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ABSTRACT This article presents a noninvasive method of measuring three-phase currents using magnetic
sensors that can be used for continuous monitoring, automation, and protection of power grids. The non-
intrusive nature of these sensors gives operational and economic benefits in installing them at the existing
distributed generation sites and power substations. These sensors are linear in operation, free of saturation,
and need minimum duration or no outage for installation as compared to the conventional current transform-
ers. This article describes magnetic field simulation, calibration, and experimental validation of magnetic
sensors for accurate measurement of three-phase currents. Laboratory experiment results of three-phase
low current measurements for two types of overhead structures: triangular and horizontal are rendered
as a validation of the proposition. The performance verification of these sensors is further achieved by
conducting field experiments for measuring currents up to 1500 A. The sensors yield promising results
with a maximum error of 1.15% in the estimation of three-phase currents. The magnetic sensors showed
satisfactory performance in accurately reproducing current waveforms consisting of fundamental frequency
and harmonics that are typically present in modern power grids.

INDEX TERMS Noninvasive sensors, current measurement, magnetic sensors.

I. INTRODUCTION
The integration of various types of distributed energy re-
sources in combination with inverter-based resources intro-
duced many operating challenges to the reliability, protection,
and stability of power systems networks [1], [2], [3]. The
interruptions in power delivery are very common and happen
for many reasons, such as power system faults due to tech-
nical misoperations, extreme weather conditions, equipment
failure, planned outages, animals, vehicle accidents, and theft
or vandalism [3]. Therefore, the complex network of trans-
mission and distribution lines requires real-time continuous
condition monitoring [4]. The records show that the root cause
of major disturbances on the bulk power system integrated
with solar generators of capacity up to 600 MW is the absence
of continuous data monitoring equipment that can monitor
high-resolution data of electrical quantities, such as current
and voltage, to use for fault isolation. In the absence of ad-
equate data monitoring, faults on the solar or wind power
generation stations stay undetected and cause an outage on
the feeder of the host utility adding up to the operational cost
for utilities [4], [5], [6].

According to the statistics [6], ac overcurrent faults oc-
curred on most inverter-based generation plants because of the
inability of the inverters to timely identify current imbalances
and misoperate to trip. These faults occurred on medium and
high-voltage overhead line networks. Current monitoring de-
vices at various nodes in the grid can be a good solution to
resolve this issue. It will help to identify the correct side of
the fault on the laterals and block reclosing for underground
faults but enabling the reclosing for overhead fault clearing
will keep the outage to only specific faulty sections of the
feed [7].

Saturation caused by heavy starting fault currents and
transient currents is a common problem in current transform-
ers (CTs) that are employed at every existing generation,
transmission, and distribution substation. CTs cannot provide
accurate estimates of the measured primary current due to sat-
uration. Moreover, the CT saturation with an inductive burden
produces a lower distortion index and causes trip delays in
protective relays [9]. The time–current characteristics used in
a fault-coordinated system can minimize, but not eliminate,
possible fault coordination errors because of CT saturation.
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In addition, with the increase in the system voltage, the mag-
nitude of current increases, and therefore, the percentage of
remanent flux in CTs also increases. It has been observed that
39% of the CTs have 0%–20% of the remanent flux [8], [9].
This signifies that the CTs are more susceptible to saturation if
not demagnetized after the fault. It is an expensive procedure
to demagnetize the CT if the fault is nonrecurring. This im-
plies that the system needs a complete reset and restart after
the fault which increases the outage time, and consequently,
the cost of operation. In this scenario, a current measuring
device that is free of hysteresis and saturation is easy to in-
stall, maintain, and replace at a low cost can be a promising
solution.

Magnetic field sensors as an alternative to CTs are getting
more attention from researchers. These sensors can measure
both static and time-varying magnetic fields unlike CTs. The
magnetic sensors chosen for this research are based on the
tunneling magnetoresistance effect. A magnetoresistor is a
resistor that changes its resistance value in the presence of
a magnetic field [10]. The Wheatstone bridge configuration
of these sensors allows for both the cancellation of tempera-
ture effects (thermal drifts) and a level of immunity to stray
magnetic fields. Moreover, in the bridge-type structure, the
differential output across the bridge as a function of variation
of resistance when applied to a certain magnitude of magnetic
field demonstrated good linearity and accuracy of detection
[11], [12], [13], [14], [15]. Therefore, it is proven to be effi-
cient and accurate in ac current sensing.

