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ABSTRACT The global energy industry is moving toward a trend of green and low-carbon transformation. A
transparent power grid represents a new development form under this energy transition trend, integrating the
power grid with new generation information and communication technologies, exemplified by the Internet.
The use of micro smart sensors allows real-time monitoring of many important parameters of power systems
via current, which is crucial for ensuring safe, stable, intelligent, and green power grid operation. Here,
based on the development logic of current sensing technology for traditional-smart-transparent power grids,
we focus our research on high-current sensing in a transparent power grid. First, we review the widely
used traditional current sensing methods of shunts and Rogowski coils. More advanced optical fiber current
sensing methods and microelectromechanical system current sensing chips are then introduced, which are
more suitable for the smart sensing requirements of transparent power grids. In addition, we present and
discuss the technical characteristics, research status, application scope, advantages and disadvantages, and
future development directions of the above methods in detail. Finally, we address many essential challenges,
including miniaturization, integration, low power consumption, passive wireless sensing, long-range oper-
ation, and complex environmental parameters in the comprehensive intelligent and transparent sensing of
current parameters in power grids. To address these challenges, we present three possible development
directions: sensor improvement, development of communication and networking technologies for sensors,
and the advancement of intelligent and fast processing methods through communication.

INDEX TERMS Current sensing, fiber optic sensing, magnetic field current sensing, Rogowski coil, shunt,

transparent power grid.

I. INTRODUCTION

As green, environmentally friendly, and low-carbon lifestyles
become popular, countries worldwide are becoming more
inclined to use clean and efficient energy sources. While
traditional energy systems do require and benefit from trans-
parent power grids for reasons, such as operational efficiency,
maintenance, and reliability, the urgency and benefits of such
transparency are magnified in the context of renewable energy
integration and the move towards a low-carbon future. As a
result, the green energy industry has focused more attention
on new modern power systems that can access renewable

energy on a large scale. “Transparent power grid” repre-
sents an advanced form of smart grid that leverages Internet
technology as a mediator, supported by cutting-edge com-
munication technologies, and grounded in renewable energy
sources. This helps to promote the energy transition, realize
the vision of “carbon peak and carbon neutrality,” and encour-
age the development of innovative power systems. In 2018,
the concept of a transparent power grid was first proposed
by Li Licheng, one of the authors in [1], an academician
at the Chinese Academy of Engineering, in association with
the Southern Power Grid Company. In 2022, this concept
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was widely introduced to practitioners in the energy indus-
try, represented by the power sector [2]. As the world is
undergoing a rapid energy transformation, transparent power
grids are a newly integrated form of power grid and new-
generation communication technology for this transformation.
The transparent power grid incorporates advanced Internet
concepts and focuses on the industry’s development needs
while integrating information, communication, sensing, con-
trol, artificial intelligence, and other technologies within the
grid. The transparent power grid’s essential features include
online, real-time, comprehensive awareness of the grid status,
and unrestricted storage and acquisition of massive amounts
of data in the grid. For instance, current and voltage sensors
are used for electrical quantity data measurements, while tem-
perature, gas, humidity, and vibration sensors are used for
environmental parameter measurements. In addition, partial
discharge, electromagnetic emission, and acoustic emission
sensors are used for electrical equipment monitoring. Fur-
thermore, the information transmission, operational status,
and transaction status of the smart grid will always remain
transparent. With the above features, the technical system of
a transparent power grid can be divided into four layers: the
sensing layer for information collection, the network layer for
information transmission, the platform layer for information
processing and decision making, and the application layer for
power business scenarios [2]. The sensing layer is mainly used
to construct an intelligent integrated system of Internet of
Things (IoT) terminals involving multiparameter intelligent
sensing. This system can perform real-time monitoring and
collection of important parameters of a power system, thus
improving information transparency and reliability. The con-
struction of the sensing layer is the first and most critical step
of the transparent power grid action plan.

In developing current monitoring technology, traditional
current sensors, including shunts, current transformers, Ro-
gowski coils, have disadvantages, such as environmental
sensitivity, complex maintenance, large size, high cost, high
energy consumption, and poor reliability. These issues make
it challenging to transform smart grid research for transparent
and marketable solutions. Therefore, a new type of centimeter
scale smart current sensor needs to be developed to achieve
more comprehensive, adequate, efficient, and reliable sensing
of grid information. The development of miniature smart cur-
rent sensors has focused on reducing device size and achieving
a high degree of integration with self-taking energy, which
significantly reduces sensor power. Therefore, it is possible to
develop low-cost intelligent miniature sensors with high accu-
racy and reliability while achieving self-grid functionality.

In industrial applications, such as power grids, "high-
current" involve currents of hundreds or thousands of Am-
peres (e.g., 100 to 1000 A or more) due to the high-power
requirements. In transparent power grids, measuring high cur-
rents poses specific needs and challenges different from those
of traditional applications. The measurement requirements
and challenges in high-current applications can be described
as follows.

VOLUME 5, 2024

1) Enhanced accuracy: Transparent power grids require
high-precision current measurements for effective mon-
itoring and control of grid performance.

2) Sensitivity: High-current sensing technology needs to
have high sensitivity to accurately detect and measure
variations in current flow for precise monitoring and
control of the power grid.

3) Wide dynamic range: Accurate measurement of high
currents within a wide range of fluctuations is essen-
tial for maintaining grid stability and optimizing power
distribution in transparent power grids.

4) Nonintrusive measurements: High-current sensing tech-
nology should enable measurements without direct con-
tact with power lines to ensure safety and reliability in
nonintrusive monitoring of transparent power grids.

5) Real-time monitoring: Real-time current measurements
are crucial for timely fault detection, rapid response, and
effective load balancing in transparent power grids and
require fast and reliable data acquisition capabilities.

6) Environmental factors: High-current sensing technol-
ogy should be resilient to challenging environmental
conditions, such as extreme temperatures and electro-
magnetic interference, to ensure accurate and reliable
measurements in transparent power grids under varying
circumstances.

From the perspective of current measurement, measure-
ment accuracy and sensitivity are two of the most critical
indicators, and the impact of dynamic range, nonintrusive
measurements, real-time monitoring, and external environ-
mental changes should also be considered. Current sensors
play an important role in grid state monitoring, automation
control, and fault detection scenarios. However, the devel-
opment of existing power grids is already approaching the
pinnacle of smart grids. It is not only necessary to adapt to
the wide-range, wideband, and highly reliable current moni-
toring requirements of traditional grids but also necessary to
transition toward more advanced intelligent, market-oriented,
and IoT-based transparent grids to achieve comprehensive
intelligent and transparent perception of grid states. In this
regard, miniaturization design, low-power-consumption mea-
surement, intelligent control, and reliable communication
of current sensors are important performance requirements.
Therefore, in the future, improvements in current sensor per-
formance need to encompass three areas: sensor improvement,
development of communication and networking technologies
among sensors, and advancement of intelligent and fast pro-
cessing methods through communication.

Considering the above aspects and based on the develop-
ment route of current-sensing technology in traditional smart
transparent power grids, we present an overview according
to the logic of Fig. 1. As shown in this figure, the tradi-
tional measurement of current in the power grid relies on
shunts, current transformers, and Rogowski coils. However,
these methods have drawbacks, such as large sensor sizes,
low measurement sensitivity, and difficulties in nonintrusive
measurement. In contrast, smart power grids, characterized by
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FIGURE 1. Framework for current sensing methods based on traditional-smart-transparent power grid logic [2], [3], [109].

informatization, automation, and interactivity, mainly adopt
methods, such as magnetic resistance and optical fiber cur-
rent sensing. These methods significantly reduce the sensor
size, further improve the detection sensitivity, and enable
reliable noncontact measurement of the current. A transpar-
ent power grid relies more on intelligent micro/nanocurrent
sensing methods for current measurement. These methods
include surface acoustic waves (SAW), TMR, CMR, and mag-
netoelectric (ME) sensing. In this article, the measurement
principles, development history, technical characteristics, ap-
plication scope, advantages and disadvantages, and future
development directions of high-current sensing technology,
including traditional current shunts, Rogowski coils, and new
fiber optic and magnetic field microelectromechanical system
(MEMS) current-sensing technology, are reviewed and out-
lined.

Il. CURRENT SHUNTS

As a type of current sensor widely used in ac/dc transmission
and power metering in power systems, as well as renewable
energy generation, electric vehicle charging stations, and in-
dustrial power monitoring in the transparent grid scenario, the
current shunt has the advantages of a simple measurement
principle and structure, a high measurable current (especially
for impulse shunts), and low cost. As early as 1889, Weston
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obtained a patent for a compensating resistive material and
subsequently developed a current measurement method based
on a manganese—copper alloy resistive shunt. This Ohm’s
law-based current measurement method essentially relies on
the working principle of a resistor: when the current flowing
through a resistor increases, so does the voltage across it, and
thus, the current magnitude can be obtained. To reduce the
measurement error of high currents up to several tens of kilo-
amps (kA), a shunt, generally having a four-terminal structure
including two current input terminals and two voltage output
terminals, is used. This is because in a four-terminal shunt,
virtually no current flows through the voltage leads, meaning
the impact of contact resistance and lead resistance on the
voltage measurement is negligible. This implies that the volt-
age drop measured across the terminals of the voltage output
more accurately reflects the actual voltage drop caused solely
by the current passing through the shunt, thereby eliminat-
ing errors introduced by additional resistances in the circuit.
Chips or rod resistors are generally made of manganese—
copper material, with resistance values generally ranging from
milliohms to ohms.

Therefore, based on the above theory, the shunt needs to
be connected in series in the circuit under test to obtain
the current measurement; that is, this approach is a con-
tact current-measurement method. However, different types of
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TABLE 1 Performance Comparison of Current Shunts

Amplitude

Frequency

Method (KA) (kHz) Cost Disadvantages Advantages
DC Shunt Relatively high-temperature coefficient, . . .
[31, [4], [5], [6] 10 . Low complex insulation, low sensitivity Low price and good linearity
AC Shunt Poor overload capability, poor high
[71, [8], [9], [10], [11], 0.1 0.01-10 High frequency high current measurement, AC measurement
[12], [13], [14], [15] expensive
Coaxial Tube . L . .
Impulse Shunt 100 1.2x10° High High cost, large size V\r/ilgztiall:g)hcatlon, simple structure, simple
(171, [18], [19], [20] prneip
Squirrel Cage High rise time requirements needed to  Suitable for measuring high-amplitude
Impulse Shunt 100 10 Low match the compensation circuit at the currents and obvious heat generation
[21], [22], [23] output effects
Flat strap Impulse Large residual inductance, difficult to  Low influence of external magnetic fields,
Shunt 100 1000 Low measure  impulse  currents  with  small-loop inductance, excellent square
[24], [25], [26] bandwidth less than 10 ns wave response characteristics, small size
Disc-Type Impulse . Slight temperature drift, wide frequency
Shunt 0.1 3x10° Low ?Sgﬁﬁgh o apply to DC systems above band, good heat dissipation, can shield
[27], [28], [29] external magnetic field interference

shunts have different structures and rated parameters that need
to be considered based on the characteristics of the measured
current. For example, when measuring ac current using a
shunt, the presence of parasitic inductance and capacitance in
the shunt needs to be considered due to frequency variation.
This becomes even more prominent when measuring impulse
currents. Therefore, in the design of an impulse shunt, fac-
tors, such as the distributed capacitance and inductance, skin
effect, thermal effects, and mechanical strength, need to be
considered. As a result, we prefer to classify shunts into three
categories, dc, ac, and impulse shunts, to reflect the additional
considerations required for each type of shunt based on the
specific measurement requirements; these are given in Table 1,
and we review their development status.

A. DC SHUNTS

DC shunts for dc measurements have been widely used in
power grids and industrial instruments, especially in current
transformers in dc transmission systems, where their measure-
ment accuracy in industrial scenarios can reach the 0.5 to 2
level, representing a measurement error between 0.5% and
2%. In addition, they perform well in dc measurements be-
low 10 kA. This is because considering thermal management,
long-term stability, and safety, using a dc shunt to measure
currents exceeding 10 kA is not suitable. A schematic diagram
of the principle and structure of a dc shunt at different rated
currents is shown in Fig. 2. The difference between a two-pin
current shunt and a four-pin current shunt in Fig. 2(a) is
typically related to the current load. Generally, current shunts
with a current load less than 500 A typically use two pins,
while those with a load above 500 A usually use four pins.
Additional pins for higher current shunts are needed to handle
the larger current load, provide better current conduction, and
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improve the heat dissipation capabilities. Depending on the
rated current of the shunt, its power consumption can reach
several watts to several hundred watts, and the temperature
of the resistor body may exceed 320 K. Thus, this device
can have a significant impact on measurement accuracy in
high-current detection. To solve the many problems caused by
temperature drift, scholars have studied three main perspec-
tives: signal processing algorithms, shunt structure design,
and resistor material properties. First, Kraft investigated the
self-heating effect and error of a manganese—copper dc shunt
sheet from the perspective of signal processing algorithms,
calculated the time required for the shunt to reach tempera-
ture equilibrium and resistance equilibrium, and reduced the
measurement error with symmetrical, low-resistance connec-
tions [4]. In industrial practice, the ambient temperature often
varies over a broader range, and the effect of temperature on
measurement accuracy becomes increasingly obvious. Immer-
sion of resistors in flowing insulating oil is a viable option for
reducing the effects of a temperature increase. However, this
approach poses new problems; that is, keeping shunts in oil
is not conducive to service and maintenance, the system cost
is considerably greater, and installation is cumbersome. An
alternative approach to address temperature effects is to use
epoxy instead of hard grease to modify manganese—copper
resistors, supplemented by a resistance temperature calibrator;
this method can reduce the measurement uncertainty by more
than five times and is simpler and easier to implement than
the oil immersion method. In addition to algorithmic tem-
perature coefficient compensation, Kato et al. [5] proposed a
modular high-current measurement scheme in terms of shunt
structure improvement; i.e., two layers of sensors are arranged
to perform different functions. Specifically, the upper layer
is a measurement circuit with a temperature measurement
function used to correct the shunt resistance in real time,
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FIGURE 2. Schematic diagram of dc and ac shunts. (a) DC shunts with different current ratings. (b) Coaxial ac shunts [12].

and the lower layer comprises potential terminals of multiple
shunts connected in parallel. Subsequently, the data acquisi-
tion unit can pool the measurement data from each branch to
calculate the total current. Experimental studies have shown
that the error of the proposed method is less than 0.5% for
a 1-kA current measurement under full temperature range
conditions [5]. Moreover, the material properties of resistors,
including nichrome (nickel, chromium, and soft iron alloys),
manganese—copper (84% copper, 12% manganese, and 4%
nickel alloy), Kang copper (55% copper and 45% nickel al-
loy), and white copper [6] alloys, have also been considered
to suppress temperature drift by focusing on the low-value
constant characteristics of the temperature coefficient. After
measurement, it was found that Ni—Cr alloys had the highest
resistivity p (1.33x107% ©-m, 293 K) and the lowest tem-
perature coefficient « (20x 107% K~ !: the same was true for
manganese—copper alloys), and white copper had the lowest
resistivity (0.23x 107 ©-m, 293 K) [7]. All these materials
have small and approximately constant temperature coeffi-
cients o and can be used selectively in dc shunts according
to practical needs.

