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Abstract: Novel 3-phase DC/AC current transducer for 3-phase current lines is based on 8 integrated
fluxgate sensors. Using full information from each sensor rather than gradiometric pairs, we suppress
crosstalk between individual phases and external magnetic fields up to the 4th order gradients. The
suppression of external currents at a distance of 1 m is 90 dB. The main advantage of the used
microfluxgates is excellent temperature stability allowing operation outside the laboratory: the
achieved temperature coefficient of the sensitivity is 50 ppm/K, and the offset stability is 1 mA/K.
These values are 20-times better than temperature stability achievable with current transducers
sensors based on Hall sensors and magnetoresistors.
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1. Introduction

Fast and precise control of modern electric grids requires to measure voltage and current values
at multiple points. [1]. This requires to deploy large number of new sensors on existing power lines
and stations. The ability to measure the current DC component is required, as DC electric current may
saturate current measurement transformers, leading to large measurement errors and possible
failures. The DC current component is induced from geomagnetic variations and is also caused by
transients, by transformerless inverters, and by induction from current changes in DC power lines
[2].

In order to reduce the installation costs, ideal sensors are light so that they do not need their own
supporting structure. The current sensor that is most widely used in electric grids is the current
transformer. Some weight reduction can be achieved by using nanocrystalline alloys with high
saturation magnetization and high permeability [3] . The cores can be cut to allow installation
without breaking the measured conductor [4]. However, current transformers are still heavy, and the
costs for installing them on the existing lines are high. Traditional current transformers also cannot
measure the DC component, although efforts have been made to measure it using the fluxgate
principle [5]. DC currents can be measured by magnetic sensors in the airgap of the ferromagnetic
yoke (core) around the measured conductor [6]. This is also a heavy device with high installation
costs.

Rogowski coils are lightweight and if made flexible they can be easily mounted on existing
conductors, but they measure only AC or pulse currents since they are based on the induction law.
[7]. The B-Dot sensors work on the same principle, using flat coils made of multilayer PCB [8]. These
sensors have wide bandwidth, but they are suitable only for measuring large AC currents, because
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the low number of coil turns limits their sensitivity at low frequency. Fiber optic current sensors based
on Faraday effect are temperature sensitive and they have large noise [9].

Yokeless current transducers using magnetic sensor arrays have best potential for this
application. Gradiometric sensors suppress the influence of homogeneous external fields. They can
be used if the unmeasured external currents are far enough away for their gradient to be negligible
[10], [11] . Increasing the number of sensors inside the busbar can reduce the crosstalk from external
currents [12].

Circular sensor arrays are based on Ampere’s law. If the number of sensors is large, the sum of
their output approximates the line integral and the reading is independent on external magnetic
tields. To achieve this, 6 or 8 sensors are required for each phase [13] [14] [15-17]. Another advantage
of these multisensor arrays is that they are immune to position changes of the measured conductor
[18]. Sensors in the array may be divided into gradiometric pairs. Using three gradiometric pairs,
error of 0.3 % was achieved for external currents in the distance of 30 cm [19].

Hall sensors, Lorenz-force sensors, Anisotropic magnetoresistors (AMR) and Giant
magnetoresistors (GMR), and also microfluxgate sensors, are magnetic sensors that are suitable for
yokeless current transducers. Hall sensors are used in [10], and in [14]. Thanks to their range up to
2T, they can measure very high currents in the kA range. However, they suffer from poor DC stability
and, in addition, their sensitivity is temperature-dependent. AMR sensors were used in [16, 20], and
[21]. AMR sensors have a limited dynamic range: low-noise sensors can measure fields only up to 0.2
mT [22]. GMR sensors still suffer from limited linearity. TMR sensors were used in [19]. They may
have 1% linearity and hysteresis in the linear range of 0.5 mT, and their frequency response is up to
MHz range [23], but their weak point is poor DC stability. MEMS sensors based on Lorentz force
sensors and also sensors based on the force effect on a permanent magnet [24] have high linearity and
a very high field range, but they still have high noise [25]. High noise and poor DC stability are also
attributes of magnetostriction sensors [26] and sensor based on shape memory alloy [27].
Microfluxgate sensors are used in [11, 12], and [15]. They have 2 mT range, a dynamic range similar
to that of AMR sensors, but they have excellent temperature stability of both offset and sensitivity.
Other sensor types such as magnetoelectric [28] or force-based [29] have been also used for current
transducers, but without achieving competitive parameters.

