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ABSTRACT
The impact of current transformer accuracy on the uncertainty of harmonic measurements was
investigated. A literature review revealed the lack of traceability of harmonic measurements conducted
using IEC 61869-2 or IEC 60044-1 compliant current transformers.
Lack of traceability can be problematic for harmonic emission assessments conducted at South African
independent renewable power plants (RPPs), as non-compliance to harmonic emission limits has legal
implications. A test setup capable of measuring the harmonic frequency response of current transformers
op to 3 kHz with 0.1% ratio and 0.02° phase displacement uncertainty was developed using off the shelf
components. This setup was used to measure the harmonic frequency response of a number of current
transformers installed at a solar PV farm in Southern Africa.
Each current transformer showed a unique frequency response, even when supplied with an identical
burden. The increase in measurement error with harmonic frequency can be compensated for by
applying harmonic ratio correction factors and phase displacement corrections to harmonic
measurements. The developed test set and test method can be used for future investigations into the
harmonic frequency response of current transformers.
Keywords: Current transformers, uncertainty, grid code compliance, harmonics

i

ACKNOWLEDGEMENTS
I wish to express my sincere gratitude to my supervisor, Prof. Johan Rens for his support and motivation
during the research and for all the opportunities he made possible. I could not ask for a better supervisor.
I also wish to thank my co-supervisor, Dr. Gerhard Botha and the rest of the team, Jan-Hendrik Hattingh,
Hendrik Maree, Sane Rens, Charl Marais, Gys Niesing and Brandon Peterson, with whom I worked
closely and learned a lot from, for their friendship and willingness to help. Thanks to Prof. Jan de Kock
for his insightful comments, Arno de Beer and the NWU solar car team for the adventures they added
to the journey and special thanks to my family and friends for their continuous support.

ii

LIST OF ABBREVIATIONS
∆𝜑

phase displacement

h

harmonic number

PV

Photovoltaic

CSP

Concentrated Solar Power

CT

current transformer

VT

voltage transformer

IT

instrument transformer

DSO

Distribution System Operator

IPP

Independent Power Producer

RPP

Renewable Power Producer

NERSA

National Energy Regulator of South Africa

JCGM

Joint Committee for Guides in Metrology

GUM

Guide to the Expression of Uncertainty in Measurement

VIM

Vocabulary In Metrology

𝜎$

variance

𝑢

standard uncertainty

𝑢'

combined uncertainty

𝑝

level of confidence

𝑘*

coverage factor

PPA

Precision Power Analyzer

FFT

Fast Fourier Transform

iii

TABLE OF CONTENTS
CHAPTER 1: INTRODUCTION ........................................................................................ 1
1.1

BACKGROUND AND RATIONALE ........................................................................................... 1

1.2

IMPORTANCE OF ACCURATE HARMONIC CURRENT MEASUREMENT ....................................... 1

1.3

RESEARCH PROBLEM ........................................................................................................... 3

1.4

HYPOTHESIS ........................................................................................................................ 3

1.5

RESEARCH SCOPE ................................................................................................................ 3

1.6

OBJECTIVES......................................................................................................................... 3

1.7

DOCUMENT OUTLINE ........................................................................................................... 4

1.8

SUMMARY ........................................................................................................................... 4

CHAPTER 2: RESEARCH METHODS ............................................................................ 5
2.1

INTRODUCTION .................................................................................................................... 5

2.2

RESEARCH STRATEGY.......................................................................................................... 5

2.3

DATA PROCESSING AND ANALYSIS....................................................................................... 5

2.4

RESEARCH LIMITATIONS ...................................................................................................... 6

2.5

EVALUATION ....................................................................................................................... 6

2.5.1 Verification ..................................................................................................................... 6
2.5.2 Validation........................................................................................................................ 6
2.5.3 Research outputs ............................................................................................................. 6
2.5.4 Resources ........................................................................................................................ 7
2.6

SUMMARY ........................................................................................................................... 8

CHAPTER 3: LITERATURE STUDY ............................................................................... 9
3.1

INTRODUCTION .................................................................................................................... 9

3.2

MEASUREMENT UNCERTAINTY ............................................................................................ 9

3.2.1 Metrological Definitions .................................................................................................. 9
3.2.2 Traceability of measurements ........................................................................................ 10
3.2.3 Measurement error and uncertainty ............................................................................... 10
3.2.4 Sources of uncertainty ................................................................................................... 11
3.2.5 GUM Type A and Type B uncertainty evaluation ........................................................... 11
3.2.6 Type A uncertainty evaluation procedure ....................................................................... 12
3.2.7 Alternative approach to measurement uncertainty ......................................................... 14
3.3

CURRENT HARMONICS ....................................................................................................... 14

3.4

CURRENT TRANSFORMERS ................................................................................................. 16

3.4.1 Equivalent circuit .......................................................................................................... 16
iv

3.4.2 Guidelines for the use of current transformers ............................................................... 17
3.4.3 CT accuracy class ratings.............................................................................................. 17
3.4.4 Current transformer frequency range ............................................................................ 17
3.4.5 Causes of inductive current transformer error ............................................................... 18
3.4.6 Measuring the frequency response ................................................................................. 19
3.5

PREVIOUS INSTRUMENT TRANSFORMER FREQUENCY RESPONSE STUDIES ........................... 20

3.6

HARMONIC GRID CODE COMPLIANCE FOR RENEWABLE POWER PLANTS .............................. 22

3.7

CONCLUSION ..................................................................................................................... 23

CHAPTER 4: FIELD INVESTIGATION ........................................................................ 24
4.1

INTRODUCTION .................................................................................................................. 24

4.2

PURPOSE AND LOCATION ................................................................................................... 24

4.3

REQUIREMENTS ................................................................................................................. 24

4.4

CURRENT TRANSFORMERS IN QUESTION ............................................................................ 25

4.5

TEST EQUIPMENT............................................................................................................... 26

4.5.1 Signal generator: Omicron CMC256plus....................................................................... 26
4.5.2 Comparator: Newtons4th PPA 5530 Precision Power Analyser ..................................... 27
4.5.3 Reference transducer: Newtons4th HF100 100 A precision shunt .................................. 28
4.6

TEST SETUP ....................................................................................................................... 29

4.6.1 Sources of uncertainty ................................................................................................... 30
4.7

TEST SETUP SOFTWARE...................................................................................................... 31

Signal generation: Omicron Transplay...................................................................................... 31
DATA LOGGING: PPA DATALOGGER 3.2........................................................................................ 31
4.8

TEST SIGNAL ..................................................................................................................... 32

4.9

TEST PROCEDURE .............................................................................................................. 35

4.9.1 Analysis of results.......................................................................................................... 36
4.10

SUMMARY ......................................................................................................................... 37

CHAPTER 5: ANALYSIS OF MEASUREMENT RESULTS ........................................ 38
5.1

INTRODUCTION .................................................................................................................. 38

5.2

RAW DATA ........................................................................................................................ 38

5.2.1 Power Analyzer output .................................................................................................. 38
5.2.2 Harmonic current components....................................................................................... 39
5.2.3 Fundamental current component ................................................................................... 41
5.2.4 Harmonic ratio and phase shift...................................................................................... 43
5.3

HARMONIC DATA FILTERING.............................................................................................. 46

5.3.1 Removal of transient data .............................................................................................. 47
v

5.3.2 Noise sensitivity............................................................................................................. 48
5.3.3 Harmonic ratio distribution ........................................................................................... 48
5.3.4 Bin division ................................................................................................................... 50
5.4

CT HARMONIC RATIO AND PHASE SHIFT CALCULATION ...................................................... 52

5.4.1 Harmonic ratio and phase shift calculation.................................................................... 53
5.4.2 CT ratio and harmonic amplitudes................................................................................. 54
5.4.3 CT phase shift and harmonic amplitudes........................................................................ 55
5.4.4 CT ratio and fundamental amplitudes ............................................................................ 56
5.4.5 Pooled Standard uncertainty.......................................................................................... 58
5.4.6 CT harmonic frequency response ................................................................................... 60
5.5

SYSTEMATIC EFFECTS CORRECTION ................................................................................... 60

5.5.1 Test setup linearization .................................................................................................. 60
5.5.2 Ratio error .................................................................................................................... 62
5.5.3 Ratio correction factor .................................................................................................. 64
5.5.4 CT ratio and phase shift results ..................................................................................... 65
5.6

EVALUATION OF RESULTS.................................................................................................. 67

5.7

SUMMARY ......................................................................................................................... 67

CHAPTER 6: VERIFICATION OF TEST SETUP ACCURACY .................................. 69
6.1

OVERVIEW ........................................................................................................................ 69

6.2

INFLUENCE OF OTHER HARMONICS .................................................................................... 69

6.3

TEST REPEATABILITY ........................................................................................................ 70

6.4

OMICRON BANDWIDTH ...................................................................................................... 71

6.5

OMICRON CHANNEL COMPARISON ..................................................................................... 72

6.6

EFFECT OF BURDEN ON MEASUREMENT RESULTS ............................................................... 73

6.7

SHUNT COMPARISON ......................................................................................................... 75

6.8

SUMMARY ......................................................................................................................... 76

CHAPTER 7: VALIDATION AND CONCLUSION ....................................................... 78
7.1

RESEARCH OBJECTIVES ADDRESSED .................................................................................. 78

7.2

CONTRIBUTIONS ................................................................................................................ 79

7.3

CHALLENGES..................................................................................................................... 79

7.4

SUMMARY ......................................................................................................................... 80

7.5

PROPOSED FUTURE WORK .................................................................................................. 81

APPENDIX A : CT HARMONIC CORRECTION FACTORS ...................................... 86
APPENDIX B : RESEARCH PUBLICATION ................................................................ 92
vi

