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우리는 현재 1000A 범위의 대용량 전류를 측정할 수 있고, 좁은 공간에서 도체를 클램핑 

(clamping)하여 전류를 측정함으로 DC에서 수 MHz의 주파수 범위에서 작동할 수 있는 소형 코어

리스 전류 센서를 개발해 왔습니다. 자기 코어(Magnetic Core)가 없기 때문에, 크기를 크게 줄일 수 

있는 장점이 있지만 전기 도체로부터 자기장의 위치 의존성과 외부 환경 및 주변 전류로부터 발생하

는 백그라운드 노이즈라는 두가지 중요한 문제가 발생합니다. Yokogawa는 이러한 자기 코어 기능

을 보완하기 위해 도체의 위치를 추정하는 알고리즘과 백그라운드 자기장을 상쇄하는 자기 차폐 실

드를 개발하였습니다. 본 논문에서는 이러한 기술과 실험 결과에 대한 개요를 제시합니다.

개요

순 배출 제로(net-zero emission)와 순환 경제(circular economy)

의 사회적 도전 문제를 해결하기 위해 전력가시화를 통한 효율

적인 에너지 사용 방법이 요구되고 있습니다.(1) 전류 센서는 전력 공

급/제어 회로의 평가나 낮은 전류의 측정과 같은 다양한 목적의 탐

지 방법으로 널리 사용되며, 이는 FPGA (Field-Programmable Gate 

Arrays)나 다른 낮은 전압 기기의 소비전력 측정에서부터 공장 장비

의 소비 전력 측정, 모터의 효율 측정, 풍력 터빈 발전기나 태양광 전

기 배터리의 출력 전력 측정과 같은 대전류 측정에 이르기까지 다양

한 용도로 활용됩니다. 최근 환경에 대한 인식의 증가와 함께 하이브

리드 차량 (이후 HV) 및 전기차 (이후 EV)가 전세계적으로 인기를 

얻고 있습니다. HV 및 EV의 경우, 절전을 위한 고주파 인버터, 모터 

성능을 향상시키기 위한 대용량 전류 및 고도로 통합된 전력 모듈을 

사용하는 기술로 전환되고 있는 추세이고, 이러한 전환은 넓은 대역

폭과 대전류 측정 능력을 갖춘 소형 전류 센서에 대한 수요를 증가시

키고 있습니다.

그림 1과 같이 EV 또는 HV의 개발 과정 또는 실제 차량 테스트 

중 배터리와 모터 사이의 전류를 측정할 수 있다면, 해당 측정값을 설

계나 제어에 통합시켜 전력 효율을 개선시키는 데 도움이 될 수 있습

니다. 다시 말해 더 효율적으로 에너지를 사용할 수 있을 것입니다. 

기존에 사용하던 전류 센서에는, 코일을 사용한 Rogowski 센서, 자기 

코어와 코일이 포함된 전류 트랜스포머 (CT), 자기 코어와 자기 센서

가 포함된 밸런스형 전류 센서 등이 있습니다. Rogowski 센서는 협

소한 공간에 설치할 수 있는 전류 센서로 널리 사용돼 왔습니다. 이러

한 센서는 코일을 사용하여 전도체 주변의 자기장을 감지합니다. 그
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INTRODUCTION

Effective energy use through electric power visualization 
is required to solve the societal challenges of net-zero 

emissions and a circular economy(1). Current sensors are 
widely used as sensing methods for various purposes, ranging 
from power supply/control circuit evaluation or minute current 
measurements, such as power consumption measurement 
of field-programmable gate arrays (FPGA) and other low-
voltage devices to high-current measurements, including 
power consumption measurement or service and maintenance 
of factory equipment, motor power efficiency measurement, 
or wind turbine generator or photovoltaic battery power output 
measurement. With the increased environmental awareness in 
recent years, hybrid vehicles (hereinafter “HV”) and electric 
vehicles (hereinafter “EV”) have become increasingly popular 
worldwide. HV and EV are transitioning to higher-frequency 
inverters for power-saving, higher currents through motor 
power enhancement, and highly integrated power modules. 
This transition has increased the demand for small-sized 
current sensors with broadband and high-current measurement 
capabilities. 
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If the current flowing from the battery to the conductors 
be t ween the motor s  cou ld be measu red du r i ng t he 
development process or real vehicle testing of an EV or HV as 
shown in Figure 1, the measured value could be incorporated 
into the design or control to help improve power efficiency, 
in other words, more effective energy use. Conventionally 
used current sensors include Rogowski sensors with a coil, 
current transformers (CT) with a magnetic core and a coil, 
and magnetic balance-type current sensors with a magnetic 
core and a magnetic sensor. Rogowski sensors are commonly 
used as current sensors that can be installed in tight spaces. 
These sensors rely on a coil to detect magnetic fields around 
conductors. The challenge is that they can only measure AC 
currents. Current sensors with a magnetic core, on the other 
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We have been developing a compact coreless current sensor for measuring large 
electric currents in 1000 A range and at frequencies from DC to a few megahertz by clamping 
a conductor placed in a narrow space. While the lack of a magnetic core enables a significant 
size reduction, there are two main problems—the positional dependency of the magnetic 
field from the electric conductor and background noise from the external environment and 
neighboring electric currents. To compensate for the functions of a magnetic core, Yokogawa 
has developed an algorithm to estimate the position of the conductor and a magnetic shield 
to cancel the background magnetic field. This paper gives an overview of the technologies 
and experimental results.

Figure 1 Added value of a coreless current sensor
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러나 이들은 주로 교류 (AC) 전류만 측정할 수 있다는 문제가 있습니

다. 다른 한편으로, 자기 코어를 가진 전류 센서는 다음과 같은 두 가

지 주요 장점이 있습니다: (1) 전도체 주위에 발생하는 자기장의 자

기 흐름을 수집하기 때문에 위치 의존성이 낮습니다. (2) 자기 코어 

내에서 외부 자기장을 상쇄시키기 때문에, 외부 자기장의 영향을 적

게 받을 수 있습니다. 다시 말해, 자기 코어가 있는 기존 전류 센서의 

경우, 전도체와의 상대적인 위치와 상관없이 설치할 수 있습니다. 또

한 이를 사용하여 외부 자기장에 저항성이 있는 고정밀 전류 측정이 

가능합니다. 그러나, 대전류 측정을 위해서는 더 큰 자기 코어가 필요

하게 되어, 측정 중인 전도체에 대한 접근성이 나빠지게 되는 문제가 

있습니다. 이와 같은 도전 과제를 해결하기 위해 우리는 넓은 대역폭

과 대전류 측정 기능을 갖춘 작은 바디의 코어리스 전류 센서 개발을 

추진하고 있습니다. 표 1에서 이 센서에 대한 목표 사양을 확인할 수 

있습니다. 

표 1 코어리스 전류 센서의 목표 규격

아이템 목표 규격

목표 대상 케이블 (원형 단면)

최대 전류 값 1,000Arms

대역폭 DC-10MHz

허용오차 5%

헤드 치수 35x40x50mm3

이 논문에서는 자기 코어가 없는 코어리스 전류 센서로의 전환

에 있어 위 두 가지 도전에 대한 해결책으로 다음과 같은 두 가지 유

형의 전류 센서를 제시하는 바입니다: (1) 전도체 위치를 추정할 수 

있는 내장형 위치 추정 알고리즘을 갖춘 전류 센서,(2) 여러 개의 자기 

센서를 사용하여 전도체의 위치를 추정하는 방법, 그리고 (2) 외부 자

기장의 영향을 자기 센서에서 상쇄시키는 자기 차폐 실드를 갖춘 전

류 센서(3)입니다.

