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Abstract— We report on the design and construction of a low-

cost, accurate optically-interrogated low voltage transducer 

(LVT) which, when combined with a Rogowski coil or 

conventional current transformer, forms an optically-

interrogated current sensor (OCS). The LVT has been designed 

to be capable of being mass produced. The OCS requires no 

power supply and is interrogated remotely. Furthermore, it can 

be multiplexed in series or in parallel, allowing for multiple 

current measurements at different sites to be made by the same 

interrogator. The LVT and OCS have been tested against the 

accuracy requirements of the IEC 60044-8 standards for 

electronic current transformers (ECTs) both by direct signal 

injection, and by primary current injection when interfaced with 

a conventional PX class CT.  The LVT and OCS are shown to 

meet the stringent 5P protection class requirements and also the 

additional requirements of the Transient Protection Electronic 

(TPE) class. 

Keywords—Fiber Bragg grating, optical current sensor, power 

system instrumentation, electronic current transformer 

I.  INTRODUCTION  

The attractions of fiber-optic sensors are manifold; they are 
passive, compact, chemically inert, immune to electromagnetic 
interference, and they can be interrogated remotely [1], [2].  
Optical current sensors, usually based on Faraday rotation, are 
now relatively well established in the electrical power industry 
[3], though conventional iron-core current transformers (CTs) 
remain the dominant technology due to both the inherent 
conservatism of the industry and a perception of there being no 
additional benefits arising from the use of optical current 
sensors. 

We previously reported on an optically-interrogated 
Rogowski coil [4].  Here we introduce a general purpose Low 
Voltage Transducer (LVT), which can be interfaced directly 
with a Rogowski coil or, through a burden resistor, with a 
conventional CT.  In this paper we interface the LVT with 
1200/600:1 PX class CT constructed by Instrument 
Transformers Ltd. Such an approach brings several advantages 
over the classic optical current sensors based on the Faraday 
Effect. In particular, due to the wavelength encoding of the 
sensors, they can be readily multiplexed and interrogated over 
long distances, forming a distributed measurement system. We 

previously proposed that such a distributed sensor system can 
be used to provide novel power system protection functions, 
not possible with current technology [5]. 

 

Fig. 1. Schematic of the low voltage transducer 

The LVT (shown in Fig. 1) is housed in an industry-
standard, hermetically sealed butterfly package. The transducer 
comprises a low-voltage piezoelectric multilayer stack and a 
bonded fiber Bragg grating (FBG) sensor [6].  Voltage input to 
the piezoelectric stack is though the Kovar pins.  The LVT has 
been designed with the requirements of environmental 
isolation, long-term reliability and potential for mass 
production in mind. 

The measurement principle is as follows: 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 (in this case using a 
commercial interrogation system I-MON 256 OEM), the 
voltage input can be reconstructed.  When the voltage source is 
a Rogowski coil or conventional CT and burden resistor, this 
optical strain signal can be used to reconstruct the primary 
current. 

II. LVT CHARACTERISATION AND CALIBRATION 

The piezoelectric element of the LVT is inherently 
hysteretic in its transduction of voltage to strain. Without 
compensating for this effect, varying amplitude and phase 
errors would be observed, limiting the accuracy of the 
measurement. Accordingly, this hysteretic effect is 



compensated for by post-processing of the data output by a 
fiber-Bragg-grating interrogator [7]. 

Prior to live operation, the hysteretic behavior of the LVT 
is characterized by recording voltage to optical hysteresis loops 
at a number of reference voltages over the full range of the 
LVT sensor. Three-dimensional surface fits are then performed 
to the inverse of these hysteresis loops, an accurate fit yielding 
an equation describing (for any measured optical signal 
magnitude) the scaling required to linearize the relationship to 
the applied voltage. A flowchart describing this hysteresis 
calibration procedure is shown in Fig. 2. 

 
Fig. 2. Flow chart describing the hysteresis calibration procedure 

Applying the resulting hysteresis compensation equations 
to live data on a point-by-point basis significantly improves the 
optical reproduction of the reference voltage signal.  We note 
that this process can be carried out for an arbitrary number of 
serially multiplexed sensors. 

III. PERFORMANCE MEASURED AGAINST INDUSTRY 

STANDARDS 

A. Relevant IEC standards 

The IEC 60044-8 standards for Electronic Current 
Transformers [8] are the most appropriate for the LVT and 
OCS.  TABLE I, below, shows the upper limits of permitted 
current and phase errors; it is these accuracy standards which 
the sensors have been tested against. 

