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1 Abstract: This paper analyzes the measurement error, caused by the position of the current-carrying
= conductor, of circular array of magnetic sensors for current measurement. The circular array of
s magnetic sensors is an effective approach for AC or DC non-contact measurement, as its low
«  cost, large linear range, wide bandwidth, light weight and low noise. Especially it has claimed
s that such structure has the excellent reduction ability for the errors caused by the position of the
s  current-carrying conductor, crosstalk current interference, shape of the conduction cross section
»  and the earth magnetic field. However, the positions of the current-carrying conductor, including
s un-center and un-perpendicularity, has not analyzed in detail until now. In this paper, the
s  theoretical analysis has been proposed based on vector inner and exterior product. In the presented
1o mathematical model of relative error, the un-center offset distance, the un-perpendicular angle, the
1 radius of the circle and the number of the magnetic sensor are expressed in one equation. The
1z comparison of the relative error caused by the position of the current-carrying conductor between
1z four and eight sensors is conducted. The Tunnel Magnetoresistance (TMR) sensors are used in the
12 experimental prototype to verify the mathematical model. The analysis results can be the reference
15 to design the detail of circular array of magnetic sensors for current measurement in practical
16 situation.

17 Keywords: circular array; current measurement; un-center; un-perpendicular; Tunnel
1= Magnetoresistance sensors

1o 1. Introduction

20 Magnetic sensors have been widely used for non-contact current measurement, such as Hall
a1 sensor, fluxgate sensor, Anisotropic Magnetoresistance (AMR) sensor, Giant Magnetoresistance
22 (GMR) sensor [1] and Tunnel Magnetoresistance (TMR) sensor. In order to improve the measurement
2 accuracy, the structure based on circular array of magnetic sensors has being frequently studied
22 during the past two decades [2-8]. Distinguishing with other structures, such as open-loop or
2 close-loop with magnetic cores, current transformers, etc. [9], the circular array of magnetic sensors
26 is considered a effective scheme to achieve low cost, large linear range, wide frequency bandwidth
2z [10-12], light weight and high reliability. Especially, the circular array of magnetic sensor can detect
22 both DC and high frequency AC, compared to Rogowski coil [13], which can only measure high
2 frequency current. However, measurement accuracy of such structure is mainly suffering with the
s error caused by position of the current-carrying conductor and the crosstalk current interference.
a1 Much research has focused on the relationship between the error reduction ability and the parameters
;2 of the circular array of magnetic sensors.

33 The installation position offset of the current-carrying conductor also influence the accuracy of
s« magnetic sensor circular array, including wire un-center and un-perpendicularity. In [5], the relative
s measurement error dependence on the displacement of the conductor from the center of the circle has
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Figure 1. Basic theory of the circular array of eight magnetic sensors.

s been discussed, the displacement angles between the first sensor to x-axis («¢) also considered in the
sz theoretical analysis. As different from other works, AMR sensors have been applied.

38 The crosstalk current effect is considered as one of the important factors that limit the
s measurement accuracy, which has been generally discussed [4,6]. A algorithm base on Discrete
« Fourier Transform (DFT) to improve the crosstalk reduction has been proposed, which can be realized
a1 on DSP or other microcontroller [3]. In their work, circular array of eight Hall sensors was used to
.2 verify the efficiency of the crosstalk error reduction algorithm. Then, Roland Weiss et al.[6] improved
43 the modeling and the experimental setup of above method and verified with six fluxgate sensors. The
« effect of different displacement angles between the first sensor to x-axis (#g) has been discussed. They
4+ also analyzed the effect of the geometry of different flat conductors in another work [7], and achieved
s the current errors of less than 1.5%.

a7 However, although the measurement caused by un-center has been discuss, no researcher has
ss addressed the problem about the conductor un-perpendicularity until now. Unfortunately, the
s conductor un-perpendicularity is non-ignorable factor especially in the situation the conductor is
so soft wire, and usually it may combined with the un-center offset. Based on above issues, this paper
s used the inner and exterior product in vector space, analyzed the error caused by the current-carrying
s2 conductor position conveniently, includes un-center and un-perpendicularity. The experiment based
ss  on high performance commercial TMR sensors has been conducted to verify the theoretical model.
s« The combination effect is also discussed in our work. Finally, the allowable range of un-center offset
ss and un-perpendicularity angle can be given by the mathematic model.