A literature survey on the alternative techniques of cur-
rent sensing and the use of magnetic sensors in ac current
measurement provided thorough information on the present
state of their application. A three-phase current measurement
based on the array of Hall effect sensors was proposed in [16].
However, the percentage error in the measured currents during
the laboratory experiment was up to 15%, and there was no
validation of the method provided for field application [16].
The magnetic sensors based on the magnetoresistive effect
were proved better in performance compared to Hall effect
sensors for ac current measurement by Grandi and Landini
[17]. Another study [18] presented an application of a mag-
netic sensor array for single-phase current measurement up to
500 A. This study did not address the details of the calibration
of sensors. Moreover, the sensor array was assembled in a
clamp-type structure, which does not support the noninvasive
measurement. One team of researchers [19] designed a giant
magnetoresistor (GMR) sensor-based clamp for three-phase
current measurement and tested its performance on a 10-kV
distribution transformer. The experiment gave a promising
outcome with sensing of 60 A alternating current. However,
there was no result produced for three-phase currents. Another
team of researchers [20] employed the TMR sensors for the
estimation of fault location in an overhead high-voltage three-
phase conductor system by utilizing numerical simulation and
suggested a remote monitoring terminal. Recent research on
three-phase current measurement for overhead lines presented
use of a vertical array of TMR sensors by simulating the

240-kV overhead lines with a decreased ratio of 46.75:1 [21].
The proposed technique in this article achieved three-phase
current measurement with a 9.59% error in the estimation
of current magnitudes. A comparative study for noninvasive
power metering was first explored by using a Hall effect sen-
sor and a TMR sensor [22] for measuring current up to 20 A
and proved that TMR sensors can perform better compared to
Hall effect sensors. Nonintrusive current sensing was explored
by application of copper solenoids in measuring the currents
consumed by domestic appliances [23] with an error of 2%–
4%. Another research group presented the application of TMR
sensors in measuring three-phase currents up to 150 A with
good accuracy but faced saturation of the TMR sensor at high
currents above thousand amperes [24].

A thorough study of the application of TMR sensors in
noninvasively measurement of ac currents demonstrated the
effects of various factors on the accuracy of current measure-
ment [25]. This article provides results of the second stage
of the research by presenting calibration, testing, and valida-
tion of TMR sensors for estimating three-phase fundamental
frequency current phasors through laboratory and field exper-
iments with higher accuracy. Section II presents the results
of the theoretical simulation of the magnetic field for triangu-
lar and horizontal structures for a 15-kV distribution system.
Section III describes the details of laboratory experiments
including calibration of sensors and validation of sensors for
current measurement in triangular and horizontal configura-
tions of the overhead conductors. Section IV describes the
field experiment and performance of sensors for three-phase
current measurement when the currents are comprised of mul-
tiple harmonics. Finally, Section V concludes this article.

II. MAGNETIC FIELD DUE TO THREE-PHASE
CONDUCTORS
The efficacy of measuring magnetic field at a distance for
Biot–Savart law can be adopted to determine the magnetic
flux intensity H from the magnetic field density B at a distance
d from an infinite length conductor carrying a low-frequency
current I as

B = μH = μI

2πd
wb

/
m2. (1)

The study of magnetic fields generated by multiple sources
can be performed in detail for three-phase overhead lines with
balanced three-phase voltages by adopting (1). A mathemat-
ical model is developed for this purpose by considering two
types of overhead line arrangements: a triangular arrange-
ment, and a straight-line (horizontal) arrangement for a 15-kV
ac power distribution system [26], [27], as shown in Fig. 1(a)
and (b). Each phase generates a magnetic field surrounding
it because of the time-varying low-frequency balanced sinu-
soidal voltage source. The resultant magnetic field at any point
P1 is a function of the distance from each conductor, time,
magnitude, and phase angle of the time-varying current.

