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Abstract- An optical probe current sensor module using the Kerr effect of exchange-coupled magnetic 

film has been fabricated and applied to switching current measurements for IGBT used for the DC-DC 

converter and the DC-AC inverter of EV/HEV. Since the sensor module using the Kerr effect of the 

single domain exchange-coupled magnetic film utilizes magnetization rotation only, Barkhausen noise 

due to domain wall pinning can be excluded. The current sensor consists of a Laser-diode, a polarizer, 

a Fe-Si/Mn-Ir exchange-coupled film, a quarter-wavelength plate, PIN Photodiodes and a differential 
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amplifier. The current sensor has a current measurement range of ±60 A and a frequency range of DC-

200 kHz. The switching current of IGBT has been measured by it.  

 

Index terms: Current sensor, Optical probe, Magneto-optical Kerr effect, Exchange-coupled film, EV/HEV 

 

 

I. INTRODUCTION 

 

In order to reduce CO2 emissions from vehicles, the electric vehicle (EV) and the hybrid electric 

vehicle (HEV) have been developed and they are increasing worldwide. To further increase their 

energy efficiency, higher efficient the Power Control Unit (PCU) with the DC-DC converter and 

the DC-AC inverter must be realized. 

Fig. 1 shows an example of the PCU [1]. When the synchronous motor is driven by the inverter, 

it is necessary to measure the motor current correctly for torque control. Also for monitoring 

the charge/discharge energy of the battery, current sensor is needed. The Hall element sensor 

with a magnetic yoke is currently used for sensing the motor current and the charge/discharge 

current of the battery. However, it is not so easy to measure the current correctly because the 

electromagnetic noise, which is due to very large current switching in the PCU with a rating 

power of 10 – 100 kW, is induced in the wire-harness of the sensor, and such noise degrades S/N 

Motor
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Bidirectional converter

Battery

Current sensor
(Battery monitoring)

Inverter

650 Vmax

Control circuit
Current sensor

(Motor current sensing)

 

Fig.1 Power control unit of the Electric vehicle and the hybrid electric vehicle. 
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ratio of the current sensing [2]. In addition, the Hall-effect sensor has the undesired temperature 

dependent drift. 

Optical probe sensing is effective for suppressing the influence of electromagnetic noise. As the 

previous optical probe sensing, optical current transformer [3], fiber-edge magneto-optic probe 

[4], [5] and others are well-known methods for current sensing or magnetic field sensing by using 

the magneto-optical Faraday-effect [6]. However, such conventional sensor systems have not 

been applied to EV/HEV current sensing owing to the temperature dependent characteristics of 

magneto-optic (MO) material such as Bi-RIG with low Curie temperature blow 300 degree C.   

The authors used the magneto-optical Kerr effect for current sensing. The Kerr-effect has been 

commonly used for evaluation of magnetic materials, such as magnetic domain observation [7]. 

By using the metallic magnetic film with high Curie temperature for Kerr-effect optical sensor, 

temperature dependence of the sensor characteristic can be improved. 

In this study, a novel optical probe current-sensor module, based on the Kerr effect for rotation 

magnetization of the single magnetic-domain Fe-Si/Mn-Ir exchange-coupled film[8], has been 

fabricated and applied to switching current measurements for the IGBT used in the PCU. The 

accurate switching current sensing in the PCU is very important to realize the optimal switching 

control scheme (e.g., zero-current switching) for minimizing the switching-loss. Since the optical 

sensor signal is transmitted through the optical-fiber, the ambient EMI noise does not influence 

the sensor signal.  

In this paper, we report on fabrication and evaluation of the optical probe current sensor module 

and its application to a switching current measurement for the IGBT used for the PCU of the 

EV/HEV. 

