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Abstract 
Instrument transformers (IT) are used for 

protection and metering in energy distribution 
networks. Especially for the high and highest 
voltage levels the application of optical 
technologies seems to be advantageous due to 
its inherent electrical insulation by optical 
fibres which helps to avoid any 
electromagnetic compatibility (EMC) related 
problems caused by the inductive and 
capacitive coupling between the high voltage 
distribution level and the secondary metering. 
This issue becomes even more important as 
secondary relays are based on digital 
electronic equipment.  

This paper presents a combined instrument 
transformer for voltage and current 
measurements. The voltage measurement is 
based on the optical Pockel’s effect whereas 
the current measurement comprises a low 
power inductive current sensor and an optical 
transmission link. Furthermore, the 
international standards for electronic 
instrument transformers are referenced. The 

IT´s performance in terms of accuracy is 
discussed.  

The main goal of the presented approach is 
the combination of high reliable measurement 
technologies and economic insulation 
coordination.  

 
1. Introduction 
Instrument transformers (IT) are installed in 

energy distribution networks where the 
voltages (i.e. the insulation level) and/or the 
magnitudes of the current are too large for a 
direct electronic measurement and a galvanic 
separation is required for reasons of 
operational safety.  

The IT transforms the primary currents and 
voltage into standardised secondary signals 
which are ready for signal processing 
regarding metering and protection 
applications further on. 

Presently, “conventional” ITs based on 
inductive current and voltage measurement 
principles are widely spread in all voltage 
levels of the distribution networks. The 
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modern IT designs are used because of the 
experience gathered during more than 50 
years of operation and the reliability of 
modern IT designs with an expected life time 
of more than 40 years in maintenance-free 
continuously power-on operation.  

The compact design of modern switchgear 
requires a high degree on resistance against 
miscellaneous undesirable primary events, 
e.g. a lightning stroke with resulting primary 
currents in the range of several ten thousand 
Amperes and transient voltages in the range 
of several hundred kilovolts. Usually, the 
distance between the metering location and 
the place of signal evaluation may be several 
100 meters. Therefore, the effort for energy 
supply and the protection mechanism with 
efficient electromagnetical decoupling is often 
not negligible. 

The accuracy requirements for metering 
application are 0,2% for the amplitude and 
5 min phase accuracy (at 50 Hz) considering a 
dynamic range of 32 dB. For protection 
applications, the amplitude accuracy is 
usually 5% within a dynamic range of 55 dB. 

The costs for the insulation of the active 
parts within conventional ITs are influenced 
usually more than proportional by the system 
voltage. When using optical transmission 
technology, the voltage drop is overcome by 
dielectric optical fibres, so that the costs for 
insulation are more or less independent from 
the system voltage. The EMC is enhanced by 
the inherent galvanic separation. 

When entering the market on large scale 
non-conventional ITs (NCIT) have to 
compete with conventional ITs on the 
technical level as well as on economical 
aspects. Although a large number of physical 
principles may allow getting information 
about the primary value to be measured only a 
few of them are ready for the application 
within high precision ITs. 

 
2. Secondary interface 
The technical parameters are usually 

defined by applying well known international 
standards like IEC, IEEE, AS, BS etc., 
specifying secondary interfaces with power 

delivery capabilities of typical one hundred 
VA at 100V respectively 1/5A.  

As typical NCITs use electronics at the 
secondary interface, they only provide a so 
called low-power signal capable of delivery 
only a few milliwatts of power to secondary 
devices. To overcome this hurdle, optional 
impedance converters, usually “power 
amplifiers”, are added at the secondary 
terminals to adapt to a standard interface 
enabling the NCIT to be a plug-in 
replacement for existing convention ITs. As a 
consequence, the cost for the measuring 
system is raised often destroying the 
economic benefit gained by the use of the 
new technology. 

Meanwhile, international standards ([1], [2], 
[3] and [4]) describe an analogue low power 
interface and a digital interface for ITs. 

Fig. 1 presents a general functional diagram 
of a single phase electronic current IT. The 
functional blocks of an electronic voltage IT 
is not shown as it is quite similar to the block 
diagram of the electronic current IT. 

 
Primary 
sensor 

Primary 
converter

Transmitting 
system 

Sec. converter
for use with a 
merging unit 

(digital output) 

Prim. power 
supply 

MR 

MR 

EF

EF

EF : Equipment failure 
MR: Maintenance request 

Sec. converter
for use with an 

analogue outputSec. power 
supply 

 
Fig. 1: General block diagram of an 
electronic current sensor, see [1]. 