B. AC SHUNTS

Unlike dc measurements, when a shunt is used for ac
measurements, additional consideration needs to be given
to the effect of frequency changes on the shunt impedance
parameters due to parasitic inductance and capacitance in
the shunt. In addition, there is a skin effect of the current in
the resistor at high frequency. This effect reduces the cross-
sectional area available for current flow, which can increase
the apparent resistance of the conductor. In addition, complex
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inductance and capacitance characteristics in resistors at high
frequencies lead to a phase shift of the output voltage of the ac
shunt, reducing its measurement accuracy. Commonly used
ac shunt structures include coaxial squirrel-cage structures.
Most existing studies have focused on reducing the effects of
spurious parameters and shunt temperature increases, as well
as analyzing the mechanical stresses on the resistor body,
to improve the measurement range of the ac frequency and
amplitude and reduce measurement error [8].

Early high-frequency current measurement methods based
on manganese—copper resistors generally involved the use of
coaxial ac shunts, as shown in Fig. 2. For example, a dc—ac
100 kHz coaxial shunt was designed at Argonne National
Laboratory; this shunt enables both dc and ac measurements
and can operate uninterruptedly with a power consumption of
24 kW. The measurement uncertainty of the device at 100 A
and 100 kHz ranges from 4x 107> to 1.0x10~*. This shunt
is generally used in high-grade calibration laboratories for
quantity traceability and precision electrical energy measure-
ments [9], [10]. On this basis, squirrel-cage structures suitable
for commercial ac shunts are more common [11], [12]. This
open parallel structure can effectively improve the ac current
measurement range and accuracy. However, its high cost and
temperature effects are not negligible, so its accuracy needs
to be evaluated by corresponding standards and methods,
such as magnetic bridge current sensors and electronic current
transformers [13], [14]. To evaluate the frequency and current
dependence of shunt resistors at different ac levels, a modified
current-bridge method was developed by Dianov [15] based
on 100 squirrel-cage shunt resistors connected in parallel with
10 2 foil resistors. The researcher investigated the influence
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FIGURE 3. Principles, structures, and physical diagrams of different types of impulse shunts. (a) Coaxial-tube type [28]. (b) Squirrel-cage type [5].

(c) Flat-strap type [25]. (d) Disc type [28].

of the temperature rise of resistors at different ac on the uncer-
tainty of the current measurement, thus extending the shunt’s
measurement frequency and current range [15].

C. IMPULSE SHUNT

An impulse shunt is a unique ac shunt that is generally used to
measure current pulse signals with high amplitude along short
rising edges [16]. Due to its advantages of simple principles,
robustness, high accuracy, and controllable cost, the impulse
shunt is widely used in controlled nuclear fusion tests, electro-
magnetic railgun condition monitoring, and material surface
treatment. Furthermore, impulse shunts are used mainly in
power systems for accurate measurement of short-circuit cur-
rents and lightning currents and thus have important scientific
significance and application value. Generally, the amplitude
of an impulse current can reach tens to hundreds of kA, and
the rise time can reach the microsecond or even nanosecond
level; therefore, in contrast to the ac shunt, it is necessary
to fully consider the distributed capacitance inductance, skin
effect, thermal effect, mechanical strength, and other factors
during current measurements using an impulse shunt. First,
the voltage drop of the residual distributed inductance is posi-
tively correlated with the rate of change in the current. This
means that the step response of the shunt will hinder the
determination of the waveform and amplitude of the upstroke.
In addition, when an alternating current flows through the
shunt, it will be unevenly distributed within the conductor
due to the skin effect, which will cause the impedance of
the shunt to change, and the thermal effect will further lead
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to amplitude error and waveform distortion of the voltage
output. Moreover, the stability and mechanical strength of the
shunt at high frequency and high current also need to be fully
considered.

To accommodate the trend of increasing impulse current
amplitude and shortening rise time, scholars have proposed
various shunt structures to optimize the bandwidth parameters
and enhance the response characteristics since the distribution
parameters, temperature increase, and mechanical strength of
shunts are mainly affected by their structures. In this section,
the existing structures of shunts are divided into four types:
the coaxial-tube, squirrel-cage, folded-band (flat-strap), and
disk types, as shown in Fig. 3; their development status is also
reviewed.

1) COAXIAL-TUBE IMPULSE SHUNT

The measurement of impulse current has high requirements
regarding the bandwidth parameters of an impulse shunt.
Reducing the parasitic inductance of the shunt as much as
possible can effectively increase the upper cutoff frequency,
but the magnitude of the parasitic inductance is related to
the mutual inductance between the current and voltage loops.
Therefore, to reduce the parasitic inductance of the shunt,
an impulse shunt structure in the form of a coaxial tube can
be used. This structure exploits the nature of the equal am-
plitude and opposite direction of the current in the resistive
inner cylinder and the outer shielded cylinder so that the
magnetic field between the inner and outer cylinders is ap-
proximately zero, thus widening the measurement bandwidth
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of the impulse current while reducing the parasitic inductance
[17]. Fig. 3(a) shows the schematic structure and current
flow direction of a coaxial tubular impulse shunt, where the
wall thickness of the resistor body is usually on the order of
microns to reduce the skin effect. The desired resistance and
temperature increase determine the parameters, such as the
length and number of roots of the resistor body.

In a study on coaxial tubular impulse shunts, Liu et al. [18]
from the National University of Defense Technology designed
a high-current coaxial impulse shunt with a nanosecond rising
edge, in which the resistor is composed of a coil of 80 um
thick Kang-Cu with a 5 mm radius core rod and a Qg-type
cable structure at both ends. The current to be measured passes
through a small resistor barrel to generate a voltage drop. This
shunt enables effective measurement of pulsed currents up to
40 kA with a square-wave rise time of 3 ns and a measurement
uncertainty of less than 3% [18]. Filipski et al. [19] of the
Austrian National Institute of Metrology proposed a four-
barrel coaxial metal film structured shunt, which included a
manganese—copper foil resistor barrel, a copper foil current
return barrel, and a high-voltage lead-in barrel. These three
cartridges are insulated from each other with a glass fiber
epoxy core, and a large cartridge core and thick input and
output plates are used to ensure the mechanical strength of
the impulse shunt. The shunt can measure impulse currents
up to 100 A and 100 kHz with low measurement uncertainty,
namely, no more than 20 ©$2/€2 at 20 kHz and no more than
40 pu2/Q2 at 100 kHz [19]. Sakharov et al. [20] from the
All-Russia Research Institute of Optophysical Measurements
designed a coaxial bellows-type shunt for measuring a 200-kA
impulse current amplitude. The impulse shunt has a resis-
tance of 1.25 mg2, a rise time of 104 ns, and a measurement
uncertainty of 4.2%. This bellows-type structure allows the
transient response rise time of the impulse shunt to be suffi-
ciently small by extending the resistance length of the shunt
and reducing the wall thickness to 0.5 mm without adding ad-
ditional inductance, while retaining sufficient strength to resist
tensile compression and deformation due to electrodynamic
forces [20].

2) SQUIRREL-CAGE IMPULSE SHUNT

The squirrel-cage shunt is formed by variation of the coaxial
tube shunt. As shown in Fig. 3(b), the squirrel-cage impulse
shunt uses multiple resistors connected in parallel. The re-
sistive elements are soldered to two end faces of a strip
printed circuit board (PCB), and the current returns to the
low-potential end face of the input through the other side of
the PCB after flowing through the resistive elements. This
shunt is advantageous in measurement situations with high
currents and significant heat generation. However, the mutual
inductance between the parallel resistors makes it challenging
to measure nanosecond lightning impulse currents effectively,
and matching compensation circuits at the output are required
to suppress the overshoot caused by large inductances [21].
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Since 1990, when the design idea of the coaxial squirrel-
cage shunt was proposed by scholars at the Russian Institute
of Metrology (VNIIM), to 2000, when the prototype 20-A
squirrel-cage shunt was developed by Rydler at the Swedish
National Institute of Metrology, many scholars have investi-
gated its current measurement characteristics.

Sanoh et al. [22] developed a coaxial-cage-structure im-
pulse shunt as a new standard test instrument for the Agilent
Technologies Metrology and Standards Center, Japan. This
shunt uses 80 commercial high-precision, low-temperature-
coefficient foil resistors with a nominal resistance of 5 mS2
in parallel as the main structure of the shunt to achieve ac-
curate measurements of large currents up to 1500 A. The
measurement uncertainty of this shunt is 0.035% at a current
amplitude of 400 A and a pulsewidth of 1 ms. Fluke, USA,
designed and manufactured the A40B series of precision im-
pulse shunts based on the patented coaxial-cage shunt of the
Technical Research Institute of Sweden, which can measure
currents from 0.0001 to 100 A and bandwidths from dc to
100 kHz, with annual stability and ac/dc differences of 1075,
Ferrero et al. [23] of Politecnico di Milano, Italy, developed
an inductance—resistance resolution model of a double-layer
squirrel-cage shunt (resistance = 70.9 €2, inductance = 5.01
nH, rise time = 70.9 us) under an impulse current to further
improve the shunt bandwidth from a design optimization point
of view; these researchers achieved effective measurement of
high-frequency impulse currents at 2 MHz.

3) FLAT-STRAP IMPULSE SHUNT

The principle of this type of shunt is similar to that of the
coaxial-tube-type impulse shunt. As shown in Fig. 3(c), the
input current terminal is connected in series with the measured
loop, so the current flow on the two sides of the flat-strap resis-
tor body is reversed, and the loop inductance is significantly
reduced, thereby increasing the measurement bandwidth. In
addition, when the loop area formed by the output lead and
shunt is smaller, the influence of the external magnetic field
is also lower, thus enabling accurate kA measurements and
nanosecond-level rise time impulse currents [24].

In 1999, Castelli [25] of Politecnico di Milano, Italy, first
proposed an ultrathin flat-strap surge shunt structure with
a band resistor sheet thickness of only 25 um to ensure a
uniform current density distribution. It was shown that the
response time, power consumption, and frequency character-
istics of the designed ultrathin flat-strap shunt structure were
better than those of the coaxial shunt. In addition, the structure
is simple and inexpensive to process and can be used to mea-
sure large impulse currents up to 10 kA and short-rise-time
lightning currents of less than 3 ns, significantly reducing
proximity and skinning effects [25]. On this basis, Liu et al.
[26] of the National University of Defense Technology pro-
posed a more compact flat-strap impulse shunt, which has a
resistance band of 0.02 x 80 mm? stainless steel with a gap of
6 mm. This device saves installation space while increasing
the amplitude of the measurable impulse current to 50 kA.
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However, the residual inductance of this shunt is large, making
it difficult to measure impulse currents with a rise time of less
than 10 ns [26].

4) DISC-TYPE IMPULSE SHUNT
The most widely used tube shunts suffer from a contradic-
tion between structure length and volume for high impulse
currents. As a result, they cannot simultaneously meet the
measurement requirements of long duration and short re-
sponse time. In addition, compared with the equivalent wave-
length, the length of the resistive tube at very high frequencies
cannot be neglected and cannot be analyzed by the central-
ized parameter method. Therefore, scholars have proposed a
planar-type disk shunt with a low inductance and a short rise
time, as shown in Fig. 3(d). The resistance of this disk-type
impulse shunt is usually applied at the end of the coaxial
transmission line. Accurate measurement of a short-rise-time
current can be achieved by extracting the voltage signal at the
center and edge of the disk.

Yu and Yu [27] of Xi’an Jiaotong University developed
a disk shunt that can measure very short rise time currents
with a disk-shaped resistive film designed with a thickness of
10 um. The shunt is connected to a coaxial cable through a
conical barrel, allowing the measurement of 0.3 ns rise time
currents, and its square wave response characteristics were
investigated [27]. Pogliano et al. [28] of Istituto Nazionale di
Ricerca Metrologica, Italy, designed a disk shunt for ac—dc
current transmission standards to improve the accuracy of
ac measurements over a wide frequency range. However, the
design of the above shunt is only in the prototype stage, and
it is not easy for it to measure large currents above tens of
amperes. Zhang et al. [29] of the Beijing Institute of Radio
Metrology and Measurement proposed a disk shunt suitable
for large impulse currents. This shunt has the advantages of
a small temperature drift, a wide frequency band, good heat
dissipation, and shielding from external magnetic interfer-
ence. It can accurately measure currents up to 100 A with an
accuracy of 0.1%. The disk shunt has a resistance of 0.01 Q
and can measure short-rising-edge impulse currents from 0.05
to 10 kHz [29].