 

II. MAGNTIC KERR EFFECT AND ITS APPLICATION TO                          

OPTICAL PROBE CURRENT SENSOR MODULE 

 

a. Current dependent Kerr rotation of a single magnetic-domain film 

Fig.2 shows the Kerr effect and operation principle of the optical probe current sensor. A single 

magnetic-domain film is put on conductor line (a wire or a bus-bar, etc) to align a magnetic 

moment in the current flow direction. An incident plane of linearly polarized light is aligned in 

the hard magnetization direction of the magnetic film. When the current is zero, the transverse 
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Kerr effect becomes dominant and the reflected light is to be kept to the linear polarization. When 

the current Is is flowing in the bus-line, which is large enough to align the magnetic moment 

perpendicular to the current direction, the reflected light is elliptically polarized with a maximum 

Kerr rotation θK.max. In case of I < Is, the Kerr rotation angle θK (<θK.max) becomes a current 

dependent parameter. 

b. Ferro/antiferromagnetic exchange-coupled film with a single magnetic domain structure 

Since the ferro/antiferro coupling gives rise to an exchange bias magnetic field Hex in the 

ferromagnetic layer, the ferromagnetic film has a single magnetic-domain structure. Therefore the 

ferro/anti-ferromagnetic exchange-coupled film has two advantages for the optical probe current 

sensor. First, the Barkhausen noise due to the domain wall pinning can be excluded, and the 

magnetization reversal is dominated only by rotation magnetization when the external magnetic 

field is applied to the hard magnetization direction (perpendicular to Hex). Second, the 

exchanged-coupled film has an excellent frequency characteristic of magnetic susceptibility χ, 

which is due to additional Hex. The frequency response is limited by ferromagnetic resonance 

frequency fr. It is easy to obtain higher fr over 1 GHz. Since the sensitivity of optical sensor, 

which is defined as θK/I in the linear operation region, is proportional to the hard magnetization 

axis susceptibility χ, high speed optical current-sensing can be realized by using the 

ferro/antiferro coupled film. 

The exchange bias field Hex and the static magnetic susceptibility χ in the hard axis of the 

exchange-coupled film are written as follows [9]; 

                                                                    
sF

ex

ex
Mt

J
H                                                               (1) 

Magnetic film Magnetic moment

Incident light

（Linearly polarized）

Reflected light

（Linearly polarized）
Easy axis

 

max.Ｋ

Magnetic field

Current
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Reflected light
（Elliptic polarization）

 

(a) Current I = 0 A                                     (b) Current I = IS A 
Fig. 2 Principle of the magnetic Kerr effect and the optical probe sensor. 
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Where Jex is the exchange energy, tF is the ferromagnetic layer thickness, Ms is the saturation 

magnetization and Hk is the uniaxial anisotropy magnetic field of the ferromagnetic layer. Since 

the static magnetic susceptibility χ can be changed easily by the ferromagnetic layer thickness tF, 

the sensitivity of the optical probe current sensor can be controlled by changing tF. In this study, 

Fe-Si(100 nm)/Mn-Ir(10 nm)/ Fe-Si(10 nm)/Ru(1 nm) was selected for the magnetic film[10].  

Fig. 3 shows the cross-sectional structure of the Fe-Si/Mn-Ir exchange couple film. A top 100 nm 

thick Fe-Si layer with thin passivation layer of SiO2 operates as the reflective film for the Kerr 

effect. As described later, a 1312 nm Laser-diode for the optical-fiber communication was used 

as the light source in the fabricated optical probe current sensor. From the experiment of 

maximum Kerr rotation angle θK.max by using the magneto-optic measurement set-up (NEOARK: 

BH- M600VIR-FKR-TU), θK.max. was estimated to be about 0.04 degree. θK.max. was not so large, 

therefore a differential detection scheme for the optical signal was introduced to the sensor.  

 

III. OPTICAL PROBE CURRENT SENSOR MODULE USING THE KERR EFFECT 

OF EXCHANGE-COUPLED FILM 

 

a. Sensor module structure 

The Fig. 4 shows a schematic view and a photograph of the optical probe current sensor module. 

This sensor module consists of a 1312 nm Laser-diode, a polarizer (Glan- Thompson prism), a 

Fe-Si/ Mn-Ir film, a quarter wavelength plate, a Glan-Laser polarizer, two PIN Photodiodes for 

Fe-Si
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Substrate

1

Fe-Si

Mn-Ir

10

10

100

Unit : [nm]

SiO25

 

Fig.3 Cross-sectional structure of the Fe-Si/Mn-Ir exchange-coupled magnetic film. The top thin 

SiO2 layer is used for avoiding native oxidation of the Fe-Si layer. 
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S-polarized and P-polarized light, a differential amplifier and three plastic fibers. The incident 

angle of linearly polarized light for Fe-Si/Mn-Ir was 55 deg. [10], which gives a maximum Kerr 

effect. When current I = 0, linearly polarized reflected light from the top Fe-Si layer is 

transformed to a circularly-polarized light by quarter wavelength plate, and the principal axis of 

the quarter-wave plate is adjusted in order to equal the intensity of S-polarized and that of P-

polarized light. In case of current flowing (Kerr rotation occurs), the different strength between 

S-polarized and P-polarized light give rise to an output Vo through the two PIN Photodiodes and 

the differential amplifier. 