ss 2. Mathematical Background

57 The structure of circular array of magnetic sensors are shown in Figure 1. Eight or other number
ss magnetic sensors uniformly arranged in a circular with a radius of r. The sensors can be installed
so on a printed circuit board (PCB), and the sensitivity directions are always perpendicular to r, the
s Vector from the center to the sensor sensitivity point. The current-carrying conductor, which is strictly
&1 straight and has a proximate infinite length, crosses from the center of the circle. In three dimensional
ez Cartesian coordinate system, according to Biot-Savart law [14], the output signal of an individual
es Mmagnetic sensor, V, can be expressed by

R Ixr
V:kS(H'S):kSm’S (1)
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s Where, ks is the sensitivity parameter of magnetic sensors (assuming the sensors are linear and totally
es accordance), H is the vector of magnetic field generated by the current-carrying conductor, I is the
s current vector in the conductor, § is the unit vector (|§| = 1) of sensitivity direction of magnetic
ez sensor. In (1), according to the definition of exterior product, I x r means the result is a vector which
es is both perpendicular to I and r, and follows the right-hand rule. At the same time, according to
oo the definition of inner product, H - § means the result is the projection value of the vector H on the
70 direction §, it represents the output of magnetic sensor only relates with the magnetic field along the
= sensitivity direction.

72 In a circular array constructed by N magnetic sensors, the mean value of the sensor outputs can
73 be expressed as

1N ke & RN I
Vinean = Nnglv(n) :NS Z(H(n) 28y = NS Y 7))2 .5 )

n=1 n=

7« where, the superscript (1) represents the nth sensor parameters, for instance, §(!) is the sensitivity
75 direction of the first magnetic sensor. For Ve, can be easily measured and calculated, ks can be a
76 constant after calibration, the measured I is the only unknown quantity in (2). If the current-carrying
» conductor offsets from the center or not be perpendicular to the circle plane, ") = |#(")| will have
ze different values, otherwise, they will be equal (r(”) = r) in ideal condition. Therefore, the calculated
7o current value, I.;, of the under measured current, can be calculated by

2rV,
Icul = nrk - (3)
s

so and relative measurement error is
Iy—1
e L =11 1009, (4)
s1 3. The Error Analysis

e2  3.1. The mathematical model of the errors from the un-center and un-perpendicularity

Figure 2. The error caused by the current-carrying conductor position: (a) schematic of Un-center and
un-perpendicularity; (b) The relationship of the key position vectors
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83 Un-center and un-perpendicularity of the current-carrying conductor may coexist in practical
sa situation. The modelling method introduced in the mathematical background is useful to analysis
ss the measurement errors caused by these factors. Figure 2 shows the magnetic filed generated by the
ss under measured current Iy, which crosses the offset point a from the center, and be un-perpendicular
ez to the circle plane. The parameter d presents the offset distance from the circle center and § presents
ss the un-perpendicularity angle from z-axis, where d < rg and 0 < B < 71/2. The definitions and
so values of the vectors in Figure 2 are list in Table 1. Note that the superscript (1) is not used for the
so moment.

Table 1. Parameters and vectors in Figure 2

Vector Norm Value Definition

Iy Iy Io(sinB,0,cosp)T  Under measured current

d d (d,0,0)T Offset vector from the center

70 70 ro(cosw, sinw, 0)T* Position vector from O to sensor

v v ro—d Position vector from point a to sensor
r1 1 v—u Position vector from I to sensor

u u see (5) Position vector from O to rq

g 1 (—sina, cosa,0)T  Sensitivity direction of sensor

* w is the angle between x-axie and ry

** 8 is perpendicular to ro

o1 Additionally, the norn of u is the projection of v on Iy, according to the definition of vector inner
o2 product, u can be calculated by

sin?B(rocosa — d)
u:|u|fg:v-f0-f0: 0 (5)
sinPcospB(rocosa — d)