The application of a yokeless current transducer for measurements in a 3-phase network was
suggested only recently, in [21]. The authors use 6 Anisotropic Magnetoresistance (AMR) sensors in
3 gradiometric pairs, and each pair measures the phase current from a close distance of 30 mm.
Although this simple solution suppresses the external homogeneous field, it does not suppress the
tield gradients, which are not negligible for close external currents. The simple gradiometric
configuration also suffers from crosstalk between the phases.

The first version of our improved 3-phase transducer, using 6 sensors, was described in [30] . Our
application also requires the DC current component to be measured. We therefore decided to use
microfluxgate sensors, which have better DC offset stability than AMR sensors. Instead of calculating
3 field gradients, we performed more complex processing of the sensor outputs. As a result, the
suppression of external currents was improved 15-fold in comparison with [21].

In this paper, we present an improved version of our design, using 8 sensors. We will show both
theoretically and experimentally that much better suppression can be achieved with the new
hardware. However, individual sensor calibration is necessary, and also corrections for sensor
mismatch.

The paper is organized as follows: In Section 2, we describe several geometrical configurations
of the sensors measuring the currents in the 3-phase power line, and we define the calculation
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methods for evaluating the measured currents. In section 3, we describe a model of three-phase power
lines and associated instrumentation used for testing. The calibration method is described in section
4. In Section 5, the theoretical results for crosstalk are compared with the measurements. Sensor noise
and temperature stability are discussed in Section 6.
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2. Description of Measurement Methods

We assume a simple linear three-phase overhead power line with the distance between
conductors d =30 cm. For the measurement we use an array of lightweight magnetic sensors mounted
in plane perpendicular to the conductors.

2.1. Asymmetrical gradient method

This configuration was described in [21] and also used in [19] . It uses pairs of close sensors (Fig.
la) to calculate the gradients (or more precisely the differences) H:-Hi, H+-Hs and He-Hs, which are
then used to calculate the phase currents values, while the external fields are partly suppressed.

If only It current is present, then Hi= Ii/2nr2, H2 = Ii/2nr1 and we can write

H,—H
Litrye = 27 (12 11) (1)

If only I2is present, then Hitaise= Io/27n(r1+d) and Hotaise= Lo/2m(r2+d).

Now we can evaluate the crosstalk as

1 1
Ifa,lse _ AHfa.’,sr: _ drg  dtm )
It’f’”LLﬂ AHt’r'ue %*% ( )

where true values are caused by current I, and false field and current readings are caused by current
L» of the same size.

d=0.3 m =20 mm

Figure 1. Placement of the sensors (a) for the asymmetrical gradient method [21], and (b) for all other
methods (dimensions not to scale).

For the dimensions from Fig. 1a, the crosstalk ratio is 0.95% or -40 dB.
The suppression of external currents can be calculated using (2), if we replace d by the distance of the
external current to the respective conductor. The results are plotted in Fig. 6.
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The disadvantage of this method lies in the loss in sensitivity caused by the fact that in (2) we subtract
two similar values, H1 and H- .

2.2. Symmetrical gradient method

This configuration uses two sensors at each phase wire, located symmetrically at each side of the
measured conductor at a distance r =20 mm (as shown in Fig. 1b). Differential method again suppress
an external homogeneous field component (such as the Earth’s field).

If only I1 current is present, then
Hi=1:/2nr, H2 = - [1/27r, litee= (H1- H2) @tr,

If only Lzis present, then Hitase= I2/2n(d+r) and Hotase= I2/2m(d-r).

and for the crosstalk ratio from the nearest phase we can write

Ifalse_ r.r
liyye d+7 d-—r1

)

For the dimensions from Fig. 1, the crosstalk ratio from the nearest phase is 0.9%, i.e. similar to
that for the asymmetrical gradient method. The advantage is that the sensitivity is higher than when
the first method is used, resulting in smaller error and less noise. This is due to the fact that Hi and
H: have opposite signs. However, the larger sensor distance results in lower immunity to field
gradients.