위치 추정 알고리즘을 활용한 전류 센서

HV나 EV의 컨버터와 인버터 사이에서 흐르는 전류를 단일 자

기 센서를 사용하여 측정하려는 시도는 측정 중인 전류 (이하 ‘발산 

전류’)가 근처에서 반대 방향으로 흐르는 전류 (이하 ‘유입 전류’)의 

자기장으로 인하여 영향을 받게 된다는 문제에 직면하게 됩니다. 이

에 따라 우리는 이러한 발산 전류와 유입 전류가 흐르는 병렬 전도체

를 가정하였습니다. 따라서 우리는 발산 전류 및 유입 전류로부터 자

기장을 따로 분리하기 위해 둘 이상의 디지털 자기 센서를 사용하여 

전도체 위치를 추정하는 위치 추정 알고리즘을 개발하였습니다. 이 

회로는 측정 중인 케이블과 자기 센서 사이의 거리를 기초로 하여 아

날로그 자기 센서 출력을 보정하고, 그 결과를 실시간으로 아날로그 

전압 출력으로 생성하였으며, 이러한 출력을 사용하여 DC에서 저주

파 전류를 측정할 수 있는 자기 센서와 낮은 주파수 ~ 수 MHz까지 

AC를 측정할 수 있는 Rogowski 센서를 결합하였습니다.

그림 2에서 전류 센서 헤드의 구성도를 확인할 수 있습니다. 센

서 헤드에는 4개의 디지털 3축 자기 Hall IC와 1개의 아날로그 1축 

선형 Hall IC가 포함돼 있습니다. 디지털 3축 자기 Hall IC는 소자특

성 상 약 10 msec의 지연이 발생하고, 따라서 파형 출력을 생성하는

데 적합하지 않습니다. 한편, 아날로그 1축 선형 Hall IC의 경우 지연 

시간은 약 200 μsec 이상으로 짧지만, 1축이기 때문에 자기 벡터를 

측정할 수 없습니다. 따라서 우리는 파형 출력에 아날로그 1축 선형 

Hall IC를 사용하고, 보정 계수를 계산하는데 디지털 3축 자기 Hall 

IC를 사용하는 방식의 하이브리드 디자인을 채택하였습니다. 이 구

성에서 자기 센서는 합성수지로 만든 하우징으로 덮여 있으며, 센서 

헤드에 Rogowski 센서를 부착하였습니다. 자기 및 Rogowski 센서 

신호는 센서 헤드와 독립된 회로 모듈에서 처리되어 센서 헤드의 크

기를 더욱 축소시킬 수 있었습니다. 이러한 구성으로 인하여 대전류

를 측정할 수 있는 소형 센서 헤드가 구성되었고, 크기와 부피는 기존

의 CT 유형의 약 1/8정도입니다. 

그림 3은 신호 처리 회로의 블록 다이어그램입니다. 앞에서 설

명한 바와 같이, 자기장 측정에는 두 종류의 Hall IC가 사용됩니다. 

아날로그 1축 선형 Hall IC는 자기장을 측정하는 데 사용되고, VGA 

(variable gain amplifier – 가변 게인 증폭기)는 출력 신호를 보정하

는 데 사용됩니다. VGA 게인은 FPGA에 의하여 제어됩니다. FPGA

에 내장된 위치 추정 알고리즘은 4개의 디지털 3축 자기 Hall IC의 자

기장 측정값을 기초로 추정한 전도체의 위치에 따라 VGA 게인을 설

정합니다. 또한, 자기 센서는 DC에서 저주파 전류 측정에 사용되고, 

Rogowski 센서는 낮은 주파수 ~ 수 MHz 사이의 AC를 측정하는 

데 사용됩니다. 전자 (former) 센서로부터의 신호는 LPF (low-path 

filter – 저대역 통과 필터)를 통과시키고, 후자 (latter) 센서로부터의 

신호는 HPF (high-path filter – 고대역 통과 필터)를 통과시킨 후 주

파수를 일치시키고 결합하게 됩니다.

그림3 신호 처리 회로의 블록 다이어그램
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hand, have the following two major advantages: (1) they 
collect magnetic flux from magnetic fields occurring around 
conductors and hence have little position dependence, and (2) 
they have external magnetic fields canceled in their magnetic 
core and can remain less affected by external magnetic fields. 
In other words, a conventional current sensor with a magnetic 
core can be installed regardless of its position relative to the 
conductors. In addition, they are capable of high-precision 
current measurement resistant to external magnetic fields. On 
the other hand, they require a larger magnetic core for high-
current measurement and, therefore, have the challenge of 
poor access to the conductor under measurement. To solve 
the above challenges, we have been pursuing the development 
of a coreless current sensor with broadband and high-current 
measurement capabilities and a smaller body for better 
accessibility to the measurement target object. Table 1 shows 
the target specifications for this sensor.

Table 1  Target specifications for the coreless current 
sensor

Item Target specification

Target object Cable (round cross-section)

Maximum current value 1,000 Arms

Bandwidth DC –10 MHz

Tolerance 5%

Head dimensions 35×40×50 mm3

This paper presents the following two types of current 
sensors as the solutions to the above two challenges in switching 
to magnetic coreless current sensors: (1) a current sensor with 
a built-in position estimation algorithm(2) that uses more than 
one magnetic sensor for conductor position estimation, and (2) a 
current sensor(3) with a magnetic shield that cancels the effect of 
external magnetic fields on magnetic sensors.

POSITION-ESTIMATION ALGORITHM-DRIVEN 
CURRENT SENSOR

Attempts to measure the current between the converter 
and the inverter in an HV or an EV with a single magnetic 
sensor have been faced with the problem that the measurement 
current (hereinafter “outgoing current”) is affected by 
the magnetic f ields of the nearby, oppositely oriented 
current (hereinafter “incoming current”). Accordingly, our 
development assumed parallel conductors through which such 
outgoing and incoming currents flow. We developed a position 
estimation algorithm that estimates the conductor positions 
using more than one digital magnetic sensor to separate the 
magnetic fields due to the outgoing and incoming currents 
from each other. In addition, we developed a new signal 
processing circuit. This circuit corrects the analog magnetic 
sensor output based on the obtained distance between the 
cable under measurement and the magnetic sensor, then 
produces the analog voltage output in real time, and combines 
these outputs using magnetic sensors for DC-to-low frequency 

cur rent measurement and a Rogowski sensor for low 
frequency-to-several MHz AC measurement.

Figure 2 shows a configuration/schematic diagram of 
the current sensor head. The sensor head includes four digital 
three-axis magnetic Hall ICs and one analog one-axis linear 
Hall IC. The digital three-axis Hall ICs, because of the nature 
of their elements, have delays of approximately 10 msec 
and, hence, are not suitable for waveform output generation. 
Meanwhile, the analog one-axis linear Hall IC has a short 
delay of no more than about 200 μsec but cannot measure 
magnetic vectors because of being one-axis. Therefore, we 
adopted a hybrid design that uses the analog one-axis linear 
Hall IC to generate the waveform output and the digital three-
axis Hall ICs to calculate the correction coefficient. In this 
configuration, the magnetic sensors are covered with a resin-
made housing, and the Rogowski sensor is attached to the 
sensor head. The magnetic and Rogowski sensor signals 
are processed in a circuit module independent of the sensor 
head to further reduce the size of the sensor head. This 
configuration has resulted in a compact sensor head capable of 
measuring high currents but sized approximately one-eighth 
the volume of a conventional CT-type probe.