D. SUMMARY

Current-sensing technology based on shunts requires a cali-
brated, high-precision resistor to be connected to the circuit,
and the voltage drop across the resistor reflects the ampli-
tude of the measured current. Shunts have the advantages of
a simple measurement principle, no external magnetic field
influence, and high accuracy, so they can be used for value
traceability and precision power measurements in high-level
calibration laboratories. However, shunts need to be installed
in the main circuit so that they can affect the electrical pa-
rameters of the circuit. In addition, primary and secondary
circuits are directly connected electrically, which has a signif-
icant impact on the high-frequency and high-power switching
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power supply, control and protection system safety applica-
tions. Furthermore, the temperature drift of the shunt, residual
inductance, and impact of the skin effect can reduce the accu-
racy of shunt measurements and should not be ignored.

DC shunts are the most widely used commercial current-
measurement products in the industrial field. These products
can achieve precision measurements of large direct currents
of tens of kA. However, the dc shunt temperature drift
can severely impact current measurements. Improved solu-
tions include advanced algorithm compensation, a good heat
dissipation structure, and the selection of low-temperature-
coefficient resistor materials.

AC shunts are less commonly used for high-current mea-
surements but are highly accurate for 100 kHz ac measure-
ments below 100 A. However, ac shunts need to consider
the influence of both the temperature drift and the frequency
change on shunt impedance parameters. Hence, the manu-
facturing cost is generally high, but adopting a coaxial and
squirrel-cage ac shunt structure can address the above prob-
lems to a certain extent.

An impulse shunt is a unique ac shunt that can mea-
sure a large impulse current with a short rising edge of
100 kA. Compared with the accuracy of the amplitude mea-
surement, the time response characteristics are more impor-
tant. Surge shunts have the advantages of simple principles,
high robustness, high accuracy, and controllable cost. How-
ever, they also face the problems of residual inductance,
skin effects, and thermal effects, resulting in a reduction
in current detection accuracy and mechanical stress stabil-
ity under surge currents. The coaxial-tube, squirrel-cage, and
flat-strap shunts can detect a 100-kA impulse current accu-
rately. In contrast, disk-type shunts have more advantages
regarding the measurement bandwidth. Specifically, these de-
vices can accurately measure 3-MHz ultrashort-rising-edge
impulse currents but cannot easily measure large currents
at the kA level. Regardless of the structure of the im-
pulse shunt, the design goal is to minimize the residual
distribution inductance to improve the measurement band-
width. These shunt structures include the more widely used
coaxial-tube and squirrel-cage types, while the flat-strap and
disk-type structures are still in the testing and development
stage.

IIl. ROGOWSKI COIL

With the rapid development of transregional ultrahigh voltage
grids that are connected to a large percentage of new energy
sources, the demand for measuring steady-state ac, transient,
and impulse high currents has been increasing in many appli-
cation scenarios in power systems. These scenarios include
transmission line short-circuit current measurements, distribu-
tion cabinet current detection, power equipment high-voltage
insulation testing, lightning overcurrent measurements, con-
trolled series complementary capacitor current detection, and
switching current monitoring of power electronics. Although
the shunts introduced in the previous section can measure such
high currents, the shunt affects the electrical parameters of the
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TABLE 2 Performance of Rogowski Coils

Amplitude Frequency

Method (KA) (kHz) Cost Disadvantages Advantages
Rogowski
Coil 1000 10 000 High Unable to measure DC Good linearity, wide range

[30],[31], [32],[33],[34]

Self
integrator

e(n Ro Uy(1)

Co RC integrator

Active
integrator

FIGURE 4. Schematic diagram of the structure of a Rogowski coil and a concentrated-parameter equivalent circuit diagram with different kinds of

integral circuit structures [41].

current loop being measured when it is connected to the pri-
mary circuit. There is no electrical isolation between the pri-
mary and secondary circuits, so the measurement error is large
and there is low safety. A current transformer that can convert
a large current to a small current effectively solves the elec-
trical isolation problem and is widely used in power systems
[30]. A traditional electromagnetic current transformer can
meet the basic needs of power system measurements. How-
ever, its insulation structure is complex and expensive, and
the core saturation effect is large, so it is difficult to adapt to
modern power systems because of intelligent and automated
control and protection equipment requirements. Advanced
electronic current transformers have the advantages of low
cost, no magnetic saturation, strong anti-interference, small
size, and light weight, and their output signals can be directly
connected to an intelligent sensing system, which adapts to the
development needs of digitalization and automation of power
systems [31]. The Rogowski coil, as a differential electronic
current transformer for steady-state ac, transient, and impulse
high-current measurements, was proposed by Rogowski and
Steinhaus [32] as early as 1912. With the advantages of good
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electrical insulation, wide measurement range, high accuracy,
easy digitization, and high safety [33], Rogowski coils have
been used more often in power system relay protection, series
arc fault detection, harmonic testing, thermonuclear fusion,
and plasma physics [34]. In this section, we will review
the existing methods for modeling Rogowski coil circuits;
review electromagnetic interference weakening methods
based on the detection principles and types of Rogowski
coils, as shown in Table 2; summarize the deficiencies and
challenges in existing research; and provide possible solution
ideas.

A. MEASUREMENT PRINCIPLES AND CLASSIFICATION

Although the design parameters of the Rogowski coil, such
as sensitivity, shape, and size, differ depending on the char-
acteristics of the measured current, conductor structure, and
application conditions, its fundamental operating principle is
the same [35]. As shown in Fig. 4, the basic structure of the
Rogowski coil is a toroidal skeleton made of nonferromag-
netic material according to Faraday’s law of electromagnetic
induction and Ampere’s law. The measurement coil should
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return to the starting point after progressing along the circum-
ference of this skeleton [36].

diy (1)
dt

ug (t) =M (3.1)

where u; is the open-circuit voltage across the Rogowski coil,
M is the mutual inductance between the conductor under test
and the coil, and i is the current. The above equation does
not consider the effect of parasitic capacitance inductance
on the output voltage and is applicable only at low current
frequencies. The integration circuit on the right-hand side is
used to reduce the output of the induced electromotive force of
the Rogowski coil with respect to the measured ac. According
to the integration principle, Rogowski coils can be divided
into the following three categories. The Rogowski coil’s cen-
tralized parametric equivalent circuit is shown in Fig. 4 on
the left, and three different integration circuits are shown on
the right. First, the self-integrating method requires access to
only a noninductive resistor at the coil terminals to achieve
infinite-bandwidth current sensing. However, this method has
a small gain, a high error rate, and an impedance mismatch,
which leads to oscillation at the coil resonant frequency [37].
Second, the passive integration method requires access to an
RC integrator to measure the coil’s induced voltage, which
has a cutoff frequency of fy = (2 RyCo)~! and is valid only
above fp [38]. Finally, active integrators containing analog
operational amplifiers have more stable components and ter-
mination parameters. Unlike those of passive integrators, the
input and feedback signals of inverting-type op amps are
located at their negative inputs, which may cause waveform
distortion. In contrast, the in-phase integrator does not draw
current from its input, which flows through all its resistors
and capacitors; thus, an RC circuit can be introduced to avoid
capacitive coupling of the output. The above integrator is also
referred to as an active integrator [39].

Supported by the above measurement principles, Rogowski
coils can be divided into three categories according to
the characteristics of the coil and skeleton, as shown in
Fig. 5.

The traditional flexible coil winding form is widely used
to measure the current in large or irregular conductors.
However, ensuring the uniformity of the coil winding is
difficult, and the measurement accuracy is not high [40].
Rigid PCB-based Rogowski coils effectively solve the prob-
lem of low coil uniformity and effectively reduce the coil
size, making them easier to integrate into small devices.
This approach also significantly reduces manufacturing and
processing costs by producing a coil with a uniform turn
distribution without the need for expensive winding machines,
making it suitable for high-current, wideband measurement
applications. Furthermore, to further broaden the use of
PCB-based Rogowski coils, flexible printed circuit (FPC) pro-
cessing technology with a flexible backbone was introduced,
which has a promising future despite its high manufacturing
cost [41].
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Traditional flexible coil o S

and daughter boards

Rigid coil on rigid PCB Rigid coil on FPC

Mother board Daughter board

FIGURE 5. Classification of Rogowski coils according to the characteristics
of the coils and skeletons: a conventional flexible coil [42], a PCB coil
without mother and daughter boards [7], a rigid coil on a rigid PCB, and a
rigid coil on an FPC [43].

B. COIL CIRCUIT MODEL

In low-frequency current measurements, the mutual induc-
tance between the Rogowski coil and the conductor de-
termines the measurement sensitivity and immunity of the
Rogowski coil [44], [45], [46]. Moreover, when the measured
current frequency is high, the sensitivity of the Rogowski coil
is additionally affected by the parasitic capacitance and induc-
tance inside the coil. Consequently, the accurate calculation of
these parameters primarily affects the accuracy and sensitivity
of the current measurement [47], [48]. Therefore, effective
modeling of Rogowski coils is essential for their development
and design.

The centralized parametric model is the simplest and most
widely used model for low-frequency current measurements,
as shown in Fig. 4. The model includes the winding resistance
R; of the coil, the inductance L, the mutual inductance factor
M, and the capacitance to ground Cs [40], [49]. Given the
tight and uniform winding of Rogowski coils, their ground
capacitance is dictated by the coil’s diameter and the geomet-
rical configuration of the winding, with the wire diameter’s
contribution being relatively minor.

Pelw
R =" (3.2)
N2 b
L= 2062 (3.3)
27 a
272 b
7 & atb) (3.4)

C =
log[(b+a)/(b—a)l

where [, d, and p. are the length, radius, and resistivity
of the wire, respectively; w is the toroid width; N is the
number of turns of the coil; a and b are the inner and outer
radii of the coil, respectively; and M = L¢/N. Tao et al.
[50] directly measured the specific values of each param-
eter in the centralized parametric model via an impedance
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FIGURE 6. Distribution parameter model of Rogowski coils [41].

analyzer to reduce the measurement error when the above
equations consider skinning and proximity effects at high
frequencies. This direct measurement method ensures the
accuracy of the parameters but requires expensive equip-
ment [50]. In the indirect measurement method, Shafiq et al.
[51] used the fast Fourier transform method to calculate the
coil’s resonant frequency, from which the coil’s capacitance
and inductance were calculated. However, in addition to the
calculation complexity, the coil’s self-impedance cannot be
obtained via this method; therefore, this approach is difficult
to use in a generalized way. Hence, the centralized parametric
model of Rogowski coils at high frequencies faces prob-
lems, such as expensive measurement equipment and complex
algorithms. A simplified centralized parametric model with
lower accuracy is still required for a specific error tolerance
range.

The distribution parameter model provides a better solu-
tion for modeling long coils and high-frequency Rogowski
coils when the wire turns are sparsely or more uniformly
distributed, as shown in Fig. 6. Here, Ax is the calculated unit
length, Ry, is the port resistance, M is the distributed mutual
inductance between the conductor and the Rogowski coil, Cy
is the Rogowski coil’s distributed capacitance to ground, Z;
is the distributed internal impedance of the Rogowski coil
under the skin effect, C; is the distributed capacitance of
the wire turns to ground, L; is the winding self-inductance,
and [, is the wire length. However, this distributed pa-
rameter model is difficult to apply in PCB Rogowski coils
with traces and through-holes. To address this issue, Guil-
lod et al. [52] proposed a partial-element equivalent circuit
method that can extract the parameters of the equivalent cir-
cuit of the PCB coil geometry, the bandwidth of the coil, the
measurement sensitivity, and the sensitivity to interference
currents. Furthermore, in their study of transient and pulsed
current measurements using PCB Rogowski coils, Hewson
and Aberdeen [53] performed a distributed calculation of the
inductance of individual magnetic channels and through-hole
distributions. These researchers then summed them into seg-
ments to calculate the self-inductance of the coil [53]. Despite
the prevalence of computational errors in the above methods,
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they generally have higher accuracy than the centralized para-
metric model.

As the application of PCB Rogowski coils has expanded,
the coil structure has been redesigned, including rectangular-
turn Rogowski coils that do not possess symmetry. Therefore,
it is essential to model these complex structures of PCB
Rogowski coils accurately. Ibrahim and Abd-elhady [54]
investigated the modeling method for calculating the mu-
tual inductance coefficient between the coil and the long
straight wire based on two rectangular skeleton cross-section
PCB Rogowski coil structures. The authors experimentally
obtained the frequency response law of the coil. Habrych
et al. [44], on the other hand, evaluated the current mea-
surement performance of multilayer spiral PCB rosette coils
from power system current transformers and obtained fit-
ted models of coil self-inductance, parasitic capacitance, and
resistance. Lesniewska and Lisowiec [55] used a 3-D field
path finite element modeling method to analyze the effect
of external magnetic fields on multilayer high-density PCB
Rogowski coils. The above modeling methods can provide
general guidance for designing PCB Rogowski coils, includ-
ing parameters, such as coil turns, shape, and material, to
achieve an optimal compromise in terms of improving the
measurement bandwidth and sensitivity of Rogowski coils.

C. AVOIDANCE OF ELECTROMAGNETIC INTERFERENCE
Far-field radiation from the varying magnetic fields of other
current-carrying conductors and near-field coupling from the
rapidly varying electric fields of nearby power semiconductor
devices can affect the detection accuracy of Rogowski coils in
engineering practice. In general, the former usually employs
additional wire loops to counteract the induced voltage gen-
erated by the same radiated interference, while the latter can
be used to eliminate the high-frequency voltage component by
adding shielding [56].

