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Abstract— An optical current sensor (OCS) for distributed current
measurements on high-voltage direct current (HVDC) networks is
presented in this paper. The sensor prototype, comprising a
piezoelectric transducer and a fiber Bragg grating (FBG) as a
principal optical strain sensing element, is evaluated through
laboratory testing and its performance is assessed within the
context of the accuracy requirements specified by the relevant
industry standards. It is demonstrated that the device has the
potential to meet the requirements of the accuracy class 1 specified
by the IEC 61869-14 standard.
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L INTRODUCTION

HVDC networks require high current and voltage
monitoring over extended distances with fast reaction times
from the protection systems [1]-[4]. Fast response, an order of
magnitude faster than for AC equivalents, is mandatory to meet
disconnection times better than 30 ms [2]. Distributed voltage
and current metering and wide-area network protection can be
realized using novel photonic sensor systems that facilitate
improved network visibility and ensure fast reaction while
remaining cost competitive with current technology.

We previously proposed optical voltage and current sensors
for protection applications in AC networks and evaluated their
performance according to the relevant industry standards [5]-[7].
In this paper, we focus on the design and preliminary evaluation
of a prototype OCS demonstrating its potential to provide
current measurements in HVDC networks. Selection of suitable
components for the sensors construction, their dimensions, FBG
attachment methods and its packaging are proposed in order to
ensure it complies with the metering and protection classes and
safety requirements of HVDC networks. The device
performance is compared to the requirements stated in IEC
61869-14 for DC Current Transformers (DCCT) as the most
appropriate standard [8].

II.  OPTICAL CURRENT SENSOR

A. Sensor concept

The concept of the proposed HVDC optical current sensor is
shown in Fig. 1. A standard shunt resistor with a nominal output
voltage of 100 mV is used to convert the line DC current into
voltage. Voltage across the shunt is amplified by a low power
precision amplifier to drive an optical voltage sensor combining
photonic and piezoelectric technologies. The amplifier is
powered from an energy harvester connected to the shunt
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resistor. Thus, no additional power supply provision is required
for the amplifier at the sensor location.
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Fig. 1. HVDC sensor concept.

B. Low voltage transducer

A low voltage transducer (LVT) comprises a low-voltage
piezoelectric multilayer stack and a bonded fiber Bragg grating
(FBG) sensor [6]. The transducer is housed in an industry
standard, hermetically sealed butterfly package (see Fig. 2).
Voltage input to the piezoelectric stack is through the Kovar
pins. Strain proportional to the input voltage is imparted to the
FBG by the piezoelectric stack. In response, the wavelength
reflected by the FBG shifts, due to the change in period of the
grating. By tracking the peak reflected wavelength using an FBG
interrogation system (see Fig. 1), the voltage input can be
reconstructed. When the voltage source is a shunt resistor, this
optical strain signal can be used to reconstruct the primary
current [6].
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Fig. 2. Low voltage transducer.

In the proposed design, an FBG sensor was suspended
between two ceramic arms attached to a rectangular block of
PICMA® stack, having dimensions 3x3x9 mm. The FBG was
attached to the arms with a UV epoxy [6], [7]. To enable DC
measurements and temperature compensation capabilities, the
sensor was equipped with an additional temperature FBG [7].

As specified by the manufacturer [9], the piezoelectric
component used in the LVT construction has an operating



voltage range from -30 V to 120 V. It has a resonant frequency
of 135 kHz and can reach its full displacement in approximately
2.5 ps after the driving voltage change. The LVT nominal
voltage was 2 V.

C. Precision amplifier

To ensure an appropriate strain-to-voltage response of the
LVT, a sufficiently high voltage needs to be provided across the
component. Since the nominal voltage of the sensor is 2 V, the
signal from the shunt resistor requires amplification which is
realized by means of a precision CMOS rail-to-rail op-amp,
TLC4502 (Texas Instruments) [10]. It is used in a non-inverting
configuration with a voltage follower connected to its output to
match the LVT impedance. The op-amp requires low power
supply, and hence, it can be powered from an energy harvester.
Its maximum supply voltage is 6 V and the output current that
the unit can provide is up to 100 mA. This is far more than
required for driving the LVT.