03 From the vectors relationship schematic diagram in Figure 2, the vector from Iy to the sensor can
o« be calculated by

cos?B(rocosa — d)
rn=rg—d—u= rosina (6)
sinPcosB(d — rocosa)

o5 According to (2), the mean value of output signal of sensors can be straightly written as
(n)
ksl _ 1 5 ks & ) ke & Iopxr .
|7 A —— Yy g . gy sy 07T a(n)
2wy N nZ:l N n;l( 0 8 N =3 27'((1’5"))2 ’ @)
_ 1 ks % cosp(ry — dcosa(™)
027N =4 cos2B(rgcosa) — d)2 + r3sin2a(n)

(n)

s where a(") is the angle between the nth sensor position vector ry - and +x-axis, which is expressed
97 by
_ 2nn

Mw_77+% (n=0,1,..,N—1) 8)
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es Where «g is the offset angle between magnetic sensor array and the +x-axis, which is a non-negligible

oo parameter effecting the measurement error refer to [5] and [7]. We will analyze the effect of «g later.
100 The calculated current I.; in (7) is the calculated current by the circular array of magnetic
101 sensors, which can be written as

o cosp(rg — dcosa'™)
Lt = Io—;

= IhA 9
N = cos?B(rocosa(™) — d)2 + rZsin2a(n) 0 ©)

102 where A is the key part of which coursing the measurement error and it can be proved that,

Nl_ifi‘oo A=1, (10)
103 Therefore, equation (10) leads I.,; being approximate equal to actual under measured current I,

10s  which theoretically proves that, the sum of the output of the circular array is an approximation of
105 the Ampere’s circulation, when N — +oco. According to the method proposed by Weiss et al. [6],
10s the relative error /1y is used to present the effect caused by d and B, which actually is the A in our
107 equation(9). Therefore, the relative measurement error caused by 4 and f is

Lag—1 N — dcosa™)
eqp = L0 % 100% = A—1="0 . Cosﬁ((ro) e 2), o 1 (11)
Iy N = cos?B(rocosa™) — d)2 + rZsin?a(
108 Finally, for convenience, the situation of un-center and un-perpendicularity are discussed
10s respectively. For B = 0, the relative measurement error caused by d is
N - (n)
70 ro — dcosa
= -1 12
TN rg 13+ d2 — 2rodcosa (™) (12)
10 and for d = 0, the relative measurement error caused by B is
1 Y cosp
g = — -1 13
PN n;l (1 — cos2a(Msin2p) 13)
111 Note that, ry does not exist in € B meaning that the ¢ B has no relationship with r.
uz 3.2, Analysis for the effect of displacement angles of the sensors array
113 To analyze the effect of the displacement angles of the sensors array ap on ¢; and &g, we

ue calculated the 45 with the sensor number N = 4 and N = 8. In our case, rp = 40 mm. In Figure 3(a)
us and Figure 3(b), it can be seen, for d ranges from 0 mm to 23 mm, the relative error ¢; reaches max
1e  point when ayg = 27tn/N, and min point approximately when &y = 7(2n + 1)/2N. Note that, for
17 d = 23 mm, the maximum ¢, reduces from 12.27% to 1.21% while N increase from 4 to 8. The same
us  above results can also be find in Figure 3(c) and 3(d), while d = 0, § ranges from 0° to 60°.

119 Based on above analysis, it can be concluded that the change of &y can reduce the relative error
120 effectively. The relative error may be particularly reduced to small level that can be ignored. However,
121 unfortunately for practical situation, the position of the conductor is usually uncertain, so is the «y.
122 Therefore, we keep the oy = 0° in our rest analysis, to study the maximum effect on measurement
123 accuracy of the position error of the current-carrying conductor.


http://dx.doi.org/10.20944/preprints201801.0272.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 January 2018 d0i:10.20944/preprints201801.0272.v1