In many studies, return loops have been used to eliminate
far-field radiation interference in various structural forms of
PCB Rogowski coil design methods, as shown in Fig. 7.
The early PCB coil structure was relatively simple, as shown
in Fig. 7(a), where the solid line and the lower dashed red
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FIGURE 7. Winding methods for PCB Rogowski coils. (a) Conventional single coil. (b) Dual coil, which can reduce electromagnetic interference.
(c) Return-loop method. (d) Symmetrical return-loop method. (e) Improved symmetrical return loop method [41].

trace were connected by through-hole points to form rectan-
gular coil turns. However, this coil structure is not resistant
to far-field electromagnetic interference [57]. Placing another
Rogowski coil with opposite coil windings near the first coil
is a feasible solution for attenuating radiated interference. As
shown in Fig. 7(b), the external magnetic field under this
structure induces the same voltage amplitude but opposite
polarity in the two coils, and thus, they cancel each other out.
Although this dual-coil structure is easier to implement, it has
a high number of turns, high operating power consumption,
and high cost [58]. Therefore, to solve the above problems,
the return-loop method was introduced in the structural design
of the anti-teleportation Rogowski coil, as shown in Fig. 7(c),
where the green wire starts at the end of the coil, reverses
one turn along the coil loop, and leads out from near the
first end, forming two outputs. However, due to the asym-
metry of the top and bottom traces, the areas enclosed by
the loop and the coil are not equal, which reduces the abil-
ity to eliminate interference [59]. Tao et al. [SO] proposed a
symmetric trace structure to address this problem, as shown
in Fig. 7(d). However, this approach still does not solve the
consistency of the area enclosed by the loop and the coil, i.e.,
the magnetic flux area is still not equal, and the error is large.
Therefore, these investigators proposed a structure, as shown
in Fig. 7(e), to solve the problem entirely. Similar compact
PCB Rogowski coil structure designs were also implemented
by Fritz et al. [60] to weaken the radiated magnetic field
interference. However, these structures are generally complex
and difficult to implement [60]. Therefore, either a simple and
easy-to-implement far-field radiated interference cancellation
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strategy needs to be developed, or a tradeoff between effec-
tiveness and cost needs to be made.

Shielding technology is critical in near-field coupling sup-
pression and is an effective way to isolate rapidly changing
electric fields at the near end. In the conventional design of
wire-wound Rogowski coil shields, as shown in Fig. 8, Cheng
et al. [61] tested and simulated the shielding effectiveness of
a common C-shaped metal housing. These researchers found
that electromagnetic interference passes through a housing
and enters the interior through gaps in the inner wall and
that shielded housings with a larger ratio of inner diameter to
height had worse performance [61]. Similar deficiencies have
been found in many existing studies of multilayer cylindrical
shielding [62], axisymmetric multilayer composite shield-
ing [63], and small-size housing shielding [64]. In the PCB
Rogowski coil shielding design, shielding can be achieved by
using two external layers of PCB coils, as shown in Fig. 8.
The winding and shielding are designed on a six-layer PCB,
with the internal four-layer winding formed by traces and
through-holes and the shielding placed on the top and bottom
layers. Since the shield is used only to shield the electric
field and not the magnetic field associated with the mutual
inductance M, the top and bottom shield traces are connected
only at a single common connection [65]. Therefore, although
near-field coupling effects cannot be avoided in applications
such as high-frequency turn-on of high-power power electron-
ics, the effect of near-field coupling on current detection can
be reduced by proper shield setup and optimization, which
is applicable in both conventional wire-wound and PCB-type
Rogowski coils.
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D. SUMMARY

Rogowski coils are widely used in high-current measure-
ments in power systems due to their advantages, such as
high linearity, high stability, no saturation, small size, and
safety due to an open circuit on the secondary side. These
devices include fault high-current sensors for the protection
of high-voltage power cables, capacitor banks, and power
transformers [66]; ns/kA-level high-impulse current sensors
related to short circuits and insulation testing in high-voltage
ac high-capacity power system equipment [67]; and lightning
current measurement sensors in communication towers and
wind turbines [68]. These coils are also used in transmission
line detection [69], current monitoring and sensing in smart
substations [70], differential protection of hot stove trans-
formers [71], pre- and postarc current measurements in circuit
breakers [72], and local discharge detection [73]. In addition,
Rogowski coils outperform conventional current transform-
ers in power system metering and protection, as exemplified
above, and excel in measurements of steady-state ac, fault
transient currents, and large impulse currents, with advantages
over current transformers, such as good large-load tolerance,
wide saturation-free bandwidth, good transient response, abil-
ity to measure large currents, and low cost.

Despite the great potential of Rogowski coils, three chal-
lenges need to be addressed. The first is the difficulty of
detecting dc or low-frequency currents, a limitation caused by
the measurement principle of Rogowski coils. One possible
solution is a hybrid measurement method, such as integrating
a Hall sensor or magnetostrictive sensor with a Rogowski coil
on a microchip, thus enabling effective simultaneous measure-
ment of dc and low-frequency currents [74]. However, this
method has difficulty measuring large currents and cannot be
effectively shielded; perhaps laying an array of Hall sensors
on a PCB Rogowski coil can solve the above problem. The
second problem is the difficulty of accurately modeling Ro-
gowski coils, which is because of the complex and diverse
structure of the coils and because PCB-type Rogowski coils
are rectangular rather than round, as is commonly assumed in
theoretical calculations. These issues complicate the general
modeling of Rogowski coils and increase the practical testing
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Structures of conventional wire-wound and PCB Rogowski coils with shielding [41].

burden. Perhaps a combined field and path approach based
on finite element simulation, supplemented by the parameter
prediction capability of machine learning, could solve the
above problems. Finally, there is the difficulty of achieving
interference immunity of Rogowski coils at high frequen-
cies. The existing methods for weakening electromagnetic
interference with far-field radiation and near-field coupling
were reviewed earlier, and they all introduce large parasitic
inductances or capacitances for the entire Rogowski coil. This
leads to a smaller resonant frequency and makes it difficult
to achieve accurate measurement of high-frequency currents.
Therefore, more effective anti-interference techniques must
be proposed, or an optimal compromise between shielding
and bandwidth needs to be found. Until these problems are
solved, additional research is needed on Rogowski coils as an
essential electronic component in power systems.

IV. FIBER OPTIC CURRENT SENSING

With the continuous transformation of the traditional power
grid to a new generation of smart grids, the power system
has gradually placed higher requirements on high-sensitivity
monitoring of currents, effective distribution of electrical
energy, and development of miniature relay protection de-
vices. Although traditional current transformers are among the
most widely used and vital online monitoring instruments in
modern power systems, they have problems, including large
size, complex insulation structure, flammability and explo-
sion, and poor accuracy in the context of high-voltage and
large-capacity power transmission. Furthermore, compared
with current transformers, Rogowski coils have advantages
for measurement of steady-state ac currents, fault transient
currents, and large impulse currents. However, this method
also has problems in terms of dc detection, accurate mod-
eling, and interference resistance. Therefore, to solve these
problems, there is an urgent need to investigate new current
transformers to meet the new needs of smart grids.

As an essential means of reform and development of the
global power grid, optical fiber sensing technology has unique
advantages in the automatic monitoring and control of power
systems, enabling the rational allocation of electrical energy

VOLUME 5, 2024



IEEE Open Journal of the
Industrial Electronics Society

TABLE 3 Comparison of Fiber Optic Sensor Performance

Amplitude  Frequency

Method (KA) (kHz) Cost Disadvantages Advantages
Photoclectric A transitional solution gf:r? msma:leos?staiizformancte(;
hybrid 1000 10000 Medium o U & . .
7811791, [801.[811.[82 with high cost electromagnetic interference,
[78),[79], [80L.[81],[82] high safety, small size
Faraday magneto- Low sensitivity, Antl-electromagnetlc
. . interference, wide measurement
optical all-fiber — sensitive to .
500 1000 Low . dynamic range, low power
Sagnac environment, poor consumption, low cost and
[83],[84],[85] long-term stability insulation
Resistant to electromagnetic
Faraday magneto- Low sensitivity, interference, wide measurement
optical-all-fiber sensitive to dynamic range and high
. 500 1000 Low .
reflective environment, poor  accuracy, low power
[86, 87] long-term stability consumption, low cost and
insulation
Faradgy magneto- . . Higher reliability, smaller size,
optical-block High processing . .
720 34 Low . . virtually unaffected by linear
glass difficulty, fragile birefrinzence
[94],[951,[961,[97]1,[98]1,[99] ¢
Magnetostriction Interference-resistant,
— fiber optic Immature technology, multiphysics measurable.
. pie 0.01 0.05 High  high  cost,  high phy avie,
interferometric environmental impact unaffected by linear
[100],[101],[102] P birefringence
Magnetostriction Poor stability and
— fiber grating . reliability, high cost, High precision, fast response
1.2 0.05 High . . . . . P
type high  environmental time, wide range, high sensitivity
[103],[104],[105],[106],[107],[108] impact
Thermal effect Contact type, easily
micro/nano fiber 0.12 0.5 Medium  affected by the  High precision, good linearity
[109],[110],[111],[112],[113] environment

resources and ensuring the safe, reliable, and high-quality
transmission of electrical energy. Since the first optical cur-
rent sensor was proposed in 1963, many scholars worldwide
have conducted considerable research on its principle, design,
and technology, which have been practically applied in the
fields of aerospace, rail transportation, and national defense
security. The British Electric Power Company successfully
developed an all-fiber optic current sensor (AFOCS) in 1977,
followed by related research in Japan and the USA; China
developed a fiber optic current sensor in 1989 at the Shenyang
Transformer Factory and Tsinghua University, and it was
practically applied in Siping city, Jilin Province [75], [76].
Compared with traditional current transformers, fiber optic
sensing technology has the advantages of a wide dynamic
range, good corrosion resistance, simple insulation structure,
high measurement sensitivity, easy installation and mainte-
nance, low cost, small size, high safety factor, and wavelength
division multiplexing characteristics, which can meet the de-
velopment needs of modern smart grids [77]. Depending on
the operating principle, fiber optic current sensors can be clas-
sified into the following four categories: photoelectric hybrids,
Faraday magneto-optical devices, magnetostrictive devices,
and thermal effect devices. In this section, the principles, key
technologies, and development status of fiber optic current
sensors are summarized and reviewed in the above four cat-
egories, and the performance comparison of different types of
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fiber optic sensors is shown in Table 3. Possible solutions to
their many problems and challenges are given.

A. PHOTOELECTRIC HYBRID TYPE

The photoelectric hybrid active current transformer is a new
type of electronic current transformer based on traditional
current sensing and optical fiber transmission technology and
uses active device modulation technology, as shown in Fig. 9.
This photoelectric hybrid transformer consists of a sensing
probe, a data acquisition unit, a signal transmission system,
and a power supply system. The transformer first uses an
electromagnetic transformer, a shunt, or a Rogowski coil to
collect the current signal from the line under test, then trans-
mits the optical signal after electro-optical conversion to the
low-voltage side through the optical fiber, and finally sends
the low-voltage electrical signal to the signal processing end
through photoelectric conversion. This active-type photoelec-
tric transformer needs a working power supply and has a
relatively simple structure and high reliability and accuracy.
The photoelectric hybrid transformer based on Rogowski coils
has the advantages of both Rogowski coils and optical fibers,
i.e., a wide range, no magnetic saturation, good linearity, and
better insulation performance, which reduce the cost of sensor
processing and manufacturing and avoid the complexity of
the optical path and structure of passive-type transformers.
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FIGURE 9. Schematic diagram of a hybrid photoelectric current
transformer based on a Rogowski coil [78].

However, this method requires special signal processing cir-
cuits on the high-voltage side, which are greatly dependent on
a stable power supply system.

Photoelectric hybrid current transformers have been studied
for many years. A photoelectric hybrid sensor suitable for
high-voltage power systems was proposed by Pilling et al.
[78], and theoretical and experimental studies were con-
ducted. However, the measurement accuracy of this sensor is
related to the environmental variables represented by tempera-
ture, and the signal-to-noise ratio is low, making it challenging
to measure larger currents. To solve these problems, Dull et al.
[79], proposed an optoelectronic hybrid current sensor for
accurate metering and relay protection of large currents and
combined a Rogowski coil with a passive integrator, which
showed good linearity at both A—kA levels. The maximum
value of the sensor’s ratio error was 0.3% in a temperature
cycling test of —30 °C to 70 °C [79]. However, this sensor
still suffers from temperature drift. Xie et al. [80] developed
an optical digital local control and measurement system to
control and monitor the status of switches, relays, and thyris-
tors and used an optoelectronic hybrid current transformer
to measure the discharge current and voltage of a capacitor
bank. The results showed that the system achieved 99% ac-
curacy and could measure large currents up to 20 kA [80].
However, the system is complex, expensive, and large, so it
cannot be used in current detection schemes based on small
sensors. To address this challenge, Orr et al. [81] proposed a
new sensor that combines fiber Bragg gratings and Rogowski
coils and used this sensor in relay protection current measure-
ments to achieve serial multiplexing of optical fibers with the
advantages of a wide dynamic range, small size, and weak
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interference. However, studies have shown that the measure-
ment accuracy of such small sensors is relatively low, and
temperature drift is evident, so meeting the demand for high-
precision detection is challenging. To address these issues,
Wei et al. [82] combined a Rogowski coil with a reflector-
based MEMS device in a high-voltage environment to design
a small optoelectronic hybrid current sensor and tested the
steady state, transient, frequency, and temperature response
of the sensor. The test results showed that the sensor’s error
drift was only 0.5% and 1% in a current range of 20480 A
and temperature range of —20 °C to 80 °C, respectively, and
cost-effective and low-power current sensing were achieved.

As seen from the above study, the optical fiber in this type
of photoelectric hybrid current transformer functions only as
a transmission medium and exploits the many advantages of
the Rogowski coil to improve the dynamic response of the
sensor. The optical fiber in this sensor is an insulating mate-
rial, which helps solve the problem of high-voltage isolation;
the transformer does not fail due to core flux saturation and
can measure a relatively wide dynamic range of current. In
addition, the output of this transformer is an optical sig-
nal, which avoids electromagnetic interference and does not
present the risk of a high-voltage open circuit on the secondary
side; thus, this transformer has the advantages of good insu-
lation performance, strong anti-electromagnetic interference,
high safety, and small size. However, this sensor does not fully
exploit the advantages of optical fibers; rather, it functions
only as a transitional solution used in current measurements.
Therefore, the sensing and signal transmission components
are optical fibers, and optical devices with current sensors
will be an important future development direction for this
technology.