The module size is 3.49 cm X 4.85 cm excluding the Laser-diode, the electronic circuit and the 

optical fiber. 

 

 

Optical fiber

Differential amplifier

Vo
P-polarized

S-polarized

Laser diode 

(l = 1312 nm)

Glan-Thompson

polarizer

Magnetic film
l/4 plate

Glan-Laser polarizer

Optical fiber

Incident angle
55 deg.

PIN Photodiode

PIN Photodiode

4.85cm3.49cm

 

(a) Schematic view of the optical probe current sensor 

 

(b) Photograph of the optical probe current sensor 

Fig. 4  Schematic view and photograph of the optical probe current sensor fabricated. The size is 

3.49 cm X 4.85 cm excluding the Laser-diode, the electronic circuit and the optical fiber. 
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b. A photo signal to electric signal conversion circuit 

Fig. 5 shows the photo signal to the electric signal conversion circuit of the optical probe current 

sensor. Inverse-bias current of the PIN Photodiode, which is proportional to the light intensity, is 

converted into the voltage across the resistance (82 kΩ). Since the incident S-polarized and P-

polarized light to the PIN Photodiode had a power of 120 μW in case of current I = 0, each dc-

offset voltage of 82 kΩ resistance was adjusted to zero in the next-stage inverting amplifier. In 

the final-stage differential amplifier, an output voltage Vo was proportional to the difference of 

the change of P-polarized and S-polarized light due to Kerr rotation. 

The frequency bandwidth of the PIN photodiode circuit depends on the product of parasitic 

capacitance and external resistance. The fabricated PIN Photodiode circuit had the bandwidth of 

1.2 MHz. The designed total voltage-gain through the inverting amplifier and the differential 

amplifier was 100 (40 dB) with -3 dB bandwidth of 200 kHz. Fig. 6 shows the gain v.s. 

frequency. A measured gain was about 41 dB and cut-off frequency was about 200 kHz. The 

sensor output  

 

 

 

 

 

 

 

+15V

+15V

-15V

82kΩ

10kΩ

100kΩ

100kΩ
1MΩ

1MΩ

100kΩ

+15V -15V

100kΩ

100kΩ
1MΩ

1MΩ

100kΩ

10kΩ

THS4012

S-polarizad

82kΩ

P-polarizad

+15V

THS4012

INA118

 

Fig. 5 Photo signal to electric signal conversion circuit. 
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noise at zero-current condition was ±100 mV, and it was considered that the main reason for this 

may be owing to the small Kerr rotation angle of Fe-Si, and lesser reason might be the dark 

current noise of the PIN Photodiode and the circuit noise. 

c. Basic experiment for the fabricated sensor module 

Fig. 7 shows a basic experimental set-up for the fabricated sensor module. As the ac magnetic 

field generation apparatus, a 1150 turn-solenoid coil was used, and the fabricated sensor module 

was set in the center of the solenoid coil. Fig. 8 shows the relationship between the sensor output 

v.s. the ampere-turn of the solenoid coil. The normalized magnetization curve of the upper 100 

nm thick Fe-Si layer of the Fe-Si/ Mn-Ir film is also shown in this figure. Sensor output v.s. 

ampere-turn corresponds well to the magnetization curve. From the experimental results, it was 

found that the sensor output is approximately proportional to the external field H ranging from -

20 to 20 Oe.  

 

 

 

 

Fig. 6 Gain v.s. frequency characteristic through the inverting amplifier and differential 

amplifier. 
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Fig. 7 Basic experimental set-up for the sensor module. 
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Fig. 8 Relationship between the sensor output and the ampere-turn of the 1150 turn-solenoid coil. 

Normalized magnetization curve of the upper 100 nm thick the Fe-Si layer of Fe-Si/Mn-Ir film is 

also shown. 
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IV. SWITCHING CURRENT MEASUREMENT OF THE IGBT 

 

a. Experimental set-up 

Fig. 9 shows the experimental circuit of the IGBT switching current measurement using the 

optical probe current sensor. The dc voltage Vd generated using a double-voltage rectifier circuit 

was 340 V. The high and low-side IGBT switches (CM200DU-24NFH; Mitsubishi Electric Co.) 

were used. The reactor L with 1 mH inductance was connected in parallel to the high-side switch. 