6 0of 12
10 1 \ / \ /
_ N / \ ﬁ o
£ 2V \'4
s s 2 /4 W
5 51E-3
£ 041 g
[} [}
5 \ r/ Siea
= =
© 0.01 T1ES
S [S
5 5 1E-6
< 1E-3 d=0 mm = ——d=0mm
© 1€ ——d=5mm © 1E-7 ——d=5mm
I ——d=10mm S, ——d=10mm
I'E " ——d=15mm ﬁ - ——d=15mm
1E-4 ——d=20 mm 1E9 ——d=20 mm
——d=23 mm -~ ——d=23 mm
LI B LA S A A B A S B A S A S B R T T T v T v T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 0 5 10 15 20 25 30 35 40 45
n/8 a,(°) 3n/8 /16 a,(°) 3n/16
(@) apand d, with N =4, p = 0°. (b) ap and d, with N =8, p = 0°.
10 1 \ / \ /
;\3 //’ \\ ;\g 01 V v
= 1 0.0
§ \\/// \\\V §1E-3
& 0.1 @
° o 1E-4
= =
= G 1E-5
T‘_, 0.014 @ Y
= < 1E6
o 9
©1E3 TI1ET
o [e]
2 FRlx:!
F1E-4 =
1E-9
T L L T T T T T T U T U T J T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 0 10 15 20 25 30 35 0 45
/8 a,(%) 3n/8 /16 a,(®) 3n/16
(c) pand B, with N =4,d = 0. (d) agand B, with N =8,d = 0.

Figure 3. The theoretical relative error analysis depend on g, 8 and d, with rg = 40 mm.
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12 3.3. Analysis for the effect of un-center and un-perpendicularity
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Figure 4. The theoretical relative error depend on d and , N = 8, a9 = 0°. (a) 3-D view; (b) The
contour line, read circle is contour line of 0.5%.

126 Un-center and un-perpendicularity of the current-carrying conductor usually coexist in practical
126 situation. Especially, the effect of the conductor position error will become increasingly difficult to
12z ignore in the situation that the conductor is soft wire, which may be not strictly straight and fixed in
126 a certain position. For that reason, the combination of the relative error, €dp, caused by un-center and
120 un-perpendicularity become more necessary to consider together. In Figure 4, ¢44 is calculated by
130 equation (11) with N = 8, ryp = 40 mm, it can be seen that the relative errors retain in 0.5% with major
11 region of d and B. With the approximate region of -10 mm< d <10 mm and —30° < B < 30°, the
132 relative errors retain in 0.077%, and increase rapidly as the absolute value of d and f both increasing.
133 For the extreme situation, €45 come up to 20.25% with f = £60°, d = £23 mm and N = 8. Table 2 list
13s  the value of ¢4 with N ranges from 2 to 16 with different d and . From the table, extreme ¢,5 can be
135 reduced to 2.896% through increasing N to 16, and become an ignorable level with the region of -10
13¢ mm< d <10 mm and —30° < < 30°.

Table 2. Theoretical ¢4 with N ranges from 2 to 16, rg = 40 mm.

N eqp (%) with e4p (%) with
B=+60°,d=423mm* p==+30°d=+10mm

2 198.8 23.17

4 72.48 2.9464

6 36.05 0.4665

8 20.25 0.07696

10 12.04 0.01279

12 7.382 0.002129

14 4.601 0.0003544

16 2.896 0.000005899

* The extreme situation in our case.
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137 4. Experimental Procedure

138 The experiment setup is as shown in Figure 5. Four or Eight commercial TMR sensors (TMR2103)
13 were placed on an annular PCB. The circle radius of sensors array was 40 mm. TMR2103 is
10 manufactured by MultiDimension Technology (MDT), with the linear measurement range of £30
11 Oe [15] and high sensitivity of 6 mV/V/Oe (1 Oe = 1 Gauss in air = 0.1 millitesla = 79.8 A/m).
12 TMR2103 includes four Magnetic Tunnel Junction (MT]) elements constructing a Huygens bridge.
13 In comparison with Hall effect sensor, AMR sensor, GMR sensor and other magnetic sensors, TMR
14 sensor has higher sensitivity, better temperature stability, lower power consumption and better
s linearity [16,17]. Especially, TMR sensor has higher frequency range [18], which is the advantage
16 for higher frequency AC or transient current measurement.