B. FARADAY MAGNETO-OPTICAL TYPE

1) ALL-FIBER

An AFOCS is a type of Faraday magneto-optical sensor that
mainly uses an optical fiber as the sensing element and sig-
nal carrier to obtain information about the measured current.
The basic principle of the AFOCS is that the magnetic field
generated by the measured current changes the transmission
time of the left and right circularly polarized light in the op-
tical fiber, thus enabling the measurement of current through
the resulting nonreciprocal phase difference. In terms of the
optical path structure and signal detection method, AFOCSs
can be divided into two categories, as shown in Fig. 10:
polarization-type AFOCSs, which directly detect the Faraday
rotation angle of the output optical signal, and interference-
type AFOCSs, which use a phase modulator to detect the
phase difference of the output optical signal.

Fig. 10(a) shows the basic structure of the polarization-type
AFOCS, which reveals that the light from the light source
reaches the fiber ring after passing through the delay coil and
the polarizer and that the output linearly polarized light enters
the signal processing module through the delay coil and the
polarizer, thus achieving single-optical-path detection [83].
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(d) Reflective interferometric AFOCS [83].

This structure is easier to implement but cannot be used to
measure dc currents. To solve this problem, Papp and Harms
[84] proposed a dual-optical path detection scheme based on
Wollaston prisms, which enables temperature compensation
while also enabling dc measurements. As shown in Fig. 10(b),
this dual-optical-path polarization-type AFOCS resolves the
two orthogonally polarized light beams emitted from the Wol-
laston prism separately, including the relationship between the
light intensity and Faraday rotation angle. The experimental
results show that the dual-optical path structure is more sen-
sitive to the external environment, although the measurement
sensitivity is somewhat improved. Therefore, using a costly
low-birefringence fiber as the sensing fiber for AFOCSs is a
feasible solution.

In contrast to the detection principle of polarization-type
AFOCSs, interference-type AFOCSs use a phase modulator to
detect phase changes in optical signals to obtain measured cur-
rent information; these types of AFOCSs can be divided into
two types, Sagnac and reflection, according to their structures.
Fig. 10(c) shows the schematic structure of the Sagnac-type
AFOCS, where the light signal emitted by the light source is
converted to linearly polarized light by the coupler and the
starter. Subsequently, the coupler is divided into two signals
and converted into circularly polarized light, which enters the
fiber ring in opposite directions and emits an optical signal
with current information. The emitted light is then reversed
through the whole structure, interfered with at the polarizer,
and received by the detector [85]. As shown in the figure, this
structure requires high processing and fabrication costs due
to the application of two A/4 waveplates, and its sensitivity is
much lower than that of polarized AFOCSs.

Another interferometric AFOCS has a reflective structure,
as shown in Fig. 10(d), which includes both an orthogonal
conjugate reflector and a Faraday rotation mirror [86]. Unlike
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in the Sagnac type, linearly polarized light is divided into two
mutually perpendicularly polarized beams at the 45° fusion
point, and then, the left and right circularly polarized light is
injected into the fiber ring by the 1/4 wavepiece. After reflec-
tion and interference at its end, the optical signal containing
the current information is output through the detector. The
reciprocal rotational light is canceled by this structure, thus
significantly reducing the influence of environmental factors.
Moreover, this reflective structure is less dependent on optics
and has higher sensitivity and reliability than other AFOCSs.
It should be noted, however, that ordinary phase modulators
have difficulty achieving simultaneous biaxial modulation of
left and right circularly polarized light, thus limiting the qual-
ity of the output signal of this structure [87].

Although the development of the AFOCS has continued
for more than 50 years, the method has not been used on a
large scale in engineering practice because of problems, such
as low detection sensitivity due to temperature sensitivity,
poor detection stability due to linear birefringence, and the
lack of adequate data processing algorithms. Among tem-
perature compensation methods, He et al. [88] proposed a
temperature-controlled circuit for semiconductor lasers to ob-
tain a relatively constant temperature and constant flow of the
light source, and the measurements showed that the standard
deviation of the output wavelength could reach 10~ orders of
magnitude. Alternatively, Yang et al. [89] used a novel fiber
delay coil with an insulated cavity to compensate for tem-
perature variation errors and used it in fiber optic gyroscopes
and current sensing. Hu et al. [90] focused on the temperature
compensation method for /4 wavelets. These scholars used a
M4 waveplate with a negative temperature coefficient to com-
pensate for the positive changes in the Fielder constant, result-
ing in an output error of less than 0.2% in the range of —40 °C
to 85 °C [90]. In the linear birefringence suppression method,
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new special fibers, such as twisted, highly refractive fibers and
polygonal polarization-preserving photonic crystal fibers [91],
can effectively suppress the linear birefringence effect caused
by nonidealized bending and external squeezing. However,
the high cost of special optical fibers limits the widespread
use of this approach. Another method for suppressing linear
birefringence is improving the sensing head structure by using
different winding methods and reflector position adjustment
to increase the sensitivity of the AFOCS in current detection.
Finally, in the study of data processing algorithms, the ap-
plication of artificial intelligence-based nonlinear temperature
correction methods and second-harmonic error complemen-
tation algorithms can significantly reduce the current mea-
surement error, and the adoption of additional new algorithms
has great potential for improving detection sensitivity and
reliability.

In conclusion, AFOCSs have been widely studied for high-
voltage and high-current detection in power systems, and
scholars have continuously used many means to improve the
sensitivity and reliability of AFOCSs. These improvements
include a new AFOCS based on a single-polarization single-
mode coupler and fiber ring structure [92], an AFOCS based
on an optical switch and ring cavity structure, an AFOCS
using an integrated-optic polarization splitter combined with a
reflective AFOCS [93], and an AFOCS with coupled Faraday
rotators. However, although the stability of the sensors has
improved, the effects of environmental changes, such as tem-
perature, vibration, electromagnetic interference, and optical
interference, have not been eliminated. Therefore, an impor-
tant direction for future AFOCS development is to achieve
environmentally adaptive measurement, including the use of
wavelength division multiplexing technology to measure dif-
ferent locations of a variable through the same structure and
intelligent compensation algorithms for multiple environmen-
tal parameters. Furthermore, the combination of intelligent
cloud platforms and edge computing technologies has the
potential to transform AFOCSs from smart grid to transparent
grid applications.

2) MAGNETO-OPTICAL GLASS CURRENT SENSOR

Compared with AFOCSs, magneto-optical glass current sen-
sors tend to be more reliable, smaller in size, and virtually
unaffected by linear birefringence and operation, as shown in
Fig. 11.In 1973, Rogers [94] designed an optical glass current
transformer intended to be inexpensive, accurate, and robust
and analyzed its structural parameters and environmental ro-
bustness. In general, this type of sensor uses magneto-optical
glass with a large Verdet constant as the sensing element
and indirectly measures the current by measuring the Fara-
day rotation angle of the output linearly polarized light [95].
According to the ion doping species, the Verdet constants of
paramagnetic glasses, represented by rare earth glasses, are
much greater than those of inverse magnetic glasses, such as
flint glasses, which are widely used today. Although current
sensors based on the latter are less sensitive, they are almost
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independent of temperature and are more reliable. However,
the reflection structure of the sensing head of a magneto-
optical-glass current sensor is very complex, so a reflection
phase shift is easily introduced during the reflection process.
This turns the two orthogonal linearly polarized light beams
into elliptically polarized light and reduces the measurement
accuracy.

To solve the above problem, Sato et al. [96] proposed a
double orthogonal reflection scheme to weaken the interfer-
ence of the reflection phase shift, i.e., using two reflections
instead of the original one. The two light components ex-
hibit a phase difference of 90°, thus offsetting the phase
shift of the two reflections. Although this method has high
stability and accuracy with respect to long-term monitoring,
the effect of temperature variations has not been addressed.
However, Maffetone and McClelland [97] tested the vibra-
tional and temperature stability of optical glass current sensors
with lightweight polymer fibers from the viewpoint of tem-
perature compensation. Nevertheless, these sensors are still
expensive and difficult to use in large numbers [97]. Niewczas
et al. [98] used FRS crystals as a sensing head to improve
magneto-optical glass materials. These scholars found that the
measurement error of this sensor was only 0.2% when the
ambient temperature varied from —45 °C to 140 °C.

Moreover, the distortion of the signal waveform caused by
mechanical vibration was reduced by 30 dB at a frequency of
5 kHz, and the measurement accuracy was significantly im-
proved. In another study, targeting the sensing head structure,
Wang et al. [99] used ring-shaped retarded refractive index
magneto-optical glass to avoid a reflection phase shift. While
ensuring a uniform refractive index at the center of the glass,
the inner and outer layers of this magneto-optical glass have a
variable refractive index, which prevents the light beam from
reaching the interface between the glass and air. In summary,
because of their small size and simple structure, optical glass
current sensors are used more often in relay protection and
current monitoring. However, the sensitivity of such sensors
can be affected by many environmental factors, such as tem-
perature, vibration, external magnetic field, and current, so a
high current detection accuracy is difficult to obtain. There-
fore, leading future research directions in this area include the
development of new low-cost magneto-optical glass current
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FIGURE 12. Current sensor based on the magnetostrictive effect. (a) Fiber optic interferometric type. (b) Fiber grating type [100].

sensors with high accuracy, long-term stability, no reflection
phase shift, and no temperature drift.

C. MAGNETOSTRICTIVE TYPE

Magnetostrictive sensors utilize the magnetostrictive effect.
That is, the strain of the material as a function of the magnetic
field can be used to determine the current parameters. These
sensors can be classified into two types: the interference type
and fiber grating type. The principle of fiber-optic interfer-
ometric current sensors is that the sensing arm coated with
a magnetostrictive material is strained as the amplitude of
the measured current changes, resulting in a change in the
output spectrum, thus enabling effective measurement of the
current, as shown in Fig. 12(a). In the fiber optic current
sensors of interferometers, including Mach—Zehnder, Michel-
son, and Sagnac interferometers, magnetostrictive materials
are applied to the different interferometric sensing arms. The
two-optical-path system of the first two interferometric struc-
tures greatly impacts the measurement accuracy. To solve this
problem, Fisher et al. [100] attached optical fibers to piezo-
electric ceramics and used an F-Z interferometer for dynamic
demodulation, effectively improving the current measurement
accuracy. Wang et al. [101] designed an H-type weak dc
measurement sensor with an excellent linear response based
on the principle of the fiber-optic weak electric field sensor
of a Michelson interferometer; this sensor demonstrated good
stability, high sensitivity, and good linearity. However, in this
article, the degree of influence of environmental factors on
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the sensor was not analyzed. Despite the high detection ac-
curacy and fast response of interferometric magnetostrictive
current sensors, the sensor performance is closely related to
the output stability of the light source because it detects the
light intensity and the stability and reliability of the optical
fiber itself. It is also susceptible to external environmental
changes. Therefore, ensuring the robustness of interferometric
magnetostrictive current sensors is generally difficult [102].
Compared with interferometric sensors, the fiber grating-
based approach is more widely used, and its principle is
shown in Fig. 12(b) [103]. The giant magnetostrictive ma-
terial (GMM) deforms with a change in the magnetic field
generated by the measured current; this causes a strain in
the fiber grating and a drift in the wavelength of the re-
flected light. Finally, information about the measured current
is extracted by a demodulation device. Based on the working
principle of the GMM fiber grating current sensor, there is a
cross-sensitivity problem of temperature and strain in the fiber
grating. The GMM generates an increase in temperature due
to its internal ferromagnetic loss, which reduces the sensor’s
measurement performance and makes the output optical signal
more complex and difficult to distinguish. Therefore, many
scholars have thoroughly studied the temperature compensa-
tion and signal demodulation of GMM fiber grating sensors.
To address the former problem, Reilly et al. [104] placed a
GMM fiber sensor in a solenoid, used an F-P tunable filter
for ac detection, and performed temperature drift tests in the
range of 18 °C-100 °C. However, the nonlinearity and phase
hysteresis problems under high-current measurements have
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FIGURE 13. Thermal effect type fiber optic current sensor. (a) Fiber grating type [109]. (b) Micro- and nanofiber type [113].

not been properly addressed. Han et al. [105] suppressed the
temperature-induced common-mode signal based on a dual-
fiber grating structure to weaken the temperature effect on
the current sensor’s detection sensitivity, but the method was
validated only in the narrow temperature range of 20 °C-70 °C
with a large sensor. In the design of small sensors, Jiang [106]
proposed a temperature compensation method for GMM fiber
grating current sensors based on field-programmable gate
array (FPGA) chips. These researchers used a complex com-
bined system of temperature sensors, a temperature control
circuit, and a laser driver circuit to achieve temperature drift
suppression by automatically adjusting the control voltage
of the DSP of the demodulation system with the FPGA. To
address the signal demodulation problem, Chiang et al. [107]
applied a fiber grating to two different fiber structures and
used inexpensive optical intensity demodulation to achieve
simultaneous ac and dc measurement; these structures demon-
strated advantages, such as compactness, affordability, and
multiplexing. Mora et al. [108] applied Terfenol-D rods and
optical fibers to a power line. They used the 50 Hz and higher
harmonic components as current sensing information and the
zero-frequency component of the dynamically demodulated
output signal of the optical fiber as temperature information
to achieve effective joint measurement of the wavelength-
encoded temperature and amplitude-encoded current.
Compared with other types of fiber optic sensors, GMM
fiber grating current sensors have more obvious advantages,
such as interference resistance, measurable multiphysics, and
easy wavelength division multiplexing, and are not affected
by linear birefringence. However, the impact of ambient
temperature on detection accuracy is still large, and opti-
cal signal demodulation equipment is complex and costly.
Therefore, there is an urgent need for a highly reliable temper-
ature compensation method and a high-precision and low-cost
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demodulation method that can integrate the advantages of
GMM fiber grating current sensing technology to achieve reli-
able monitoring of high currents in power systems. At present,
because of the demand for distributed cloud monitoring in
transparent power grids, combining multiple fiber optic sen-
sors with communication system multiplexing technology to
construct a miniaturized optical current sensing network may
be a frontier area of research for future GMM fiber grating
current sensor development.

