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ABSTRACT 

The last decade has noticed the rapidly growing use of 

medium-voltage (MV) low-power instrument transformers 

(LPITs) which are based on low-power principles such as 

Rogowski coil and resistive or capacitive voltage dividers. 

These advanced technologies are being utilized also in 

applications such as energy and power quality metering 

where frequency response with accurate measurement of 

low and high harmonics is a key factor for proper opera-

tion. This paper deals with accuracy requirements for 

harmonics and low frequencies as stated in IEC standards 

for LPITs introduced by the new IEC 61869 standards 

family. This paper describes practical LPIT aspects which 

influence frequency response, summarizes available 

testing methods and presents results of tests performed on 

a wide range of LPITs. It focuses only on LPITs which do 

not involve digital data processing/transmission. 

INTRODUCTION 

The evolution of smart grids and the broad application of 
renewables has created a need for the extensive use of 
current and voltage measurements for proper management 
of power networks. These trends are driving the industry 
toward much greater adoption of advanced, low-power 
sensing technologies instead of traditional solutions using 
iron-core instrument transformers (ITs), due especially to 
improved physical and operational characteristics of 
LPITs in smart grid applications. LPITs have been widely 
accepted due to their advantages and are now frequently 
used for protection, measurement and control applications 
in MV networks together with intelligent electronic 
devices (IEDs) like fault passage indicators, protection 
relays and remote terminal units. Due to rapidly growing 
acceptance of LPITs in MV networks, these technologies 
are also being increasingly utilized in other applications 
such as energy metering and power quality monitoring. 
Since the extent of sources that can produce high 
harmonics in MV networks such as variable-speed wind 
turbines, inverters in solar power plants, variable drives, 
electric vehicle fast chargers etc. is increasing during the 
last decade, harmonics in grids have rapidly increased and 
power quality is becoming an even greater concern. 
Introduction of new high harmonics sources imposes new 
requirements on the equipment used as well as the need to 
adopt these requirements in relevant international 
standards. In order to widely use LPITs in power quality 
applications it is important to understand how international 
standardization with the newly released IEC 61869 
standards family for LPITs supports this issue, as well as 
understanding the frequency response of LPITs and how 
their performance could be practically tested and verified. 

STANDARDIZATION REQUIREMENTS 

As the industry evolves there is an increasingly frequent 

use of LPITs. Comparison of conventional ITs and LPITs 

indicates major change not only in technologies employed, 

but also resulting benefits including safety improvements, 

reduction in transformer physical dimensions and weight, 

and lower internal energy losses. One smart grid 

application in which there is increasing interest is power 

quality metering. This application requires a better 

understanding of frequency response not only of the 

devices used for such primary measurement, but also of 

the response of connected devices which are evaluating the 

signal received from the LPIT [3]. It is quite complex to 

perform frequency response testing for conventional ITs 

and it is challenging to find suitable reference transformers 

for such testing. Furthermore, available standards for 

conventional ITs do not cover this kind of measurement 

apart from tests at a few percent deviation from rated 

frequencies. IEC 61869-6 [1] now includes a frequency 

response requirement as a part of Special tests and 

explained how to perform such testing, when required. 

Even though this part is applicable to LPITs only, a 

dedicated IEC working group is working on its 

implementation into common clauses within IEC 61869-1, 

so it may become valid for conventional ITs as well.  

Accuracy requirements 

Annex 6A.4.2 of IEC 61869-6 [1] defines requirements for 

most commonly used measuring accuracy classes where 

the frequency range is specified from 1 Hz up to the 13th 

harmonic.  
 

 
 

Figure 1 Frequency response for measuring accuracy 

classes 
 

For harmonics above the 13th, only a ratio error limit is 

defined, with an additional -100% ratio error allowed. 

Refer to the ratio error limits illustration in Figure 1. The 

standard references “above the 13th harmonic”, 

nevertheless it is not specified up to what frequency this 
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requirement really applies.  

Annex 6A.4.3 of [1] defines requirements for accuracy 

classes with an extension for quality metering and low 

bandwidth d.c. applications where a 0.1 kHz to 3 kHz 

range is clearly defined. Refer to the ratio error limits 

illustration in Figure 2. 
 

 
 

Figure 2 Accuracy class extension for quality metering 

and low bandwidth d.c. applications 
 

High bandwidth d.c applications are defined within the 

range of 0.1 kHz to 20 kHz, using the same ratio error 

limits as shown in Figure 2, but at different frequencies. 