LIST OF TABLES
Table 3.1:Value of the coverage factor 𝑘𝑝 that produces an interval having level of confidence 𝑝
assuming a normal distribution [17] .......................................................... 13
Table 3.2: CT accuracy class ratings[33] ................................................................................. 17
Table 4.1: Omicron CMC256plus specifications[47] ............................................................... 26
Table 4.2: PPA5530 specifications [48] .................................................................................. 27
Table 4.3: HF100 shunt specifications .................................................................................... 28
Table 4.4: Test waveform properties ....................................................................................... 34
Table 6.1: Omicron channel comparison tests ......................................................................... 72
Table 7.1: Harmonic ratio correction factors for current transformer K08L1............................ 86
Table 7.2: Harmonic ratio correction factors for current transformer K08L2............................ 87
Table 7.3: Harmonic ratio correction factors for current transformer K08L3............................ 88
Table 7.4: Harmonic ratio correction factors for current transformer K10L1............................ 89
Table 7.5: Harmonic ratio correction factors for current transformer K10L2............................ 90
Table 7.6: Harmonic ratio correction factors for current transformer K10L3............................ 91

vii

LIST OF FIGURES
Figure 3.1: Summation of harmonics ...................................................................................... 15
Figure 3.2: Current frequency spectrum of a six pulse rectifier [32]......................................... 16
Figure 3.3: Simplified equivalent CT circuit [6] ...................................................................... 16
Figure 3.4: Typical frequency ranges of current sensing technologies[6] ................................. 18
Figure 3.5: Recommended frequency response test setup [6] ................................................... 19
Figure 4.1: Example of a PV solar farm (Photo credit: Cronimet) ............................................ 24
Figure 4.2: Current transformer under test............................................................................... 25
Figure 4.3: HF100 Precision shunt .......................................................................................... 29
Figure 4.4: Test setup schematic ............................................................................................. 29
Figure 4.5: Photo of test equipment......................................................................................... 30
Figure 4.6 Transplay software screenshot................................................................................ 32
Figure 4.7: PPALog software screenshot................................................................................. 32
Figure 4.8: Test waveform ...................................................................................................... 34
Figure 4.9: Fourier transform of the test waveform.................................................................. 35
Figure 4.10: Test waveform spectrogram ................................................................................ 35
Figure 5.1: PPA software output ............................................................................................. 39
Figure 5.2: 7th Harmonic: Raw amplitude and phase angle measurements............................... 40
Figure 5.3: Raw harmonic data point distributions .................................................................. 41
Figure 5.4: Fundamental current component ........................................................................... 42
Figure 5.5: Frequency of the fundamental primary current ...................................................... 43
Figure 5.6: Harmonic ratio and phase shift .............................................................................. 44
Figure 5.7: 7th Harmonic ratio and phase angle vs. harmonic amplitude ................................... 45
Figure 5.8: 50th Harmonic ratio and phase angle vs. harmonic amplitude ................................ 45

viii

Figure 5.9: Harmonic ratio and phase shift distribution ........................................................... 46
Figure 5.10: 7th Harmonic current derivative .......................................................................... 47
Figure 5.11: Filtered 7th harmonic current samples ................................................................. 47
Figure 5.12: Filtered harmonic ratio and phase shift ................................................................ 48
Figure 5.13: Distribution of harmonic ratios at 200 A.............................................................. 49
Figure 5.14: Distribution of harmonic ratios at 50 A ............................................................... 50
Figure 5.15: Filtered current derivative ................................................................................... 51
Figure 5.16: Bins per harmonic ............................................................................................... 51
Figure 5.17: Measurements per harmonic................................................................................ 51
Figure 5.18: Harmonic current bin amplitude content .............................................................. 52
Figure 5.19: Harmonic current bin phase angle content ........................................................... 52
Figure 5.20: 7th and 50th harmonic ratio per bin ....................................................................... 53
Figure 5.21: 7th Harmonic phase shift per bin ......................................................................... 54
Figure 5.22: 7th and 50th harmonic ratio vs. harmonic amplitude .............................................. 55
Figure 5.23: 7th and 50th harmonic phase shift vs. harmonic amplitude .................................. 56
Figure 5.24: Bin standard deviation for different tests ............................................................. 57
Figure 5.25: Standard deviation vs. percentage of fundamental current.................................... 57
Figure 5.26: 7th harmonic pooled standard deviation vs. minimum harmonic amplitude ........... 58
Figure 5.27: 7th Harmonic pooled standard uncertainty........................................................... 59
Figure 5.28: Pooled standard uncertainty per harmonic ........................................................... 59
Figure 5.29: Uncompensated CT harmonic ratios .................................................................... 60
Figure 5.30: Setup characterization waveform......................................................................... 61
Figure 5.31: Setup characterization waveform zoomed............................................................ 62
Figure 5.32: Test setup 7th Harmonic bins .............................................................................. 62
Figure 5.33: Test setup ratio error ........................................................................................... 63
ix

Figure 5.34: 7th harmonic standard deviation vs. harmonic current .......................................... 64
Figure 5.35: 3rd harmonic ratio error relative to fundamental current ....................................... 64
Figure 5.36 Test setup harmonic ratio correction factor ........................................................... 65
Figure 5.37 Test setup harmonic phase shift correction ........................................................... 65
Figure 5.38 PV farm CT harmonic ratios ................................................................................ 66
Figure 5.39 PV farm CT harmonic phase angles...................................................................... 67
Figure 6.1: Influence of other harmonics ................................................................................. 69
Figure 6.2: Fundamental measurement error comparison – ratio vs. difference ........................ 70
Figure 6.3: Test repeatability .................................................................................................. 71
Figure 6.4: CMC 256plus bandwidth ...................................................................................... 72
Figure 6.5: Omicron channel comparison ................................................................................ 73
Figure 6.6: 800:5 class 1 CT ................................................................................................... 74
Figure 6.7: CT burden comparison .......................................................................................... 75
Figure 6.8: 100 A shunt vs. 20 A shunt ................................................................................... 76

x

CHAPTER 1: INTRODUCTION
1.1

Background and rationale

Modern power systems are constantly evolving, resulting in the replacement of traditional linear loads
and generators by non-linear renewable generation and loads with power saving technologies. Statistics
in 2016 presented by the CSIR (Council for Scientific and Industrial Research) indicated that 2.9 % of
the South African energy demand is already supplied by renewable energy generation, including wind,
solar photovoltaics (PV) and concentrated solar power (CSP) [1]. The statistics also showed an increase
of 894 MW in operational capacity for wind and solar power in 2016, compared to the total of 2934
MW in 2015 [1].
Incorporation of renewable energy sources introduces an increase in power quality issues such as
harmonic distortion, frequency fluctuation, high frequency noise and flicker [2], [3]. Statistics from the
European Automobile Manufacturers Association, [4], show that 53.7 % more new battery and plug-in
hybrid electric vehicles where registered within the European Union in 2017 than in 2016. The strain
added to the grid by these non-linear loads could also influence power quality.
Effective management and mitigation of power quality issues is directly related to the ability to
accurately quantify power quality. The importance of the concept of measurement uncertainty is widely
understood and incorporated in the field of metrology. In practice however, it is often neglected, with
instrument readings being trusted blindly. This faith-based approach can have adverse consequences.
One such case is the assessment of harmonic emission compliance for independent power producers
(IPPs). For metering purposes, current generated by the IPP is normally measured using current
transformers (CTs) that comply to IEC 61869-2, IEC 60044-1 or related accuracy requirements. CT
class accuracy, as stated on the nameplate, is only guaranteed for operation at the rated frequency of
50/60 Hz [5].
Frequency response of these CTs is dependent on multiple factors such as the magnetization current
flowing through the CT, the physical dimensions, materials and construction of the CT, as well as the
burden connected to the CT [6]. Although current transformers are more stable at higher frequencies
than voltage transformers [7], uncertainty regarding the frequency behavior of current transformers can
still influence the validity of harmonic current measurements.
1.2

Importance of accurate harmonic current measurement

Accurate current measurement at frequencies above 50 Hz are important for various applications such
as energy metering, harmonic impedance measurement and grid code compliance assessment.

1

Energy metering
In energy metering applications, instantaneous voltage and current supplied to the load is measured and
the product thereof integrated to calculate the energy consumed by the load [8]. However, when current
transformers are used for metering, harmonic ratio errors and phase shifts both in voltage and current
measurements can cause errors in instantaneous power calculation and thus result in energy metering
errors. These errors could become significant if a large portion of energy resides within the harmonic
frequency spectrum, which can be the case with non-linear loads such as electric arc furnaces [9].
Household energy metering
Certain smart energy meters that are installed in households make use of metering CTs for current
measurement. Recently, studies conducted in the Netherlands have found that certain energy meters are
susceptible to large energy measurement errors when subjected to extremely non-linear current loads,
such as switching electronics or dimmed lighting [10], [11]. Characteristics of these types of loads
include high crest factors, low power factor and multiple fast changes in currents. Meters using
Rogowski coil current sensors were the most affected by these loads, however meters with inductive
CTs were also affected.
Loads with half wave rectifiers do not draw symmetrical current waveforms and can cause a DC offset
in the current being measured by the CT, changing the magnetization of the CT and potentially causing
saturation which could lead to measurement error. Uncertainty associated with smart energy meters
reduces public confidence in the technology and can have financial implications for energy consumers
and distributors [12]. The increase of non-linear devices in households and the possible metering errors
caused by these loads highlights the importance of accurate harmonic measurements.
Harmonic impedance measurement
Harmonic network impedance can be calculated by comparing voltage and current harmonic
measurements during and after transient events to calculate the harmonic impedances [13], [14]. This
approach is sensitive to measurement errors of the voltage and current sensors used. Unknown frequency
response of CTs and VTs used for current and voltage measurements could lead to large uncertainties
in the calculated harmonic impedances.
Grid code compliance
Maintenance of the South African grid code is the responsibility of the National Energy Regulator of
South Africa (NERSA). Many new independent power providers (IPPs) are connecting to the grid in
Southern Africa, with nearly 872 MW of capacity being added to the South African grid in 2017 [15].
Before being allowed to inject power into the grid, these IPPs need to prove compliance to the South
African grid code by means of compliance assessments.
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One of these compliance tests involves measuring the harmonic emissions produced by the IPP under
normal operation. Even though the harmonic limits are calculated based on a harmonic voltage limit,
the main compliance criteria used for harmonic emission compliance testing is harmonic currents [16].
1.3

Research problem

Accuracy classes for current transformers are only defined for measurement at the fundamental power
frequency of 50 Hz / 60 Hz. In applications where harmonic measurements are required, the frequency
responses of these transformers are unknown. This lack of traceability at higher frequencies results in
reduced confidence of harmonic current measurements, where uncertainties could be larger than the
stated fundamental frequency accuracy class.
1.4

Hypothesis

Ratio error and phase displacement introduced by metering current transformers are nonlinear when
measuring harmonic frequency components. It can exceed the standard 50/60 Hz stated accuracy class
ratings. Through proper characterization of the current transformer frequency response, harmonic ratio
errors and phase displacement errors can be corrected for, which reduces measurement uncertainty and
improves confidence in harmonic current measurements.
1.5

Research scope

The academic research will focus on the following points:
1. Application of measurement uncertainty principles.
2. Investigation of the impact of current transformer uncertainty on power quality.
3. Development of a test setup to characterise current transformer measurements at harmonic
frequencies.
4. Generation of harmonic ratio correction factors for metering current transformers.
1.6

Objectives

The following main objectives have been identified:
1. To quantify the impact of current transformers on the measurement chain uncertainty for
harmonic measurement.
2. To develop a simplified procedure for the estimation of measurement uncertainty associated
with power quality measurement equipment.
3. Develop a test setup and test procedure for measuring the frequency response of current
transformers and other current transducers.
4. Provide a basis for resolving disputes that arise during grid code compliance of harmonic
emission assessments due to measurement accuracy limitations.
3

5. Create impact through publication of the research.
1.7

Document outline

The remainder of the document is structured as follows:
•

Chapter 2 describes and justifies the research methodology and research approach used and
provides an overview of available sources of information.