The suppression of external currents can be calculated using (3), if we replace d by the distance
of the external current from the respective conductor. The results are again plotted in Fig. 6.

2.3. Method with Polynomial Estimation

The last method corrects the disadvantages of both previous configurations. We use the same
arrangement as is presented in Fig. 1b. Instead of calculating the field gradients, we utilize the output
of all sensors in a more complex way.

From the readings of six sensors we can calculate three unknown phase currents and the position
and amplitude of one external current. If the currents are DC, we have 6 independent equations, and
for AC current we have 6 equations for instantaneous values, or for a sinewave waveform we have 6
equations for amplitude and 6 for phase.

However, we cannot always assume that there will be only a single external current, and we
should consider the effect of external fields of other origin, such as ferromagnetic objects, which can
also distort the field from an external current. We therefore decided to find a universal solution that
nulls the external field in the y-direction and its gradients up to the second order. Fields in the x-
direction do not affect the sensors at all. We therefore suppose that the field at each sensor consists of
three contributions from the phase currents and a contribution from the external field Hext

H, = h + z: + s
" 2T[(Snx - Wlx) Zn(Snx - WZx) 2n(snx - W3x)

+ Hext (%, y,1) (4)

where H. is field intensity at sensor 7, Ii-Is are (unknown) phase currents, Sux is the x-coordinate
of sensor 1, and Wix is the x-coordinate of each phase conductor. The solution does not depend on the
placement of the origin of the coordinate system; here Wi = 0 was assumed.
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External field Het may have any spatial distribution, which we approximate with a fourth degree
polynomial:
Hext (%) = Hio + Hg1x + Hppx? + Hpzx® + Hggx™ ©)

Six sensors give suppression up to 24 order gradient [30]. In order to null response up to 4
order gradient, the number sensors should be increased to 8. Two additional sensors, Szand Ss, are
placed halfway between the phase conductors (Fig. 1b).

Eight sensors produce eight different equations [30]. A linear system is formed:

1

1

1

1 S, S& S3 St
21(Siy — Wiy) 21(Siy — Way)  2m(Si, — Way) 1x  POix Oix  Oix
! - ! 1 S, S2, S3. S3
21 (Sy — Wiy)  270(Spy — Way)  2m(Syy — Way) 2x O2x  O2x  Ox
1 1 1
I 1 Sy, S% Si, S% A
H, 2 (S3y — Wiy) 27(S3 — Way)  21(S3y — Way) 3x  93x 93x 93x L
H, ! ! 1 2 3 4 I
1 S; Six Six S 3
H4 2”(5496 - Wlx) 2”(541 - WZx) 2”(5495 - W3x) ax a *x ax HEO (6)
Hs 1 1 1 1S sz s3 s Hg,
Ho || 20(Sse — Wip) 27(Ssx — Way) 27(Ssy — Way) sv S Ssx Ssa | | Hp,
\H7 1 1 1 s o e g |\
Hg 2 (Sex — Wiy) 21(Sex — Woy)  2m(Sex — Way) 6x O6x D6x 6x Hp,
! - ! 1 S, S22, S3. S%
210(Syy — Wiy) 27(Syx — Way)  2m(S;, — Way) 7x  O7x O7x  O7x
! ! 1 2 3 4
1 SSx SSx SSx SSx

271'(58x - Wlx)

2”(581 - WZx)

ZTI(SSX - W3x)

Solving this matrix equation (using the default Matlab solver) provides all currents and a 1-D
estimate of the external field (homogeneous component and first four gradients) at the same time.

Ideally, the crosstalk from the other two phases is zero.

The suppression of the external currents depends on the distance of the current in a complex
way, and cannot be expressed analytically. We have calculated the suppression numerically for each
distance, and the results are plotted in Fig. 4, together with the values calculated for the two
gradiometric methods. It is clear that when using only 6 sensors the improvement over the
asymmetrical gradiometric method is only slight: by a factor of 15 for very short distances and by a
factor of 30 for a distance of 1 m. The reason for this is that the field from the external conductor is
rich in higher-order gradients, which are not nulled. Using 8 sensors shows best theoretical
suppression.