Annex 6A.4.4 of [1] defines requirements for protective 

accuracy classes. All protection classes have a defined 

10% ratio error limit and a 10 degree phase error limit for 

3rd subharmonics as well as 2nd to 5th harmonics. Refer to 

Figure 3. 
 

 
 

Figure 3 Ratio error limits of protective accuracy classes 
 

There is a definition for a d.c. coupled low-power voltage 

transformer as well, which is defining, in addition to the 

above, a 10% maximum peak instantaneous error at 

frequencies from 0 Hz to rated frequency. A special high 

bandwidth protection class up to 500 kHz is also 

mentioned, but for information purposes only as it would 

require the use of travelling-wave protection relays. 

Testing 

The ideal approach for testing according to [1] is to 

perform harmonics tests with the rated primary signal at 

the rated frequency, where other considered harmonics 

should be superimposed by percentage of the rated primary 

signal at each considered harmonic frequency. However 

there are some drawbacks of this approach:  

- it might be difficult to achieve a test circuit capable of 

reliable generation of such primary input signal as 

well as testing (incl. reference transformer, measuring 

equipment etc.) 

- undefined test parameters, such as: 

o percentage value of each harmonic’s content 

(except special d.c. coupled low-power voltage 

transformers; some values are mentioned in 

reference document [2]). 

o burden applied 

- missing definition of ratio/phase errors at harmonics 

superimposed to the rated frequency signal 
 

These might easily result in different testing approaches 

and incomparable test results performed by different 

laboratories, thus not ensuring interoperability of devices. 

Importantly, the test equipment capable of such 

measurement might influence the measured frequency 

spectra by its own input impedance design. From a 

practical point of view, it is accepted [1] that the accuracy 

tests are made only with a single harmonic frequency 

applied at the primary signal for each measurement, 

nevertheless even this approach might be very difficult to 

perform. For instance, if a multipurpose accuracy class 

1/3P for a voltage measurement is considered, including 

accuracy requirements for harmonics as well as an 

extension for special high bandwidth d.c. applications, the 

primary voltage signal should be applied at frequencies 

ranging from 1 Hz to 500 kHz. The related test set-up 

requires very special equipment which is not equivalent or 

even similar with devices for the testing of accuracy at 

rated frequency. The technical report [2] demonstrates test 

set-ups for testing of frequency response for several 

current and voltage measurement technologies with 

analogue output. The definitions visualize circuits where 

measuring methods are described with comparator and 

reference transducer as two main parts of the system. The 

reference transducer shall be calibrated, or the frequency 

response shall be well known. For the comparator it is 

necessary to have high bandwidth accuracy in the case of 

single device where time synchronization is ensured 

internally between channels, otherwise more apparatus 

solution needs exist for accurate time synchronization. 

These properties of test set-up exclude almost all common 

devices from the majority of laboratories equipped for 

LPIT type testing and routine testing purposes. 

Laboratories may need to invest in new methods and 

testing equipment to be ready for such requirements 

related to frequency response. 

LPIT TECHNOLOGIES USED 

The following information should help with better 

understanding of how the selected technology is 

influenced by frequency change. 

Resistive voltage divider technology 

The resistive voltage divider (RVD) is one very common 

technology with the division ratio given as a ratio between 

at least two resistors R1 and R2. For MV applications these 

two resistances can be realized either as two separate solid 

parts (flat or cylindrical) or as one physical element 

integrating both resistive patterns in one single body. In 

either case, the resistive divider needs to be placed within 

an insulation material in order to secure the dielectric 

performance required by MV application environments. 

Accuracy of an RVD can be set by proper adjustment of 
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R1 or R2 values. Different manufacturers use different 

methods to adjust the resistors and thus the divider ratio. 

In theory, the RVD performance should not be affected by 

varying frequencies as resistors are not frequency 

dependent devices. Nevertheless, full construction and 

design of LPITs at MV levels, based on RVD technology, 

needs to consider the following points: 

- unavoidable stray capacitance coupled to RVD pattern 

and connected pars/devices which can be summarized 

as load 

- secondary cable capacitances 

Therefore, a very simple model assuming just resistors is 

not applicable. A more realistic and still simplified model 

needs to contain at least some capacitance values, which 

may be a major cause for non-linearity in frequency 

response behaviour. Such a model is shown in Figure 4. 