The sensor system consists of a “primary 
sensor”, which captures the primary current 
on high voltage potential. A “primary 
converter” adapts the captured signal to the 
input of the “transmitting system”. A 
following secondary converter transforms the 
signal to the secondary interface, which is 
digital or analogue. Auxiliary outputs for 
“maintenance request” (MR) or “equipment 
failure” (EF) are provided. 

Especially when using a large quantity of 
sensors the use of an additional Merging Unit 
(MU) is recommended. The Merging Unit 
provides at the secondary interface a digital 
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protocol with time correlated sampled values 
of the different currents independent of their 
individual time delay required for signal 
processing. An analogue output is most often 
available for reasons of compatibility. 

The power supply may be connected to the 
secondary converter or to the primary 
converter as far as it is necessary. 

 
3. Standardisation and NCIT designation 
Due to the extraordinary dynamic 

capabilities of low power inductive wide 
range sensors, the accuracy definition is 
precised by [1] compared to [5] for 
conventional ITs:  

The primary current is defined by Ipr which 
corresponds in general to the rated current In 
for conventional CTs.  

The upper limit of the range within 
metering accuracy is defined by the rated 
extended primary current factor Kpcr 
multiplied with Ipr.  

The upper limit of the measuring range with 
protection accuracy in steady state conditions 
is calculated by the product of the accuracy 
limit factor Kalf and Ipr. fig. 2 illustrates 
graphically the definitions.  

 
 

|+
/-E

rr
or

| 

Ip 

Ipr Ipcr 
=Kpcr*Ipr 

Ialf 
=Kalf*Ipr 

Ipsc 
=Kssc*Ipr 
=Ith 

measuring 

protection 

transient protection 

 
Fig. 2: Accuracy limits of a multi purpose 

electronic CT, see [1] 

 
4. Hybrid optical combined IT 
The presented IT uses purely optical 

sensing elements, conventional inductive 
sensing elements as well as (digital) 
electronic devices. This so called “hybrid” 
solution bases on  

a) for current measurement an inductive 
wide range sensor with an additional 
optical signal transmission and 

b) for voltage measurement a distributed 
optical sensor element according to 
the Pockel’s effect. 

 
Fig. 3 shows a photo of the combined 

hybrid optical CT and VT designed for 
insulation level 145/275/650kV. 

 
 

 
 

Fig. 3: Photo of the optical combined 
transformer with details for the current 

sensor (above) and voltage sensor (below) 
 

Tab. 1: Designation of an electronic VT 
Description values 
Rated mechanical strength, 
FR /N 

Acc. IEC 60044-2 

Highest voltage for equipment, 
Um /kV 

Acc. IEC 60044-2 

Rated insulation level Acc. IEC 60044-2 
Service conditions Acc. IEC 60044-2 
Rated frequency, fn /Hz Acc. IEC 60044-2 
Rated primary voltage,  Upn  Acc. IEC 60044-2 
Rated secondary voltage (line-
line), Usn  

1,625 V - 3,25 V – 
4-6,5 

Rated voltage factor, ku  Acc. IEC 60044-2 
Corresponding permissible 
duration  

Acc. IEC 60044-2 

Secondary limiting current  To be specified 
Rated output, Sn /VA <10V: 0,001 – 0,01 

– 0,1-0,5 
>10V: 1-2,5 – 5-10-
15-25-30 

Accuracy class  Acc. IEC 60044-2 
Rated auxiliary power supply 
voltage, Uan  

IEC 60255-6 

Rated phase offset and rated 
delay time, ϕ0n, tdn  

To be specified 
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It is classified according to the IEC 
standards [1] and [2]. An extension of the 
secondary interface according to [3] or [4] can 
be upgraded optionally. Due to the processing 
time required for the digital interface the 
standards allow specifying an additional 
(fixed) phase offset, usually in the range of a 
few milliseconds. 

The tables tab. 2 and 
tab. 1 summarise the designations for a NCIT. 