•

Chapter 3 documents the literature review performed on the relevant subjects, including
measurement uncertainty, current transformers, power quality and grid code compliance.
Similar investigations are also analysed.

•

Chapter 4 describes the test setup and test procedure used during the field investigation and
provides specifications of the equipment used.

•

Chapter 5 documents the analysis of measurement results taken during the field investigation
and the linearization of the test setup.

•

Chapter 6 lists a number of tests conducted to verify the accuracy of the test setup and the
results achieved.

•

Chapter 7 validates the research findings and concludes the research work done with suggestion
possible future work.

1.8

Summary

In this chapter, the shift from a grid with linear loads to modern non-linear loads and generators is
discussed to highlight the importance of accurate harmonic and other power quality measurements.
When conventional current transformers are used to measure harmonic currents, the uncertainty
associated with these measurements can become higher than the rated fundamental current accuracy
class of the transformer. A research problem and hypothesis are formulated, addressing the identified
concerns. Scope of the research is defined and objectives of the dissertation listed. Next, the research
methods used are addressed.
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CHAPTER 2: RESEARCH METHODS
2.1 Introduction
Since this research is aimed at solving a practical engineering problem regarding measurement
equipment, an empirical approach is followed. This involves developing a test setup to collect
quantitative data from current sensors, and analysing collected data using statistical means, to arrive at
a general conclusion. In comparison to simulation studies, this approach has the advantage of
minimizing assumptions by taking real world effects into account through field measurements.
A literature review was conducted to gain a better understanding of the fundamental mechanisms behind
the research problem. This review will form the basis on which the research can be conducted, ensuring
an efficient and relevant solution. This chapter describes the research strategy that is followed, and
provides details about the limitations of the research, how it was evaluated and the expected research
outputs.
2.2

Research strategy

The following research strategy was followed:
•

The problem was defined;

•

a literature review was conducted to assess previous work done on the subject and develop a
suitable test procedure;

2.3

•

an hypothesis was made;

•

data was collected from field measurements using a suitable test setup;

•

data was processed and analysed;

•

results was verified using additional laboratory test data;

•

validation was performed to ensure that the research has achieved all the stated objectives;

•

the research hypothesis was evaluated based on results.
Data processing and analysis

Data collected from field measurements was processed with Matlab® software and analysed using
statistical methods as described in the JCGM:100:2008: Guide to the Expression of Uncertainty in
Measurement (GUM) [17] or other appropriate methods.
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2.4

Research limitations

The following research limitations were identified:
•

Financial constraints: Data should be collected using available equipment as far as possible to
minimize cost.

•

Environmental constraints: Access to current transformers is required for this research. Invasive
on-site characterization of CTs can only take place while a facility, or part of a facility is shut
down or not yet operational.

•
2.5

Time constraints: The time available when performing on-site measurements is limited.
Evaluation

Quality and applicability of research conducted was evaluated through verification and validation.
2.5.1

Verification

The quality and applicability of field data results will be evaluated using different verification methods.
This will involve the comparison of results with similar investigations and available information
identified during the literature review stage of the research. It will also involve a range of laboratory
tests to prove the reliability and accuracy of data collected during the field investigation and to determine
the capabilities of the test setup and its associated measurement uncertainty.
2.5.2

Validation

An assessment of validity of the research outputs will be made in terms of how well the objectives set
out in the first chapter were met. Contributions made by the research will be evaluated and performance
of the measurement setup will also be compared to requirements. The measurement setup will be
validated through comparison between field and laboratory measurements. It will be assessed if the
research was able to prove that the accuracy of current transformers at frequencies above the rated
fundamental frequency is less than the stated 50 Hz / 60 Hz accuracy, and whether the research was able
to provide a solution to improve the frequency response of current transformers in the harmonic
frequency range.
2.5.3

Research outputs

The following outputs will be generated from this research:
1. A test setup capable of accurately characterising the harmonic frequency response of current
sensors (within rated CT accuracy).
2. A test procedure for determining the frequency response of current transformers under a range
of operating conditions within reasonable time (< 30 minutes per CT).
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3. A simplified method for calculating measurement uncertainty applicable to current
transformers.
4. A research publication at an IEEE conference.
2.5.4

Resources

Standard documents, such as IEC standards or NRS standards, formed the foundation of this research.
The following standards and guides are relevant and applicable to the research problem:
Current transformer standards:
•

IEC / SANS 61869-1 (2013) Instrument transformers Part 1: General requirements [18]. Part
one of the IEC 61869 series describes the general requirements for voltage and current
transformers within a rated frequency range from 15 Hz to 100 Hz.

•

IEC / SANS 61869-2 (2013) Instrument transformers Part 2: Additional requirements for
current transformers [5]. Part two of the IEC 61869 group of standards is a replacement of the
older IEC 60044-1 standard and provides additional requirements, specifically for current
transformers. Different metering CT accuracy classes are defined by this document.

•

IEC / SATR 61869-103 (2013) Instrument transformers Part 103: The use of instrument
transformers for power quality measurement [6]. Part 103 of the IEC 61869 series acts as a
guide for the use of instrument transformers to measure power quality parameters in 50 Hz or
60 Hz systems. The measurement and interpretation of harmonics are also discussed in this
document, which is of interest to the research problem.

Grid Code Requirements:
•

IEC 61000-3-6 Electromagnetic compatibility (EMC) –Part 3-6: Limits – Assessment of
emission limits for the connection of distorting installations to MV, HV and EHV power
systems [19].

•

IEC 61000-4-7 Ed.2: Electromagnetic compatibility (EMC) - Part 4-7: Testing and
measurement techniques - General guide on harmonics and interharmonics measurements and
instrumentation, for power supply systems and equipment connected thereto [20].

•

IEC 61000-4-30 Electromagnetic Compatibility (EMC) Part 4-30: Testing and Measurement
Techniques - Power Quality Measurement Methods [21].

•

Grid Connection Code for Renewable Power Plants (RPPs) connected to the electricity
Transmission System (TS) or the Distribution System (DS) in South Africa (version 2.8) [22].

•

NRS048-2 - Electricity supply - Quality of supply: Part 2: Voltage characteristics, compatibility
levels, limits and assessment methods [23].
7

•

NRS048-4 - Electricity supply - Quality of supply: Part 4: Application guidelines for utilities
[24].

Measurement Uncertainty:
•

JCGM:100:2008 - Guide to the Expression of Uncertainty in Measurement. Joint Committee
for Guides in Metrology [17].

2.6

Summary

This chapter described the research strategy that will be followed, sources that will be used and how
results will be evaluated. An empirical investigation will be conducted, with data collected from current
transformers through field measurements. To ensure the validity of the research, a literature study will
be conducted on the topics of measurement uncertainty, the working principles of current transformers,
and methods of characterizing the frequency response of current transformers.
Based on findings from the literature study, a test setup will be constructed and test procedures
formulated. Measured data will be analysed using statistical methods. From these results, conclusions
will be drawn regarding the research problem and hypothesis stated in Chapter 1. The following chapter
documents the literature study conducted on the above mentioned topics.
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CHAPTER 3: LITERATURE STUDY
3.1

Introduction

In this literature study an overview of measurement uncertainty is explained and different methodologies
for the expression of uncertainty is investigated. A focussed overview for the specific application of
current transformer current transformer frequency response estimation and highlights the importance of
accurate harmonic measurements. To accomplish this, standard documents relating to power quality,
current transformers and the South African grid code are reviewed.
3.2

Measurement uncertainty

The concept of measurement uncertainty has been used in metrology for many years, but often neglected
or wrongfully implemented. In order to quantify the measurement uncertainty attributed to current
transformers, it is important to understand the methods used to quantify measurement uncertainty and
understand the sources of this uncertainty. The most widely known method is the one set out by the
JCGM100:2008 [17], the guide to expression of the uncertainty in measurement (GUM). This method
employs probability theory to evaluate uncertainty. Opposed to the theory of error, which assumes an
ideal reality, it can be verified. The theory of uncertainty provides a basis for evaluating the most
probable estimates of measurements [25].
3.2.1

Metrological Definitions

The Joint Committee for Guides in Metrology (JCGM), set up by the International Bureau of Weights
and Measures (BIPM), developed two documents relevant to this study:
1. The Guide to the expression of measurement uncertainty (GUM) [17].
2. International vocabulary of basic and general terms in metrology (VIM) [26].
These documents aim to standardize metrological definitions and provide a universal guide for
expressing and calculating measurement uncertainty across different scientific fields, including the
measurement of electrical quantities. This standardization makes it possible to compare results between
different laboratories and different countries.
The following important definitions of terms are set out in the JCGM:100:2008 [17]:
1. uncertainty (of measurement): “parameter, associated with the result of a measurement, that
characterizes the dispersion of the values that could reasonably be attributed to the measurand.”
2. standard uncertainty: “uncertainty of the result of a measurement expressed as a standard
deviation.”
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3. Type A evaluation (of uncertainty): “method of evaluation of uncertainty by the statistical analysis
of series of observations.”
4. Type B evaluation (of uncertainty): “method of evaluation of uncertainty by means other than the
statistical analysis of series of observations.”
5. combined standard uncertainty: “standard uncertainty of the result of a measurement when that
result is obtained from the values of a number of other quantities, equal to the positive square root
of a sum of terms, the terms being the variances or covariances of these other quantities weighted
according to how the measurement result varies with changes in these quantities.”
6. expanded uncertainty: “quantity defining an interval about the result of a measurement that may
be expected to encompass a large fraction of the distribution of values that could reasonably be
attributed to the measurand.”
3.2.2

Traceability of measurements

Traceability is defined in the Vocabulary in Metrology (VIM) as: “The property of the result of a
measurement or the value of a standard whereby it can be related to stated references, usually national
or international standards, through an unbroken chain of comparisons, all having stated
uncertainties.”[26]
Traceability of measurements provides a pedigree of the quality of a measurement or measurement
equipment. Since traceability is linked to national or international standards, comparisons of
measurements performed using different measurement equipment becomes possible.
To ensure traceability of measurement equipment, it is important that equipment is regularly calibrated
against traceable equipment. National metrology institutes, such as the National Metrology Institute of
South Africa (NMISA) are tasked with maintaining measurement standards and performing equipment
calibrations.
3.2.3

Measurement error and uncertainty

Any measurement has imperfections that cause measurement errors. The JCGM100:2008 differentiates
between two types of error components. Random error and systematic error [17].
Random errors are caused by unpredictable stochastic variations of influence quantities and is thus of
unknown value. This type of error cannot be compensated for but can be reduced by increasing the
number of measurements or observations. On the other hand, systematic errors result from recognized
effects of influence quantities on measurement results. For example, a measurement offset or ratio error
due to temperature effects. Systematic errors can be reduced by compensating the measurand or
correcting for the error.
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To calculate measurement uncertainty using the GUM approach, it is assumed that all significant
systematic errors are compensated for. This compensation can however also introduce uncertainty if
incorrect assumptions regarding influence quantities are made and only remains an estimate.
This introduced uncertainty can be considered when calculating the combined uncertainty of a
measurand, however, when the contribution of the correction to the combined uncertainty is
insignificant. It is important to make a clear distinction between measurement uncertainty and
measurement error, as measurement uncertainty reflects the lack of knowledge of the value of the
measurand. It claims to probabilistically quantify its distribution, and not the exact measurement error.
3.2.4

Sources of uncertainty

The JCGM:100:2008 states the following list of sources of measurement uncertainty [17].
•

incomplete definition of the measurand;

•

imperfect realization of the definition of the measurand;

•

non-representative sampling — the sample measured may not represent the defined measurand;

•

inadequate knowledge of the effects of environmental conditions on the measurement or
imperfect measurement of environmental conditions;

•

personal bias in reading analogue instruments;

•

finite instrument resolution or discrimination threshold;

•

inexact values of measurement standards and reference materials;

•

inexact values of constants and other parameters obtained from external sources and used in the
data-reduction algorithm;

•

approximations and assumptions incorporated in the measurement method and procedure;

•

variations in repeated observations of the measurand under apparently identical conditions.