 
Figure 4 Simplified RVD model considering stray 

capacitances as well as connected cable and burden 
 

The MV side is defined by R1.x values which visualize 

decentralized behaviour of a resistive pattern and stray 

capacitance coupling along the resistor. Here C1h.x 

represents the coupling effect within the MV side and 

C1g.x represents capacitances to ground.  The R2 is simp-

lified with C2 as its parasitic capacitance. The remaining 

parts substitute for the cable and burden as centralized 

factors of the circuit. Values of capacitances C1x.x, C2 and 

Ck will have a major influence on the frequency response 

of the complete circuit. Practically speaking, optimization 

of the cable parameters/impedance, shielding system, 

RVD physical dimensions, MV connection etc. gives 

possibilities to adjust the frequency behaviour of such 

LPIT and thus to fulfil discussed harmonic requirements 

from [1].  Finite element method (FEM) is very often used 

for calculation of frequency response, because a 

mathematical model would simply be too complex.  

Capacitive voltage divider technology 

Another often used technology for voltage measurement is 

based on the capacitive voltage divider (CVD). A basic 

circuit has two capacitors C1 and C2 where the final 

divider ratio depends on the proportion of its capacitance 

values. In actual designs for MV applications, these 

capacitors are created by a combination of electrodes 

casted in a dielectric material as well as discrete elements, 

depending on the particular design and application. From 

a frequency response point of view, the dependency on 

stray capacitances and other effects is minimized by means 

of robust shielding. There are also stray resistances which 

are influenced by the insulation material used, but their 

values are, comparing to the reactance of employed 

capacitors, negligible. Therefore, an equivalent and 

simplified model of the CVD can be significantly 

optimized. Refer to Figure 5.  

 
Figure 5 Simplified CVD model considering  

connected cable and burden 
 

For the exact calculation of frequency response, FEM can 

often be used as well. 

Rogowski coil technology 

A frequently used principle for current measurement is 

Rogowski coil technology, where its design is based on a 

toroidal coil with a non-magnetic core. The design itself is 

dependent on dimensional requirements, application, as 

well as the required value of the output signal. Generally, 

the inductance of the coil is influenced by the dimension 

of the core and number of turns. The frequency response 

behaviour thus corresponds to the above factors. Due to 

the nature of this technology, the Rogowski coil output 

signal needs to be integrated as the output voltage is 

proportional to the derivative of primary current.  Refer to 

equation (1).  

                                                       (1) 

Where: 

- u(t) is the actual value of secondary output voltage 

- i(t) is the actual value of primary current 

- K is a constant covering core dimensions, number of 

turns, and mutual inductance  
 

This technology can be used for a very wide bandwidth of 

frequencies, nevertheless due to the low output signal it 

needs the connected devices to be very sensitive to process 

the output signal correctly. A wide bandwidth requirement 

has a high demand on the integrator itself, especially if an 

active integration circuit is used, because sampling 

frequency shall be set with respect to high bandwidth 
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margins. The simplified model in Figure 6 represents the 

behaviour of the coil within tested frequencies. The design 

of the coil should be with respect to the final application. 

The schematic diagram displays coil winding inductance 

L1, resistance R1 and capacitance C1 as well as mutual 

inductance M12. Figure 6 also displays a connected cable 

with capacitance Ck between output wires and a burden 

defined by the parallel connection of resistance Rb and 

capacitance Cb. Several properties like output signal, high 

bandwidth, or high sensitivity can be adjusted by 

modifying the above mentioned parameters.  

 
Figure 6 Rogowski coil simplified model 

TESTING METHOD 

The test set-up for the measurement described below is 

following the recommendation mentioned in [2], i.e. to use 

lower input signal levels in case the tested device is a linear 

device not affected by the presence of a fundamental input 

signal (which Rogowski coil technology and resistive or 

capacitive voltage dividers provide), see Figures 7 and 8.  
 

 
 

Figure 7 Test circuit for voltage LPIT frequency 

response test 

 
Figure 8 Test circuit for current LPIT frequency  

response test 

The test method is based on Lock-in amplifier technology 

which is very useful for handling small signal and noise. A 

reference transducer is substituted by an accurate volt or 

ampere meter where only a small signal is applied, 

otherwise almost standard laboratory equipment can be 

used. The signal generator can in our case be the Lock-in 

amplifier, ensuring generation of the required signal and 

voltage reading as well. For voltage testing, only a 5 V 

harmonic voltage signal, and for current testing, only an 80 

mA harmonic current signal is used as an test object input 

signal generated by the Lock-in amplifier. Internal 

reference ensures precise time stability required for signals 

phase recognition and phase-sensitive detection ensure 

that Lock-in can process signal in nV with very limited 

noise background. Tested objects have output in µV hence 

this method is not limited by Lock-in amplifier sensitivity.  