Rogowski coil

Analog Hall IC

Digital three-axis Hall IC
× 4

Measurement conductor
: Outgoing J

Incoming -J

Sensor head

Signal processing/
output circuit

Clamping mechanism

Figure 2  Schematic diagram of the sensor head

Figure 3 shows a block diagram of the signal processing 
circuit. As explained above, two types of Hall ICs are used for 
magnetic field measurement. The analog one-axis linear Hall 
IC performs magnetic field measurement, while a variable-
gain amplifier (VGA) performs output signal correction. 
The VGA gain is controlled by an FPGA. The FPGA’s built-
in position estimation algorithm sets the VGA gain based on 
the conductor positions estimated from the magnetic field 
measurement values of the four digital three-axis Hall ICs. 
In addition, the magnetic sensors are used for DC-to-low 
frequency current measurement, while the Rogowski sensor is 
used for low frequency-to-several MHz AC measurement. The 
signal from the former sensor is passed through a low-path 
filter (LPF) with that from the latter passed through a high-
path filter (HPF) to match and combine their frequencies.

Figure 3  Block diagram of the signal processing circuit
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hand, have the following two major advantages: (1) they 
collect magnetic flux from magnetic fields occurring around 
conductors and hence have little position dependence, and (2) 
they have external magnetic fields canceled in their magnetic 
core and can remain less affected by external magnetic fields. 
In other words, a conventional current sensor with a magnetic 
core can be installed regardless of its position relative to the 
conductors. In addition, they are capable of high-precision 
current measurement resistant to external magnetic fields. On 
the other hand, they require a larger magnetic core for high-
current measurement and, therefore, have the challenge of 
poor access to the conductor under measurement. To solve 
the above challenges, we have been pursuing the development 
of a coreless current sensor with broadband and high-current 
measurement capabilities and a smaller body for better 
accessibility to the measurement target object. Table 1 shows 
the target specifications for this sensor.

Table 1  Target specifications for the coreless current 
sensor

Item Target specification

Target object Cable (round cross-section)

Maximum current value 1,000 Arms

Bandwidth DC –10 MHz

Tolerance 5%

Head dimensions 35×40×50 mm3

This paper presents the following two types of current 
sensors as the solutions to the above two challenges in switching 
to magnetic coreless current sensors: (1) a current sensor with 
a built-in position estimation algorithm(2) that uses more than 
one magnetic sensor for conductor position estimation, and (2) a 
current sensor(3) with a magnetic shield that cancels the effect of 
external magnetic fields on magnetic sensors.

POSITION-ESTIMATION ALGORITHM-DRIVEN 
CURRENT SENSOR

Attempts to measure the current between the converter 
and the inverter in an HV or an EV with a single magnetic 
sensor have been faced with the problem that the measurement 
current (hereinafter “outgoing current”) is affected by 
the magnetic f ields of the nearby, oppositely oriented 
current (hereinafter “incoming current”). Accordingly, our 
development assumed parallel conductors through which such 
outgoing and incoming currents flow. We developed a position 
estimation algorithm that estimates the conductor positions 
using more than one digital magnetic sensor to separate the 
magnetic fields due to the outgoing and incoming currents 
from each other. In addition, we developed a new signal 
processing circuit. This circuit corrects the analog magnetic 
sensor output based on the obtained distance between the 
cable under measurement and the magnetic sensor, then 
produces the analog voltage output in real time, and combines 
these outputs using magnetic sensors for DC-to-low frequency 

cur rent measurement and a Rogowski sensor for low 
frequency-to-several MHz AC measurement.

Figure 2 shows a configuration/schematic diagram of 
the current sensor head. The sensor head includes four digital 
three-axis magnetic Hall ICs and one analog one-axis linear 
Hall IC. The digital three-axis Hall ICs, because of the nature 
of their elements, have delays of approximately 10 msec 
and, hence, are not suitable for waveform output generation. 
Meanwhile, the analog one-axis linear Hall IC has a short 
delay of no more than about 200 μsec but cannot measure 
magnetic vectors because of being one-axis. Therefore, we 
adopted a hybrid design that uses the analog one-axis linear 
Hall IC to generate the waveform output and the digital three-
axis Hall ICs to calculate the correction coefficient. In this 
configuration, the magnetic sensors are covered with a resin-
made housing, and the Rogowski sensor is attached to the 
sensor head. The magnetic and Rogowski sensor signals 
are processed in a circuit module independent of the sensor 
head to further reduce the size of the sensor head. This 
configuration has resulted in a compact sensor head capable of 
measuring high currents but sized approximately one-eighth 
the volume of a conventional CT-type probe.
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Figure 2  Schematic diagram of the sensor head

Figure 3 shows a block diagram of the signal processing 
circuit. As explained above, two types of Hall ICs are used for 
magnetic field measurement. The analog one-axis linear Hall 
IC performs magnetic field measurement, while a variable-
gain amplifier (VGA) performs output signal correction. 
The VGA gain is controlled by an FPGA. The FPGA’s built-
in position estimation algorithm sets the VGA gain based on 
the conductor positions estimated from the magnetic field 
measurement values of the four digital three-axis Hall ICs. 
In addition, the magnetic sensors are used for DC-to-low 
frequency current measurement, while the Rogowski sensor is 
used for low frequency-to-several MHz AC measurement. The 
signal from the former sensor is passed through a low-path 
filter (LPF) with that from the latter passed through a high-
path filter (HPF) to match and combine their frequencies.

Figure 3  Block diagram of the signal processing circuit
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produces the analog voltage output in real time, and combines 
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frequency-to-several MHz AC measurement.

Figure 2 shows a configuration/schematic diagram of 
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three-axis magnetic Hall ICs and one analog one-axis linear 
Hall IC. The digital three-axis Hall ICs, because of the nature 
of their elements, have delays of approximately 10 msec 
and, hence, are not suitable for waveform output generation. 
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adopted a hybrid design that uses the analog one-axis linear 
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configuration, the magnetic sensors are covered with a resin-
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are processed in a circuit module independent of the sensor 
head to further reduce the size of the sensor head. This 
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그림 4 (a)에서 확인할 수 있는 바와 같이, 위치 추정 알고리즘은 

유입 전류가 발산 중인 전류와 근접하고 평행하며, 반대 방향으로 흐

르는 것을 가정합니다. 따라서 여기에는 센서에서 나가는 전류와 들

어오는 전류에 의해 유도된 자기장의 조합이 적용됩니다. 센서 헤드

의 디지털 3축 Hall IC는 유출되는 자기장 Hmg (m = 1 ~ 4), 각각의 

유출 및 유입되는 전류에 따른 유입 자기장 Hmr, 그리고 현재의 전류

와 상관없이 균일하게 작용하는 배경의 자기장 z에 노출되게 됩니다. 