The high-side switch was turned-off at all times, and the low-side switch was turned-on and off 

repetitively. 

In this experiment, the turn-on time was 50 μs and turn-off time was 150 μs. Fig.10 shows the 

schematic view of the current flowing when low-side IGBT turned-on or off.  When the low-side 

switch is turned-on, the current flows through the reactor and the low-side switch, and it increases 

proportionally with time (magnetic energy storage period) (Fig.10(a)). On the other hand, when 

the low-side switch is turned-off, the circulating current flows through the reactor and the body-

diode of the high-side switch (Fig.10(b)). Under ideal conditions, the low-side IGBT current iL in 

the turn-on period can be expressed as follows;  

                                                                    
ont

L

V
i d

L
                                                              (3) 

Here Vd is the dc voltage (340 V), and L is the inductance of the reactor (1 mH). In case of the 

turn-on period of 50 μs, the current i increases up to 17 A. When the low-side IGBT is turned-off 

at t > 50 μs, the circulating current through the reactor and the body diode of the high-side IGBT 

would be kept to 17 A in 150 μs period because of small series-resistance in the reactor and body 

diode. When the low-side IGBT is turned-on again at t = 200 μs, the current iL would increase 

according to the following equation;  

                                                                 
on17 t

L

V
i d

L
                                                            (4) 

At t = 250 μs, the current is iL 34 A. In this experiment, the low-side switch was turned on and off 

repetitively four times. Therefore, at t = 650 μs, the current is iL 68 A.  
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b. IGBT switching current measurement 

By using the experimental circuit shown in Fig. 9, the switching current of low-side IGBT was 

measured by the fabricated optical probe current sensor module. The magnetic yoke for 

increasing sensor sensitivity was not used in this experiment, and the fabricated sensor module 

was put directly on an aluminum bus-bar.  

Fig.11 shows the low-side IGBT current waveform measured by the optical probe current 

sensor. The dc voltage Vd was 340 V, the quad gate-pulse was applied to the low-side IGBT, the 

turn-on period of low-side IGBT was 50 μs and turn-off period of it was 150 μs (25 % duty). The 

results are: the first, the second, the third and the fourth peak current were estimated to be about 

14, 27, 41 and 61 A respectively. 

Fig.12 shows the measured sensor output voltage v.s. current flowing through the bus bar. It was 

found that the sensor output is approximately proportional to current flowing through the bus bar 

ranging from 0 to 60 A. However, the measured peak currents were lower than the predicted 

L
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OFF

ON

                                          

L

iL

OFF

OFF

 

(a) Low-side switch; turned-on                               (b) Low-side switch; turned-off 

Fig. 10 Schematic view of current flowing when low-side IGBT turned on or off 
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Fig. 9 Experimental circuit of IGBT switching current measurement using optical probe current 

sensor module. 
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values of 17, 34, 51 and 68 A. It was considered that the series resistance of the reactor and on-

resistance of the IGBT caused the voltage drop.  

In the turn-off period of the low-side IGBT, the sensor output was not zero (undesirable off-set). 

This is owing to the stray magnetic field generated by the circulating current through the reactor 

(Fig.10(b)) because the sensor has no magnetic yoke for suppressing the stray field. Such 

undesirable off-set will be suppressed using magnetic shield techniques.  

 

        

Fig. 12 Measured sensor output voltage v.s. Current flowing through the bus bar 
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Fig. 11 Switching current waveform measured using the fabricated optical probe current sensor 

module. 
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V. CONCLUSIONS 

 

This paper describes an optical probe current sensor module using the Kerr effect and its 

application to IGBT switching current measurement. By using a single magnetic-domain Fe-

Si/Mn-Ir exchange-coupled film, the Barkhausen noise due to domain wall pinning can be 

excluded, and high-sensitivity in current measurements are realized using differential detection. 

The sensor-head has a compact size of 3.49 cm X 4.85 cm. By using the sensor module, 60 A 

IGBT switching current measurement has been demonstrated.  

In the future, a mm-scale miniature sensor module will be developed for application to the PCU 

of HV/HEV.  
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