If three-phase alternating currents are IA(t ), IB(t ), and IC (t ),
then, the magnetic field BT at point P1 is a function of
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FIGURE 1. Magnetic field at point P1 from three phases for (a) triangular
structure and (b) horizontal structure.

FIGURE 2. Magnetic field generated around three phases in (a) triangular
structure for 150 A and (b) horizontal structure for 25 A.

combined fields due to all three phases, and can be given as

BT = f {BA (IA(t ), d1) , BB (IB(t ), d2) , BC (IC (t ), d3)} (2)

where BA, BB, and BC are the magnetic field densities pro-
duced because of the currents IA, IB, and IC of phase-A, −B,
and –C, and d1, d2, and d3 are the distances of point P1
from each phase. A balanced three-phase system at a fixed
power frequency of 60 Hz is assumed for the generation of
three-phase currents.

A preliminary study to verify the relation between dis-
tance and magnetic field intensity is performed by developing
models in FEMM4.2 software for triangular and horizontal
structures and applying 150 A and 25 A currents at 60 Hz. For
FEMM modeling, the distances between each phase for both
types of structures are referred from the utility standards in the
province of Ontario [26], [27].

The resulting magnetic fields are shown in Fig. 2(a) and (b).
The circles shown in both these figures indicate the magnetic
field intensity and these circles overlap each other indicating
the interference of magnetic fields after a certain distance.
The current of varying magnitudes from 10 to 150 A was set
for both models to study the region of noninterfering fields
for each conductor, and it was observed that the appropriate
distance in both cases is 25 cm or less for a current from
10 to 150 A for both types of structures. It is inferred from
this simulation that the magnetic fields have no interference
from the neighboring magnetic fields for points closest to each
conductor and can be chosen for estimating individual phase

FIGURE 3. PCB with TMR sensor.

currents from the measured magnetic field. It was observed
that for larger currents (>150 A), the distance where no inter-
ference will happen would be higher than 25 cm.

III. SENSOR SYSTEM DESIGN
Three high-sensitivity TMR magnetometer sensors of make
NVE were selected for the experiment of the three-phase
current measurement. These sensors have a bipolar Wheat-
stone bridge structure for analog output and exhibit very low
hysteresis of 1% and with a working temperature range from
−50 °C to 125 °C. The sensors are designed for a wide range
of frequencies up to 300 kHz. Each sensor is installed on
a four-layer PCB with four terminals: two for VDC supply
and the other two for analog output. These terminals are
connected to respective terminal blocks for connection to
AWG#24 wires. PCB has a copper trace with a four-layer
structure designed for maximum capability and to minimize
the total resistance with temperature rise. The bipolar structure
allows the sensor for application of sensing the magnetic fields
generated by both direct and alternating currents. The sensor
is installed on the PCB of dimension 7.5 cm × 5 cm and,
copper trace, mounts, and the terminals for power supply
and output are shown in Fig. 3. The mounts are given for
providing further mechanical support if needed. However, for
this study, the mounting option was not utilized. The copper
trace helps as a magnetic field concentrator. The dc power
supply is connected across the VDC and GND terminals. The
sensor output terminals are connected to the data acquisition
system. The installation and application of these sensors in the
experimental setup are explained in the next section.

IV. LABORATORY TESTING
The experiment was carried out using 1-kW resistive circuit
per phase. The setup is shown in Fig. 4. A multistranded
XLPE aluminum cable of size AWG#4 and three TMR sen-
sors (S1, S2, and S3) were utilized for this experiment. The
output of sensors was collected using the I/O connectors and
given to the A/D converter for sampling and digitization. A
solid-core conventional CT with Class 0.15, 100:100 mA,
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FIGURE 4. Laboratory experimental setup.

