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	 To reduce the error of a Hall current sensor caused by the variation of the conductor 
position, a new symmetrical dual-core four-air-gap magnetic circuit structure is designed.  The 
proposed structure includes two symmetrically placed dual-air-gap magnetic cores and four 
Hall devices, where the two symmetrically placed dual-air-gap magnetic cores are used as the 
sensor magnetic circuit and the average voltage output from the four Hall devices is used as the 
output of the sensor.  First, the output error of a traditional Hall current sensor caused by the 
variation of the conductor position is discussed, and the principle of reducing the error by using 
a symmetrical dual-core four-air-gap magnetic circuit structure is analyzed.  Then, a finite 
element simulation was performed to mimic the magnetic induction intensity at the air gap of 
a single-core single-air-gap magnetic core and that of the proposed circuit structure.  Then, the 
relative error of these two circuits was calculated.  Finally, a prototype of the proposed circuit 
structure was manufactured.  The simulation and experimental results show that the proposed 
circuit structure can significantly reduce the measurement error caused by the position deviation 
of the measured conductor, and the maximum measurement error is only 0.566% when the 
measured current ranges from 10 to 50 A.

1.	 Introduction

	 Considerable changes have taken place in the field of electric vehicles with the development 
of technology.  Electric vehicles with zero-emission characteristics have been developed by 
different countries around the world, and an increasing number of governments are encouraging 
research on electric vehicles.  The charging pile is a device that charges the battery of electric 
vehicles.  The measurement accuracy of a current sensor is important for accurately measuring 
charging capacity and current.  The measurement accuracy of an AC energy meter installed on 
an AC charging pile should be better than 0.5% in accordance with an international standard.(1)  
Therefore, it is important to develop high-precision, low-cost current sensors for electric energy 
measurement.
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	 Current sensors can be classified into contact and contactless types according to the 
measurement method.  The contactless type has obvious advantages and has been extensively 
studied in recent years.  Contactless current sensors include the fluxgate current sensor, 
Rogowski coil sensor, current transformer, and Hall current sensor.(2–6)  Hall current sensors 
are suitable for use with charging piles owing to their high sensitivity, low cost, low power 
consumption, and noncontract measurement.  The current can be obtained indirectly by 
measuring the magnetic field around the energized conductor.  At present, there are two 
types of Hall current sensors: sensors with and without a magnetic flux concentrator.(7–15)  To 
improve the accuracy of the measuring system and to reduce the crosstalk effects of other 
magnetic fields, a circular array of magnetic sensors without a magnetic concentrator was 
proposed.(7)  The sensitivity of a Hall current sensor with a concentrator can be markedly 
improved because of the magnet congregate effect, and the influence of external magnetic fields 
can also be considerably reduced.  Magnetic concentrator structures are classified into open-
loop and closed-loop Hall current sensors.  Popovic et al.(10) proposed a Hall current sensor 
with a magnetic concentrator based on integrated circuit technology and integrated packaging 
technology.  The equivalent magnetic noise and offset of this Hall current sensor can be 
reduced by integrating magnetic flux concentrators on the sensor chip.  To achieve a zero-flux 
condition and improve the performance of the sensor, a closed-loop Hall current sensor with 
a compensation coil was proposed.  A closed-loop structure was designed by comprehensive 
research on the Hall element, air gap width, ferromagnetic material, and structure, in which the 
linearity and accuracy of the sensor reached 0.1 and 0.35% full-scale (FS), respectively, when 
the measured current ranged from 0 to 50 A.(15)

	 However, it is necessary to place the measured conductor at the center of the magnetic 
ring when a Hall current sensor with a magnetic concentrator is adopted.(5–17)  The common 
installation method is to fill the conductor into the magnetic ring aperture.  This approach 
usually requires strict size limiting.  If the conductor cannot fill the ring aperture, it is necessary 
to keep the conductor at the center of the ring.  However, owing to the vibration and other 
reasons, the anchor points of the Hall current sensor and the wire are loosened, causing the 
conductor to move.  When the measured conductor is moved, the output signal of the sensor has 
a large error, reducing measurement accuracy.  As an important core component in automotive 
battery management system and controller, the Hall current sensor plays an important role.  
However, when driving an electric car, it is difficult to avoid the vibration of the electric car.  
Therefore, we propose a symmetrical dual-core four-air-gap magnetic core sensor structure to 
reduce the influence of the variation of the measured conductor position.  