이 경우, 각각의 자기장 센서에 적용되는 자기장 Hm은 그림 4 

(a)의 방정식과 같이 표현할 수 있습니다. 4개의 디지털 3축 Hall IC

에서 측정한 자기장 벡터와 미리 정의된 센서의 위치로부터 4개의 연

립 방정식을 유도할 수 있습니다. 전류 방향 벡터와 자기장 벡터가 수

직으로 만나기 때문에 도체의 위치, 자기 센서의 위치 및 자기장 벡터

는 전류에 수직한 평면에 투영시킬 수 있습니다. 이 세 가지를 3차원 

공간에서 2차원 평면으로 투영시키면, 복잡한 계산 없이 도체의 위치 

rmg와 rmr를 결정할 수 있습니다. 도체의 위치 rmg와 rmr는 디지털 

3축 Hall IC와 도체의 위치 벡터에 해당하고, 따라서 이는 아날로그 1

축 선형 Hall IC와 도체 사이의 위치 벡터로 수정되고 보정 계수를 결

정할 때 사용됩니다. 이 계산에 대한 자세한 사항은 Reference Paper 

(2)를 참조하기 바랍니다. 그림 4 (b)에서 위치 추정 알고리즘을 사용

하여 보정 계수를 도출하는 플로 차트를 확인할 수 있습니다. 자기장 

측정 데이터를 수집하고 노이즈를 제거하며 부호를 할당한 후 전류 

위치를 추정할 수 있습니다.

그림 5에서 테스트 설정 방법을 확인할 수 있습니다. 먼저 두께

가 5mm인 알루미늄 막대 2개를 중심 간격이 14mm가 되도록 평행

하게 배치합니다. 전류원에서 양극과 음극을 각각 두 개의 알루미늄 

막대의 한쪽 끝에 연결하였고, 다른 한쪽 끝은 단락 시켰습니다. 센서 

헤드의 경우, Rogowski 코일을 하나의 도체에 클램핑한 상태로 측정 

도체 위에 배치하였습니다. 참조를 위해 측정 도체를 전류 프로브와 

클램핑하여 측정 작업을 수행하였습니다. 이 예시의 경우, 그림 6에

서 계산한 보정 계수를 사용하여 그림 6과 7에 없는 데이터를 평가하

였습니다. 추정한 전류의 정확성을 평가하기 위해 적용한 전류와 추

정된 전류 사이의 오차는 -60 ~ +60A까지 10A의 간격으로 평가하

였습니다.

그림 6에서 확인할 수 있는 바와 같이 인가된 전류와 추정된 전

류는 선형성을 띠고 있다는 사실을 확인할 수 있었습니다. 또한 샘

플 수가 1일 때 오차를 (입력 전류값 – 센서 측정값) / (센서 간격)으

로 정의한 경우, 1,000A 풀 스케일에 대한 오차는 ±0.3% 이내로 확

인되었습니다. 잠재적인 에러 인자는 디지털 3축 자기 센서의 노이즈 

플로어 (Noise Floor) 효과가 될 수 있습니다.

그림5 테스트 설정
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As shown in Figure 4(a), the posit ion est imation 
algorithm assumes that the incoming current f lows close, 
paral lel ,  and opposite to the outgoing cur rent under 
measurement as is the case between the battery and the 
inverter. Therefore, the sensor is applied with a combination 
of the magnetic fields induced by the outgoing and incoming 
currents. The digital three-axis Hall ICs in the sensor head are 
exposed to the outgoing magnetic field Hmg (m = 1 to 4) and 
the incoming magnetic field Hmr resulting from the outgoing 
and incoming currents, respectively, as well as the background 
magnetic field z, which acts uniformly regardless of the 
currents.

In this case, the magnetic f ield Hm applied to each 
magnetic sensor is expressed by the equation in Figure 4(a). 
Four simultaneous equations hold from the measured magnetic 
field vectors obtained from the four digital three-axis Hall 
ICs and the predefined sensor position. Since the current 
direction vectors and magnetic field vectors are orthogonal, 
the conductor positions, the magnetic sensor positions, and 
the magnetic field vectors can be projected onto the plane 
perpendicular to the currents. These projections from a 
three-dimensional space to a two-dimensional plane allow 
the conductor positions rmg and rmr to be determined without 
tedious computations. The conductor positions rmg and rmr 
correspond to the position vectors of the digital three-axis 
Hall ICs and the conductors and, hence, are modified into the 
position vector between the analog one-axis linear Hall IC and 
the conductor to determine the correction coefficient. For the 
details of the calculation, see Reference Paper (2). Figure 4(b) 
shows the flow chart for deriving the correction coefficient 
using the position estimation algorithm. The current positions 
are est imated af ter magnetic f ield measurement data 
accumulation, noise cancellation, and sign assignment.

Figure 5 shows the test setup. Two 5 mm thick aluminum 
rods were arranged in parallel with a center-to-center spacing 
of 14 mm. The positive and negative electrodes of the 

current source were connected to one end of each of the two 
aluminum rods, and their other ends were short-circuited. 
The sensor head was placed on the measurement conductor 
with the Rogowski coil clamping one of the conductors. The 
measurement conductor was clamped with a current probe to 
take measurements for reference. In this example, data other 
than those shown in Figures 6 and 7 were evaluated using the 
correction coefficient calculated in Figure 6. To evaluate the 
accuracy of the current estimation, we evaluated the errors 
between the applied and estimated currents from −60 to +60 A 
in 10-A increments.

The applied and estimated currents were found to be 
nearly linear as shown in Figure 6. In addition, with an error 
defined as equal to (input current value − sensor-measured 
value)/(sensor span) when the number of samples = 1, the ratio 
of error to 1,000-A full scale were found to be within ±0.3%. 
A potential error factor may be the effect of the noise floor of 
the digital three-axis magnetic sensors.

Figure 5 Test setup
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Figure 4  (a) Schematic representation of a magnetic sensor applied with the magnetic fields from the currents 
flowing through parallel conductors, and the basic equation for the magnetic fields applied to the magnetic sensor

(b) Flow chart for deriving the correction coefficient
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그림4 (a) 병렬 전도체를 통해 흐르는 전류로부터 자기장이 적용된 자기 센서의 계통도와 

자기 센서에 적용된 자기장의 기본 방정식 (b) 보정 계수를 구하기 위한 플로 차트
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As shown in Figure 4(a), the posit ion est imation 
algorithm assumes that the incoming current f lows close, 
paral lel ,  and opposite to the outgoing cur rent under 
measurement as is the case between the battery and the 
inverter. Therefore, the sensor is applied with a combination 
of the magnetic fields induced by the outgoing and incoming 
currents. The digital three-axis Hall ICs in the sensor head are 
exposed to the outgoing magnetic field Hmg (m = 1 to 4) and 
the incoming magnetic field Hmr resulting from the outgoing 
and incoming currents, respectively, as well as the background 
magnetic field z, which acts uniformly regardless of the 
currents.

In this case, the magnetic f ield Hm applied to each 
magnetic sensor is expressed by the equation in Figure 4(a). 
Four simultaneous equations hold from the measured magnetic 
field vectors obtained from the four digital three-axis Hall 
ICs and the predefined sensor position. Since the current 
direction vectors and magnetic field vectors are orthogonal, 
the conductor positions, the magnetic sensor positions, and 
the magnetic field vectors can be projected onto the plane 
perpendicular to the currents. These projections from a 
three-dimensional space to a two-dimensional plane allow 
the conductor positions rmg and rmr to be determined without 
tedious computations. The conductor positions rmg and rmr 
correspond to the position vectors of the digital three-axis 
Hall ICs and the conductors and, hence, are modified into the 
position vector between the analog one-axis linear Hall IC and 
the conductor to determine the correction coefficient. For the 
details of the calculation, see Reference Paper (2). Figure 4(b) 
shows the flow chart for deriving the correction coefficient 
using the position estimation algorithm. The current positions 
are est imated af ter magnetic f ield measurement data 
accumulation, noise cancellation, and sign assignment.