and 19.7 mm diameter was installed surrounding the cable
to compare its performance with the sensors. This CT is
Measurement Canada approved and has an exceptionally high
accuracy of 0.15% and is mostly used for meter installations.
The burden of the CT was designed to meet the IEEE Stan-
dard [8]. The TMR sensors operate at 5.5 VDC and their
sensitivity is 20 mV/V/mT typical. Omicron CMC356 current
injection set was used as the alternating current source for the
experiment. The experiment was carried out in three stages.
In the first stage, the currents from 5 to 25 A magnitude and
60 Hz frequency were injected in the circuit for cases when
the sensors were placed at a right angle from the conductor at
distances of 7, 15, 25, and 35 mm. These steps were repeated
for two conditions; the first, when the conductor had insula-
tion, and the second, when the conductor had no insulation.
The insulation for a length of 40 cm of the same cable was
removed to achieve the condition of no insulation.

The outputs of sensors for each case were recorded at a
rate of 7.2 kHz by using NI-cDAQ-9174 analog-to-digital
converter. In the second stage of the experiment, currents of
magnitudes 5–25 A with low frequencies, such as 1, 2, 5, and
10 Hz were injected for cases of all four distances and two
conditions of insulation. The corresponding outputs of the CT
and three sensors were recorded for each configuration. In this
third stage, currents of harmonic frequencies of 2nd, 3rd, 4th,
and 5th order with 5–25 A magnitudes were injected into the
circuit and corresponding outputs of the sensors and CT for
all configurations mentioned earlier were recorded.

The output of the sensors is periodic because of the ac
current of a single frequency and, thus, provides 120 samples
per cycle for a 60 Hz input current. The collection of samples
over one cycle of the signal frequency termed a data window,
can be used to estimate the current phasor by applying the
nonrecursive discrete Fourier transform (DFT) technique [28].
Subsequent data windows and corresponding phasors are ob-
tained by dropping the oldest sample and adding the newest
sample.

TABLE 1. Individual and Average Multiplication Factors for Sensors

For each sensor, the estimated outputs obtained from the
waveforms are converted from rectangular to polar compo-
nents, and the multiplication factor (MF) (analogous to CT
ratio) is calculated from the peak magnitude of the actual
injected current of varied magnitudes at 60 Hz and the peak
value of the polar magnitude of the estimated current phasor.
As a result, each sensor has a separate MF for each range of
currents and each distance from the current-carrying conduc-
tor. The resulting values of the MFs are shown in Table 1 for
all distances for sensors with their variation resulting from
inconsistencies in sensor manufacturing.

The measurement errors were calculated between the actual
currents and the estimated currents by utilizing individual
and average MFs for three sensors for both cases of “No-
Insulation (NI)” and “With-Insulation (WI).” Tables 2 and 3
list the average percentage errors in estimated magnitudes for
all distances and the selected currents for NI and WI cases
respectively. In both cases, it is observed that the percentage
error is below 1.5% when the sensors are placed at 7 mm
distance from the conductor.

Moreover, the results in both tables verify that the use of
average MFs in current estimation has good performance for
currents higher than 5 A for all distances. Therefore, average
MFs are utilized for performance verification through labora-
tory and field experiments presented in the following sections
of this article.

A. PERFORMANCE AT LOW AND HIGH FREQUENCIES
The fault currents in power systems comprise lower-order
frequencies and affect the current measurement process for
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TABLE 2. Percent Errors in Estimated Current Magnitude Using Individual
and Average MFs: No-Insulation

TABLE 3. Percent Errors in Estimated Current Magnitude Using Individual
and Average MFs: With-Insulation

CTs due to saturation. In such a scenario, it is crucial to test the
performance of sensors. The outputs of all three sensors and
CT for 1, 2, 5, and 10 Hz were measured during the second
stage of the experiment as explained earlier. The phase angle
and magnitude errors were calculated for each sensor and CT
to compare their performances. The CT exhibits saturation for
lower frequencies and higher currents and therefore results

FIGURE 5. CT showing saturation and TMR sensor showing accurate
output for a current of 20 A at 10 Hz.