 

TABLE I.  PROTECTION CLASS ACCURACY REQUIREMENTS 

 

 

B. Experimental set-up 

The LVT was tested by direct injection of a voltage signal, 
simulating the input from a suitable current transducer (shown 
in Fig. 3 (a)).  The voltage signals required for these tests were 
generated and recorded using a National Instruments PCIe 
6363 data acquisition card. To operate up to the maximum 
rated voltage of 60 Vpp across the piezoelectric element, further 
amplification was achieved using a Toellner TOE 7621-40 4-
quadrant amplifier. 

For testing of the OCS, a primary current was generated in 
a busbar system by a Chroma 61512 AC power source 
connected to a power transformer constructed by Majestic 
Transformers Ltd.  This primary current, which could be up to 
6 kA and between 15 Hz and 1.5 kHz was recorded by the 
LVT connected to a PX class CT via a 2 Ω burden resistor.  A 
rated current of 300 A was chosen for the OCS; this value can 
easily be changed by changing the value of the burden resistor.  
As a reference device, a Rogowski coil and integrator (from 
Rocoil Ltd, and calibrated independently by NPL and the 
University of Strathclyde) with an amplitude error of ±0.020 % 
and a phase error of 0.0017° was used.  This is shown in Fig. 
3 (b). 

The LVT and OCS were subjected to the following tests 
taken directly from IEC-60044-8: Protection class accuracy; 
Accuracy vs frequency; Composite error at rated accuracy 
limit; Transient performance; Accuracy vs harmonics.  These 
tests are all requirements of the 5P protection class with the 
exception of the transient performance test, which is an 
additional requirement for the Transient Protection Electronic 
(TPE) 
class.

 

Fig. 3. Experimental setup. Testing the LVT shown in (a) where the 

amplifier provides the reference voltage.  Testing the OCS shown in (b) 

where the Rogowski coil and integrator (RC) provides the reference 

voltage. 

 



C. Test results 

For the tests listed above the amplitude error, εrms was 
obtained by performing a Fast Fourier Transform (FFT) on the 
processed optical and reference voltage signals, obtaining the 
RMS signal amplitudes Vopt(f) and Vref(f) at the desired 
frequency (where f denotes the 50 Hz fundamental or the 1/3rd, 
2nd, 3rd, 4th and 5th harmonic as required) and performing the 
following calculation: 

 

                                              
(1) 

The phase error, φ, was determined at each frequency by 
least-squares fitting a sine wave to the recorded reference 
voltage and processed optical time series data. The phase error 
was then calculated as the phase difference between the two 
fitted waveforms. 

The 5P protection class requires that there be no more than 
1% RMS error and 1° phase error at the rated current and 
frequency.  The LVT performance with a 2 Vpp 50 Hz signal 
(which the device would be configured to output at nominal 
primary current in a 5P30 application) results in εrms = -0.25 % 
and φ = 2.89x10-4°, comfortably meeting these requirements. 
Fig. 4 shows an example of the reference voltage and 
compensated optical waveforms during this measurement, and 
the Amplitude Spectral Density (ASD) from which the RMS 
error at 50Hz is derived.  When testing the OCS, the amplitude 
error was found to be -0.3 % and the phase error 0.006°. 

The same 1 % RMS error and 1° phase error limits also 
apply to operation at 96 % to 102 % of the rated 50 Hz 
frequency. At 98 %, or 48 Hz driving frequency, the amplitude 
error was -0.40 % and the phase error 4.15x10-4°. At 102 %, or 
51 Hz, these errors are -0.47 % and 5.05x10-4°, respectively.  
For the OCS, the amplitude and phase errors were - 0.31% and 
0.005° at 48 Hz and -0.30 % and 0.006° at 51 Hz. 

 
Fig. 4. Comparison of reference voltage and hysteresis compensated optical 

waveforms (top) and FFTs from which the RMS error at 50Hz is derived 

(bottom). The 150 Hz and 250 Hz spikes are due to the quality of the 

input sine wave. 

All protection classes require no greater than 10 % 
amplitude error and 10° phase error at 1/3rd, 2nd, 3rd, 4th and 
5th harmonic.  TABLE II presents the RMS amplitude and phase 

errors calculated for the LVT and OCS at 16.67 Hz, 100 Hz, 
150 Hz, 200 Hz and 250 Hz and at rated current (or for the 
LVT, at a voltage equivalent to rated current). Both 
requirements are readily met over all five frequencies of 
interest.  