Figure 5 shows the test setup. Two 5 mm thick aluminum 
rods were arranged in parallel with a center-to-center spacing 
of 14 mm. The positive and negative electrodes of the 

current source were connected to one end of each of the two 
aluminum rods, and their other ends were short-circuited. 
The sensor head was placed on the measurement conductor 
with the Rogowski coil clamping one of the conductors. The 
measurement conductor was clamped with a current probe to 
take measurements for reference. In this example, data other 
than those shown in Figures 6 and 7 were evaluated using the 
correction coefficient calculated in Figure 6. To evaluate the 
accuracy of the current estimation, we evaluated the errors 
between the applied and estimated currents from −60 to +60 A 
in 10-A increments.

The applied and estimated currents were found to be 
nearly linear as shown in Figure 6. In addition, with an error 
defined as equal to (input current value − sensor-measured 
value)/(sensor span) when the number of samples = 1, the ratio 
of error to 1,000-A full scale were found to be within ±0.3%. 
A potential error factor may be the effect of the noise floor of 
the digital three-axis magnetic sensors.
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그 후, 도체와 센서의 상대적인 위치로 인하여 인가된 전류와 추

정된 전류 사이의 오차를 평가하였습니다. 센서 헤드를 도체 사이의 

중심에 오도록 배치하고 전류를 60A DC로 설정한 후, 도체 간격을 

변화시켜 측정 작업을 수행하였습니다. 그림 7에서 확인할 수 있는 

바와 같이, 비록 샘플 수가 1일 지라도 추정된 오차는 ±2.5% 이내로 

확인되었습니다. 도체의 간격을 14mm에서 29.5mm로 변경하였을 

때, 자기 센서에 적용되는 결합된 자기장의 계산값은 약 20% 정도의 

변화가 있었습니다. 그러나 결과적으로 오차는 ±2.5%의 범위 이내

를 유지하였고 도체와 센서 사이에서 상대적인 위치에 변동성이 있

었음에도 불구하고, 위치의 보정 작업이 적절하게 수행되었음을 확인

할 수 있었습니다.

 

그림 8에서 저주파 및 고주파 측정 신호가 결합 회로를 통해 추

가된 후 주파수 특성의 평탄성을 평가한 결과를 확인할 수 있습니다. 

진폭을 20Ap-p로 고정하고, 1Hz ~ 1kHz의 주파수 범위로 측정 작

업을 수행하였습니다. 여기에서는 주요 측정 신호가 Rogowski 센서

의 신호이기 때문에 1kHz를 초과하는 주파수는 표시되지 않았습니

다. 1kHz에서 측정한 값을 참조로 사용한 경우, 샘플 수가 1일 때에

도 오차는 약 0.2 dB 수준으로 유지되고 있었음을 확인할 수 있었습

니다. 이러한 에러는 Rogowski 센서와 도체의 위치 변화로 인한 것

이었고 이는 허용오차 범위 내에 포함되는 정도입니다. 

 

Rogowski 센서만 사용하여 방형파를 측정하는 경우, 전류가 

일정하고 평탄한 구간에서 드루핑 (drooping) 특성이 나타났습니다 

(‘드루핑’은 DC 전류에 반응하지 않고 출력 전압이 감소하는 현상을 

의미합니다). 이 전류 센서를 사용하여 20 Ap-p, 1 kHz의 방형파 측

정 작업을 수행하는 경우, 그림 9에서 확인할 수 있는 바와 같이 측정

된 파형은 방형파의 상승 및 하강 특성을 따르고, 드루핑 특성은 보이

지 않으면서 방형파를 재현하는 것으로 확인되었습니다. 

자기장 차폐 전류 센서

위의 위치 추정 알고리즘은 방출 전류와 유입 전류가 흐르는 일

반적으로 사용되는 평행한 도체를 가정하였습니다. 따라서 3상 모터

에서 사용되는 3상 교류 전류와 같은 다른 종류의 전류를 측정하려면 

이 알고리즘을 확장시켜야 합니다. 또한 인접한 전류로 인하여 노이

즈가 있는 자기장 효과를 근본적으로 최소화하기 위해 위치 추정 알

고리즘을 클램핑 메커니즘에 적용한 후 자기 센서에 자기 차폐 기능

을 추가하는 디자인을 고려하였습니다. 그림 10은 자기장이 차폐된 
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We then evaluated the er rors between the applied 
and estimated currents due to the relative positions of the 
conductors and the sensors. We took measurements with the 
sensor head positioned to come to the center between the 
conductors, the current set to 60 A DC, and the conductor 
center-to-center spacing variable. We found that the estimated 
errors fell within ±2.5% even with the number of samples = 
1, as shown in Figure 7. When the conductor center-to-center 
spacing was changed from 14 mm to 29.5 mm, the calculated 
value of the combined magnetic field applied to the magnetic 
sensors fluctuated by up to about 20%. However, the resulting 
errors were within ±2.5%, indicating that position corrections 
were properly performed despite the variability in the relative 
positions of the conductors and the sensors.
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Figure 8 shows the results of evaluating the flatness of 
the frequency characteristics after the low-frequency and high-
frequency side measurement signals were added, respectively, 
by the coupling circuit. With the amplitude fixed at 20 Ap-p, 
the measurement was performed in the frequency range from 
1 Hz to 1 kHz. The range exceeding 1 kHz is not shown here 
because the dominant measurement signal was the Rogowski 
sensor’s signal. Using the measured value at 1 kHz as the 
reference, we confirmed that the errors remained within 
approximately 0.2 dB even with the number of samples = 1. 

Errors of this magnitude were due to the positional shifts of the 
Rogowski sensor and the conductors. These errors were within 
the tolerable range.
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In rectangular wave measurements taken with the Rogowski 
sensor used alone, drooping characteristics (“drooping” is 
a phenomenon in which the output voltage drops without 
responding to a DC current) appeared in the flat section where 
the current remained constant. A 20 Ap-p, 1 kHz rectangular 
wave measurement with this current sensor confirmed that 
as shown in Figure 9, the measured waveform followed 
the rise and fall of the rectangular wave and reproduced the 
rectangular waveform with no drooping characteristics.

Figure 9  Rectangular wave measurement
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MAGNETIC-SHIELDED CURRENT SENSOR

The posit ion est imation algor ithm above assumed 
commonly used parallel conductors through which outgoing 
and incoming currents f low. Therefore, the algorithm must 
be extended to measure other currents, such as three-phase 
AC currents used in three-phase motors. Accordingly, to 
fundamentally minimize the effects of noisy magnetic fields 
due to adjacent currents, we adapted the position estimation 
algorithm to a clamping mechanism and considered a design 
with the magnetic sensor placed in a magnetic shield. 
Figure 10 shows a schematic diagram of a current sensor head 

Figure 6  Estimated current accuracy vs. 
applied current change
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We then evaluated the er rors between the applied 
and estimated currents due to the relative positions of the 
conductors and the sensors. We took measurements with the 
sensor head positioned to come to the center between the 
conductors, the current set to 60 A DC, and the conductor 
center-to-center spacing variable. We found that the estimated 
errors fell within ±2.5% even with the number of samples = 
1, as shown in Figure 7. When the conductor center-to-center 
spacing was changed from 14 mm to 29.5 mm, the calculated 
value of the combined magnetic field applied to the magnetic 
sensors fluctuated by up to about 20%. However, the resulting 
errors were within ±2.5%, indicating that position corrections 
were properly performed despite the variability in the relative 
positions of the conductors and the sensors.
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Figure 8 shows the results of evaluating the flatness of 
the frequency characteristics after the low-frequency and high-
frequency side measurement signals were added, respectively, 
by the coupling circuit. With the amplitude fixed at 20 Ap-p, 
the measurement was performed in the frequency range from 
1 Hz to 1 kHz. The range exceeding 1 kHz is not shown here 
because the dominant measurement signal was the Rogowski 
sensor’s signal. Using the measured value at 1 kHz as the 
reference, we confirmed that the errors remained within 
approximately 0.2 dB even with the number of samples = 1. 