In order to test how our method is robust against uncertainty in the position of the sensors and
their sensitivity, we have made sensitivity analysis using Monte Carlo method. Position or gain of
each sensor was varied randomly around its nominal value. Perturbations followed a normal
distribution with small amplitude (o = 0.01 % of nominal value). Sensor readings at corresponding
locations were calculated and from them the value of I was deduced. No correlation among
dimensions or gains was assumed, i.e. each variable subject to perturbation is modified by a newly
generated random number. Simulation was repeated 100 000 times. Sensitivity coefficients shown in
the following table are ratios of normalized standard deviations.

Table 1 shows that the sensitivities calculated for Is (which is the measured current nearest to
external current I:+) are less than 1. The sensitivity to the sensor noise is the same as to the sensor
gain variation, because the measured noise spectrum is close to AWGN approximation.

Final paper at https://doi.org/10.1016/j.measurement.2019.06.028



https://doi.org/10.1016/j.measurement.2019.06.028

PREPRINT 7 of 15

Table 1. Sensitivity analysis of polynomial estimation method, external conductor I+ at 100 cm

Input quantity £ ’ Sensitivity ((% I5)/(% &))
Wire-to-wire distance 0.05
Wire-to-sensor distance 0.77
Sensor gain variations 0.78

3. Measurement Setup

The measurements were performed with 5 A rvs phase currents supplied from a 50 Hz three-
phase transformer. The 4.4 m long straight power line was terminated by resistors. Sensor boards
were mounted on wooden support (Fig. 2). TI DRV425 integrated microfluxgate sensors were used
as vectorial field sensors (Fig. 3). 5 A external current was supplied from another transformer. The
true current values were measured using 0.05 % precise shunt resistors. The voltage drops across the
shunts as well as sensor outputs were measured by NI 6211 16-bit A/D converter USB module with
5000 samples/s rate. All collected data was processed offline in Matlab and averaged over 10 periods.

Figure 3. Detail of sensor PCB with a pair of DRV425s. [30]

4. Calibration

The sensitivity of each sensor was calibrated in Helmholtz coils using a simple system controlled
by LabVIEW. DC current with alternating polarity was used to eliminate the effects of the
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geomagnetic field. Using this procedure, we are able to separate the influence of sensitivity errors
and geometrical errors. Table 1 shows the sensitivity correction coefficients that were obtained.

Sensor calibration was also performed by passing a 5 A current successively through individual
phase conductors. The results were very similar, indicating that the sensitivity mismatch is the
dominating factor, and the geometrical errors are negligible.
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Table 1 Results of the sensitivity calibration.

sensor # correction factor sensitivity deviation (%)

1 0.974748 -2.52
2 0.974569 -2.54
3 0.97903 -2.09
4 0.97062 -2.94
5 1.0605 6.05

6 1.03849 3.85

7 0.98495 -1.51
8 0.988595 -1.14

5. Calculated and Measured Results

A comparison of the calculated results shows that our new polynomial estimation method has
an advantage over both gradient methods (described in Sections 2.1 and 2.2.). Fig. 4 summarizes the
calculated theoretical rejection of the external current in the x-direction. At greater distances,
increasing the number of sensors from 6 to 8 significantly increases the rejection. For the external
current at a distance of 1 m and using a polynomial method with 8 sensors, the crosstalk from the
external currents is theoretically 0.001, compared with 0.1 which can be achieved by the asymmetrical
gradient configuration suggested in [21].

We also analyzed the influence of the angular position of the external current: we observe that
the maximum error is for external currents in the x- and y-directions. This is clear from Fig. 5, which
shows the rejection of the external current at a distance of 50 cm, as a function of its angular position.
Zero error is reached for the external current in the 45° direction.
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Figure 4. Suppression of external current in the x direction as a function of its distance: A
theoretical comparison of various current measurement methods.
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(calculated values).