Tab. 2: Designation of an electronic CT 
Description values 
Rated mechanical strength  Acc. IEC 60044-1 
Highest voltage for 
equipment, Um /kV 

Acc. IEC 60044-1 

Rated insulation level, kV Acc. IEC 60044-1 
Service conditions  Acc. IEC 60044-1 
Rated frequency, fr /Hz Acc. IEC 60044-1 
Rated primary current, Ipr  
/A 

10 - 12.5 - 15 - 20 - 25 
- 30 - 40 – 50 - 60 - 75  
and their decimals 
multiples or fractions 

Rated primary short-circuit 
current for transient 
response, Ipsc  

Ipr * Kssc (=Ith) 

Rated extended primary 
current factor , Kpcr  

1,2 – 1,5 – 2 – 5 – 10 – 
20 – 50 – 100 

Rated symmetrical short-
circuit current factor for 
transient response, Kssc  

3 – 5 – 7,5 – 10 – 12.5 
– 15 – 17,5 – 20 – 25 – 
30 – 40 – 63 – 80, 
and their decimal 
multiples. 

Specified primary time 
constant for transient 
response, Τpr /ms 

Acc. IEC 60044-6 

Type of output analogue vol. or digital 
Type of merging unit sync 
method  

interpolation or sync 
pulse, for digital output 

interface at the merging 
unit (for digital output) 

Electrical or optical 

Rated secondary output 
(for analogue output), Usr  

22,5 mV – 150 mV – 
200 mV – 225 mV – 4 
V  

Rated secondary burden 
(for analogue output), Rbr  

2 kΩ – 20 kΩ – 2 MΩ 

Accuracy limit factor,  Kalf  3 – 5 – 7,5 – 10 – 12,5 
– 15 – 17,5 – 20 -25 – 
30 – 40 – 63 – 80, and 
their decimals multiples 

Accuracy class  Acc. IEC 60044-1 and -
6 

Rated auxiliary power 
supply voltage,  Uar /V 

DC: 24 -48-60-110-
125-220-250 
AC: 120, 220-230-240-
277 

Rated phase offset , ϕ0r  0 - 90° 
Rated delay time,  tdr  Digital out: 2 * Ts, 3 * 

Ts (Ts being the 
inverse of the digital 
data rate). 
Analogue out: none, 50 
µs, 100 µs, 200 µs, 
500 µs 

Rated wake-up time , /ms None -1-2-5 

5. Current sensor 
The Current Sensor (CS) uses a digital 

optical transmission path for sending the 
measured information from high to ground 
potential, i.e. to overcome the voltage drop. 
The principle block diagram is illustrated in  

fig. 4, whereas fig. 5 shows a photo of 
primary sensor and the digital optical 
transmission system called EPOS, consisting 
of a remote and a local module, which are 
connected by two fibres.  

The auxiliary energy needed for the 
electronic components on high voltage 
potential is delivered by a high power laser 
emitting an optical wave. In order to increase 
the lifetime of the laser diode, the electronic 
components at the “remote” site are designed 
as low-power components with power 
dissipation in the range of a few milliwatts. 
With the help of a closed loop regulating 
circuit for the laser energy enclosing the 
optical transmission paths, the emitted laser 
energy is regulated according the amount of 
power needed at the remote site. In normal 
conditions, the high power laser diode is 
therefore operated far below its rated 
conditions. 
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local 

Primary Sensor 

 
 

Fig. 4: Principle of the RITZ EPOS 120 
remote energy closed loop with fibres. 
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Fig. 5: EPOS system, here: combined with 
Rogowsky coil and secondary protocol 

converter 

The remote module serves as a primary 
converter to sample the primary current which 
is already transformed by a primary sensor 
head, e.g. a ring core CT, a Rogowsky coil or 
a shunt.  

Taking into account the dynamic range and 
accuracy for metering and protection 
applications, the requirements are fulfilled by 
using two independent inputs sampling the 
analogue signal synchronously. Both A/D 
converters are triggered by an optical impulse 
through the power fibre. After pre-processing, 
the sampled data are transmitted digitally to 
the local module. Additional information, e.g. 
temperature and system status as well as 
checksum for ensuring data integrity are 
transmitted, too. 

 
5.1 Optically powered transmission 

system EPOS 120  
The digital sample rate is limited to 

40 kSamples/second, but may be adjusted 
externally for synchronisation purposes. The 
analogue bandwidth reaches from DC to 
13 kHz (-3 dB), depending on the analogue 
filter design (fig. 6).  

The input range is limited to 10 Vpeak, 
typically it is chosen in the range of 
± 0,85...2,5 V. For the optical transmission, 
standard fibres with a core diameter of 
62,5 µm or 200 µm are possible. Considering 
a maximum optical attenuation of 5 dB, the 
maximum distance between the remote and 
the local module is typically up to 1000 m. 
The typical performance parameters are 
summarized in tab. 3.  