D. THERMAL EFFECT TYPE

Thermal effect optical current sensors exploit the temperature-
dependent phenomenon of the material refractive index to
obtain information about the current by measuring the Joule
heat generated by the current flowing through a conductor.
These current sensors can be divided into fiber grating and
micro/nanofiber (MNF) sensors, depending on the fiber mate-
rial. In the former, a thermistor and an optical fiber are directly
glued together, as shown in Fig. 13(a), and the heat generated
by the current flowing through the thermistor is used to change
the refractive index of the optical fiber, thus changing the
output of the optical system. Cavaleiro et al. [109] used a
method of laying down metal films similar to thermistors. The
heat generated by the current flowing through the metal film
can deform the film; thus, the wavelength of the center of
the reflection spectrum of the fiber grating changes, which
corresponds to a change in the current. After experimental
verification, it was determined that this sensor can accurately
and repeatedly measure current. However, the uniform plat-
ing process of the metal film is more complicated than that
of other materials, and the sensitivity and response delay of
the sensor are affected by the uniformity of the metal film.
In addition, the external ambient temperature can impact the
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central wavelength of the fiber grating, and there is a lack of
effective solutions.

With its advantages of small size, high sensitivity, and low
environmental impact, in recent years, MNF technology has
gradually emerged, and different types of thermal effect MNF
current sensors have been proposed; their basic principles are
shown in Fig. 13(b). The thermistor is wound from an MNF,
and the magnitude of the current flowing in the thermistor
changes the resonant wavelength of the MNF, which has been
verified to be linearly related to the square of the current [110].
Belal et al. [111] used the heat generated as current passed
through a copper wire coated with a very thin Teflon film to
create a phase drift in an MNF and to measure the ac current
at frequencies below 500 Hz. These scholars found that the
response characteristics of the sensor could be improved by
reducing the diameter of the copper wire or by using a higher
resistivity MNF material. Yan et al. [112] used a metal rod
coated with a single-layer graphene film as an optical fiber
winding object. These researchers used the thermo-optical
and thermal expansion effects of the graphene film to change
the resonant wavelength of the microfiber coil resonator to
achieve a current detection sensitivity of 67.297 um/A2. How-
ever, this method requires a tradeoff between reducing the
resistance of the graphene sheet and increasing the current
measurement sensitivity in practical applications. Sulaiman
et al. [113] used the resonant wavelength shift characteristics
of the Mach—Zehnder MNF structure at different temperatures
to measure the current. The experimental results showed that
the measurement sensitivity varied from 0.32 to 0.54 nm/A?
for different copper wire and fiber contact areas.

Based on the abovementioned studies, to further improve
the sensitivity of MNF current detection, a Mach—Zehnder
MNF interferometer was proposed by Jasim et al. [114]. This
instrument uses Joule heat generated by dc currents to change
the refractive index of the MNF to produce a phase difference
between the two arms of the interferometer, and the corre-
lation coefficient and measurement sensitivity reached 0.99
and 140.26 pm/AZ, respectively. These thermal effect-based
fiber optic current sensors are generally small and have a
relatively simple implementation principle, and their detection
sensitivity can easily reach a high level. Current sensors with
MNF structures are more suitable for compact applications
and have advantages in integrating optical current sensing
systems. However, such MNFs are prone to contamination and
corrosion in the air, are less reliable and more expensive than
other materials, and are often very limited in practical use.
Therefore, future research should involve researching MNF
materials with better reliability, reducing their manufacturing
and processing costs, or continuously optimizing their struc-
tural parameters during current measurement.

E. SUMMARY

Fiber optic current sensors are widely used in the current
monitoring of lines, power plants, substations, small
equipment, and cables in smart grids due to their resistance
to interference, extensive range, high accuracy, low power
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consumption, low cost, good insulation performance, long
transmission distance, and other advantages. These devices
include initial transitional optical current sensors based on a
mixture of Rogowski coils and optical fibers, subsequent Fara-
day magneto-optical pure optical current sensors with smaller
sizes and better temperature stability, and strain-gauge optical
current sensors with higher stability and response speed using
magnetostriction and thermal effects as auxiliary sensing
methods.

Despite the great potential of fiber optic current sensors,
in modern intelligent power system condition monitoring,
these sensors suffer from linear birefringence, temperature
drift, vibration sensitivity, and other problems. Their failure
rate is more than ten times that of traditional electromagnetic
transformers, which is unfavorable for power grid operation,
maintenance, and repair [115]. To address the above problem:s,
a spiral structure with Hi-Bi fibers has been proposed and
effectively solves the linear birefringence problem. Second,
research on waveplate temperature self-compensation tech-
nology reduces the measurement error of fiber optic current
sensors with temperature drift. For sensors that are sensitive to
vibration, the proposed optical multiplexing technology and
various damping methods can effectively improve the vibra-
tion resistance of fiber optic current sensors. However, the
impact of environmental changes on fiber optic current sen-
sors cannot be eliminated, and new sensor structures need to
be designed to minimize or eliminate this impact in the future;
these include simple optical circuit designs with fewer de-
vices, more stringent device selection criteria, and intelligent
processing of optical signals with environmental adaptation.

V. CURRENT SENSING USING MAGNETIC FIELD
MEASUREMENTS

As smart grids evolve with an increasing number of connected
smart devices and renewable energy sources like wind, tidal,
and solar power, they require advanced, intelligent control
to manage the unpredictability of power output from these
sources. Critical to this control is the accurate and reliable
current sensing in grid monitoring. While shunts are favored
for their simplicity and accuracy, Rogowski coils are noted
for their effective current measurement without saturation and
high safety. Fiber optic sensors are also prevalent in smart
grids for their numerous benefits, despite their challenges like
size and integration complexity. With the shift toward com-
prehensive state sensing in transparent power grids, research
is advancing in high-current sensing technologies that offer
noncontact measurement, high isolation, and environmental
suitability, aligning with the integration demands for intelli-
gent sensing and control systems in smart grids.

In this section, based on different measurement theories,
high-current sensing technologies based on magnetic field
measurements are classified into four categories, namely, Hall
sensing, magnetoresistive sensing (including anisotropic mag-
neto resistance, AMR; giant magneto resistance, GMR; and
tunnel magneto resistance, TMR), MEMS-based ME sensing
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TABLE 4 Comparison of the Performance of Magnetic Field Current Sensors

Amplitude Frequency

Method (KA) (kHz) Cost Disadvantages Advantages
Low sensitivity, sensitive to Extensive application
Hall sensor 100 1000 Low environment, narrow range; good linearity;
[116],[117],[118],[119], frequency measurement rate can measure DC, AC,
[120],[121],[122],[123], range and pulse current
[124],[125],[126] o
AMR Narrow linearity ran Good linearity, small
1x10°-1.6 10000 Low arrow inearity range, casy size, simple process,
[128],[129], magnetic saturation
[130] low cost
GMR Small size, high
1.6 10000 Medium High production cost sensitivity, wide
[1311,[132]
[133]’[134]’ measurement range
High-temperature
TMR 2%10°-10 10000 High Complex manufacturing gability, ‘highA
[135].[136].[137.(138] process sensitivity, wide linear
[1391,[1401,[141],[142] range
Slow theoretical . . .
ME 1x10"-1.2 5%10-200 Low development, less research Passwes,esnr:izg] istlze, high
[144],[145],[146], on high current detection vity
[147],[148],[149]
SAW Research is only avzjulable A lower detection limit
0.01-0.8 0 Low for DC magnetic 0£0.05 mA
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FIGURE 14. Schematic diagrams of the structure of a Hall sensor: (a) hall current sensing principle and (b) a hall sensor measuring current [116].

and SAW sensing methods, as shown in Table 4. The develop-
ment status of these methods and possible future development
directions are reviewed.

A. HALL SENSING

In the presence of an applied magnetic field, the current flow-
ing through a Hall element is converted into an electric voltage
proportional to the input current, and a device that uses this
Hall effect to measure the input current is called a Hall sensor.
This sensor has the advantages of high isolation and good
linearity, and its principle is shown in Fig. 14. Fig. 14(a) shows
that applying a magnetic field in the direction normal to the
energized wire causes a Hall voltage Uy = RylB/d at both
ends of the energized wire. Here, Ry is the Hall coefficient, 1 is
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the current, B is the magnetic induction, and d is the thickness
of the Hall element. The above equation shows a linear rela-
tionship between the magnetic induction intensity B and the
magnetic induction potential Ry in the Hall element, which
is one of the advantages of Hall sensors. Fig. 14(b) shows a
schematic diagram of the Hall sensing current measurement;
a wire crosses the magnetic core, and a Hall sensor is placed
in the air gap. The magnetic field generated by the measured
current is concentrated at the air gap, and the Hall voltage
is induced in the Hall element. An op amp circuit amplifies
this voltage, and a voltage signal proportional to the measured
current can be obtained, thus providing information about the
measured current.

Early Hall-sensing current measurement methods demon-
strate poor linearity, low sensitivity, environmental sensitivity,
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and a narrow frequency measurement range, thus limiting the
application of Hall sensors. To solve the problem of the poor
linearity of current measurements due to the nonuniformity
of magnetic materials, Waeckerlé et al. [116] designed an
open-loop, high-precision dc Hall sensor. These researchers
found that the measurement accuracy was related to the air
gap accuracy and the nonlinearity of B-H, and an increase
in the air gap could improve the uniformity of the magnetic
field. However, the designed larger air gap tends to result in
lower measurement sensitivity, reducing the current sensing
accuracy. Consequently, scholars are exploring the enhance-
ment of the magnetic field measurement sensitivity by min-
imizing the air gap as a potential solution to this problem.
Popovic et al. [117] proposed a field concentrator-based mag-
netic field sensing method for small current measurements.
This method was experimentally verified to have a nearly
tenfold greater magnetic field resolution than the conventional
method, achieving 99% accuracy in current measurements up
to 12 A, and it can be applied to both PCB conductors and
independent conductors for current measurements. However,
such highly integrated sensors are susceptible to external envi-
ronmental influences, such as temperature and magnetic field
perturbations, and their reliability decreases during long-term
use. Frick et al. [118] reported that a dual Hall sensor array
can attenuate the effects of environmental changes, especially
common mode noise from external magnetic fields, and that
this method can achieve 99.5% accuracy when measuring 5 A
currents. Measurement arrays composed of more Hall sensors
were proposed by D’Antona et al. [119] and supported by
signal processing techniques based on the resolution of mul-
tiphase current measurement principles; the arrays performed
well for current measurements up to 20 kA. However, these
sensor array-based methods can measure a narrow range of
frequencies, and the measurement error is especially large
at higher frequencies of the measured current. To solve this
problem, Dalessandro et al. [120] combined a low-turn-count
current transformer with a Hall element so that the two mu-
tually covered the portion of the frequency that each could
not measure, increasing the measurement frequency to 30
MHz while retaining the original advantages of Hall sensors.
The abovementioned studies show that current measurement
methods using Hall sensors either exhibit small and narrow
frequency ranges or have complex structures that substantially
increase the sensor processing costs.

Therefore, low-cost Hall sensors based on silicon comple-
mentary metal-oxide—semiconductor technology have been
proposed and widely used, but such current sensors generally
experience a large measurement bias and temperature drift. In
magnetic field measurements, Mosser et al. [121] combined
the GaAs quantum well Hall effect technique with the spin-
ning current modulation technique to enable the measurement
of weak magnetic fields of 30 nT. In another study, Crescentini
et al. [122] proposed an integrated Hall sensor and used it for
current measurements in power converters in power electron-
ics devices. These investigators also used the spinning current
modulation technique and measured the current using a very
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small differential amplifier, which has a low offset of 350 uT
and a high measurement frequency of 1 MHz. Blagojevic
et al. [123] reviewed the progress of Hall sensors with a
Sentron CSA-1 and a built-in magnetic concentrator, which
can measure ac and dc from tens of milliamps to hundreds
of amperes. These proposed methods significantly reduce the
production cost of Hall current sensors while increasing the
measurement sensitivity and bandwidth. In recent years, flex-
ible and differential Hall sensor arrays have been proposed
by Zapf et al. [124] and George and Gopalakrishna [125],
among others, and the range of sensor applications has greatly
increased. It is clear that different types of current measure-
ment methods based on Hall sensors are being optimized and
proposed, and the amplitude and frequency range, accuracy,
sensitivity, and reliability of the currents that can be measured
have been improving, with increasingly high application per-
formance. Currently, the use of magnetic field concentrators
to increase the magnetic field strength and suppress external
magnetic field interference is effective and widely used for
improving the magnetic field sensitivity of Hall elements.
However, additional cores introduce additional hysteresis and
eddy current losses, which reduce the bandwidth and response
speed of Hall sensors [126]. Closed-loop Hall sensors may
be a solution for improving the nonlinearity of the core uti-
lizing an external coil, but new problems arise; namely, the
increased size and cost of the sensor make these sensors
difficult to use in high-frequency, high-current measurement
scenarios.

B. MAGNETORESISTIVE SENSING

With the increasing demand for miniaturized sensors with
high sensitivity and low power consumption in transpar-
ent power grids, innovations in integrated current sensing
elements are constantly being introduced. The Hall sensor
introduced in the previous section is one of the most widely
used and developed current sensing elements because of its
simple implementation principle and low price. However, to
increase the measurement sensitivity, the device size of Hall
sensors should be scaled down. In addition, the high operat-
ing power consumption and bad SNR of these Hall sensors
make it difficult for them to meet current sensing needs.
In contrast, compared with Hall sensors, magnetoresistive
sensors have the advantages of lower power consumption,
higher sensitivity, easier integration, and good temperature
drift characteristics, and they stand out in the application and
development of transparent power grids [127].