2.	 Proposed Hall Current Sensor

2.1	 Sensor structure

	 As shown in Fig. 1(a), a magnetic core sensor with a symmetrical dual-core four-air-gap 
structure is adopted.  Four Hall chips with identical characteristics are placed in the four air 
gaps of the dual cores.  As shown in Fig. 1(b), owing to the magnet congregate effect of the 
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magnetic core, the magnetic induction intensity at the four air gaps is proportional to the 
measured current IP.  Each of the four Hall chips will generate an output voltage.  Then, four 
voltage signals are connected to an adder circuit composed of operational amplifiers.  The 
position variation of the measured conductor will change the magnetic induction intensity in 
the air gap, resulting in the generation of different Hall voltages.  To reduce the influence of 
position variation, four voltage signals are averaged, and the feedback resistance is adjusted to 
obtain the following output voltage Uo of the sensor:

	 1 2 3 4
1 ( )
4oU U U U U= + + + ,	 (1)

where U1, U2, U3, and U4 are the voltage signals generated by the four Hall chips.
	 The above averaging operation can reduce the position error if more Hall devices are used 
in the magnetic ring.  However, the magnet congregate effect of the magnetic ring is markedly 
affected by the width of the air gap.  In practical applications, the magnetic ring has too many 
holes, and thus the magnet congregate effect will be greatly reduced, which will reduce the 
sensitivity of the sensor.
	 The models of single-core single-air-gap, dual-air-gap, and four-air-gap structures are 
established by finite element simulation using COMSOL software, in which the wires are 
located at the center of the magnetic ring, and the current is 10 A.  The selected core parameters 
are shown in Table 1.  The simulation results are shown in Table 2.  It can be seen from the 
single-core four-air-gap structure that the magnetic flux density of the whole magnetic ring is 
small.  Therefore, considering the practical application and measurement requirements, it is 
reasonable to adopt the symmetrical dual-core four-air-gap structure.

2.2	 Error analysis

	 For an ideal magnetic core model, the air gap is much smaller than the core.  An infinitely 
long conductor is placed at the center of the core.  According to Ampere’s law, we have

Fig. 1.	 (a) Symmetrical dual-core four-air-gap structure and (b) schematic diagram of proposed sensor.

(a) (b)
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	 P c c g gNI H l H l= + ,	 (2)

where H is the magnetic field strength, IP is the primary current, l is the path length, and N is 
the number of turns of the primary coil (N = 1 in our case).  The subscript c refers to the core 
and the subscript g to the air gap.  Substituting µ = B / H into Eq. (2) gives

	 g gc c
P

c g

B lB lI
µ µ

= + ,	 (3)

where B is the magnetic induction intensity and μ is permeability.  Assuming that the magnetic 
field at the air gap is continuous and uniform, by substituting Bc = Bg into Eq. (3), we can obtain 
the magnetic induction intensity at the air gap:

Table 2
(Color online) Magnetic induction intensity with different numbers of air gaps. 
Magnetic induction intensity with different numbers of air gaps Magnetic induction intensity in air gap

Single-core single-air-gap structure
B ≈ 4.8183 × 106 nT

Single-core dual-air-gap structure
B ≈ 2.4472 × 106 nT

Single-core four-air-gap structure
B ≈ 1.2563 × 106 nT

Table 1
Simulation core parameters. 
Material Outer side length (mm2) Inner side length (mm2) Height (mm) Size of air gap (mm)
Ferrite 30 × 30 18 × 18 6 1.5 
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where D is the outer diameter of the magnetic ring and d is the inner diameter of the magnetic 
ring.  Because the magnetic permeability of the selected magnetic ring is extremely high, we 
have

	
2c g g g

D dl lµ µ π + − 
 

 .	 (5)

	 Therefore, Eq. (5) can be simplified to

	 P
g g

g

IB
l

µ= .	 (6)

	 The magnetic induction intensity of the air gap is linearly related to the measured current 
IP according to the above analysis.  Figure 2 shows the theoretical calculation results of the 
variation of the air-gap magnetic induction intensity with the measured current IP when 
different air gap widths are adopted.  The smaller the air gap width, the more obvious the 
magnet congregate effect.  Thus, the theoretical calculation results are consistent with the 
simulation results.
	 In addition, it can be seen from Eq. (4) that the magnetic induction intensity of the air gap 
will not change if the primary current is constant.  However, there is magnetic flux leakage in 
the air gap.  The magnetic induction intensity in the air gap will fluctuate, which is caused by 
the position variation of the conductor.  Also, it is difficult to accurately calculate the magnetic 
flux leakage.
	 The COMSOL finite element software was used to simulate a single-core single-air-gap 
structure.  The coordinate system is shown in Fig. 3, and the air gap relative coordinate is 

Fig. 2.	 (Color online) Theoretical calculations of 
magnetic induction intensity of air gaps of different 
widths as functions of the measured current IP.