147 The outputs signal of TMR2103 was detected by a PCI DAQ system of National Instruments
s (NI PXIe-6366) and processed via the LabVIEW software. The current source (AHY-15-10-200) can
140 provide a stable maximum 200 A current with the frequency range of 40 to 600 Hz. The current in the
10 current-carrying conductor was also measured by current probe TCP0150 with an accuracy of 0.01%
11 and a frequency range of DC to 2 MHz, which could be treated as a reference current sensor in our
152 case. In the purpose to reduce the power noise, the power of sensors array was supplied by a battery
153 through a linear DC stabilizer voltage supply board. The system diagram of the experimental setup
15« was similar to the proposed work by Renzo Bazzocchi et al [3], furthermore, we improved that by an
155 adjustable shelf so that the 4 and f can be adjusted conveniently and accurately. The yellow arrows in
156 Figure 5 represent the equipment is adjustable along the pointed directions. The most components in
17 the setup, including the adjustable shelf, the optical platform are made of non-ferromagnetic materials
s for insuring the stray magnetic field interference being minimized.

_Aoijgsetable

i Vﬁ

%,
o
.

5 ul.

Figure 5. Experiment setup with adjustable platform.

159 Firstly, the calibration was conducted with five separate measurement cycles with the current
10 from 10 A to 140 A and back, at the frequency of 400 Hz. The output signals of all the sensors in
11 the array and the measurement result of TCP0150 were detected. The root-mean-square (RMS) of
162 the each signal was calculated. And then, the sensors outputs and the reference result from TCP0150
163 were fit by the linear least-squares method, which were realized in LabVIEW and Matlab. After
1ea that, the differences of sensitivity for all TMR sensors could be minimized. In this procedure, the
165 current-carrying conductor were strictly crossing the center of the circle and be perpendicular on the
166 SENSOrs array plane.

167 Following the calibration, keep B = 0°, for the d changing from -24 mm to 24 mm with the
1ee  step of about 5 mm , the multiple RMS measurements of the output signals of TMR sensors array
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160 were conducted. After that the same procedure was conducted for the B changing from —60° to 60°,
o keeping d = 0. Note that, we kept &g = 0 in all procedures, because only the maximum relative error
i1 will be considered about in our analysis.

172 5. Results

173 5.1. The calibration result

174 The calibration for individual sensor had been conducted as presented in the experimental

s procedure section. In Figure 6, the curves were fit by the linear least-squares method and the results

176 were list. It could be seen that the difference between the eight TMR sensors are obvious, which

17z also exist in other kind of magnetic sensors e.g. GMR sensors, AMR sensors or hall sensors. After

e fit the individual sensor output characteristics, the parameters were used to calculated every sensor

1o measurement result, so that the differences were minimized effective. That leads the assumption in
the mathematical model, that the sensitivities of sensors ks were equal, being available.

250

’>\ Slope Intercept | R-Square
c S1| 135743 | 0.96295 | 0.999969
g S2| 135403 | 0.96312 | 0.999970 . *
S 9004 [ 53] 158082 | 1.02096 | 0.999971 A
s S4| 1.40558 | 1.00076 | 0.999970 - /g
S S5| 1.49075 | 1.06624 | 0.999968 L ‘f O
O S6 | 1.43504 0.9878 | 0.999969 i s
5 S7| 1.35892 0.9383 | 0.999970 : . :
» 150 [ S8] 1.30536 | 0.95674 | 0.999968
2 .
] - & e
n 4 Ao S1
E L& 52

iy A - S3
_-(;3 100 ) k:;;{ﬁ. o0
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S 50 o T --q-- S6
= "
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x
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—-r-—SS

'210'40'60'80'100'150'140
RSM of Referance Current | (A)

Figure 6. Calibration result for individual output of sensors. The results of linear fit for individual
sensor are list in the table.

s 5.2. The result of un-center and un-perpendicularity

182 As the procedure proposed in the experimental procedure section, the theoretical and
13 experimental results of the relative error caused by un-center and un-perpendicularity were
1es conducted respectively. For d changing from -24 mm to 24 mm, the result of £¢; was shown in Figure
s 7(a) with N = 4, and in Figure 7(b) with N = 8. It could be seen that ¢; achieved the maximum
16 value for d = £23 mm and retained in a small value for in the range of -10 mm to 10 mm. The
1e7  theoretical results was verified by the experimental results with four and eight TMR sensors. The
s relative error €5 reduced below 0.2% (for example) by increasing the number of sensor from 4 to 8,
10 with —10 mm< d <10 mm. From another perspective, for the purpose of keeping relative error
10 below 0.2% (for example), the allowable range of 4 will be expended from £5 mm to +10 mm while
101 increasing the sensors number from 4 to 8.