 

TABLE II.  ACCURACY VS. HARMONICS 

Frequency 
LVT εrms 

(%) 

LVT 

Φ (°) 

OCS εrms 

(%) 
OCS Φ (°) 

16.67 0.92 1.89x10-4 -3.0 0.004 

100 -0.72 -1.1x10-3 1.8 0.008 

150 -1.01 -6.06x10-4 2.7 0.004 

200 -1.15 -3.47x10-4 3.2 -0.001 

250 -1.32 -2.25x10-4 3.7 -0.001 

 
The allowed composite error for a 5P rated ECT is 5 % at 

the accuracy limit.  The composite error is given by 

 

                                    
(2) 

where Ts is the time between two consecutive samples, is is 
the secondary output, T is the duration of one power cycle, k is 
the number of summation periods and tn is the time where the 
nth data set has been sampled.  In the testing system used, the 
sampling by the reference ADC and the optical current sensor 
are synchronized.  The outputs of the reference system and of 
the device under test are thus time coherent and iref(n) can be 
compared directly with is(n). 

Operating at 60 Vpp (30 times rated primary input current 
and thus qualifying for the 5P30 classification) results in an 
RMS error of 0.2772 % and phase error -0.02°. The composite 
error was 0.72 %.  Since the composite error at accuracy limit 
is required to be less than 5 %, this value lies comfortably 
within the requirements of the standards.  

Due to limitations of the current generating test facility, the 
OCS could only be tested up to the lower 5P10 limit.  It was 
found that  was 4.65 %.  The increase over the 0.72 % error 
obtained for the LVT alone is due to the intrinsic composite 
error arising from the hysteresis of the PX class CT. 

The most stringent extra requirement for TPE class ECTs is 
that, at the inception of a fault at the sensor’s maximum range, 
the instantaneous sample error must be within 10 % of the 
reference voltage. Hysteresis compensation can prove 
problematic in situations where there is a DC offset. Therefore, 
it is algorithmically switched off for a few cycles upon the 
detection of a transient, and only a simple scalar is utilized to 
map the optical signal onto the electrical measurand. The 
compensation is then switched back on after any DC offset 
associated with the transient is observed to drop below a 



threshold value; this is done at the next appropriate zero-
crossing to avoid any discontinuities during the return to fully-
compensated steady-state AC operation. The result of this 
process is illustrated in Fig. 5. 

At the maximum voltage point, the instantaneous error is 
observed to be well within the 10 % limits specified by IEC-
60044 – less than 5.5 %. 

 
Fig. 5. Reference voltage compared to the hysteresis compensated optical 

signal during a fault (upper) and the instantaneous error during this 

process (lower). 

The same transient performance test was carried out using 
the OCS, and the instantaneous error was found to be smaller 
than 6 %.  

The results presented show that the LVT and OCS meet the 
accuracy requirements of the 5P class.  The LVT qualifies for 
the 5P30 class.  The OCS has the dynamic range to meet this 
requirement also, but due to limitations of the testing 
equipment, it has been possible to test it only to the lower 5P10 
limit.  Furthermore, both LVT and OCS have been shown to 
meet the extra requirements of the 5TPE class. 

IV. CONCLUSION 

In this paper we have detailed the design and construction 
of a low-cost, mass producible low voltage transducer which 
can be used (when interfaced with a CT or Rogowski coil) as 
an optically-interrogated current sensor.  These devices do not 
require a local power source and can be interrogated from a 
considerable distance.  Furthermore, they can be multiplexed to 
allow remote interrogation of current at several points along a 
transmission line.  This distributed current sensing would allow 
a very quick determination of fault location on real-world 
transmission lines.  It would be of particular use in determining 
fault locations in hybrid transmission lines which have 
overhead and underground sections.  One further benefit is that 
the infrastructure costs for such a distributed sensing system 
are very low. 

In the present iteration, the LVT has been retrofitted to a 
conventional PX class CT to construct an OCS.  The LVT and 
OCS have both been shown to meet the accuracy requirements 
of the 5P protection class and also to have the transient 
performance required for the TPE class. 

In future, the LVT could be interfaced with purpose built, 
light weight CTs; this would enable distributed sensing along a 
transmission line with minimal infrastructure cost.  Hybrid 
transmission line protection would be an ideal application for 
such a distributed sensing system. 
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