Fig. 6 shows the measured rejection ratio of the external current as a function of distance. While
for 6 sensors the measured values correspond well with the simulations in Fig. 6, the rejection ratio
of the 8-sensor transducer is smaller than expected. After a detailed analysis, we found that an 8-
sensor transducer is much more sensitive to the mismatch of sensor parameters. We calibrated
individual sensors, and after a correction had been made for their sensitivities, the rejection ratio
improved significantly, as shown in Fig. 7. The measured rejection at a distance of 1 m was 80 dB
(crosstalk 0.003 %), i.e. a 300-fold improvement in comparison with [21].
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Figure 6. Measured suppression of external current in the x direction as a function of its distance for
setup with 6 sensors, with and without gain corrections.
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Figure 7. Measured suppression of external current in the x direction as a function of its distance for
setup with 8 sensors, with and without corrections.

6. Noise, Temperature Stability and Linearity

The application of our sensors is the measurement of geomagnetically induced currents in long
power lines. These currents are DC with rate of change in minutes. Using traditional DC current
sensors in outdoor environment resulted in unacceptable temperature drifts: with AMR sensors the
transducer offset drift was 50 mA/K and the sensitivity temperature coefficient was 0.3%/K. By
replacing AMR by microfluxgate sensor, these values were improved to 1 mA/K and 50 ppm/K. These
values were calculated from the datasheet of the manufacturer and verified by measurement at 3
temperatures.

Sensor noise was measured with the use of two different methods: the noise of the individual
sensor was measured using SR770 spectrum analyzer. The achieved noise power density was 2.5
nT/NHz at 1 Hz, corresponding to ideal noise level of 0.25 mA/\YHz at 1 Hz. The noise of the complete
transducer was measured using Matlab FFT calculation from sampled data (Fig. 8). Measurements
were performed at room temperature (20 to 25°C). In both cases, a three-layer permalloy shield was
used. The noise power spectrum density of the complete transducer including the A/D converter is
0.4 mA/NVHz at 1 Hz. For frequencies higher than 1 Hz the noise spectrum is white — the RMS noise

level from 1 Hz to 1 kHz is 6 mA. This is comparable to the noise level of transducer based on precise
AMR sensors.
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Figure 8. Measured noise spectrum of the complete transducer inside the shielding and without

shielding.

Another advantage of the proposed sensor is high linearity which is limited by 0.1 % linearity
error of individual feedback compensated microfabricated fluxgate sensors. The measured linearity
error of the complete transducer is shown in Fig. 9.
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Figure 9. Linearity of the complete transducer

7. Discussion

We described optimized microfluxgate current transducer suitable for monitoring
geomagnetically induced currents and other DC current components in 3-phase current lines The
traditional way to process the sensor data, which we call the “gradient method”, calculated the
differences of two sensors in a gradiometric pair. However, this method lost part of the information.
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The gradiometric method suppressed only the homogeneous component of the external field, not the
field gradients. For external (non-measured) currents within a small distance the gradients are high,
which results in poor suppression of these currents.

In our novel method, we utilize the output of all sensors in a more complex way by solving
equation (4). First of all, we completely compensate the crosstalk between the phases. Using six
sensors, we also suppress the first and second gradient of the external field.

By using 8 sensors we can suppress field gradients up to the 4th order. This results in even larger
suppression of external currents. Sensor calibration is necessary in order to achieve the projected
parameters for an 8-sensor transducer. The measured rejection at 1 m distance was 90 dB (or 0.003%),
i.e. a 300-fold improvement in comparison with [21]. By Monte Carlo simulations we verified that the
method is robust against uncertainty of sensor position and sensor data.

Replacing magnetoresistive sensors by integrated fluxgate sensors improved the temperature
stability 50-fold: 1 mA/K offset stability and 50 ppm/K temperature coefficient of sensitivity of the
developed current transducer was achieved. The transducer noise is 6 mA RMS (1Hz to 1 kHz) and
linearity error is 0.15 % in 6 A range.

LEM LF210, which has 20 mA RMS noise, 0,15 A offset and 75 g mass for single phase, is an
example of an available DC/AC current transducer with the same 200 A range. Compared to that, our
sensor is lightweight (12 g for each phase). It can therefore be mounted on existing overhead 3-phase
current lines with low installation costs. It also has excellent temperature stability and low noise.
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