The local module decodes the digital data 
stream and feeds the digital and analogue 
output port as well as the relay outputs. 

 

-50,0%

-40,0%

-30,0%

-20,0%

-10,0%

0,0%

10,0%

10 100 1000 10000 100000

Frequency f / Hz

Er
ro

r

EPOS 120
SN 0353 & 0349,
22.11.2002
U=1,4V

Fig. 6: Measurement of the frequency 
response of EPOS 

 
Tab. 3: System Performance EPOS 

Accuracy Class 0,1 (IEC 60044-7) 
Temperature: -40°C to + 80°C EPOS120YS 

+5°C to + 40°C EPOS120XD / SP 
Inputs: Max. 2, synchronously sampled 
Quantisation: 2 x 16 Bit 
Sample rate 40 kS/s (+/- 2% adjustable) 
Bandwidth: 13 kHz (-3dB) of analogue input 
Fibre length 1000m typ. (max. 5dB attenuation) 
Digital output: Serial (electric and optical)

Parallel (optional EPOS120SP)  
Analogue 
output: 

Samples (± 10 Vp) and 
Laser diode forward current 

Delay time 100 µs typ. 
 
The optical digital data stream (fig. 7) 

comprises 64 Bit per frame (for each 
sampling), i.e. the sampled values for the two 
input channels (2 x 16 Bit), system status 
information (8Bit) and time multiplexed 
auxiliary data (16 Bit, see tab. 4) identified by 
the auxiliary address (8Bit). This result in a 
data rate of 4M Bit/sec Manchester coded (i.e. 
8M bit/sec. hardware data rate). The 
transmission gap between the frames is used 
for internal synchronisation due to the 
asynchronously transmitted information.  

For easy processing of the raw output data a 
protocol converter EPOS 120 SP is 
developed. It transforms the serial optical 
digital data stream into an electrical parallel 
data stream, which can be easily received by a 
standard PC digital-IO card. The data rate is 
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chosen as 250 kWords/second (interrupt 
driven). This allows using an economic 
standard PC for data processing and storage. 

 
 START Word 1 Word 2 Word 3 Word 4 STOPP 

2 Bit 

SAMPLE CH1 SAMPLE CH2 

2 Bit 16 Bit 16 Bit 16 Bit 16 Bit 

8 Bit 8 Bit 

AUX-
Adress 

AUX-Data 

8 Bit 8 Bit 

W3_LB W4_UB 

STATUS 

time 17µs 

25µs (+/-5%) 

Fig. 7: Logical format of the output of EPOS 
120 XD  

 
Tab. 4: Auxiliary data  

Name Length Address  
(8 bit) 

Sensor ID  16 bit HEX01 
definition Ch1 16 bit HEX02 
rated value Ch1 16 bit HEX03 
max. value Ch 1 16 bit HEX04 
definition Ch2 16 bit HEX05 
rated value Ch2 16 bit HEX06 
max. value Ch2 16 bit HEX07 
Temperature 16 bit HEX08 

 
Regarding the dynamic range, the accuracy 

error is below 0,1% (fig. 8) without applying 
any additional linearization. 
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0,5%

1 10 100 1000 10000

input voltage / mV (eff.)

Er
ro

r

EPOS 120
SN 0353 & 0349,
analogue interface,
02.09.2002

Fig. 8: Measurement of the dynamic range of 
EPOS 

 
5.2 Primary current sensor 
For the detection of the primary current an 

inductive wide range current sensor (IWRCS) 
is used because of the high accuracy and high 
dynamic range regarding over currents. 
Optionally, a Rogowsky coil is used as well, 
if the main purpose is monitoring of high 

frequency transients and harmonics, which are 
amplified due to the characteristic of the 
Rogowsky coil.  

The IWRCS type Ritz KSOHE 2412 (see 
fig. 9) with a primary rated current Ipr=50 A 
and a rated extended primary current factor 
Kpcr=50 is used for metering according to 
accuracy class 0,5 for the primary current 
range between 50 and 2500 A. With the 
accuracy limit factor Kalf=630, the IEC 
protection class 5P up to 31,5 kA is met.  

 
 

 
Fig. 9: Example of an inductive wide range 

sensor, type RITZ KSOHE 2412 

 
As the IWRCS´s secondary interface 

delivers analogue voltages in the range of 
millivolts at rated conditions, special attention 
has to be paid to the connection leads to the 
primary protocol converter regarding EMC. 
Therefore, double shielded cables with 
twisted wires are mandatory. In case a 
Rogowsky coil is used, a special input 
protection circuit in case of transient inrush 
currents is needed furthermore. 