3.2.5

GUM Type A and Type B uncertainty evaluation

The GUM makes a distinction between two types of uncertainty evaluations. A Type A uncertainty
evaluation is obtained from a probability function that is calculated from a series of observations, while
a Type B evaluation makes use of an assumption of the probability function subjectively based on prior
knowledge of the measurand, without physically taking measurements[17]. It may not always be
possible to make enough measurements for a Type A uncertainty analysis due to time or financial
constraints. In this case, a Type B evaluation is suggested.
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Type A and Type B evaluations can be compared to verify assumptions made in the uncertainty
evaluation process. It is important that reliable information is used for both types of uncertainty
calculation. Proper review of data should also be performed to eliminate measurement mistakes.
3.2.6

Type A uncertainty evaluation procedure

When a number of independent measurements have been made under the same measurement conditions,
measurement uncertainty can be calculated by following these steps simplified from the GUM[17]:
Step 1: Arithmetic mean of observations
Calculate the best available estimate of the randomly varying measured quantity 𝑞. In most cases, this
is the arithmetic mean shown in equation 3-1:
2

1
𝑞, = 0 𝑞1
𝑛

( 3-1 )
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Where:
𝑛 : Number of observations
𝑞1 : Individual observation
𝑞, : Arithmetic mean or average of all observations
Step 2: Variance of each observation
With all significant systematic effects corrected for, values of individual observations vary due to
random effects. The variance 𝑠 $ of the probability distribution of 𝑞 can be approximated by the
experimental variance of the measurements in equation 3-2:
2

1
$
09𝑞: − 𝑞,;
𝑠 𝑞1 ) =
𝑛−1
$(

( 3-2 )

:34

The standard deviation 𝑠 (𝑞1 ), which is the positive square root of the experimental variance, then
characterises the dispersion of observed values 𝑞1 about the mean 𝑞,.
Step 3: Variance of the mean
The best estimate of the variance of the mean is the experimental variance of the mean. This is
mathematically defined in equation 3-3:
𝑠 $ (𝑞, ) =

𝑠 $ (𝑞1 )
𝑛
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( 3-3 )

The experimental standard deviation of the mean 𝑠(𝑞,) quantifies how well the arithmetic mean
𝑞, estimates the expected value of 𝑞 and can be used as a measure of uncertainty of the mean.
For a series of independent repeated observations under statistical control, the pooled experimental
standard deviation 𝑠* can also be used as a measure of the uncertainty of 𝑞, defined in equation 3-4:
( 3-4 )

∑1 (𝑛> − 1)𝑠>$
𝑠* = < >34
∑1>34(𝑛> − 1)
Step 4: Standard uncertainty
Standard uncertainty can be calculated using equation 3-5 or equation 3-6.
𝑠(𝑞1 )

𝑢(𝑞) = 𝑠(𝑞,) =

( 3-5 )

√𝑛

𝑢(𝑞) = 𝑠*

( 3-6 )

Where the degrees of freedom 𝑣A of 𝑢 (𝑞) is equal to 𝑛 − 1.
Step 5: Expanded uncertainty
Multiply the standard uncertainty or combined standard uncertainty with a coverage factor 𝑘 to obtain
the expanded uncertainty 𝑈, shown in equation 3-7:
𝑈 = 𝑘𝑢(𝑞)

( 3-7 )

The expanded uncertainty gives an interval (𝑞 − 𝑈: 𝑞 + 𝑈) that includes most of the distribution that
can be attributed to the measurand. The value of the coverage factor determines the level of confidence
associated with the interval.
The value for 𝑘 is typically in the range of 2 to 3. Table 3.1 lists different coverage factors and their
corresponding levels of confidence when assuming a normal uncertainty distribution:
Table 3.1:Value of the coverage factor 𝒌𝒑 that produces an interval having level of confidence 𝒑 assuming
a normal distribution [17]

Level of confidence 𝒑 (%)

Coverage factor 𝒌𝒑

68.27

1

90

1.645

13

95

1.960

95.45

2

99

2.576

99.73

3

Step 6: Presentation of results
The best estimate for the measurand, 𝑞 should be presented along with its associated measurement
uncertainty 𝑈(𝑞) or standard uncertainty 𝑢(𝑞) and the degrees of freedom of the calculated uncertainty
𝑣(𝑞).
3.2.7

Alternative approach to measurement uncertainty

Being probabilistic in nature, the GUM approach has limitations. One limitation is the assumption made
that all significant systematic error has been corrected for. In practice, this is not always the case, with
an unknown systematic error due to under-compensation, over-compensation or a change in test
conditions. An alternative approach, based on the Theory of Evidence overcomes this limitation by
including possible systematic measurement uncertainty and accuracy[25]. Fuzzy variables are used for
the calculation of uncertainty and systematic and random contributions to uncertainty, which are present
simultaneously can be addressed separately[27].
In [28], the authors present some common metrological cases where results from the mathematical
approach of uncertainty calculation is compared with probabilistic results. When the probabilistic
approach is used, certain uncertainty components are not taken into account due to the assumption that
all systematic effects are corrected for. The mathematical approach considers all available metrological
information.
This method, although in many cases better suited for uncertainty calculation than the GUM
approach[27][29], is not yet incorporated into the South African national standard for measurement
uncertainty calculation. The South African SANS 100098-3 standard is currently based on the
JCGM100:2008 GUM document[30], making results accompanied by uncertainties using the GUM
method easier to defend in a court of law during disputes between DSOs and IPPs arising from harmonic
emission assessments.
3.3

Current harmonics

Similar to acoustic harmonics, which are vibrations or notes at integer multiples of a base frequency,
harmonics in AC power systems can be described as sinusoidal components at integer multiple
frequencies of the base or fundamental frequency, that are superimposed on the periodic waveform,
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which in this case is a sinusoidal current at the 50 Hz or 60 Hz power frequency [31]. Figure 3.1
illustrates how current harmonics can summate to distort the fundamental 50 Hz component. The sum
of all current components, shown as the solid blue line is no longer purely sinusoidal.
Summation of current harmonics
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Figure 3.1: Summation of harmonics

These harmonic components are unwanted, as they cause additional losses and strain to the network and
connected equipment [31]. Sources of harmonics include transformers, electric motors and generators,
rectifiers, fluorescent lamps, and power electronic loads. Harmonic currents can either be caused by
non-linear loads and generators, or harmonic voltages already present in the supply voltage. To analyse
harmonics, the Fourier transform can be used. Figure 3.2 shows an example of a frequency spectrum
calculated from the current waveform of a six pulse rectifier [32]. Current peaks are clearly visible at
harmonic frequencies (integer multiples of the fundamental 50 Hz current). The increase in harmonic
sources makes mitigation of harmonic emissions essential. Without accurate harmonic measurements,
this becomes difficult at distribution levels.
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Figure 3.2: Current frequency spectrum of a six pulse rectifier [32]

3.4

Current transformers

In order to evaluate characteristics of CTs, it is important to understand how they operate and identify
which components or effects are responsible for specific CT characteristics. This study will focus on the
measurement of harmonic currents for the purpose of grid code compliance evaluations.
3.4.1

Equivalent circuit

Inductive current transformers use electromagnetic coupling to induce a current in a secondary winding
that is proportional to the current flowing through a primary winding [6]. An inductive current
transformer can be modelled using the equivalent circuit shown in Figure 3.3. The behaviour of the
current transformer is non-linear. It is influenced by the magnetizing inductance 𝐿4H , which has a
hysteretic behaviour that is a function of current amplitude and frequency. The size and shape of the
transformer and layout of its winding also cause capacitances between windings and between windings
and ground, which influences the CT behaviour at higher frequencies[6].

Figure 3.3: Simplified equivalent CT circuit [6]
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3.4.2

Guidelines for the use of current transformers

The IEC 61869-103 makes the following suggestions when using inductive current transformers for
measuring power quality parameters [6]:
•

Use high CT ratios to keep magnetizing current low.

•

Use a small CT burden to decrease voltage and magnetization current.

•

Ensure that the burden power factor is as high as possible to avoid impedance increase with
frequency.

•

If possible, short circuit the CT output and measure the secondary current across the short circuit
using an accurate current clamp.

3.4.3

CT accuracy class ratings

The IEC 61869-2 requirement groups CTs into different accuracy classes. A CT falls under a specific
accuracy class if the CT ratio error and phase shift remains within certain limits when operated under
standard conditions with a burden of 25% to 100% of the rated burden connected at a power factor
between 1 and 0.8 lagging[33]. Table 3.2 provides ratio and phase error limits for common accuracy
classes used for metering CTs:
Table 3.2: CT accuracy class ratings[33]

These accuracy class ratings are only valid for 50 Hz/60 Hz power frequency operation. At rated current,
a class 0.5 CT should have a primary to secondary ratio error of no more than 0.5%, and a phase
displacement of no more than 10 minutes, or 0.167 degrees. The behaviour of IEC 61869-2 or IEC
60044-1 rated metering CTs when measuring higher frequency components is questionable, since
accuracy is not guaranteed.
3.4.4

Current transformer frequency range

The IEC 61869-103 states that inductive current transformers, according to current experience and
depending on voltage rating, are typically useful for a wide frequency range (15 Hz to over 100 kHz)[6].
Figure 3.4 provides a comparison of the typical useful frequency ranges of different current sensing
technologies. In comparison to conventional inductive current transformers, current shunts and
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Rogowski coils can be very wideband (DC/15 Hz – 10 MHz). Current transformers designed for
measurement at power frequency (50 Hz/60 Hz) are however optimized for minimum ratio and phase
error at this frequency[5], which could have accuracy implications when higher frequency components
are measured.