FIGURE 6. (a) Magnitude errors and (b) phase angle errors of S3 and CT
for 15 A at 2 Hz.

in higher magnitude errors. This is evident from Fig. 5 for
a current of 20 A at 10 Hz. Moreover, CT showed high per-
centage magnitude errors for all currents above 10 A and all
low frequencies from 10, 5, 2, and 1 Hz. These high errors in-
dicate rapid and high degree of saturation and therefore, prove
nonconformance for measurement of low-frequency currents,
whereas all sensors performed consistently for all currents of
low frequencies under observation in this experiment. Fig. 5
prominently shows that there is no time lag in the measured
samples of the CT and the TMR sensor, with an advantage
for TMR sensors showing no saturation. This characteristic
behavior of the sensors proves their best suitability in protec-
tion and control applications as compared to CTs. Fig. 6(a)
shows the comparison of the magnitude of S3 with CT for
15 A current at 2 Hz with a 12.8% error in the magnitude
of CT output as compared to a 0.56% error in S3’s estimated
output. The phase angle error of CT is low as compared to that
of S3 with a minor difference as shown in Fig. 6(b).

Similarly, Fig. 7(a) shows a magnitude error of 18.8% in
CT’s output at 20 A at 1 Hz, whereas the sensor S1 gave an
error of 0.034% for the same current. The angle errors for both
CT and S1 are consistently low, but because of the saturation
CT exhibits high error, as shown in Fig. 7(b).
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FIGURE 7. (a) Magnitude errors and (b) phase angle errors of S1 and CT
for 20 A at 1 Hz.

The outputs for various levels of current at even and odd
multiples of the fundamental frequency (up to the 5th har-
monic) were recorded for the sensor and the CT. It is observed
that the magnitude errors for the CT, although small, increase
with the increase in the harmonic frequency and magnitude
of the input current, whereas the errors are consistently below
1% for all harmonics for the sensor.

B. LABORATORY TESTING FOR THREE-PHASE CURRENT
MEASUREMENT
The experimental setup for measuring three-phase currents in
the laboratory is shown in Fig. 8(a), whereas the schematic
diagram shown in Fig. 8(b) elaborates on the electrical circuit
for measuring each phase current using a single sensor placed
near the current-carrying conductor. A three-phase resistive
circuit is utilized for this experiment with a provision of one
sensor for measuring the current of each phase as shown in
Fig. 8(b). Two types of structures, i.e., 1) triangular and 2)
horizontal type [26], [27], were installed in the laboratory with
three-phase resistive loads connected in star-type (Y-type),
of which the triangular structure is shown in Fig. 8(a). The
sensors are placed on one common side of each phase con-
ductor. Tests were carried out with multiple magnitudes of
three-phase source currents from 1 to 15 A injected in the
circuit when sensors were placed at 7, 15, 25, and 35 mm.

The magnitude and phase angle errors for each phase were
estimated from the measured outputs of three sensors by ap-
plying the DFT technique [28] and by comparing their output
with the respective source current value of individual phases.
The average values of the MFs obtained for each distance
were utilized for all required computations in this study. The
results were obtained for both types of structures for all dis-
tances from the conductor, and are explained in the following
sections.

FIGURE 8. Three-phase current measurement experimental setup.
(a) Laboratory setup. (b) Schematic diagram.

FIGURE 9. Estimated output of sensors S1, S2, and S3 placed at 7 mm
distance in triangular structure (a) real part and (b) imaginary part for 15 A.

1) TEST RESULTS: TRIANGULAR STRUCTURE
Three sensors, S1, S2, and S3 are used for measuring phase
A-phase, B-phase, and C-phase currents, respectively. The
real part and the imaginary part of the output current phasors
of 15 A obtained for these three sensors are shown in Fig. 9
for the case when the sensors were placed at 7 mm distance
from the respective phase conductor. The errors in estimating
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FIGURE 10. Magnitude errors in estimated phasors of 15 A for (a) one
sensor per phase at 7 mm and (b) three-phase CTs in triangular structure.