D. Energy harvester

The energy harvester employed in the design utilises a highly
integrated DC/DC voltage step-up converter, LTC3108 (Linear
Technologies) [11]. The unit operates from as low input voltage
as 20 mV and is capable of providing a selectable output voltage
of 235V, 33V,4.1 Vor 5V at loads of a few mA. The
harvester circuitry is equipped with four 1 F capacitors to store
energy for longer power outages. Due to the used high value
capacitors, the charging time is relatively long as shown in
Section I'V.

III. ACCURACY CLASS REQUIREMENTS

The permissible amplitude errors at various points of the
sensor measurement range for DC current transformers (DCCT)
are presented in TABLE I based on IEC 61869-14 [8].

TABLE L LIMITS OF RATIO ERROR FOR DCCT (61869-14)
Ratio error
Accuracy =%
class at current (% of rated)
5 20 100 Ko Kar

0.1 1 0,25 0.1 0.1 1
0,2 2 0.5 0.2 0.2 2
0,5 3.5 1 0.5 0.5 5

1 5 2 1 1 10

The Karr and Kpe values, specified in TABLE 1, are the
accuracy limit factor and the extended primary current factor,
respectively. The standard values of Karr are 5, 10, 20, 30 and
40 [8].

IV. EXPERIMENTAL RESULTS

A. Experimental setup

In order to evaluate the sensor performance, a series of tests
was performed at room temperature and at different input current
values. The experimental setup is shown in Fig. 3.
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Fig. 3. Experimental setup for sensor characterization.

A regulated DC power supply and a resistive voltage divider
were used to provide the required current in the tested circuit.
The voltage across the shunt resistor was monitored by the
optical sensor after amplification. During the tests, the optical
sensor was monitored using a commercial interrogator
connected to a PC equipped with a multifunction data
acquisition (DAQ) card that was used to acquire reference
voltage signals from the shunt. The data acquisition and sensor
interrogation rates were set to 5 kS/s and were synchronized with
each other. A dedicated program created in LabVIEW was used
to process the raw sensor response in the form of instantaneous
FBG wavelengths and the acquired reference voltage signals,
and to calculate the measurement errors.

B. Sensor components characterization

Prior to the sensor accuracy tests the input-output
characterization of the amplifier and the OCS was performed.
As can be seen from Fig. 4, a gain of 21 V/V was achieved for
the amplifier circuit. The harvester charging time from 0 to 5 V
was 14.5 h for the input voltage of 60 mV and 1.25 h for 120 mV,
respectively.
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Fig. 4. Input-Output characteristic of the amplifier powered from the
harvester. The inset shows charging times of the harvester as a function
of the input voltage.

The relationship between the FBG peak wavelength and the
reference voltage for the sensor is shown in Fig. 5. Each point
on the characteristic was averaged from 5000 samples. The
characteristic was then inverted and used to calibrate the sensor.
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Fig. 5. Inverted sensor characteristic as a function of voltage across the shunt.

C. Measurement errors

The measurement error between the measured and reference
voltage across the shunt was calculated according to the
following equation: &(%) = 100-(Viet — Viec)/Vier, Where Vier is
the value of the reference voltage and Vi is the value of the
reconstructed voltage. The voltage characterization was
performed on the sensor in laboratory conditions and according
to IEC 61869-14. To assess the sensor suitability for measuring
purposes, the acquired voltage levels having amplitudes between
50 % and 200 % of the device rated voltage were applied. The
measurement errors are well below 1 % of the OCS nominal
rating as shown in Fig. 6.
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Fig. 6. Optical sensor measurement errors.

It should be noted that due to the interrogator available for
the experiments, the measurement errors are relatively high,
especially at lower voltages below 75 % of the sensor nominal
voltage. This is because of the interrogator having a poor

spectral resolution of 2 pm while the maximum signal on the
sensor was approximately 20 pm. It is expected that the error can
be reduced when the optical interrogator having a better spectral
resolution and accuracy is used.

V. CONCLUSIONS

In this paper, the design and construction of an optical
current sensor (OCS) for distributed current measurement on
High-Voltage Direct Current (HVDC) networks has been
presented. The sensor performance was evaluated
experimentally in laboratory conditions according to the IEC
61869-14 standard. The preliminary results indicate that the
measurement errors are well below 1 % of the sensor nominal
rating. The errors can be reduced when the optical interrogator
having a better spectral resolution and accuracy is used.
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