Fig. 10 shows the response of the IWRCS 
KSOH2412 for a fully delayed primary 
current 31,5 kA. The transient error is lower 
than 10% for duration of more than 50ms. 
The amplitude error for steady state currents 
between 50 A and 4000 A is lower than 
0,08% (fig. 11). 
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Fig. 10: Example of transmission of a fully 
delayed primary current of 31,5 kA (sensor 

type: KSOHE 2412)  

 
 

 
Fig. 11: Measurement of the accuracy and 
dynamic range (sensor type KSOH 2412, 3 

samples) 

 
6. Voltage sensor 
Fig. 12 gives a sketch of the optical voltage 

sensor module. The sensor crystals detecting 
the electric field are located between the 
electrodes. 

The sensor crystals are distributed along the 
voltage drop between the electrodes in order 
to fulfil the integration formula according to 
Simpson’s law (fig. 13).  

Thereby, the electrical field is integrated by 
the means of the summation of the optical 
phase shifts of the orthogonal polarised 
optical waves. The weighting factors of the 
Simpson formula are realised by the variation 
of the length of each crystal.  

 

 
Fig. 12: Principle drawing of the voltage 

sensor  
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Fig. 13: optical integration using Simpson’s 

formula. 

The goal is a very precise approximation of 
the voltage drop with a high immunity against 
distortions of the electrical field distribution 
caused e.g. by varying local resistance of the 
insulator - due to moisture, pollution or ice - 
or by other switchgear components located 
nearby the optical voltage sensor. 
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On the other hand, the comparably long 
measuring distance leads to a low electrical 
field strength resulting in low cost for 
electrical insulation and a high safety margin 
with regard to lighting flashover or steep 
switching impulses. 

Furthermore, the small dimensions of the 
crystals have a positive effect on overall 
crystal costs, the frequency response and 
resistance against piezoelectric resonances 
caused by voltage transients (e.g. lightning 
stroke).  

The optical voltage sensor does not need 
any power supply at high voltage potential, 
i.e. the primary sensor is realised electrically 
passive. This feature allows adapting to a 
higher insulation level by simply cascading 
another voltage module in series to the first 
one. 

The physical measurement principle is 
based on the Pockel's effect. A typical setup 
for the evaluation of this effect is given in fig. 
14. A polarised optical wave travelling 
through a Pockel’s crystal is influenced in the 
state of polarisation in presence of a 
modulating electrical field. This kind of 
optical phase modulation is transferred into an 
amplitude modulation by using an additional 
wave plate for operation point adjustment and 
an analyser.  

 
 

 
Fig. 14: Pockel's Cell 

 
The electronics which does the optic 

electrical conversion and signal processing is 
shown in fig. 15. The measurement of the 
performance of a prototype optical VT proofs 
stability within +/- 0,25 % in the temperature 
range from -40 ... +70°C (fig. 16). 

 
Fig. 15: Electronic processing module for the 
optical voltage sensor (here: 2 channel setup) 
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Fig. 16: Measurement of Temperature 

response of the optical VT 

 
7. Conclusion and outlook 
The hybrid optical voltage and current 

sensor presented in this paper is an 
economically motivated approach to use the 
benefits of optical sensing and transmission 
technology on a reliable level known from 
conventional CTs and VTs.  

The current sensor bases on a conventional 
inductive primary sensor like an inductive 
wide range sensor or a Rogowsky coil. In 
combination with the digital optical data 
transmission this solution allows great EMC 
and high accurate measurements up to 13 kHz 
suitable for monitoring applications and 
power quality measurements. When using a 
primary shunt, DC measurements are 
possible. 

The voltage sensor based on the Pockel’s 
effect. The optical coupling of the sensor 
element and the electronics enhances the 
EMC. Its modular design allows adaptation to 
higher voltage levels by simply cascading the 
primary sensor head in series connection. 
Operational safety and immunity against 
external electrical field distortions caused by 
parasitical stray capacitances is reached by 
using a low electrical stress design and 
distributed sensor crystals. Their small 
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dimensions provide resonance free operation 
even when subjected to transient voltages. 

With regard to environmental protection 
issues and personal safety the hybrid optical 
CT and VT is designed oil-free. 

The secondary interface allows adapting a 
low power (digital or analogue) or 
conventional 100 V and 1 A interfaces. 

Practical experience will be collected 
during a field test at sites in two European 
countries starting by end of the year 2004. 
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