FIGURE 11. Angle errors in estimated phasors of 15 A for (a) one sensor
per phase at 7 mm and (b) three-phase CTs in triangular structure.

the magnitude for each sample for the 15 A current for these
three sensors are shown in Fig. 10(a) with an average variation
of 0.013 A for S1, 0.022 A for S2, and 0.020 A for S3. The
CTs provided errors of −0.045 A for A-phase CT, −0.058 A
for B-phase CT, and −0.087 A for C-phase CT as shown
in Fig. 10(b). Similarly, the phase angle errors for the same
current were observed to be 0.0001°, 0.00013°, and 0.00014°
for S1, S2, and S3 and are shown in Fig. 11(a). The phase
angle errors of CTs are shown in Fig. 11(b) indicating smaller
errors compared to sensors.

The results of magnitude errors in percentage and the phase
angle errors in percentage computed for all sensors for se-
lected distances are given in Table 4.

The performance of sensors for all distances is observed to
be consistent for currents up to 15 A for each phase with a
magnitude error below 0.004 A with an exception of 0.012 A
for 35 mm, as shown in Table 4. The magnitude and phase
angle errors are observed to be consistent and satisfactory.

2) TEST RESULTS: HORIZONTAL STRUCTURE
The experiment procedure for current injection and measure-
ment of three-phase currents for the horizontal structure is

TABLE 4. Performance of Sensors at Various Distances: Triangular
Structure

FIGURE 12. Magnitude errors in estimated phasors of 10 A for (a) one
sensor per phase at 7 mm and (b) three-phase CTs in the horizontal
structure.

repeated for the triangular structure. The estimation of per-
formance parameters was done for multiple currents injected
using the Omicron CMC356 for the sensors S1, S2, and S3.
The magnitude errors for these sensors for 10 A are shown in
Fig. 12(a) and for three CTs are shown in Fig. 12(b).

The maximum error in the magnitude for sensor S1 was
0.048 A, 0.039 A for S2, and 0.087 A for S3. The CTs
provided minor errors in the magnitude compared to the three
sensors. The angle errors for sensors and three CTs are shown
in Fig. 13(a) and (b) for 10 A, and a distance of 7 mm. It is
observed that the average errors in angles for all sensors are
below 0.01°.

The results for sensors and CTs for all distances are pro-
vided in Table 5. It is observed from this table that sensor
S3 has consistently the lowest magnitude error for all dis-
tances as compared to S1 and S2. CTs exhibit higher error
as compared to all three sensors. The phase angle errors are
minimum for all currents in the case of CTs and for sensors.
The performance of sensors was observed to be consistent for
all distances with a minor increase in the magnitude error with
the increase in the distance.
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FIGURE 13. Angle errors in estimated phasors of 10 A for (a) one sensor
per phase at 7 mm and (b) three-phase CTs in the horizontal structure.

TABLE 5. Performance of Sensors at Various Distances: Horizontal
Structure

C. LABORATORY TEST RESULTS FOR HIGH CURRENTS
After calibration and verifying the performance of the sensors
in the laboratory for currents up to 25 A, the sensors were
tested for measuring high currents from 30 to 1500 A in an HV
test laboratory. The experimental setup is shown in Fig. 14.
Three sensors are placed close to a 4/0 insulated wire such
that the distance can be changed for all of them at once. This
experimental setup is exactly similar to that shown in Fig. 4
with the exception of the current generating source. In this
case, the current source is an autotransformer instead of the
Omicron device, and it can generate current from 10 A up to
1500 A.

A high-voltage-rated insulated cable of size 4/0 was utilized
for this experiment. Sensors were installed inside a custom-
made case made from fiberboard for their protection. The
sensors were placed at a distance of 15 cm from the HV cable
during the experiment. Currents were varied in steps from 10
to 1500 A and the outputs of three sensors were recorded
for 8 s. The data recording device and method were kept
the same as in the previous experiment. The magnitude and
angle errors from the measured data were estimated for all
three sensors using the DFT method mentioned earlier. The

FIGURE 14. Experimental setup for measuring high currents.

FIGURE 15. Sensor S1 output for 1500 A at 15 cm.

estimated output of sensor S1 for an input current of 1500 A
at 60 Hz is shown in Fig. 15, which demonstrated high accu-
racy with a percentage error of 0.1% in the magnitude. The
sensors showed no saturation as was the case for the research
group [24].