Errors of this magnitude were due to the positional shifts of the 
Rogowski sensor and the conductors. These errors were within 
the tolerable range.
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In rectangular wave measurements taken with the Rogowski 
sensor used alone, drooping characteristics (“drooping” is 
a phenomenon in which the output voltage drops without 
responding to a DC current) appeared in the flat section where 
the current remained constant. A 20 Ap-p, 1 kHz rectangular 
wave measurement with this current sensor confirmed that 
as shown in Figure 9, the measured waveform followed 
the rise and fall of the rectangular wave and reproduced the 
rectangular waveform with no drooping characteristics.

Figure 9  Rectangular wave measurement
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The posit ion est imation algor ithm above assumed 
commonly used parallel conductors through which outgoing 
and incoming currents f low. Therefore, the algorithm must 
be extended to measure other currents, such as three-phase 
AC currents used in three-phase motors. Accordingly, to 
fundamentally minimize the effects of noisy magnetic fields 
due to adjacent currents, we adapted the position estimation 
algorithm to a clamping mechanism and considered a design 
with the magnetic sensor placed in a magnetic shield. 
Figure 10 shows a schematic diagram of a current sensor head 
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We then evaluated the er rors between the applied 
and estimated currents due to the relative positions of the 
conductors and the sensors. We took measurements with the 
sensor head positioned to come to the center between the 
conductors, the current set to 60 A DC, and the conductor 
center-to-center spacing variable. We found that the estimated 
errors fell within ±2.5% even with the number of samples = 
1, as shown in Figure 7. When the conductor center-to-center 
spacing was changed from 14 mm to 29.5 mm, the calculated 
value of the combined magnetic field applied to the magnetic 
sensors fluctuated by up to about 20%. However, the resulting 
errors were within ±2.5%, indicating that position corrections 
were properly performed despite the variability in the relative 
positions of the conductors and the sensors.
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Figure 8 shows the results of evaluating the flatness of 
the frequency characteristics after the low-frequency and high-
frequency side measurement signals were added, respectively, 
by the coupling circuit. With the amplitude fixed at 20 Ap-p, 
the measurement was performed in the frequency range from 
1 Hz to 1 kHz. The range exceeding 1 kHz is not shown here 
because the dominant measurement signal was the Rogowski 
sensor’s signal. Using the measured value at 1 kHz as the 
reference, we confirmed that the errors remained within 
approximately 0.2 dB even with the number of samples = 1. 

Errors of this magnitude were due to the positional shifts of the 
Rogowski sensor and the conductors. These errors were within 
the tolerable range.
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In rectangular wave measurements taken with the Rogowski 
sensor used alone, drooping characteristics (“drooping” is 
a phenomenon in which the output voltage drops without 
responding to a DC current) appeared in the flat section where 
the current remained constant. A 20 Ap-p, 1 kHz rectangular 
wave measurement with this current sensor confirmed that 
as shown in Figure 9, the measured waveform followed 
the rise and fall of the rectangular wave and reproduced the 
rectangular waveform with no drooping characteristics.

Figure 9  Rectangular wave measurement
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The posit ion est imation algor ithm above assumed 
commonly used parallel conductors through which outgoing 
and incoming currents f low. Therefore, the algorithm must 
be extended to measure other currents, such as three-phase 
AC currents used in three-phase motors. Accordingly, to 
fundamentally minimize the effects of noisy magnetic fields 
due to adjacent currents, we adapted the position estimation 
algorithm to a clamping mechanism and considered a design 
with the magnetic sensor placed in a magnetic shield. 
Figure 10 shows a schematic diagram of a current sensor head 
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We then evaluated the er rors between the applied 
and estimated currents due to the relative positions of the 
conductors and the sensors. We took measurements with the 
sensor head positioned to come to the center between the 
conductors, the current set to 60 A DC, and the conductor 
center-to-center spacing variable. We found that the estimated 
errors fell within ±2.5% even with the number of samples = 
1, as shown in Figure 7. When the conductor center-to-center 
spacing was changed from 14 mm to 29.5 mm, the calculated 
value of the combined magnetic field applied to the magnetic 
sensors fluctuated by up to about 20%. However, the resulting 
errors were within ±2.5%, indicating that position corrections 
were properly performed despite the variability in the relative 
positions of the conductors and the sensors.
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Figure 8 shows the results of evaluating the flatness of 
the frequency characteristics after the low-frequency and high-
frequency side measurement signals were added, respectively, 
by the coupling circuit. With the amplitude fixed at 20 Ap-p, 
the measurement was performed in the frequency range from 
1 Hz to 1 kHz. The range exceeding 1 kHz is not shown here 
because the dominant measurement signal was the Rogowski 
sensor’s signal. Using the measured value at 1 kHz as the 
reference, we confirmed that the errors remained within 
approximately 0.2 dB even with the number of samples = 1. 

Errors of this magnitude were due to the positional shifts of the 
Rogowski sensor and the conductors. These errors were within 
the tolerable range.
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In rectangular wave measurements taken with the Rogowski 
sensor used alone, drooping characteristics (“drooping” is 
a phenomenon in which the output voltage drops without 
responding to a DC current) appeared in the flat section where 
the current remained constant. A 20 Ap-p, 1 kHz rectangular 
wave measurement with this current sensor confirmed that 
as shown in Figure 9, the measured waveform followed 
the rise and fall of the rectangular wave and reproduced the 
rectangular waveform with no drooping characteristics.

Figure 9  Rectangular wave measurement
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The posit ion est imation algor ithm above assumed 
commonly used parallel conductors through which outgoing 
and incoming currents f low. Therefore, the algorithm must 
be extended to measure other currents, such as three-phase 
AC currents used in three-phase motors. Accordingly, to 
fundamentally minimize the effects of noisy magnetic fields 
due to adjacent currents, we adapted the position estimation 
algorithm to a clamping mechanism and considered a design 
with the magnetic sensor placed in a magnetic shield. 
Figure 10 shows a schematic diagram of a current sensor head 
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전류 센서 헤드의 계통도입니다. 채택된 디자인에서 자기 센서로부터 

도체 중심까지의 거리는 클램핑 메커니즘에 의하여 결정됩니다. 이 

자기 센서가 감지할 수 있도록, 측정용 케이블에 의하여 생성되는 자

기장의 경우 반드시 자기장을 차폐해야 합니다. 따라서, 자기장 차폐 

시 바닥은 C 형상 슬롯의 갈라진 틈으로 측정 케이블을 삽입할 수 있

도록 개구부가 마련돼 있습니다. 자기 센서와 거의 동일한 위치에 작

은 교류 측정 코일이 제공되므로 Rogowski 센서를 케이블로 감싸는 
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니다. 또한 케이블로부터의 거리에 따라 x 방향의 S/N 비를 100 이상

으로 유지하는 것이 가능하다는 사실을 확인할 수 있었습니다. 
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with a magnetic shield. In the adopted design, the distance from 
the magnetic sensor to the conductor’s center is determined by 
the clamping mechanism. The magnetic fields generated by 
the measurement cable must be introduced into the magnetic 
shield so as to be detected by this magnetic sensor. Therefore, 
an opening is provided in the magnetic shield’s bottom to insert 
the cable under measurement into the recess of the C-shaped 
slot. With a small AC measuring coil provided at almost the 
same position as the magnetic sensor, wrapping a Rogowski 
sensor around the cable is no longer necessary.