Fig. 3.	 Magnetic core coordinate system.
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(12,0).  The wire current was set to 10 A.  The magnetic induction intensity at the air gap was 
measured when the wire was located at different positions, and the relative error was obtained 
by comparing with the magnetic induction intensity at the central position.  It can be seen from 
Fig. 4 that the farther the conductor is from the center, the greater the relative error.  
	 Using the same core parameters, coordinate system, and current value, we simulate the 
single-core dual-air-gap structure.  The air gap relative coordinates are Air gap 1 (12,0) and Air 
gap 2 (−12,0).  Table 3 shows the two air gaps’ magnetic induction intensities when the wire 
is in different positions.  As can be seen from Table 3, when the wire is close to one of the air 
gaps, the magnetic induction intensities of the two air gaps will generate opposite changes.
	 Figure 1(b) shows the symmetrical dual-core four-air-gap structure.  Assuming that the 
measured wire moves vertically upward, that is, close to Hall 1 on magnetic core C1 and away 
from Hall 4 on magnetic core C1, the magnetic induction intensity of the two air gaps on the 
magnetic core C1 will generate opposite changes.  The corresponding output voltages U1 and 
U4 will also change accordingly, but (U1+U4)/2 reduces the drift due to the vertical deviation 
of the conductor.  Similarly, for core C2, since the two air gaps are symmetric with respect to 
the center of the core, when the conductor is moved horizontally, (U2+U3)/2 can also reduce the 
amount of drift due to the horizontal deviation of the conductor position.
	 Although the measured wire deviates from the center of the core, the average output voltage 
of the proposed structure can reduce the error.  Therefore, the error caused by the deviation of 
the measured wire from the center of the magnetic core is significantly reduced.

Table 3
Magnetic induction intensities of the two air gaps when the wire is in different positions.
Wire coordinates (0,0) (−2,0) (2,0) (−6,0) (6,0) (−2,−2) (2,2) (−6,−6) (6,6)
Air gap 1 (mT) 2.447 2.349 2.567 2.143 2.864 2.372 2.593 2.321 2.825
Air gap 2 (mT) 2.447 2.576 2.342 2.875 2.135 2.601 2.365 2.857 2.323

Fig. 4.	 (Color online). Relative error of air gap magnetic induction intensity in a single-core, single-air-gap 
structure when the conductor is at different locations.
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Fig. 5.	 (Color online) Finite element analysis model of dual-core four-air-gap structure.

3.	 Simulation Verification

	 From the above analysis, the reason for the position error is that the measured conductor 
deviates from the center of the magnetic ring and the magnetic induction intensity at the 
air gap changes.  To study the variation of the magnetic induction intensity in the air gap of 
the magnetic core with the deviation of the conductor position, a COMSOL finite element 
simulation was conducted.
	 The coordinate system shown in Fig. 3 was established for the magnetic core.  The traditional 
single-core single-air-gap structure and the new structure take the center of the magnetic core 
as the origin of the coordinates, and relative coordinates are used to represent the different 
positions of the wire in the magnetic core.  Figure 5 shows the finite element simulation model 
of the dual-core four-gap structure.
	 The new structure is simulated using COMSOL software to obtain the average magnetic 
induction intensity of the four air gaps and calculate the relative errors of the conductors at 
different positions.  The relative errors of the new structure are compared with those of air gaps 
with the traditional structure for different currents IP.  The results for currents of 10, 20, 50, and 
100 A are shown in Figs. 6(a)–6(d), respectively.  The top three-dimensional layer in the figure 
is the simulation result obtained with the traditional structure, and the bottom three-dimensional 
layer is the simulation result obtained with the new structure.  
	 It can also be seen in Fig. 6 that the new structure can reduce the measurement error 
significantly.  When the currents are 10, 20, 50, and 100 A, the maximum relative position 
errors of the traditional structure are 0.918, 0.862, 0.831, and 0.818%, and the maximum relative 
position errors of the new structure are 0.468, 0.485, 0.474, and 0.481%, respectively.
	 In addition, because of the proportional relationship between the current and the magnetic 
induction intensity at the air gap, the simulation results for the relative errors at different 
currents are very close.
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(a) (b)

(c) (d)

Fig. 6.	 (Color online) Relative errors of two structures obtained by simulation: (a) IP = 10 A, (b) IP = 20 A, (c) IP = 
50 A, (d) IP = 100 A.