Figure 3.4: Typical frequency ranges of current sensing technologies[6]

3.4.5
•

Causes of inductive current transformer error
Typically, CTs show more consistent behaviour at different frequencies than VTs[6]. The
frequency behaviour is however still non-linear, as the error is tied to the magnetic flux flowing
through the CT core, which is a non-linear function of magnetizing current [34], transformer
ratio and CT burden [35]. CT error is also influenced by non-linear capacitive effects. These
capacitive effects are tied to the geometry of the current transformer and caused by capacitances
between and within windings and between windings and shields[6]. The effect of capacitive
error in CTs is less significant than in VTs, since the applied and induced voltage is typically
much lower than in VTs. At higher frequencies, magnetic error decreases and eventually
becomes negligible, while capacitive error increases with frequency. CT error at different levels
of magnetization has also been shown in a previous study to change with time[36].

The following main causes of frequency dependent CT error when measuring harmonics are thus
identified:
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Internal
•

CT geometry and materials

•

Transformer winding ratio

External
•

CT burden

•

Magnetizing current

3.4.6

Measuring the frequency response

The IEC 61869-103 recommends the following test setup be used for determining the frequency
response of a current transformer (Figure 3.5). The setup uses a transconductance amplifier to generate
a current signal with superimposed harmonics that can be fed through the primary side of the current
transformer under test.
A reference transducer with a known frequency response is connected to the same signal being played
through the transformer under test. This reference transducer could be a Rogowski coil, zero-flux core
or a high frequency shunt. The secondary output of the current transformer and reference transducer is
connected to a comparator, which performs relative measurements between the two transducer outputs.
From this comparison, the frequency response of the current transformer under test can be calculated[6].
Multiple primary turns may be used to realise the required magnetization current, if the size of the
current transformer is sufficient to allow a large enough primary winding diameter to avoid influences
on the field distribution. An alternative would be to use an additional step-down transformer to increase
the signal generator output current to the desired amplitude.

Figure 3.5: Recommended frequency response test setup [6]
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3.5

Previous instrument transformer frequency response studies

Multiple studies have been conducted on instrument transformer accuracy in the presence of harmonic
distortion. Studies conducted by Lodz University of Technology on inductive voltage and current
transformers concluded that measurement accuracy deteriorates under harmonic distortion
conditions[37], [38]. A range of these studies were reviewed to gain an understanding of the principles
used to determine CT harmonic frequency response as well as the expected results, considerations made,
and challenges faced.
Case 1:
One study on current transformers proposes a test method similar to the IEC 61869-103 recommended
method. A shunt resistor is used as reference transducer and measurements taken while varying burden
between 25% and 100% of the rated burden, with a single harmonic superimposed on a fundamental
magnetization current[39].
Only harmonic frequencies up to the 20th harmonic, or 800 Hz were investigated. It was found that a
smaller resistive burden produced a more consistent harmonic phase response than a larger, more
inductive burden, but resulted in larger ratio error. However, at least up to 800 Hz, the ratio errors
remained within CT class limits. The burden connected to the CT is an important consideration to make
when optimizing a measurement circuit for a specific purpose. The study also found that harmonic
measurement error for the third harmonic increases at lower harmonic current amplitudes to levels above
the CT accuracy class rating.
It is difficult to determine if this is due to CT characteristics or the test setup and method of percentage
error calculation. The authors also mention a previous study conducted by the same group where a
frequency sweep was conducted to determine the CT frequency response[40]. The harmonic ratio error
measured using the harmonic superposition method is greater than the ratio error measured by
performing a sinusoidal frequency sweep on the CT. An observation also noted in in the IEC 61869103[6].
Case 2:
A study conducted in 2006 [6] attempted to characterize class 0.2 CTs rated at 50/60 Hz and 600 A to
2500 A respectively for measurement from 20 Hz up to 10 kHz. A 60 A Power amplifier was used with
up to 50 primary windings. Test duration was limited to 2 seconds for most tests due to thermal problems
with the test setup under high current conditions.
The function generator output was used as reference to calculate CT ratio and phase error. The load
impedance was characterized across the frequency range and a frequency sweep was performed on the
CTs by applying single frequency sinusoidal waveforms using the power amplifier. In all cases, CT ratio
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error remained within three times the accuracy class rating, and followed a similar behaviour, apart from
the initial error at 50 Hz, with the ratio increasing with frequency.
This could also be due to uncompensated systematic effects, such as the power amplifier response at
higher frequencies. The CT phase shift also increased with frequency in the same manner for all CTs
(up to 1.2 degrees) starting from 1 kHz, indicating that the load frequency response correction could be
improved. This level of uncertainty makes it difficult to perform reliable CT ratio measurements.
Case 3:
Another study focused on the effect of burden on high frequency current measurements[41]. A Fluke
5500A multiproduct calibrator was used as current source, capable of generating current at frequencies
up to only 1 kHz. An uncertainty of ±0.12 mA/A (95% confidence level) was stated for the test setup
within this frequency range. A single frequency sine wave current was injected into the CT primary at
different frequencies to determine the frequency response of the CT at different burdens.
The study found that ratio error remained within practical limits up to 1 kHz during all tests conducted.
From the results, the conclusion was also made that CT ratio error at higher frequencies only remained
within IEC standards if the burden impedance is kept very low. This highlights the importance of proper
burden usage when measuring harmonic amplitudes.
Case 4:
One other study used a commercial calibration setup to determine the frequency response of CTs with
a fundamental frequency magnetization current injected into the primary winding of the CT[42]. By
varying the phase angle of lower order harmonics relative to the fundamental current component, it was
found that the change in harmonic phase angle affected the ratio and phase error of the CT, showing a
sinusoidal variation in ratio and phase error with a change in harmonic phase angle for odd harmonics.
Results indicate a dependence of the harmonic current ratio on the magnetization of the CT, since the
harmonic ratio error changes with harmonic phase angle relative to the fundamental frequency
component. A test setup uncertainty of 150 µA/A and 150 µrad up to 5 kHz is stated based on
specifications and ratings of the test equipment used.
Summary
Different instrument transformer characterization studies were reviewed. The studies used two different
approaches to determine the frequency response of CTs, namely injecting a sinusoidal fundamental
component with superimposed harmonics, and injecting a single frequency sinusoidal waveform into
the CT primary and conducting a frequency sweep. The studies focused on different goals, such as
mainly determining burden dependency of the CT transfer function, or the impact of harmonic phase
angle on accuracy.
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Some studies reported test setup uncertainty based on equipment specifications while other studies
neglected measurement uncertainty. The studies however concluded that IEC 60044-1 or IEC 61869-2
50/60 Hz rated CT accuracy does not guarantee harmonic frequency measurement accuracy within the
CT accuracy class limits. The range of studies conducted made it clear that CT harmonic ratio is not
constant and dependent on multiple factors, including CT burden and CT magnetization. Certain studies
have limited frequency ranges or did not pay attention to the characterization of the test setup used in
order to identify and eliminate systematic errors.
The following important considerations when developing a test setup for CT characterization at
harmonic frequencies were identified:
1. Frequency and current range of the current amplifier and measurement circuit.
2. Size and power factor of the connected burden.
3. Effect of harmonic amplitude phase angle on measurement error.
4. Effect of fundamental current component amplitude on measurement error.
3.6

Harmonic grid code compliance for renewable power plants

Distribution System Operators (DSOs) are required by the South African grid code to issue site specific
harmonic emission limits to Renewable Power Producers (RPPs). These limits are allocated fairly to
ensure that harmonic distortion planning levels at the Point of Common Coupling (PCC) are not
exceeded. The emission limits for each RPP depends on the distribution system network characteristics,
the size of the RPP and future DSO harmonic planning levels [43]. Emission limits are calculated using
the IEC/TR 61000-3-6 method [44]. This method assumes a linear harmonic impedance profile 𝑍J [19]
and is shown in equation 3-8.
𝑍J = 3 ∗

𝑉$
∗ℎ
𝑆

( 3-8 )

Where:

Zh = linear harmonic impedance at harmonic order h.
V = Line to line RMS voltage level at the PCC.
S = 3-phase short circuit capacity (fault level) in kVA at the PCC.
This impedance profile is used to convert harmonic voltage emission limits to harmonic current limits.
These harmonic current limits can be very low, especially in high voltage networks, due to the large
impedance values resulting from equation 3-8 and low short circuit capacities of the distribution

22

network. Typically, the smallest limited applied by DSOs per harmonic is 0.1 A, or 0.1% of the rated
fundamental current[43].
Compliance should be proved by the RPP based on harmonic current and voltage measurements under
normal operating conditions, with the 95% percentile of maximum harmonic currents compared to the
emission limit for each harmonic. This is done using the Harmonic Vector method as described by the
CIGRE/CIRED C4.109 working group [45][46]. Although not always the case, as RPPs can also sink
harmonic currents[43], it is assumed that harmonic currents are flowing from the RPP to the distribution
network. This assumption is justified by DSOs since no harmonic current will be flowing, regardless of
direction, if the RPP is disconnected from the grid.
The harmonic emission limits are absolute, and if found not compliant, the RPP will not be issued a
commercial license until the compliance breach is resolved.
3.7

Conclusion

Based on the literature study conducted, it was found that the measurement uncertainty of harmonic
measurements made using inductive current transformers can potentially be higher than the stated
fundamental accuracy of the transformer. This accuracy does not only depend on the internal
characteristics of the CT. It is largely influenced by the magnetization of the CT and the external burden
connected to the CT. Due to the strict harmonic emission requirements set by distribution system
operators in South Africa, accurate harmonic current measurements are required when performing
harmonic emission evaluations. However, without proper characterisation, ideally under normal
operating conditions, the accuracy of harmonic measurements cannot be guaranteed.
The IEC 61869-103 provides a basis for the characterisation of instrument transformer for use in power
quality related measurements. A comparison between previously conducted studies found that two main
methods of frequency response measurement are commonly used. The first method involves injecting a
frequency sweep signal into the current transformer, and the second method uses a power frequency
sinusoidal current with superimposed harmonic components. The frequency sweep method does not
consider magnetization conditions of the CT, thus making the superimposed harmonic method preferred.
Different methods of uncertainty evaluation were investigated. Since the GUM approach is already
incorporated into South African National Standards, uncertainty analysis results based on this approach
can easily be defended in a South African court if a dispute between independent power producers and
distribution system operators about the validity of measurement results should arise. A simplified
method for type A evaluation of measurement uncertainty is presented based on the GUM approach.
This method can be used for the characterisation of current transformers through field or laboratory
measurements.

