the AC winding NAC . The bandwidth of the AC pickup
circuit is determined by the differential amplifier’s Gain
Bandwidth.

The low-frequency gain of the differential amplifier in
Fig. 10 is:

G =
uAC1
uAC

=
R4

R2 + R6
(15)

The cutoff frequency fRC of the differential amplifier on
condition that fRC is greater than the required bandwidth of
the residual current sensor, is represented in (16).

fRC =
1

2πR2C2
×

1
2πR6C3

(16)

The AC pickup circuit output signal uAC and the second
harmonic demodulation circuit output signal uDC form a
frequency band combining circuit with integrator A2. The
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FIGURE 11. Designed sensor prototypes.

output signal uint of the frequency band combining circuit is:

uint =
1

R7C7

∫
uAC1dt +

1
R9C7

∫
uDCdt

=
1

R7C7

∫
R4

R2 + R6
uACdt +

1
R9C7

∫
uDCdt (17)

III. EXPERIMENTAL RESULTS
In this section, a fluxgate residual current sensor prototype is
built according to the above proposed principles, as well as
the adopted magnetic performance materials and size param-
eters. The multi experiments including AC, pulsating DC,
multi-phase rectification and other residual current evalua-
tion, linearity and accuracy evaluation, frequency response
evaluation, response time evaluation for step change of the
prototype conforms to the IEC/TR 60755 [34] and IEC 62752
[35] international standards. After experiments and analysis,
the number of compensating coil turns is 50 turns and the
sampling resistance is 20 ohms. The designed sensor proto-
type is shown in Fig. 11.

A. AC, PULSATING DC RESIDUAL CURRENT, MULTIPHASE
RECTIFIED RESIDUAL CURRENT EVALUATION
According to the IEC/TR 60755 [34] standard, the sensor
needs to be evaluated for residual current waveform test-
ing. By applying pulsating DC residual current, two-phase
rectified pulsating DC residual current, three-phase rectified
pulsating DC residual current and high-frequency AC to the
sensor, it can be seen that the sensor is able to reproduce
the corresponding waveforms, and Fig.12 (a)(b)(c)(d) shows
the sensor’s responses to the test of pulsating DC residual
current, two-phase rectified pulsating DC residual current,
three-phase rectified pulsating DC residual current and high-
frequency AC, respectively, which satisfy the requirements
for residual current waveforms and frequencies.

B. FREQUENCY RESPONSE EVALUATION
This evaluation analyzes a small signal with the same mag-
nitude 100 mA and sequentially increasing frequency, and
measures the input and output voltage gain of the sensor under
different frequencies. According to the evaluation results
shown in Fig.13, the sensor has a 3 dB bandwidth over
100 kHz, which meets the requirements of 100 kHz residual

TABLE 2. DC evaluation accuracy.

TABLE 3. AC (60 Hz) evaluation accuracy.

currents in the IEC 62752-2016 standard, and suitable for the
measurement of high-frequency residual currents.

C. LINEARITY AND ACCURACY EVALUATION
Based on the AC and DC residual currents used for the lin-
earity assessment, we used the Fluke Standard Source 5730A
to apply the AC/DC currents and measured the signals with
the Fluke 8508 meter. The DC linearity and AC linearity are
shown in Fig 14, respectively. The evaluation results show
that the sensor has good linearity.

As can be seen from Tables 2,3 and 4, the sensor’s DC
evaluation accuracy is better than ±0.2%, AC (60 Hz) Eval-
uation accuracy is better than ±0.3%, and the AC evaluation
accuracy is better than ±5%(20 kHz), achieving a highly
accurate measurement of the residual current.

As for comparison, a commercial fluxgate current sensor,
which is specially designed for the high-frequency residual
currents of 100 kHz, has an AC accuracy of ±5%(< 10 kHz)
and a DC accuracy of ±4% [36]. By contrast, the accuracy of
the residual current sensor in this paper is significantly better
than the commercial sensor.

VOLUME 11, 2023 134131



Z. Ding et al.: Wideband Closed-Loop Residual Current Sensor

FIGURE 12. Pulsating DC residual current, two-phase rectified pulsating DC, Three-phase rectified pulsating DC residual current and high-frequency AC
residual current waveform tests in (a), (b),(c),(d). CH1 - Measured current signal, CH2 - Sensor Output Signal.

D. SENSOR ZERO-POINT DYNAMIC CHANGE EVALUATION
The zero-point variation of the sensor is represented by
a Fluke 8508 microvoltmeter, which records the change

of zero-point after power-up. The results of multiple mea-
surements are shown in Fig.15: the standard deviation
is 0.00046 mA, the average value is 0.0006 mA, and
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FIGURE 13. The amplitude frequency response of the proposed sensor
measured in experiment. The black dots are experimental data, and the
black curve through the dots is the fit of data.

FIGURE 14. Sensor linearity. Blue dots, red dots, green dots, orange dots,
purple dots, and black dots are experimental data, and each
corresponding line is a linear fit.

TABLE 4. AC (20 kHz) evaluation accuracy.

1max=0.0014mA, which is stable enough for currents within
the range.

FIGURE 15. Zero-point dynamics. The grey fill is the distribution region of
the zero-points under different time of observation, and the two red
parallel lines represent the maximum and minimum zero-point change.

TABLE 5. Comparison of performance parameters.

By contrast, a commercial fluxgate current sensor specifi-
cally designed for 100 kHz residual currents has a zero-point
variation range of 0.2 mA [36]. The residual current sensor
designed in this paper has a more stable zero point than it.

A comparison of comprehensive performance parameters
is listed in Table 5.

IV. CONCLUSION
This paper presents a closed-loop residual current sensor
based on self-excited oscillating fluxgate, which achieves
high accuracy measurement of high-frequency residual cur-
rent, by implementing the excitation voltage regulation
module and increasing the ACwinding. A prototype has been
fabricated to verify the proposed scheme through experimen-
tal evaluation. The experimental results show that the DC
measurement accuracy of the sensor is better than ±0.2%,
AC (60Hz) Evaluation accuracy is better than±0.3%, and the
AC evaluation accuracy is better than ±5%(20 kHz). In addi-
tion, the sensor bandwidth is over 100 kHz, and the standard
deviation is 0.00046 mA based on multiple measurements
of the zero-point dynamic change. The sensor we design
has good stability to complex residual current waveforms
in high-frequency power systems, which conforms to the
IEC/TR 60755 and IEC 62752 standards. Compared with
the typical high-frequency fluxgate residual current sensor,
the proposed sensor has higher accuracy under milliamperes
leakage current condition, simpler RC demodulation cir-
cuit, low cost and broader bandwidth. Our sensor meets the
demand of high frequency residual current measurement in
the performance evaluation of inverter motors, which are
commonly used in the fields of new energy vehicles, wind
energy storage and smart factories.
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