Moreover, this output was estimated from the measured
magnetic field at a distance of 15 cm unlike the case in [24]
where the sensors were kept touching the cable.

Fig. 16 shows the percentage errors in estimated magni-
tudes for three sensors for currents from 10 to 1500 A.

It is evident from Fig. 16 that the percentage errors are be-
low 0.8% for all estimated outputs and for all sensors. Fig. 17
shows the box and whisker plot with the percentage errors in
phase angles estimated for currents from 10 to 1500 A for all
three sensors. The errors in the estimated phase angles for all
test currents are observed to be below 0.002% including a few
outliers in the estimated outputs for certain currents.

Fig. 18 demonstrates the standard deviation in the estimated
magnitudes for all sensors for selected currents from 10 to
1500 A with the highest deviation of 0.58% and average
values under 0.4%.
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FIGURE 16. Magnitude errors for three sensors.

FIGURE 17. Percentage errors in phase angle estimation for currents from
10 to 1500 A for S1, S2, and S3.

FIGURE 18. Standard deviation (%) in magnitude errors obtained for
currents from 10 to 1500 A for S1, S2, and S3.

Similarly, Fig. 19 shows the standard deviation in the es-
timated phase angle errors for all sensors and all test input
currents showing consistency in the performance throughout
the range of test currents.

V. FIELD APPLICATION
General Motors Climatic Wind Tunnel (CWT) facility was
chosen for field application by installing the sensors on the so-
lar simulation system’s three-phase power supply conductors
as shown in Fig. 20 and the sensors installed on the AWG#4
insulated conductor per phase are shown in Fig. 21.

FIGURE 19. Standard deviation (%) in angle errors obtained for currents
from 10 to 1500 A for S1, S2, and S3.

FIGURE 20. Three-phase experiment setup at CWT. (a) Actual setup at the
facility. (b) Schematic diagram of the circuit.

The experimental setup for three-phase current mea-
surement is elaborated by a schematic diagram shown in
Fig. 20(b). The solar simulation system can generate solar
intensity from 600 to 1200 kW/m2 from the light produced
by metal halide lamps. The ac power distribution panel of
this system is supplied by a three-phase 225-kVA delta–star
connected transformer with 575 V on the primary and 400/231
V on the secondary side. There were 21 metal halide lamps in
the circuit, which are powered by a three-phase source through
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FIGURE 21. S1, S2, and S3 installed on A-, B-, and C-phase cables.

this distribution panel. The intensity of all lamps was varied
simultaneously by a system of rectifiers and inverters when
the ac power was supplied to them. Each lamp also has an
electronic ballast. A set of two sensors were installed on each
phase inside the distribution panel.

During the experiment, the intensity of all lamps was varied
simultaneously from 50% to 100% in stages of 5% by a
controller, which was reflected in the increased load current
at every stage. The outputs of sensors were recorded at ev-
ery stage for 5 s. The sampling rate of the data acquisition
system was set to 7200 samples/s. For reference, the current
flowing in the conductor of each phase for every stage was
also measured by using a true rms (TRMS) clamp-on type
ammeter, an Etekcity ammeter for A-phase, a FLUKE 325
ammeter for B-phase, and a FLUKE 374 FC ammeter for
C-phase. These meters can be seen in Fig. 20(a) and also
shown in the schematic diagram in Fig. 20(b). It was ob-
served that phase-A, phase-B, and phase-C loads were not
evenly distributed, resulting in unequal currents flowing in
each phase and were measured by the ammeters. For exam-
ple, in one case, A-phase measured 92.6 A, and 113.5 A in
B-phase and C-phase, respectively. For B and C phases, the
measured currents were 83.9 A for the 50% intensity of lamps
and 155.4 A for the 100% intensity. Similarly, for A-phase, the
currents were 67.8 A and 130.2 A for 50% and 100% intensity
respectively.