4.	 Experiment and Analysis

4.1	 Test prototype

	 The air gap design of the magnetic ring is very important for Hall current sensors.(11)  The air 
gap width should not be too large to avoid a weak magnet congregate effect and low sensitivity 
of the sensor.  Moreover, if it is too small, the magnetic ring will be easily saturated, resulting 
in output distortion.  Moreover, the air gap width must be greater than the thickness of the Hall 
chip package.  The Hall chip is EG49A.  After comprehensive consideration, the length of the 
air gap was set to 1.5 mm.  Figure 7(a) shows the dimensions of the magnetic core, for which 
ferrite was selected as the core material.
	 Figure 7(b) shows a sensor with a complementary symmetrical structure.  Two identical 
dual-gap magnetic rings were placed cross-aligned and symmetrically with respect to the center 
of the core.  To form two independent magnetic circuits, the middle of the two magnetic rings 
was isolated by printed circuit board (PCB), and the two magnetic rings were fixed by the 
corresponding skeleton.  To ensure that the voltages of the four Hall chips increased with the 
current in the fixed direction of the measured conductor, two Hall chips on the same core were 
placed at the core air gap in reverse orientations.  The prototype built to verify the performance 
of the proposed circuit is shown in Fig. 7(c).
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4.2	 Experimental results

	 Considering the diameter of the wire and other practical operations, we set a total of 25 
position coordinates of the wire during the experiment, evenly distributed in the magnetic ring.  
The relative errors of the output voltage were calculated when the conductor was located at 
these different positions.  Figures 8(a)–8(c) show the comparative experimental results of the 
traditional single-core single-air-gap structure and the new structure when the current was 10, 
20, and 50 A, respectively.
	 The top three-dimensional layer in the figure is the experimental results obtained with 
the traditional structure, and the bottom three-dimensional layer is the experimental results 
obtained with the new structure.  According to the experimental data, when the currents were 
10, 20, and 50 A, the maximum relative position errors of the traditional structure were 0.912, 
0.988, and 0.983% and the maximum relative position errors of the new structure were 0.566, 0.550, 
and 0.542%, respectively.  It can be seen from Fig. 8 that the maximum relative errors occurred 
near the vertices farthest from the center, which is also consistent with the simulation results.  
Thus, the new structure plays an important role in reducing the error.
	 In addition, the tested wire was placed at the center position of the two structures and the 
current was varied from −50 to 50 A.  The fitting straight lines of the two structures were 
compared, as shown in Fig. 9.  Different air gaps and magnetic cores have different fitting 
results.  According to the fitting straight lines of the two structures, the linearities were 

Fig. 7.	 (Color online) (a) Dimensions of the magnetic core. (b) Sensor with complementary symmetrical structure. (c) 
Sensor prototype.

(a)

(c)

(b)
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0.892 and 0.890%.  The linear error under the new structure is within 1%, so it can meet the 
measurement requirements.

5.	 Conclusions

	 According to the results of simulation and theoretical and experimental analyses, the error 
of an open-loop Hall current sensor with the traditional single-air-gap structure cannot be 

Fig. 9.	 (Color online) Fitting straight lines of two structures.

Fig. 8.	 (Color online) Relative errors of two structures obtained experimentally: (a) IP = 10 A, (b) IP = 20 A, (c) 
IP= 50 A.

(c)

(a) (b)
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ignored when the measured conductor deviates from the center position.  The position variation 
of the measured conductor will affect the magnetic induction intensity in the air gap.  Also, the 
larger the distance between the conductor and the center of the core, the greater the error.  This 
error limits the accuracy of existing open-loop Hall current sensors.  The improved dual-core 
four-air-gap complementary symmetrical core structure proposed in this paper was verified 
by simulation and experiment.  The simulation and experiment results show that the proposed 
structure can effectively reduce the error caused by the position of the measured conductor 
deviating from the center of the magnetic ring, thus improving the measurement accuracy of 
open-loop Hall current sensors.
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