23

CHAPTER 4: FIELD INVESTIGATION
4.1

Introduction

To gain a better understanding of the impact of current transformer uncertainty on power quality,
specifically with regards to harmonic current measurement, a field investigation was conducted. This
investigation involved determining the frequency response of multiple current transformers installed at
a renewable power plant. This chapter describes the test setup and methodology developed for this
investigation, the requirements as well as the experiments conducted.
4.2

Purpose and location

Tests were conducted on CTs at a newly constructed, and not yet in production at the time of
investigation, 3 MW solar PV farm in Namibia. The purpose of the investigation is to characterize CTs
installed on site by measuring their frequency response under a range of conditions, and if necessary,
provide harmonic ratio correction factors to correct harmonic measurements made using these CTs.
Doing this provides traceability to harmonic measurements used for emission compliance assessments
done at this location, and can avoid future disputes between RPP and DSO. Since the current
transformers are already installed on site, all tests had to be completed before the plant entered operation.
Figure 4.1 shows an example of such a Namibian solar PV farm.

Figure 4.1: Example of a PV solar farm (Photo credit: Cronimet)

4.3

Requirements

The following list of requirements apply to the test setup:
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•

The test setup should be portable and able to take measurements on location at current
transformers installed in field.

•

Test setup accuracy and uncertainty should be low enough to provide accurate measurements
of all harmonics in question during grid code compliance assessments.

•

The test setup should conform to IEC 61869-103 recommendations.

•

Due to budget limitations, equipment that is already available should be used where possible.

•

Tests should be conducted in reasonable time while investigating as many parameters as
possible. Due to the number of CTs that need to be measured during this investigation in a
limited time frame, approximately 30 minutes are available per CT.

4.4

Current transformers in question

A photo of one of the 300:1 class 0.5 three phase CTs in question, along with its nameplate is shown in
Figure 4.2:

Figure 4.2: Current transformer under test

The name plate indicates a rated burden of 2.5 VA and a voltage range of 0.72 – 3 kV and complies to
IEC 60044-1 requirements. It is also important to note that the instrument transformer ratings are given
with a frequency range of 45 – 65 Hz. This implies that the CTs are not guaranteed class 0.5 accurate
for current measurements at frequencies higher or lower than the rated fundamental frequency. Thus, in
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order to prove the validity of results during harmonic emission assessment, these CTs need to be
characterized for higher frequencies.
4.5

Test equipment

The test setup configuration suggested by the IEC61869-103 as shown in Figure 3.5 was used for the
measurement setup using available equipment. The setup consists of a current amplifier, reference
transducer and a comparator. The best suited available equipment was selected.
4.5.1

Signal generator: Omicron CMC256plus

The CMC256plus is a test set intended for testing protection relays, transducers, energy meters and
power quality analysers. It has ten analogue DC-10 kHz measurement channels and can generate single
phase and three phase voltages and currents. Using Omicron Test Universe TransPlay software, the
CMC256plus can be configured as a transconductance amplifier. By combining three current output
channels, a single-phase current can be generated with an RMS amplitude of 37.5 A. Table 4.1 lists
important characteristics of the CMC256plus when used as a current amplifier:
Table 4.1: Omicron CMC256plus specifications[47]

General Specifications

Value

Current range:

3 x 12.5 A / 1 x 37.5A

Frequency range:

DC – 3.1 kHz

Frequency resolution:

< 5 µHz

Bandwidth (-3 dB)

3.1kHz

Temperature drift

0.0025% / ºC

Current amplifier

Typical value

Guaranteed value

specifications
Current amplifier accuracy (0- Error < 0.015% x reading + Error < 0.04% x reading +
12.5A) + 𝑅VWXY ≤ 0.5Ω

0.0005% x range

0.01% x range

Current amplifier accuracy (0- Error < 0.015% x reading + Error < 0.04% x reading +
12.5A) + 𝑅VWXY ≤ 0.5Ω

0.0005% x range

0.01% x range

Total Harmonic Distortion

0.025 %

< 0.07 %
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DC offset current

Current resolution

< 30 µA (1.25 A range)

< 300 µA (1.25 A range)

< 300 µA (12.5 A range)

< 3 mA (12.5 A range)

< 50 µA (1.25 A range)
< 500 µA (12.5 A range)

Accuracy values are stated for operation at 50/60 Hz. The current amplifier accuracy in the extended
frequency range (1 kHz to 3 kHz) is not specified, as the error is dependent on the connected burden[47].
The current amplifier is however calibrated using a low resistance burden. The calibration is also only
valid at an ambient temperature of 23 ºC ± 5 ºC and after a warm-up time of at least 25 minutes.
The CMC256plus can be configured to generate harmonic currents up to 3000 Hz, or the 60th harmonic
at a 50 Hz fundamental frequency with an RMS current of up to 37.5 A. This bandwidth, the low DC
offset current and low Total Harmonic Distortion makes the Omicron CMC256plus a suitable current
amplifier for CT frequency response testing.
4.5.2

Comparator: Newtons4th PPA 5530 Precision Power Analyser

The Newtons4th PPA 5530 Precision Power Analyser is a three phase power quality measurement
device that can be configured as an harmonic analyser [48]. Harmonic measurements can be calculated
using a 10/12 cycle FFT window. Important specifications of the PPA5530 power analyser are listed in
Table 4.2. The power analyser can be used to perform measurements of both the primary and secondary
CT current, allowing harmonic ratios and phase shifts to be calculated. The PPA 5530 can measure
currents internally (up to 10 Arms) or be used in conjunction with an external current transducer
connected with a shielded BNC cable to the PPA5530 external voltage input.
Table 4.2: PPA5530 specifications [48]

External voltage input range

300µVpk to 3Vpk in 9 ranges

External voltage input accuracy

0.01% Reading + 0.038% Range + (0.004% x kHz) + 3µV

Current input range

3mApk to 30Apk (10Arms) in 9 ranges

Current input accuracy

0.01% Reading + 0.038% Range + (0.004% x kHz) + 30uA

Phase accuracy

5 millidegrees + (10 millidegrees x kHz)

Maximum crest factor

20
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Bandwidth

DC – 2 MHz

Warm-up time

30 minutes

In harmonic analyser mode, measured harmonic component phases are referenced to the fundamental
voltage phase of the first channel: [48]
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𝑉 (𝑡) ≈ 0 𝐴J cos (𝜔𝑡 + 𝜑J )

( 4-1 )

J34

Where:
𝜔 = angular frequency
ℎ = harmonic number
𝑛 = largest harmonic number
𝐴J = harmonic amplitude
𝜑J = harmonic phase angle
All harmonic phase angles are referenced to the voltage fundamental phase angle, making it possible to
reconstruct the original signal from the measured sinusoidal components.
4.5.3

Reference transducer: Newtons4th HF100 100 A precision shunt

Since the primary current levels that will be generated are above the power analyser maximum current
rating of 10 ARMS, an external shunt will be used as reference. The HF100 precision shunt is also
manufactured by Newtons4th and is expected to show similar performance to the internal shunt of the
power analyser. The HF100 precision shunt has the following characteristics:
Table 4.3: HF100 shunt specifications

Resistance

1 mΩ ± 0.1 %

Maximum current rating

100 Arms / 1000 Apk

Bandwidth

1 MHz

Phase error

0.05°/ kHz

Two brass connectors were fabricated to allow easy connection of multiple banana type plugs from
different CMC256plus current channels. This improves contact resistance, reducing difference in
impedances of each channel. Figure 4.3 shows a photo of the shunt and the fabricated connectors:
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Figure 4.3: HF100 Precision shunt

4.6

Test setup

Figure 4.4 shows a simplified schematic of the measurement setup that is derived from the IEC 61869103 recommended setup shown in Figure 3.5. The current output of the CMC 256plus signal generator
is connected to the reference transducer, the HF100 precision current shunt and the CT under test. The
voltage output of the shunt is connected to the external voltage input of the PPA5530 power analyser
which is used as comparator. The secondary winding of the CT under test is connected to the internal
current input channel of the PPA5530. A laptop is used to initialise and set up tests, and to log
measurement results. Figure 4.5 shows the test setup in action.

Figure 4.4: Test setup schematic
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Figure 4.5: Photo of test equipment

4.6.1

Sources of uncertainty

A current shunt is used to measure the current injected into the CT primary by the signal generator.
Uncertainty resulting from the difference between the input waveform and actual output of the signal
generator is thus eliminated. The accuracy of the test setup is thus a function of the reference transducer
and comparator, or power analyser, as well as the relationship between the generated current and the
magnetic flux induced in the CT due to the turn ratio and distribution of primary turns wound around
the CT. CT magnetization can also be influenced by DC current offset introduced by the signal
generator. The following sources of uncertainty have been identified:
•

Measurement accuracy of the power analyser.

•

Frequency response and temperature dependence of the shunt resistor.

•

Shielded BNC connector between the shunt resistor and power analyser voltage input.

•

Cabling and connections between the CT secondary winding and the power analyser (CT
burden).

•

Distribution of primary windings and primary to secondary turn ratio.

•

Magnetization due to possible DC offset currents injected by the signal generator.

Since the last factory calibration of the power analyser was more than one year ago, the accuracy of
absolute measurements taken by the power analyser cannot be guaranteed. However, since only relative
measurements between two channels are required to determine transformer ratio, the test setup accuracy
was improved through characterization and linearization of the measurement response. This procedure
is described in the next chapter.
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Other contributors of uncertainty, such as the distribution and exact number of primary turns and burden,
are mitigated by spacing windings as evenly as possible and connecting an identical burden for all CTs
being tested. Magnetization error due to DC offset current is assumed to be negligible if the CT is not
driven into saturation. To ensure this, CT tests will only be conducted at a maximum fundamental
magnetization current of up to two thirds of the rated CT current, which the is equivalent of a primary
current of 200 ARMS for the CTs in question.
4.7

Test setup software

The equipment chosen for the test setup comes with software capable of playing the required current
waveforms and logging data in a processed and usable format. The following two software packages
were used for signal generation and data logging:
Signal generation: Omicron Transplay
Omicron Transplay is part of the Omicron Test Universe 3 Test tools package. It is a utility that enables
the CMC 256plus to be configured as a voltage or current signal amplifier. A waveform can be loaded
and played across a single or multiple current channel at the desired amplitude (0-12.5 ARMS per
channel). A screenshot of the software is shown in Figure 4.6.
Data logging: PPA Datalogger 3.2
The datalogging software accompanying the PPA5530 can also be used to configure the instrument.
When configured in harmonic analyser mode, the PPA5530 calculates voltage and current harmonic
amplitudes and phase angles internally and only broadcasts the results for each measurement period.
This method of logging reduces the amount of data that needs to be stored for each harmonic. Figure
4.7 shows a screenshot of the PPA datalogging software operating in harmonic analyser mode.
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Figure 4.6 Transplay software screenshot

Figure 4.7: PPALog software screenshot

4.8

Test signal

The test signals used in this investigation were generated in wave format using Matlab® at a sampling
frequency of 10 kHz. This is the maximum input sampling frequency of the Omicron CMC 256plus,
with higher frequencies down sampled internally[47]. Each test signal consists of a fundamental current
component at 50 Hz, which ensures proper magnetization of the CT, and superimposed harmonics. Since
a limited time is available for performing field measurements, in this case 30 minutes per CT, the test
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sequence had to be optimized. The aim of the investigation is to verify that harmonic measurements
performed using the CTs in question are accurate and suitable for grid code compliance assessment
across a range of fundamental current amplitudes, harmonic amplitudes and harmonic phase angles. In
order to achieve a good representation of all these variables and have enough measurements for each
harmonic to ensure low measurement uncertainty, it was decided to superimpose multiple harmonics
simultaneously.
This solution does presents several challenges. Firstly, care should be taken to ensure that the amplitudes
and phase angles of all harmonics are distributed in such a way that the output current waveform does
not exceed the RMS and peak current limits of the test setup. Secondly, this approach assumes that the
presence of other harmonics has negligible influence on the amplitude and measurement of a single
harmonic component when the CT is properly magnetized.
The test waveform will have the following characteristics:
•

Frequency components up to 3 kHz, or the 60th harmonic will be included. This is in line with
the CMC 256plus bandwidth of 3 kHz, and lower than the Nyquist frequency of 5 kHz, avoiding
aliasing due to the CMC 256plus maximum input signal sampling frequency limit of 10 kHz.