Sensor head

Signal processing/
Output circuit Clamping mechanism Measurement conductor: Current J

Magnetic sensor

Magnetic 
shield

Small coil

Figure 10  Schematic diagram of the magnetic-shielded 
current sensor

To design the magnetic shield presented herein, we first 
ran an electromagnetic field simulation to determine the signal 
representing the magnetic field from the conductor under 
measurement in the magnetic shield and the noise representing 
the external magnetic field from the adjacent current to 
estimate the signal-to-noise (S/N) ratio. Assuming three-phase 
AC measurement purposes, we set a target S/N ratio of 100, 
which is supposedly sufficient for an operationally trouble-
free magnetic shield for small-sized current sensors. Figure 11 
shows the simulation model of the magnetic shield. This 
simulation used Maxwell, a static electromagnetic field solver 
(ANSYS Electronics Desktop). In the simulation, the signal 
was a magnetic field induced by a 100-A current f lowing 
through a conductor under measurement. In addition, a 1 mT 
magnetic field, comparable to the magnetic field generated by 
the same current f lowing through an adjacent conductor 25 
mm away, was applied as a homogeneous external magnetic 
field in the x-, y-, and z-axis directions, respectively. The noise 
in the simulation was the values detected by the magnetic 
sensor in the magnetic shield.

Figure 12 shows the simulation results. The magnetic 
flux density distribution in the magnetic shield was distorted, 
as shown in the top-left panel. However, the magnetic f lux 
density vector of the signal on the y-direction shield center axis 
consisted exclusively of the x-direction component. Hence, 
this distribution proved to be the most efficient for signal 
measurement. Accordingly, we decided to use the x-direction 
on the shield center axis as the magnetically sensitive direction 
to install the magnetic sensor. The top-right and bottom-right 
panels show that the external magnetic fields in the x- and 
z-directions were hardly involved inside the magnetic shield. 
In the y-direction (bottom-left panel), a magnetic flux density 
distribution appeared in the magnetic shield due to the opening. 
However, the magnetic sensor remained almost unaffected 
because its magnetically sensitive direction was the x-direction 
and perpendicular to the noise component.

Figure 13 shows the results of deriving the S/N ratio 
from the x-direction magnetic flux density at each point on 
the shield center axis based on the above simulation results. 
As explained above, it was easy to set an S/N ratio of 100 or 
higher for the y- and z-directions. Also, it turned out possible 
to ensure an S/N ratio of 100 for the x-direction, depending on 
the distance from the cable.

Figure 11  Simulation model of the magnetic shield

Figure 12  Magnetic flux density distribution
Top left: Magnetic flux density during energization of the 

measurement conductor
Top right, bottom left, and bottom right: Magnetic flux densities 
in the magnetic shield with the external magnetic field applied  

in the x-, y-, and z-directions, respectively

Figure 13 Signal-to-noise ratio on the magnetic 
shield center axis
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estimate the signal-to-noise (S/N) ratio. Assuming three-phase 
AC measurement purposes, we set a target S/N ratio of 100, 
which is supposedly sufficient for an operationally trouble-
free magnetic shield for small-sized current sensors. Figure 11 
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simulation used Maxwell, a static electromagnetic field solver 
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was a magnetic field induced by a 100-A current f lowing 
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with a magnetic shield. In the adopted design, the distance from 
the magnetic sensor to the conductor’s center is determined by 
the clamping mechanism. The magnetic fields generated by 
the measurement cable must be introduced into the magnetic 
shield so as to be detected by this magnetic sensor. Therefore, 
an opening is provided in the magnetic shield’s bottom to insert 
the cable under measurement into the recess of the C-shaped 
slot. With a small AC measuring coil provided at almost the 
same position as the magnetic sensor, wrapping a Rogowski 
sensor around the cable is no longer necessary.
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위 우측, 아래 좌측 및 아래 우측: 자기 차폐 내에서 x, y, z 방향에 외부 자

기장이 적용될 때 자기 유속 밀도
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그림 14에서는 각 축에 대한 시뮬레이션과 그 측정 결과를 확인

할 수 있습니다. 또한 센서 위치를 조정하여 최적의 S/N 비를 구하였

습니다. 열린 부분에서는 케이블로부터 거리가 멀어질수록 신호가 감

소하게 되고 이는 노이즈 역시 마찬가지입니다. 자기 차폐의 형상을 

다시 조정하고 센서를 다시 배치함으로 모든 방향에서 약 100 정도의 

S/N 비를 확보할 수 있는 작은 자기 차폐를 성공적으로 구현하게 되

었습니다.

 다음으로 대전류 측정 결과를 확인해 보겠습니다. 이 측정에

서는 대전류로써 500 Arms 및 50 Hz 사인파 전류를 사용하였습니

다. 그림 15에서는 자기 차폐 내 작은 코일에 의한 측정 결과를 확인

할 수 있습니다. 이 결과를 통해 자기 차폐가 포화되지 않은 상태임을 

확인할 수 있었고, 사인파는 참조로 사용한 Rogowski 센서가 감지

한 그것과 유사하였습니다. 작은 코일의 하류에 있는 적분 회로를 통

하여 출력 신호를 구하였고, 이를 통하여 양호한 주파수 특성을 구할 

수 있었습니다. 이러한 관찰 결과 자기 차폐에 수납된 작은 코일 역시 

Rogowski 센서와 유사하게 대전류를 측정할 수 있다는 사실을 확인

할 수 있었습니다. 다음으로, 그림 16에서는 자기 차폐 내 자기 센서

를 사용하여 대전류를 측정한 결과를 확인할 수 있습니다. 작은 코일

의 경우 이 또한 자기 차폐가 포화되지 않았고, 도출한 사인파는 참조

용 CT 전류 센서를 통하여 감지한 것과 유사하였습니다. 또한 신호 

왜곡은 약 1%를 유지하였기 때문에 이 자기 센서를 대전류 측정에 

사용할 수 있다는 사실을 확인할 수 있었습니다

결론

이 논문은 병렬의 도체에 흐르는 전류를 측정하는 데 사용되는 

위치 추정 알고리즘에 기초한 전류 센서 및 3상 교류를 측정하기 위

한 자기 차폐 전류 센서를 제시하였습니다. 위치 추정 알고리즘에 기

초한 전류 센서에서 센서 헤드, 신호 처리 및 알고리즘의 조합을 사용

하여 다양한 유형의 전류를 측정할 수 있다는 사실을 확인할 수 있었

습니다. 자기 차폐 전류 센서의 내부 위치를 조정하여 운영 시 문제없

는 S/N 비를 보장할 수 있는 작은 자기 차폐를 구현할 수 있었습니다. 

또한 자기 센서와 작은 코일을 사용하여 대전류를 측정할 수 있다는 

사실도 확인할 수 있었습니다.

우리는 이러한 기술을 활용하여 새로운 코어리스 전류 센서를 

개발할 것을 고려하고 있습니다. 앞으로 1,000A의 대전류, 수십 kHz 

이상의 고주파, 3상 교류 전류 또는 이와 유사한 전류를 측정하여 우

리 기술의 실용성을 검증할 계획입니다.
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Figure 14 shows the simulated and measured results 
for each axis with the sensor position adjusted to obtain an 
optimal S/N ratio. The signal diminished at greater distances 
from the cable in the opening. So did the noise. As a result of 
reshaping the magnetic shield and repositioning the sensor 
inside, we successfully obtained a small magnetic shield 
capable of ensuring an S/N ratio of about 100 in any direction.