Signals from the reference meter and LPIT under test are 

compared in the computer which is equipped with 

LabView and necessary communication interfaces for the 

connection link with the Lock-in amplifier and meters. The 

internal software manages the signal recording and sets 

instruments to measure a single frequency in pre-defined 

steps. Improvement of this method lies also in the 

implementation of the “adapter”, which is capable of 

setting the proper burden impedance, defined by standard 

or customer (using a specific measuring device with 

different input impedance). 
 

The main advantages of this method are: 

- safe signal levels 

- less equipment requiring calibration 

- flexibility in transporting the testing equipment 

- low initial investments  

- enables the possibility of full automation  

TEST RESULTS 

The following chapters show test results of testing the 

above mentioned LPIT technologies, using the test method 

described previously. Limits based on requirements of all 

parts of Annex 6A.4 of the IEC 61869-6 [1] are shown in 

the graphs below, in order to provide a complete picture 

about frequency behaviour of the described technologies 

(even though all requirements together might not apply at 

the same time to a single product/design). 

Resistive voltage divider 

Practical measurements were performed on real samples of 

two RVDs for applications up to 17.5 kV and 24 kV. Both 

samples contain an RVD with divider ratio 10000:1, and 

similar construction and multipurpose accuracy class 

0.5/3P but with different dimensions of the RVDs. 
 

 
 

Figure 9 Frequency response for RVD based LPITs 
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Figure 9 shows the final test results compared with limits 

of frequency response measuring class 0.5, accuracy 

classes extension for quality metering and low bandwidth 

d.c. applications as well as standard protective accuracy 

classes. Despite that the devices used in our testing were 

not initially designed for the purpose of high frequency 

measurements, results are showing a good fit to the 

requirements, even though in the case of the 17.5 kV 

sample some small adjustment is needed in the event this 

would be used for power quality metering applications. 

Capacitive voltage divider 

Measurements were performed on two samples, the first is 

designed up to 17.5 kV with accuracy class 1/3P and the 

second is designed up to 24 kV with accuracy class 0.5/3P. 

The results shown in Figure 10 confirm excellent high 

frequency behavior with tested results being well within 

limits specified for measuring class 0.5, with accuracy 

classes’ extension for quality metering and low bandwidth 

d.c. applications as well as for protection class. 
 

 
Figure 10 Frequency response for CVD based LPITs 

The tested CVD samples are within required limits even 

with a large margin. This CVD technology is thus very 

suitable for all applications where behaviors under various 

frequencies are of concern. 

Rogowski coil 

Two samples of different designs with 80A/150mV and 

250A/150mV rated ratios were selected. Both samples 

have multipurpose accuracy class 0.5/5P rated at 50 Hz. 

The different coil parameters results in different frequency 

response behaviors, as shown in Figure 11. Despite the 

tested samples having not been designed for the purposes 

of higher frequency requirements, tested results are 

showing perfect fulfilment of required accuracy levels. 
 

 
 

Figure 11 Frequency response for Rogowski coils  

CONCLUSION 

High frequency requirements are today relevant and thus 

improvements of the IEC 61869 family of standards in this 

direction is a good match. Nevertheless, such requirements 

are relatively new and there remains limited experience 

with those measurements. There are also limitations in 

testing equipment as well as reliable reference 

transformers which could be used within the entire range 

of considered frequencies. We have contacted several 

laboratories with requests for performing the mentioned 

harmonic measurements according to IEC 61869-6. Even 

though this standard has been valid for more than 2 years, 

none of the labs were able to perform such testing fully 

according to the standard. This indicates how difficult it is 

to realize such testing, if possible at all, using equipment 

which is currently available. Therefore, there was a need 

to develop an achievable testing method / procedure which 

could be used today and provide necessary harmonic 

accuracy verification which is required by IEC standards. 

It is obvious, that in case the user is requesting such special 

measurements described above, in addition to what could 

be found in IEC [1], there is a need to define missing test 

parameters and/or further clarify devices/test 

circuit/parameters used. The proposed method and test 

setup provides guidance on how such testing can be 

performed and what devices to use.  

In case the frequency requirements are known and defined 

during the design stage of the LPIT, the design can be 

optimized for such measurement and the device will be 

accurate. Testing an existing device, designed mainly for a 

rated frequency, for additional frequencies as well, may 

reveal some inaccuracies as the device has not been 

designed for that purpose. Nevertheless, test results 

described herein, performed using available samples, are 

showing very good agreement with required frequency 

performance, even though those were unknown during the 

design of these devices.  The described testing method was 

capable of such testing in an easy way and within a very 

short time and it is thus recommended to others that may 

need to perform the same type of measurements. 
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