A. TEST RESULTS
Three sensors deployed in the field experiment were S1 for
A-phase, S2 for B-phase, and S3 for C-phase. A computa-
tional program was developed in MATLAB that utilized the
multiplying factors and the measured data for each sensor and,
estimated the TRMS currents from 120 samples (one cycle
of 60 Hz) recorded with a sampling rate of 7200 samples/s
for each sensor. The program in MATLAB also estimated

FIGURE 22. A-phase current measurement: S1 output at 130.2 A.

FIGURE 23. B-phase current measurement: S2 output for 155.6 A.

the errors in percentage between the TRMS currents obtained
from the measured data for sensors and the measured values
obtained using clamp-on ammeters for each phase. The es-
timated output of S1 for 130.2 A of input current is shown
in Fig. 22. This figure indicates the presence of multiple har-
monics in addition to the fundamental frequency in the load
currents. These harmonics are generated because of the gas
discharge lamp circuit arcing, negative resistance characteris-
tics, and electronic ballasts with rectifier circuit and inverter.

The results of sensor S1 for measuring A-phase currents
for all stages are given in Table 7. The load on this phase con-
sumed currents different than B and C phases. The percentage
errors between the ammeter measurements and estimated cur-
rent outputs vary from 0.22% for 110.8 A to 0.62% for 85.8 A.
The sensor showed an error of 0.25% for measuring the input
current of 130.2 A.

Fig. 23 shows the output obtained for S2 for an input current
of 155.6 A showing a similar pattern in the sine wave with a
peak value close to 250 A.

The performance of sensor S2 is illustrated in terms of
percentage errors for the B-phase load currents during various
stages and is shown in Table 6. This table shows a minimum
error of 0.14% in estimating the input current of 91.2 A and
a maximum error of 0.83% in estimating the input current of
141.7 A.

The load on B and C phases was balanced and, therefore,
provided matching current readings on ammeters for all stages
during the experiment as shown in Table 6. The last column of
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TABLE 6. Sensors S1, S2, and S3 Results of Measuring A-Phase, B-Phase,
and C-Phase Currents

FIGURE 24. C-phase current measurement: S3 output for 155.6 A.

this table provides the percentage error between the measured
and estimated current at each stage. S3 demonstrated zero
error for measuring 113.6 A and a maximum error of 0.37%
for measuring 148.5 A. The output of S3 for an input current
of 155.4 A is shown in Fig. 24 with its performance similar
to that of S2. The waveform shown in Fig. 24 the presence
of harmonics introduced by the electronic components in the
intensity control circuit of metal halide lamps.

VI. CONCLUSION
A major objective of the research reported in this article
was to demonstrate the application of magnetic sensors for
measuring three-phase currents in a nonintrusive manner and
without any contact with the current-carrying conductor. An-
other objective of this research was to showcase the accuracy
of measurement using the application of new techniques by
deploying magnetic sensors in practical applications. The
calibration sensitivity was tested for the cases when the cur-
rent carrying conductor is insulated and noninsulated with a

maximum error of 0.84% and 1.9% for 7 mm distance. The
performance of the sensors when installed in three-phase tri-
angular and horizontal structures led to the conclusion that all
sensors had magnitude error in the range of 0.002%–0.357%
for all distances, and provided better accuracy as compared
to CTs. The sensors showed no saturation and consistently
high accuracy for all currents up to 1500 A. In addition, the
low standard deviation in the magnitude and angle errors for
a range of currents from 10 to 1500 A proved that these
sensors are accurate in measuring alternating currents for any
application.

The sensor system performance was evidently better for
measuring low-frequency currents as compared to the con-
ventional CTs, the reason being no saturation of the sensors
in contrary to CTs. The magnitude errors of sensors obtained
for currents of frequencies from 1 to 10 Hz were very low
whereas the CTs showed errors from 8.67% up to 18.8% for
the same frequencies. This proved the eligibility of magnetic
sensors for measuring fault currents that inherently contain
decaying dc offsets characterized by low frequencies.

The field experiment at the CWT facility proved the ac-
curacy and eligibility of sensors in faithfully reproducing
three-phase unbalanced currents with harmonics. The over-
all performance of magnetic sensors for three-phase current
measurement supports their suitability as a primary or backup
current sensing device for ac circuits in three-phase fault de-
tection and monitoring applications.
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