102 The relative error caused by un-perpendicular was measured and calculated, as shown Figure
103 8(a) and Figure 8(b). The proposed theory was also well verified by the experimental results. For
e different § from -30° to 30°, the relative error caused by f retained in 0.2% with eight TMR sensors.
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That is illustrated that, increasing the number of the sensors lead the current measurement by sensors
array has more accuracy and reliability.

1.4
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Figure 7. The un-centered effect with the offset distance d various from -23 mm to 23 mm, with § = 0°,
ag = 0°, the test current is f=400 Hz @ 50 A.
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Figure 8. the un-perpendicular effect with the offset angle § various from -60° to 60°, with d = 0,
ag = 0°, the test current is f=400 Hz @ 50 A.

107 6. Discussion

108 However, there still exited errors between the experimental and the theoretical results, which
might be caused by these factors: Position error of the experiment setup especially the adjustable
shelf. The experimental setup can be improved by the high precision electromotional translation stage
which has multiple degrees of freedom; The residual calibration error of individual TMR sensor; The
sensitivity axis error of TMR sensors (might not be strictly perpendicular to rg).

In spite that, the experimental and the theoretical results in this paper can be a reference to design
the circular array of TMR sensors for current measurement in practical cases. From the equation (11),
the effect of the un-center offset d, the un-perpendicular angle §, the number of TMR sensor N and the
radius of the circle g are obvious. At the same time, the linear range of TMR sensor and the maximum
under measured current limit the radius of the circle by equation (1). In the purpose to reducing the

relative error ¢4p, the un-center offset d and un-perpendicular angle § can be limited by mechanical

199
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200 structure design. For instance, it is can minimize the gap between the current-carrying conductor and
210 the shell of the sensors array to limit the offset d. It is also can limit the un-perpendicular angle
2 effectively by increasing the thickness of the shell of sensors array along the direction of z-axis.

212 Furthermore, the relative error ¢;5 can be reduced below usual level that can be neglected, by
213 increasing the number of magnetic sensors to 16 or more by the calculated result of (11). It is necessary
zns  to have a tradeoff between the accuracy and the cost in an actual case. Although the analysis has
x5 been presented in the case of several conditions, however, there are also many factors, that may cause
26 IMeasurement error, has not discussed in this paper. For instance, the crosstalk current interference,
z7  the earth magnetic interference, .etc. For individual TMR sensor, its hysteresis [19-22] , nonlinearity,
=ne  bandwidth, temperature property, etc. can not be neglected. In the application of the circular array
20 of TMR sensors, the signal process circuit must be designed well to calibrate the individual sensor
220 and output the sum of all the sensors. For the reason that the approach proposed in this paper has
=21 the ability to measure DC to high frequency current, the further work will focus on the AC frequency
222 response test and the extension for the frequency bandwidth of the circular array of magnetic sensors.

223 7. Conclusion

224 We analyzed the relative measurement error of circular array of magnetic sensors caused by
226 position error of the current-carrying conductor in this paper. The theoretical results were proposed
226 and verified by the actual experiment setup. The effect on relative error caused by un-center offset,
22z un-perpendicular angle, number of magnetic sensor and the radius of the circle are expressed in one
222 equation. The allowable range of un-center offset and un-perpendicular angle are give to insure the
220 relative error retaining in acceptable level.
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23s Abbreviations

237 The following abbreviations are used in this manuscript:
AMR  Anisotropic Magnetoresistance
GMR Giant Magnetoresistance
TMR  Tunnel Magnetoresistance
238 MTJ Magnetic Tunnel Junction
AC Alternation current
DC Direct current
RSM  Root mean square
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