In the magnetoresistance effect, the probability of electron
tunneling varies, as the direction of electron spin polarization
of the ferromagnetic material is related to the applied mag-
netic field, which affects the resistance of the magnetoresistor.
The structure of a typical AMR is shown in Fig. 15(a); it is
composed of a ferromagnetic thin-film material whose resis-
tance is inversely related to the internal magnetization vector
and the angle of the current. Zhenhong et al. [128] proposed
an AMR sensor with an applied bias magnet, which has good
linearity and small hysteresis and can measure currents up to
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FIGURE 15. Schematic diagram of magnetoresistive sensor structures with different principles. (a) AMR. (b) GMR. (c) TMR.

300 A. However, this sensor is affected by temperature and has
poor reliability. Mlejnek and Ripka [129] used an array AMR
sensor to reduce the effects of environmental changes, but
this sensor requires complex error compensation algorithms
to support it. Regarding frequency characteristics, Nibir
and Parkhideh [130] used planar magnetic concentrators to
enhance the performance of AMRSs in current measurements
at high frequencies. These researchers experimentally showed
that such AMRs could measure currents up to 400 kHz, which
increases the measurement bandwidth by 33% compared with
that of conventional AMRs, but the size of the sensor increases
as a result. In general, although the sensitivity of AMR el-
ements is much greater than that of Hall sensors, the linear
range of AMRs is generally narrow and prone to magnetic sat-
uration, so it is difficult to obtain a high signal-to-noise ratio
and a low-temperature drift. The existing solutions to these
problems usually increase the complexity of the component
manufacturing process, and the power consumption and size
of AMRSs inevitably increase.

The GMR was developed based on the AMR, and its
structure is shown schematically in Fig. 15(b). This structure
is composed of two layers of ferromagnetic material sand-
wiched by a nonmagnetic metal film, and the magnitude of
the magnetoresistance is related to electron spin-dependent
scattering, a phenomenon discovered by Baibich et al. [131].
In their study, the GMR resistance variation at room tem-
perature reached 12.8%, which is an extremely significant
improvement compared with that of the 2% to 4% AMR,
which has a smaller size and wider bandwidth. Using an ar-
tificial antiferromagnetic system, Vieth et al. [132] improved
the linearity of the GMR by using two separate sensing chips
with opposite response characteristics. This device performed
well and had high sensitivity for current measurements up to
40 A. However, guaranteeing the consistency of this sensor
between the two chips is difficult. Beltran et al. [133] pro-
cessed a complete bridge with four GMR sensing elements
simultaneously on a single chip, thus improving the tempera-
ture drift characteristics while ensuring the consistency of all
the sensing elements. George and Gopalakrishna [134] used a
GMR sensor model AA002-02 from NVE, USA, to measure
the current; this sensor used a permanent-magnet bias method
to achieve a high linearity range of up to 70 A in a magnetic
field of 150 to 1050 i T, but the stability and reliability of the
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permanent-magnet bias were poor and needed to be further
enhanced.

Compared to GMRs, TMRs were discovered much earlier
[135], but it was not until 1995 that the tunneling magne-
toresistance effect of these sensors at room temperature was
reported [136]. Compared to AMR and GMR magnetic sen-
sors, TMRs have higher sensitivity, lower power consumption
and a satisfactory linear range, and they can achieve resistance
changes of more than 230% [137]. The structure of these
materials is shown in Fig. 15(c). The TMR uses an insulating
layer to separate two ferromagnetic layers, where the upper
layer is a free layer with a magnetization direction related
to the applied magnetic field and the lower layer is a pinned
layer with a constant magnetization direction. Electrons with
fluctuations in the ferromagnetic layer can pass through the
insulating layer with a certain probability and maintain the
original spin direction; the greater the consistency of the mag-
netization direction between the free layer and the pinned
layer is, the greater the probability of electron tunneling and
the smaller the resistance of the TMR [138].

Yu et al. [139] used a circular TMR array to achieve non-
contact measurements of ac and dc circuits and reduced the
relative error due to wire position variations based on a theo-
retical analysis of the vector inner and outer products. These
authors showed by calculation that the relative measurement
error of the current is less than 0.2% in the position and angle
offset ranges of 10 mm and 30°, but this finding has not
been validated experimentally because these offsets cannot be
measured in practice. Khawaja et al. [140] proposed a TMR
sensing method with three Mu-metal arc shields to measure
high currents in gas-insulated switchgears. These investigators
determined that the response deviation of the sensor was only
0.83 for current measurements up to 1 kA, indicating good
noise resistance and linearity. However, this method is limited
to current measurements with fixed conductors and is less
flexible. Zhang et al. [141] proposed a 3-D coreless TMR
array current measurement and calibration method that does
not require fixed conductor positions. This approach avoids
the effect of the tilt angle between traditional 1-D sensor ar-
rays and reduces the relative measurement error by nearly 18
times. However, the structure of these sensors is very complex,
and the processing challenges are serious. Among the state-of-
the-art studies, Li et al. [142] designed an array-type current
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FIGURE 16. Schematic diagram of the structure of the ME sensor. (a) Principle of a ME material with a sandwich structure [143]. (b) Equivalent circuit
model of an L-T mode ME composite [144]. (c) Equivalent circuit model of an L-L mode ME composite [144].

sensor with four TMR chips without enclosing conductors;
the advantages of the simple structure, good robustness, lack
of disconnected circuit installation, and low computational
burden of the sensor in this study are better than those of the
sensors in previous studies.

Current sensors based on magnetoresistive effects play
a substantial role in solving the next generation of high-
precision sensing problems. Compared with AMR and GMR
sensors, TMR sensors offer significant advantages, including
higher temperature stability and measurement sensitivity, a
wider linear range, lower power consumption, and no need
for additional pole magnetic rings or reset coil structures.
Moreover, the performance of TMR current sensors con-
tinues to improve with further improvements in membrane
material performance and further optimization of chip and cir-
cuit structures. Nevertheless, several technical challenges still
need to be addressed, including the impact of low-frequency
noise on the signal-to-noise ratio of the device and stability
problems in 3-D magnetic field detection. Therefore, further
optimization of the TMR sensor preparation process is still
needed to reduce the cost and improve the current detection
sensitivity.

C. ME SENSING
The Hall and magnetoresistive sensors mentioned in the pre-
vious section have been widely used in magnetic field and
current detection, but Hall sensors require a constant-current-
source power supply with high stability and a weak Hall
voltage of tens of ;£V/Oe, thus requiring a high-performance
signal conditioning circuit. In contrast, ME sensors based on
ME composites effectively avoid the above problems. Further-
more, they can simultaneously achieve wide-range, wideband
ac and dc measurements with passive and self-energy ex-
traction characteristics, which stand out in magnetic field
detection and current detection tasks.

Scholars usually use the elastodynamic model, effective
medium theory, and equivalent circuit model to describe ME
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phenomena. However, the first two models cannot describe the
ME coupling effects under dynamic magnetic field excitation
and are available only under static magnetic field excitation.
Therefore, an approach based on the equivalent circuit model
was proposed, and multiple vibration modes were defined,
including the L-L, T-L, L-T, T-T, and push—pull modes. The
principle of an ME material represented by the L-T mode
with a sandwich structure is shown in Fig. 16(a) [143]. The
piezoelectric material polarized along the thickness direction
is sandwiched between two layers of magnetostrictive mate-
rial polarized along the length direction and fixed by epoxy
resin adhesive. The operation of this L-T-mode ME sensor can
be divided into the following three steps. The magnetostrictive
layer stretches along the length direction, and the piezoelec-
tric layer vibrates in the same direction as the transfer of
strain, thus generating a voltage in the thickness direction.
Fig. 16(b) and (c) shows the equivalent circuit models of the
two more commonly used vibration modes, L-T and L-L,
respectively. Here, H is the applied magnetic field strength, ¢
is the magnetoelastic coupling coefficient, Z is the mechanical
impedance of the composite, V is the voltage of the piezoelec-
tric layer, ¢, is the electroelastic coupling coefficient, and Cy
is the static capacitance. This equivalent circuit model builds
an analogy between mechanical and electrical parameters,
making the physical phenomena in ME coupling materials
easier to understand [144].

Dong et al. [145] proposed a current sensor with a toroidal
structure of ME material to measure ac currents, and they used
Terfenol-D rings magnetized along the circumferential direc-
tion and PZT rings in the corresponding polarization direction
in their experiments. Subsequently, these scholars further im-
proved the design of ME sensors, including by reducing the
geometry and improving the measurement sensitivity. The
improved sensor could achieve small current measurements
at the nanoampere—microampere level at 100 kHz and ex-
hibited high stability but could not achieve larger current
measurements at the ampere level [146]. To solve the above
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problem, Leung et al. [147] changed the circumferentially
polarized PZT ring proposed by Dong et al. [146] to a thicker
polarization ring with a slight increase in size so that it could
achieve ampere-level current measurements at 30 kHz. To
study the detection of larger ac currents, Zhang et al. [148] de-
signed an ME sensor with an internal closed magnetic circuit,
which consists of a high-permeability FeCuNbSiB nanocrys-
talline alloy ring and an L-T mode long-sheet Terfenol-D/PZT
laminate composite; this sensor demonstrated large current
measurements of 150 A in the range of 20 kHz. For dc mea-
surements, Lou et al. [149] first proposed an ME sensor based
on the T-T mode circular sheet-type Terfenol-D/PZT, which
can measure dc currents up to 500 A with good linearity and
without compensation.

From the developments of the above research, ME sen-
sors have great potential for application in fields, such as
transparent power grids and smart substations, including a
wide variety of sensors and energy harvesting and transmis-
sion devices, due to their passive nature, small size, and
high sensitivity. However, the theoretical development of ME
sensors has been relatively slow, and there have been few
theoretical studies and necessary device development reports
on the coupling mechanism between magnetic, force, and
electric multiphysical fields of composite materials, espe-
cially in the field of dc measurements. Therefore, future
research on ME sensors should focus on accurate theoretical
model construction and dc or magnetic field measurement
scenarios.

D. SAW SENSING

The aforementioned measurement methods based on Hall
sensing, magnetoresistive sensing, and ME sensing have
matched well with the miniaturization and automation devel-
opment of modern power systems and offer high reliability
and stability advantages. However, these MEMS sensors
based on magnetic field measurements often experience var-
ious unavoidable problems that make it difficult for them to
adapt simultaneously to the needs of transparent power grids
for responsiveness, sensitivity, reliability, insulation, environ-
mental robustness, and wide range and wide frequency bands
[150]. Therefore, SAW sensors with fast response capabilities
can simultaneously meet the requirements of cost, sensitiv-
ity, and reliability, and are widely used in substations, CNC
machines, and grid monitoring systems [151]. Furthermore,
SAW sensors excite ultrasonic waves through the piezoelec-
tric effect. Therefore, they are very sensitive to magnetic
field perturbations on the surface and have great potential for
application in passive wireless, high-temperature, high-
voltage, and long-term monitoring environments [152].

The principles of SAW sensors can be divided into two
main types. The first is a loaded structure combined with a
magnetoresistive effect, as shown in Fig. 17(a). The sensor
of this structure has a magnetoresistive load externally con-
nected to the reflector to achieve passive wireless high-current
measurement through the phase change in the reflected sig-
nal. Steindi et al. [153] proposed a loaded magnetic field
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FIGURE 17. Schematic diagram of the structure of a SAW current sensor.
(a) Magnetoresistive effect. (b) Magnetostrictive effect.

measurement device combining a giant magnetic impedance
and a SAW sensor, which can operate stably in the tem-
perature range of —60 °C to 200 °C where other types
of sensors cannot adapt. Li et al. [154] proposed a loaded
integrated acoustic surface wave sensor with simultaneous
magnetic field, temperature, and humidity measurement ca-
pabilities; this sensor was fabricated using magnetic, thermal,
and moisture-sensitive materials and demonstrated a sensi-
tivity of 0.18 dB/Oe in magnetic field measurements and a
maximum measurable current amplitude of 5 A. The relatively
low sensitivity of such sensors is due to the fact that magne-
toresistive materials based on the magnetoresistive effect tend
to have lower magnetic sensitivity and resolution due to larger
hysteresis.

To solve the above problems, the SAW current sensing
method based on a highly magnetically sensitive and low-cost
magnetostrictive film has been proposed by scholars, and its
structure is shown in Fig. 17(b). In this current sensor, the
magnetic field generated by the measured current causes strain
in the magnetostrictive film, which affects the propagation
speed of the surface wave and thus enables fast and accurate
measurements of the current. The earliest acoustic surface
wave sensors were mainly applied in magnetic field measure-
ments, and Ganguly et al. [155] proposed a magnetostrictive
acoustic surface wave device using an applied magnetic field
to control the phase velocity by thermally evaporating 850 nm
thick Ni onto a LiNbOs3 delay line; these researchers achieved
good test results for a very high-frequency magnetic field of
70 MHz. For the measurement of small magnetic fields at
the nT level, Hui et al. [156] proposed a MEMS resonant
magnetic field sensor with an AIN/FeGaB bilayer structure
with a quality factor of up to 511 and an electromechanical
coupling coefficient of approximately 1.6%. A few years later,
these scholars added Al,Os as an intermediate layer of FeGaB
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to reduce eddy current losses and achieved a sensitivity of
2.8 Hz/nT via 12 Oe dc magnetic fields [157]. Moreover,
for the detection of large magnetic fields, Polewczyk et al.
[158] proposed a multilayer magnetostrictive sensor structure
with a LiNbO3 substrate to obtain 0.5 T magnetic field mea-
surements. Other recent studies have additionally increased
the number of layers of magnetostrictive films but have
used miniature magnetostrictive structures to achieve smaller
and more sensitive magnetic field sensing [159], [160]. Few
magnetostrictive sensors are used for current detection. Jia
and Wang [161] proposed a high-sensitivity acoustic surface
wave current sensor using a double delay line oscillator on a
128°YX-LiNbO3 piezoelectric substrate as a sensing element.
These investigators covered the surface of the piezoelectric
substrate with a thin layer of SiO; to improve the temperature
robustness. Wang et al. [162] analyzed the SAW current sens-
ing mechanism based on the theory of acoustic propagation in
layered media and the magnetostriction effect and developed a
gated arrayed SAW current sensor using an iron—cobalt film.
The sensor has a high sensitivity of 16.6 kHz/A and a low
hysteresis error of 1.14%. Karapetyan et al. [163] proposed
a sound surface wave current sensor with an FeNi thin film
as the sensitive element; this sensor demonstrated high mea-
surement sensitivity and could effectively measure impulse
currents up to 1 GHz.