•

All harmonics up to the 60th will be superimposed simultaneously in multiple sequences of
random harmonic amplitudes and phase angles.

•

Random harmonic amplitudes will be limited to between 0.1% and 2% of the fundamental
current at random phase angles. This range is chosen to investigate the viability of measuring
very low amplitude harmonics, and to avoid large current peaks in the waveform due to additive
harmonic currents.

•

Each random harmonic sequence will be followed by a short interval without any harmonics, to
reliably isolate different random sequences into separate test bins.

•

Each bin will be long enough to allow multiple 10 cycle averaged harmonic measurements for
each harmonic amplitude and phase angle. Enough bins will be included in the test signal to
ensure that the range of harmonic amplitudes and phase angles are well represented for each
harmonic.

•

The waveform generated will be repeated at five different fundamental amplitudes for each CT
to investigate the effect of magnetisation current on harmonic ratio error. To complete five tests
in 30 minutes, which is the time available per CT, the tests will have a maximum duration of 6
minutes per fundamental current amplitude.
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Table 4.4 provides an overview of the test waveform properties:
Table 4.4: Test waveform properties

Parameter

Value

Harmonic range

2nd – 60th harmonic

Harmonic amplitude

0.1% - 2% of fundamental current

Number of random sequences

40

Harmonic time per bin

8 seconds

Dead time between bins

1 second

Test duration

360 seconds x 5

Fundamental amplitudes

25A; 50A; 100A; 150A; 200A

A part of the waveform generated is shown in Figure 4.8. The transition between a clean sinusoidal
waveform and the test waveform with superimposed harmonics can clearly be seen. These harmonic
free periods are included to easily distinguish between each random sequence. An FFT taken of the
complete waveform (Figure 4.9) also reveals that each harmonic is reasonably represented by the test
waveform.

Figure 4.8: Test waveform
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Figure 4.9: Fourier transform of the test waveform

To visualise the distribution of harmonic amplitudes, the STFT was calculated and plotted as a
spectrogram in Figure 4.10. Lighter colours represent greater amplitudes. The start and stop of each
random harmonic combination bin introduce high frequency components due to the abrupt stop and start
of superimposed signals. Measurements taken during these transient periods should preferably be
filtered out to ensure only steady state measurements are taken into consideration.

Figure 4.10: Test waveform spectrogram

4.9

Test procedure

The following experimental procedure is used to collect harmonic measurements from CTs. The
procedure can be repeated on as many CTs and at as many fundamental current amplitudes as required:
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•

Turn on the power analyser and signal generator at least 30 minutes prior to tests being
conducted to ensure enough warm up time.

•

Set up power analyser in harmonics analyser mode, with a window period of 200 ms and AC
coupling. Scale primary and secondary channels to represent the current values being measured
and disable data smoothing.

•

Wind the appropriate number of windings around the CT to generate the desired magnetic flux,
with windings spread out as evenly as possible.

•

Use Omicron Transplay software to amplify the current waveform with random harmonic
components as generated in Matlab®, and scale the waveform to the desired current amplitude
output.

•

Start harmonic measurement with PPA software and log harmonic data in comma separated
value format.

•

Stop logging data when current waveform is finished.

•

Repeat procedure for different fundamental current amplitudes.

4.9.1

Analysis of results

After measurements have been completed, the following steps will be taken to analyse the data using
Matlab® software:
•

Import data from comma separated value format log files.

•

Sort data based on harmonic numbers.

•

Remove zero amplitude values and check data for faulty measurements.

•

Filter data on a per harmonic basis to remove transient and incomplete measurements.

•

Sort each harmonic into bins for each random harmonic current amplitude and phase angle.

•

Compare primary and secondary harmonic currents for each bin to calculate harmonic current
the harmonic current ratios and harmonic phase shifts of the CT.

•

Determine and apply appropriate correction factors to calculated ratios and phase shifts if
required.

•

Evaluate the effect of parameters such as the fundamental current amplitude and harmonic
current amplitude on CT harmonic ratio and phase shift.

•

Perform an uncertainty evaluation of results.

•

Evaluate that results fall within acceptable accuracy and uncertainty limits.
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•

Compare results between different CTs.

4.10 Summary
An experimental test setup is proposed to be used in a field investigation at a newly constructed PV solar
farm. The aim of this investigation is to verify that the installed CTs can provide accurate harmonic
current measurements for the purpose of grid code compliance. An experimental procedure is described
as well as guidelines given for the analysis of results. The test setup is portable and made up of the most
suitable equipment available to this investigation. Since limited time is available to perform field tests,
a comprehensive test was developed that is able to test the impact of multiple parameters on CT
frequency response within reasonable time. It was decided that all harmonics will be played
simultaneously.
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CHAPTER 5: ANALYSIS OF MEASUREMENT RESULTS
5.1

Introduction

This chapter documents the field measurement results and data processing used to determine the
frequency response for different CTs. A type A measurement uncertainty evaluation is also conducted.
This chapter also discusses test accuracy, linearization of the measurement setup and verification of test
accuracy.
Measurements of the 3rd, 7th, 21st and 50th harmonics are mainly used for this analysis (150 Hz, 350 Hz,
1050 Hz and 2500 Hz) to illustrate the measurement system performance across the frequency range of
interest (50 Hz – 3000 Hz). This is an arbitrary choice of harmonic frequencies, and in practice any of
the measured harmonic frequencies could be used.
5.2

Raw data

Matlab® scripts were used to import, filter, analyse and generate plots of measured data, as well as to
perform uncertainty calculations. Unless stated otherwise, test data of a single CT at a fundamental
current amplitude of 150A is used in graphs and illustrations.
5.2.1

Power Analyzer output

Harmonic measurement data is fed serially from the PPA5500 to a computer and then logged in a comma
delimited format text file as shown Figure 5.1. The measurements are grouped based on their time
stamps. For each harmonic, from the fundamental component up to the 60th, the harmonic number and
frequency is logged, as well as the primary and the measured shunt voltage and CT secondary current
amplitude and phase. The current measured by the shunt is then scaled by the number of CT primary
turns used for easier comparison between primary and secondary side measurements. In this case, ten
turns were used. The log time interval was not constant and varied between 300 ms and 500 ms.
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Figure 5.1: PPA software output

5.2.2

Harmonic current components

Figure 5.2 shows the measured current amplitude and phase of the 7th harmonic for each sample in
chronological order. Due to the short harmonic dead time added between each amplitude group,
distinction between bins is easy to make. At this scale however, the primary and secondary current
amplitudes are almost indistinguishable. The phase angles show greater variation during dead times, and
when low current amplitudes are measured. The first samples in many bins also show some overdamped
or underdamped behaviour. Due to the uncertainty associated with these incomplete or transient parts,
these samples will be filtered out and not included in calculations.
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Figure 5.2: 7th Harmonic: Raw amplitude and phase angle measurements

Polar plots in Figure 5.3 show the distribution of primary and secondary harmonic current measurements
for different harmonic frequencies across the frequency range of interest. The 3rd, 7th, 21st, and 50th
harmonics are shown. Phase angle is shown on the 𝜃-axis in degrees, and average current amplitude on
the R-axis in amperes. Blue markers indicate the primary current measurements, and red markers the
secondary current measurements. Large variations in primary and secondary current measurements are
present, with the phase angle showing variations of more than 30° for certain bins. Due to the reduction
in accuracy during transient measurements, appropriate filtering was necessary.
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Figure 5.3: Raw harmonic data point distributions

5.2.3

Fundamental current component

The fundamental current component was also evaluated. Figure 5.4 shows the amplitude and phase for
each logged sample. The primary current phase is used as reference. A small offset or ratio error is
present between primary and secondary current amplitudes. A phase difference is present between
primary and secondary currents as expected. This phase difference averages to 0.03° with a maximum
deviation of 0.01°, rounded to the log file harmonic phase resolution. The current amplitude also jumps
during transitions between random harmonic amplitudes and harmonic dead times.
This can be due to bandwidth limitations of the CMC256plus during fast transients. The amplitude of
these jumps shows oscillating behaviour which is cyclic in nature and not random, with sinusoidal
components present. This could be due to a time synchronization error within the CMC256plus or due
to frequency variation of the amplified waveform, or the exact phase angle of the fundamental at which
harmonics are switched. Since the script used to generate sinusoidal test waveforms makes an
approximation of the value for Pi, a small drift between the switching times and waveform component
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frequency is possible. Since these peaks are filtered out before making calculations, the effect of this
frequency error is assumed to be negligible.

Figure 5.4: Fundamental current component

Figure 5.5 shows the fundamental frequency of the primary current as logged for each time sample in
two different scales. On a larger scale, jumps of 0.2 degrees are present. This is assumed to be due to
calculation errors during transient periods. On a smaller scale, measured frequency can vary by up to
0.003 degrees. Possibly due to a lack of time synchronization between the signal generator and
comparator.