CONCLUSIONS

This paper has presented a position-estimation algorithm-
driven cur rent sensor for measuring cur rents f lowing 
through parallel conductors and a magnetic-shielded current 
sensor for three-phase AC measurement. The position-
estimation algorithm-driven current sensor demonstrated 
that a combination of a sensor head, signal processing, and 
an algorithm can be used for the various types of current 
measurements. For the magnetic-shielded current sensor, we 
adjusted the shape of the magnetic shield and the position of 
the sensor inside, resulting in a small magnetic shield that 
could ensure an operationally trouble-free S/N ratio. The 
magnetic sensor and the small coil inside were shown to be 
applicable to high-current measurement purposes.

We are considering developing a new magnetic coreless 
current sensor using these technologies. In the future, we will 
work on measuring high currents of 1,000 A, high frequencies 
of several tens of kHz or more, three-phase AC currents, or 
similar currents to verify the practicality of our technologies.
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Next, let us look at the results of the high-current 
measurement. We used a 500 Arms, 50 Hz sine-wave current as 
the high current for this measurement. Figure 15 shows the 
measurement results by the small coil in the magnetic shield, 
which shows that the magnetic shield remained unsaturated, 
and the sine wave obtained was similar to that the reference 
Rogowski sensor picked up. Good frequency characteristics 
were obtained from obtaining the output signal through 
the integrating circuit downstream of the small coil. These 
observations show that even a small coil housed in a magnetic 
shield can measure high currents similarly to a Rogowski 
sensor. Next, Figure 16 shows the results of measuring 
a high current with the magnetic sensor in the magnetic 
shield. Similar to the case of the small coil, the magnetic 
shield remained unsaturated, and the sine wave obtained 
was comparable to that detected by the reference CT current 
sensor. In addition, the signal distortion remained within 
approximately 1%, indicating that this magnetic sensor can be 
used for high-current measurement.

Figure 14 Signal-to-noise ratio for each axis
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Figure 15 Sine-wave current measurement results 
by the small coil in the magnetic shield
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Figure 16  Sine-wave current measurement results 
by the magnetic sensor in the magnetic shield
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Figure 14 shows the simulated and measured results 
for each axis with the sensor position adjusted to obtain an 
optimal S/N ratio. The signal diminished at greater distances 
from the cable in the opening. So did the noise. As a result of 
reshaping the magnetic shield and repositioning the sensor 
inside, we successfully obtained a small magnetic shield 
capable of ensuring an S/N ratio of about 100 in any direction.

CONCLUSIONS

This paper has presented a position-estimation algorithm-
driven cur rent sensor for measuring cur rents f lowing 
through parallel conductors and a magnetic-shielded current 
sensor for three-phase AC measurement. The position-
estimation algorithm-driven current sensor demonstrated 
that a combination of a sensor head, signal processing, and 
an algorithm can be used for the various types of current 
measurements. For the magnetic-shielded current sensor, we 
adjusted the shape of the magnetic shield and the position of 
the sensor inside, resulting in a small magnetic shield that 
could ensure an operationally trouble-free S/N ratio. The 
magnetic sensor and the small coil inside were shown to be 
applicable to high-current measurement purposes.

We are considering developing a new magnetic coreless 
current sensor using these technologies. In the future, we will 
work on measuring high currents of 1,000 A, high frequencies 
of several tens of kHz or more, three-phase AC currents, or 
similar currents to verify the practicality of our technologies.
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Next, let us look at the results of the high-current 
measurement. We used a 500 Arms, 50 Hz sine-wave current as 
the high current for this measurement. Figure 15 shows the 
measurement results by the small coil in the magnetic shield, 
which shows that the magnetic shield remained unsaturated, 
and the sine wave obtained was similar to that the reference 
Rogowski sensor picked up. Good frequency characteristics 
were obtained from obtaining the output signal through 
the integrating circuit downstream of the small coil. These 
observations show that even a small coil housed in a magnetic 
shield can measure high currents similarly to a Rogowski 
sensor. Next, Figure 16 shows the results of measuring 
a high current with the magnetic sensor in the magnetic 
shield. Similar to the case of the small coil, the magnetic 
shield remained unsaturated, and the sine wave obtained 
was comparable to that detected by the reference CT current 
sensor. In addition, the signal distortion remained within 
approximately 1%, indicating that this magnetic sensor can be 
used for high-current measurement.
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Figure 14 shows the simulated and measured results 
for each axis with the sensor position adjusted to obtain an 
optimal S/N ratio. The signal diminished at greater distances 
from the cable in the opening. So did the noise. As a result of 
reshaping the magnetic shield and repositioning the sensor 
inside, we successfully obtained a small magnetic shield 
capable of ensuring an S/N ratio of about 100 in any direction.

CONCLUSIONS

This paper has presented a position-estimation algorithm-
driven cur rent sensor for measuring cur rents f lowing 
through parallel conductors and a magnetic-shielded current 
sensor for three-phase AC measurement. The position-
estimation algorithm-driven current sensor demonstrated 
that a combination of a sensor head, signal processing, and 
an algorithm can be used for the various types of current 
measurements. For the magnetic-shielded current sensor, we 
adjusted the shape of the magnetic shield and the position of 
the sensor inside, resulting in a small magnetic shield that 
could ensure an operationally trouble-free S/N ratio. The 
magnetic sensor and the small coil inside were shown to be 
applicable to high-current measurement purposes.

We are considering developing a new magnetic coreless 
current sensor using these technologies. In the future, we will 
work on measuring high currents of 1,000 A, high frequencies 
of several tens of kHz or more, three-phase AC currents, or 
similar currents to verify the practicality of our technologies.
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Next, let us look at the results of the high-current 
measurement. We used a 500 Arms, 50 Hz sine-wave current as 
the high current for this measurement. Figure 15 shows the 
measurement results by the small coil in the magnetic shield, 
which shows that the magnetic shield remained unsaturated, 
and the sine wave obtained was similar to that the reference 
Rogowski sensor picked up. Good frequency characteristics 
were obtained from obtaining the output signal through 
the integrating circuit downstream of the small coil. These 
observations show that even a small coil housed in a magnetic 
shield can measure high currents similarly to a Rogowski 
sensor. Next, Figure 16 shows the results of measuring 
a high current with the magnetic sensor in the magnetic 
shield. Similar to the case of the small coil, the magnetic 
shield remained unsaturated, and the sine wave obtained 
was comparable to that detected by the reference CT current 
sensor. In addition, the signal distortion remained within 
approximately 1%, indicating that this magnetic sensor can be 
used for high-current measurement.
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Figure 15 Sine-wave current measurement results 
by the small coil in the magnetic shield

-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50 60

Cu
rr

en
t (

A)

Time (ms)

500 Arms 
50Hz

Rogowski
Coil

Figure 16  Sine-wave current measurement results 
by the magnetic sensor in the magnetic shield

-800
-600
-400
-200

0
200
400
600
800

0 10 20 30 40 50 60

Cu
rr

en
t (

A)

Time (ms)

500 Arms 
50Hz

CT1000A
DUT

그림14 각 축에서 신호 대 노이즈 비

그림16 자기 차폐 내 자기 센서에 의한 사인파 전류 측정 결과

그림15 자기 차폐 내 작은 코일에 의한 사인파 전류 측정 결과
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