Due to the advantages of a wide range, high sensitivity,
high reliability, adaptability to harsh environments, and wide
application range, the SAW current sensor has broad applica-
tion prospects in the future development of transparent power
grids. However, although good experimental results have been
achieved with magnetostrictive SAW sensors, the linearity and
hysteresis errors of the current sensors are affected by the
strong remanence and hysteresis of the magnetostrictive films,
which hinder their practical application. Furthermore, most of
the existing studies have focused on the preparation of sen-
sor materials and anti-interference methods. Few studies have
been proposed to optimize the sensor performance from an
acoustic point of view, and the ultrasonic propagation charac-
teristics represented by the SAW greatly affect the accuracy of
the current measurements. Therefore, future research should
further analyze the coupling characteristics of current and
acoustic waves from an acoustic viewpoint based on the study
of the relevant properties of magnetostrictive films.

E. SUMMARY

The transparent power grid focuses on integrating ICT with
grid applications to fully understand the power grid sta-
tus. Therefore, micro- and wireless sensors, including highly
reliable and sensitive miniaturized MEMS current monitoring
devices with easy information interaction, can be used as
part of the critical sensing network for smart operation and
maintenance of a transparent power grid.

Hall sensors have been widely used in the fields of grid
current, magnetic field monitoring, substation operation and
maintenance, and uninterruptible power system power supply
monitoring due to their simple operation, high accuracy, and
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good linearity. However, Hall sensors have higher require-
ments for power supply stability and insulation, are more
sensitive to the external environment and demonstrate greater
power consumption. In contrast, magnetoresistive sensors
have higher detection sensitivity, higher temperature stability,
a wider linear range, and lower power consumption. However,
magnetoresistive sensors still have greater difficulties in terms
of low-frequency noise processing and high-current detection,
and the reliance of the chip on a power supply makes it
challenging to meet the demand for passive wireless current
sensing in transparent power grids. Alternatively, ME sensors
can be used to effectively solve passive wireless problems
because of their small size and wide range. However, there
is less research on ME sensors and no mature measurement
theory or commercial products for reference. SAW current
sensors have the advantages of a wide range, high sensitiv-
ity, high reliability, adaptability to harsh environments, and
wide applicability, and can be used for integrated sensing of
multiple physical quantities on the same chip. However, they
rely on an external power supply to excite surface waves. In
addition, to date, there have been few studies related to SAW
current measurements, and no studies have been proposed to
optimize the sensor performance from an acoustic point of
view, thus limiting the development of this field.

Therefore, combined with the review of current sensing
methods based on magnetic field measurements, in future
research studies, the mutual compensation of multiple sensing
methods needs to be explored in depth. Possible development
directions include magnetoresistive and ME fusion of split-
domain current measurement methods and the development
of ultrasonic guided wave current sensors with better acoustic
performance. Moreover, advanced deep learning technology
can be used to rapidly process and aggregate measurement
data to achieve online real-time intelligent sensing of the
power grid’s health status and improve its reliability.

VI. CHALLENGES AND DEVELOPMENTS

Current sensors play a vital role in power grid condition mon-
itoring and are constantly being improved and upgraded as
traditional power grids evolve into smart grids. Traditional
shunts and Rogowski coils have been widely used in current
measurements, and related technology has been developed to
meet the wide-range, wide-band, and high-reliability current
monitoring needs of traditional power grids. The infrastruc-
ture of the next-generation power grid is close to that of a
smart grid. It is gradually transforming into a more advanced
intelligent, market-oriented, and IoT-based transparent power
grid, which also imposes higher requirements regarding the
acquisition of power grid status information. New fiber optic
sensing technology and magnetic field MEMS chip technol-
ogy can significantly reduce the size and power consumption
of sensors. The easy integration of multiple channels can
significantly improve the sensor information collection effi-
ciency and space utilization, allowing sensor manufacturing
and maintenance costs to be effectively reduced, making it
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easier to achieve cooperative control of multiple sensors and
self-grouping collaborative current acquisition.

In addition to their original functions, intelligent devices
in transparent power grids have the ability to perceive
complex environmental information, process information,
judge processing results, implement renewable information,
and optimize operations. Based on this, the main intelligent
application scenarios and performance requirements of
high-current sensors in transparent power grids include the
following.

1) Intelligent electrical equipment: In the intelligent elec-
trical equipment scenario of end-edge-cloud collabora-
tion, electrical devices, such as intelligent switchgears,
pole-mounted switches, and circuit breakers, have
higher requirements for accurate measurement of high
currents. The measurement error range is generally
0.5% to 1%, and for high-current measurements in the
kA range, an ability to detect current changes at the
mA level is typically needed. In addition, the current
measurement bandwidths of intelligent switchgears,
pole-mounted switches, and circuit breakers depend on
the application requirements. It is usually necessary
to accurately measure currents in a specific frequency
range, including from the power frequency to the kHz
level.

2) Intelligent transformers: These are transformers that
can interact with other devices or systems through a net-
work in an intelligent system environment. Generally,
traditional current transformers, shunts, and Rogowski
coils can achieve flexible and reliable current measure-
ment. However, intelligent transformers require real-
time measurements of currents passing through them
with millisecond-level response times, and the power
consumption of the current sensors should reach the W
level to ensure continuous online operation.

3) Transparent transmission lines: Obtaining the ampli-
tude, frequency, and waveform distortion index of
transmission lines at different positions and times is
an important way to achieve transparency of the trans-
mission line status. Small and micro intelligent current
sensors based on MEMS magnetic resistance can over-
come the difficulties, high costs, poor real-time data
acquisition, and low collection frequency associated
with installing current transformers on high-voltage
transmission lines. These devices can meet the require-
ments of uW power consumption, mm-level size, and
1% measurement accuracy.

4) Mirror/digital twin power grid: This refers to a mir-
rored physical power grid system in the digital space,
which is continuously updated with changes in the
physical power grid, enabling comprehensive percep-
tion and accurate prediction of the physical power grid.
This application scenario relies on intelligent and wire-
less communication technologies with multiple network
nodes and dynamic topology adaptation, as well as
intelligent rapid processing methods, such as artificial
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intelligence, Big Data, ultra-real-time computing, par-
allel computing, and distributed computing.

However, the development of current sensing technology
still faces several critical challenges in achieving fully in-
telligent and transparent sensing of the power grid state.
These challenges include miniaturization and integration tech-
nologies for multisensor array measurements, low-power and
self-energy extraction methods for microwatt passive sensors,
wide-range and wide-band measurement methods for weak
and large impulse current monitoring, highly reliable and sen-
sitive sensor design concepts for complex electromagnetic and
spatial environments, and intelligent and wireless communi-
cation technologies for multiple network nodes and dynamic
topology adaptation. The development of these technologies
and methods is essential for traditional power grids to upgrade
to smart grids and is beneficial for developing transparent
power grids with Internet technology at the core. Therefore,
to meet the challenges facing the development of current sens-
ing technology, improvements in the sensors themselves, the
development of communication and networking technologies
between sensors, and the study of intelligent and fast process-
ing methods after communication is needed to improve the
performance of current sensors.

In upgrading the sensor itself, exploring new methods of
coupling physical quantities in addition to traditional phys-
ical effects, such as electro-optical effects and vibration,
to achieve accurate measurement of current is a promising
trend for the future. These methods include SAW current
sensing via the magnetoacoustic coupling mechanism and
ME laminated material current sensing methods using the
ME mutual coupling mechanism. In addition, more advanced
sensing material preparation methods with stronger envi-
ronmental adaptation characteristics and new microsensor
topology research are important directions for developing sen-
sors. Furthermore, in communication and networking between
sensors, the development of wireless sensing nodes with self-
organization capability in wireless transmission technology
and the proposed networked communication technology that
adapts to rapid changes in network topology yield impor-
tant improvement guidelines for the distribution of miniature
current sensors. Moreover, the deep fusion of multisource
heterogeneous information collected by many different types
of current sensors to obtain the best estimate of the grid state
is likewise an important guide for the future development
of relay protection, grid control, and dispatching systems. In
the development of current sensing decision terminals, digital
twin technology can be used to combine real-time monitor-
ing data with historical resources and build dynamic virtual
interactive digital models through real-time state sensing and
virtual reality, thus achieving virtual-real synchronization of
digital models and current-monitoring distributed systems. In
addition, the data-driven artificial intelligence-based approach
can learn the common characteristics of the collected current
data in detail, thus intelligently eliminating the interference of
bad data and significantly improving the reliability of current
measurement by sensors.
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TABLE 5 Performance Comparison of Other Current Sensors

Amplitude  Frequency .
Method (KA) (kHz) Cost Disadvantages Advantages
Magnetlc ﬂl.lld . . ngh light source pow<?r impact, Good insulation performance, electrical
optical sensing 0.5 0.2 High limited performance available, large . . . . .
. isolation, small size, lightweight
[164] temperature drift
Zero flux current .
transformer 50 500 High ~ Difficultto apply to DC sysiems above High performance, high reliability
100 kV
[137]
Electronic
compensated . . - .
transformer 10 50 High Relatively low reliability Very high accuracy
[165]
DBI current .
. Higher cost, more complex structure, Can be used to convert the DC component of
transformer 1 100 Medium L
[166] poor reliability the frequency current
DC comparator . Difficult to detect zero flux accurately; . oo
[167] 300 DC High magnetic error exists Very high calibration accuracy to ppm level
Self-oscillating 6 . Costly., vulnerable t(.) N )?ternal strong Simple modulation and demodulation circuit,
fluxgate 0.7 DC~10 High magnetic fields, sensitivity affected by ; . o
high-cost performance, high sensitivity
[168] temperature
Giant magnetic e .
impedance 0.002 1000 Low Low zero-field se‘n-51t1V1ty, position High sensitivity and fast response time
sensitive
[169]
Superconductivity " " 6 . Large volume, high demand for low High sensitivity, high accuracy of very weak
10"—10 10 High temperature, unable to measure large .
[170] magnetic field measurement

currents

Vil. CONCLUSION

This article reviews the sensing technologies used in the
current parametric state sensing of power grids, including
the most widely used shunt, Rogowski coils with the widest
range, fiber optic sensing with better anti-interference per-
formance, and magnetic field MEMS sensing methods with
a smaller size and lower energy consumption, based on the
development logic of high-current detection technology for
traditional smart transparent power grids. This article does not
expand on other less commonly applied current measurement
methods, such as dc comparators, self-oscillating flux gates,
giant magnetic impedance, and superconducting current sen-
sors. A comparison of the performances of these sensors is
shown in Table 5 not provided in the main body of the article
[164], [165], [166], [167], [168], [169], [170].

Current sensing technology based on shunts has the advan-
tage of a simple measurement principle; it is highly accurate
and largely unaffected by external magnetic fields. In ad-
dition, several commercial products have been widely used
in industrial fields, and these products can achieve precision
measurements for large dc currents at the 10-kA level and
impulse currents at the 100-kA level. However, the shunt
needs to connect a calibrated high-precision resistor to the
main circuit of the measured circuit; therefore, this approach
will affect the electrical parameters of the main circuit and
create safety hazards. In addition, shunts generally exhibit
characteristics, such as a large size, high power consump-
tion in high-current measurements, temperature drift, residual
inductance, and a skin effect, which have also limited their
development.

Due to its wide measurement range, wide frequency band,
high linearity, high stability, large saturation margin, small
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size, and safety brought by the open circuit on the secondary
side, the Rogowski coil is more advantageous and is widely
used in the measurement of steady-state ac, fault transient
currents and large impulse currents up to the 1000-kA level.
However, this sensor still has three problems: difficulty de-
tecting dc or low-frequency currents, difficulty in performing
accurate modeling, and difficulty in resisting interference with
Rogowski coils at high frequencies. Furthermore, the size of
Rogowski coils is generally large, and they are difficult to ap-
ply to small sensing scenarios. Fiber optic current transform-
ers have recently gained wide application in dc transmission,
including initial transitional optical current sensors based on a
mixture of Rogowski coils and fiber optics, subsequent Fara-
day magneto-optical pure optical current sensors with smaller
sizes and better temperature stability, and strain gauge optical
current sensors. These fiber optic technology-based sensors
also show unique advantages for large current measurements
up to 500 kA. However, these sensors still exhibit issues,
including lower reliability, linear birefringence, temperature
drift, and vibration sensitivity. Therefore, conducting research
on new optical materials and processes, proposing optical path
design solutions with fewer devices, conducting proactive
condition monitoring and early warning technology research,
and adopting strict device screening and redundancy
configuration measures will hopefully improve the
environmental reliability of fiber optic current transformers.
Research on MEMS high-current sensing technology in
transparent power grid state sensing has emerged based on the
advantages of the noncontact nature, high isolation, and good
environmental adaptability of magnetic field measurements.
This technology can more easily be adapted to transparent
power grids for the integration of multiparameter intelligent
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sensing with control systems. Hall and magnetoresistive sen-
sors can measure large currents above 10 kA as well as weak
currents as low as 20 nA. However, this method still has major
difficulties with respect to low-frequency noise processing
and high-current detection, and the reliance of the chip on a
power supply means that it is difficult to meet the demand for
passive wireless current sensing in transparent power grids.
To date, few studies have been conducted on ME sensors with
passive radio characteristics and integratable SAW current
sensors. Using these sensors, a maximum current of approx-
imately 1 kA can be measured. Notably, ME sensors still
perform well in the measurement of very weak currents as
low as 10 nA and have lower power consumption, higher
accuracy, and self-energy extraction. These sensors have great
potential for wide-range current sensing in transparent power
grids. However, few studies have proposed optimizing sensor
performance from an acoustic perspective, thus limiting the
development of this field.
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