42

Figure 5.5: Frequency of the fundamental primary current

5.2.4

Harmonic ratio and phase shift

Figure 5.6 shows the harmonic ratio and phase shift per measurement sample for the unfiltered data of
the 3rd, 7th, and 21st harmonics. These harmonics are again chosen arbitrarily and for illustration
purposes, as the resulting harmonic current ratios and phase shifts respond similar for the harmonic
frequencies investigated. Large uncertainties during transitional periods cause jumps in the primary to
secondary current ratios and phase shifts. The error during these transitional periods is dependent on the
amplitude of each harmonic and the phase angle. Small harmonic current values in the order of 0.1 A
also show large variation. This is mainly due to accuracy limitations of the PPA5500 at low amplitudes
when measuring a wide amplitude range (0.1 A vs. 150 A).
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Figure 5.6: Harmonic ratio and phase shift

Figure 5.7 and Figure 5.8 show the harmonic ratio and phase shift plotted against the harmonic amplitude
for the 7th and 50th harmonics. A similar measurement error distribution is present for both harmonics in
question, and other harmonic frequencies not shown, with harmonic measurements under 0.5 A showing
large variation in ratio and phase shift. This suggests that the measurement error is due to low current
amplitudes, and not related to bandwidth of the measurement setup.
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Figure 5.7: 7th Harmonic ratio and phase angle vs. harmonic amplitude

Figure 5.8: 50th Harmonic ratio and phase angle vs. harmonic amplitude
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Data in Figure 5.7 Figure 5.8 can also be visualized compactly using polar plots as in Figure 5.9, with
ratio plotted on the radial axis against the phase shift per data point in degrees. The error in phase and
ratio measurements at low harmonic is related, with measurements with a near unity gain tend to show
the smallest phase error. For accurate characterization of the frequency response of the measured CT,
values that measurements that show large variations in amplitude and phase angle should be disregarded.

Figure 5.9: Harmonic ratio and phase shift distribution

5.3

Harmonic data filtering

In order to reduce test uncertainty, the measured harmonic data was filtered to remove transient samples
and harmonic dead times. The filtered data is then grouped into bins based on harmonic current
amplitude. Bins that contain too few samples or low current amplitudes that show large variations in
ratio measurements are ignored. This results in multiple bins of multiple measurements for each
harmonic. These bins can be compared between harmonics and amplitude levels.
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5.3.1

Removal of transient data

The first step in acquiring usable information was to filter out transient measurements. A simple way to
achieve this, is by taking the derivative of the primary and secondary current for each harmonic, as
illustrated in Figure 5.10. samples where jumps in harmonic amplitudes and transients occur, have larger
derivates than the adjacent steady state samples, where smaller changes in amplitude are due to signal
noise and other sources of uncertainty. This makes it possible to set up a threshold value and remove
all samples with high derivate values, resulting in a sequence of clean measurement samples for each
harmonic as can be seen in Figure 5.11.

Figure 5.10: 7th Harmonic current derivative

Figure 5.11: Filtered 7th harmonic current samples
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Harmonic current amplitude is now smoother between amplitude changes, with only a noisy phase angle
at very small harmonic current amplitudes. These low amplitude values will be ignored during CT
harmonic frequency response calculations to improve test accuracy.
5.3.2

Noise sensitivity

Figure 5.12 shows the filtered harmonic ratio and phase shift for the 7th harmonic. Measurement noise
greatly effect primary to secondary ratio and phase shift of samples with low harmonic amplitude. To
achieve the desired CT ratio calculation accuracy, these low amplitude samples will be removed from
each harmonic data set.

Figure 5.12: Filtered harmonic ratio and phase shift

5.3.3

Harmonic ratio distribution

Four different harmonic ratios are plotted in Figure 5.13 for a test conducted using the waveforms
described in Table 4.4 at a fundamental current amplitude of 200 A and in Figure 5.14 for a test
conducted at a fundamental current amplitude of 50 A to illustrate the effect of current amplitude on the
distribution of measurement samples. These figures show that the test conducted at a lower fundamental
current amplitude has a wider distribution of harmonic ratios across the harmonic range investigated.
Measurements keep to a normal distribution in the 200 A test, but for the 50 A test, the second harmonic
distribution is skewed to the right, and the third harmonic is slightly skewed to the left. This indicates
the presence of systematic errors unique to each harmonic that depend on factors such as the amplitude
of the harmonic current being measured. These errors seem to be profound at frequencies below the 7th
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harmonic, and in opposite directions for even and odd harmonics. This non-linear response of the
measurement setup at low fundamental amplitudes is difficult to correct for, as the setup would have to
be characterised for all harmonic amplitude combinations. Possible solutions to this problem are
discussed in the next section.

Figure 5.13: Distribution of harmonic ratios at 200 A
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Figure 5.14: Distribution of harmonic ratios at 50 A

5.3.4

Bin division

For easier comparison between harmonic amplitudes, each set of filtered measurements is broken up
into individual bins. To achieve this, the derivative harmonic current of each sequence is calculated
again, and high derivative values used as markers for the start and end times for each bin. Figure 5.15
shows that these bins are easily distinguished. Figure 5.16 and Figure 5.17 also show the number of bins
and the number of measurements per harmonic respectively for a single fundamental amplitude test. The
content of each bin (primary and secondary current measurements) for the 7th harmonic is also shown
in Figure 5.18 and in Figure 5.19. For this test sequence, most bins consist of at least 8 samples, with at
least 30 bins per harmonic, each with unique harmonic amplitude and phase angle.
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Figure 5.15: Filtered current derivative

Figure 5.16: Bins per harmonic

Figure 5.17: Measurements per harmonic
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Figure 5.18: Harmonic current bin amplitude content

Figure 5.19: Harmonic current bin phase angle content

5.4

CT harmonic ratio and phase shift calculation

Next, the primary to secondary harmonic current ratio and phase shift for each CT was determined. Bins
for each harmonic were grouped by harmonic amplitude, and measurement uncertainty evaluated to
determine the most probable CT frequency response. Systematic error introduced by the measurement
setup is corrected for by applying correction factors to the field measurements.
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5.4.1

Harmonic ratio and phase shift calculation

CT harmonic current ratio for each bin is calculated by taking average of the ratios between the
secondary and primary current of each sample within the bin. Figure 5.20 shows the mean ratio for each
bin of the 7th harmonic along with the standard deviation and minimum and maximum ratios of each bin
in chronological order. As expected, the standard deviation of the bins is proportional to the harmonic
amplitude of each bin. However, even with a larger standard deviation at lower current amplitudes, the
average ratio per bin remains relatively stable at low harmonic frequencies, not varying more than ±0.2%
from the average across all 7th harmonic bins.

Figure 5.20: 7th and 50th harmonic ratio per bin

Figure 5.21 shows the calculated 7th harmonic phase shifts per bin. The maximum and minimum
measured phase shift remains within a range of -1° to 1.25° with the average of bins closer to 0.1°. Bins
with low harmonic current amplitudes provide less stable harmonic phase shift measurements as can be
seen in Figure 5.21.
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Figure 5.21: 7th Harmonic phase shift per bin

5.4.2

CT ratio and harmonic amplitudes

Figure 5.22 show the bins from Figure 5.21 ordered based on the average harmonic current amplitude
of each bin. The standard deviation is reduced for larger harmonic amplitudes, however, the variation
in average harmonic current ratio does not appear to be significantly affected by harmonic amplitude at
lower harmonic frequencies, with only the standard deviation and minimum to maximum ratio range
increasing.
The 50th harmonic shows variation in the same order as the 7th for higher amplitudes, but an additional
degree of variation at lower amplitude harmonics. Indicating a decrease in measurement accuracy or CT
accuracy at higher frequencies.
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Figure 5.22: 7th and 50th harmonic ratio vs. harmonic amplitude

5.4.3

CT phase shift and harmonic amplitudes

Figure 5.23 show the phase shifts for the 7th and 50th harmonic. Harmonic phase shift measurements
seem to be affected by more than just the harmonic current amplitude. The phase shift for these CTs is
however small.
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Figure 5.23: 7th and 50th harmonic phase shift vs. harmonic amplitude

5.4.4

CT ratio and fundamental amplitudes

Standard deviations for different tests conducted at a range of fundamental current amplitudes are
compared in Figure 5.24 and Figure 5.25. When expressed as a function of the harmonic current, the
range of standard deviations is marginally lower for tests conducted at lower fundamental amplitudes.
If the standard deviation of all bins is plotted as a percentage of the fundamental current, the standard
deviation is much greater for lower fundamental current tests.
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Figure 5.24: Bin standard deviation for different tests

Figure 5.25: Standard deviation vs. percentage of fundamental current

In order to calculate the CT ratios and phase shifts with minimum uncertainty, not only requires
measurements with a low standard deviation, but also enough measurements to provide an accurate
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statistical representation of the distribution of the measurand. By comparing different bins for each
harmonic, the measurement uncertainty associated with the test procedure can further be reduced.
5.4.5

Pooled Standard uncertainty

Since a series of independent and repeated observations were made under statistical control, the pooled
standard uncertainty can be calculated by combining the standard deviations of different bins into a
pooled standard deviation[17]. Figure 5.26 plots the standard deviations calculated for the 7th harmonic
for five fundamental amplitudes against a range of minimum harmonic current amplitudes, as a
percentage of the fundamental current. A decrease in standard deviation can be seen as the minimum
included harmonic amplitude increases. For smaller test amplitudes, the standard deviation is also
higher.

Figure 5.26: 7th harmonic pooled standard deviation vs. minimum harmonic amplitude

Even though the standard deviation decreases with an increase in harmonic current amplitude, a lower
test uncertainty is not guaranteed, since the number of measurements available decreases as more low
amplitude measurements are omitted. Figure 5.27 shows a plot of the pooled standard uncertainty
calculated for the 7th harmonic of five fundamental amplitudes for a range of minimum harmonic current
amplitude included in the calculation shown as a percentage of the fundamental current.
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Figure 5.27: 7th Harmonic pooled standard uncertainty

For all amplitudes, the level of uncertainty reaches a minimum if only harmonic currents larger than 1%
of the fundamental current are included. It was thus decided to use this value for the cut-off point in
calculating harmonic ratios and phase shifts. All measurements below 1% of the fundamental current
were omitted. This resulted in a standard ratio uncertainty of 50 ppm (0.005%) or less up to the 60th
harmonic as shown in Figure 5.28. This value does not yet account for error due to systematic effects.
At higher frequencies, the uncertainty increases exponentially due to the 3 kHz bandwidth limitation of
the CMC256plus, resulting in less data points with an amplitude of more than 1 % of the fundamental
current.

Figure 5.28: Pooled standard uncertainty per harmonic
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5.4.6

CT harmonic frequency response

Figure 5.29 shows the uncompensated mean primary to secondary harmonic ratios for a CT tested using
the developed test method up to the 60th harmonic, or 3 kHz, for five different fundamental amplitude
tests at a minimum harmonic amplitude of 1% of the fundamental current. Lower fundamental amplitude
tests show large variations in the ratio for different harmonics. This appears to be, at least partly, due to
systematic effects introduced by the measurement setup when measuring low current amplitudes. An
attempt to correct for these errors is discussed in the next section.

Figure 5.29: Uncompensated CT harmonic ratios

5.5

Systematic effects correction

In order to calculate measurement uncertainty using the GUM approach, all systematic error should be
corrected for. The test setup developed for the field investigation was characterised by measuring the
ratio and phase difference between measurement channels when measuring the same signals, thus,
without a CT connected. This makes it possible to linearize the measurement setup and remove
systematic error, which improves accuracy and reduces uncertainty.
5.5.1

Test setup linearization

To eliminate systematic errors caused by the measurement setup and further improve accuracy, it is
necessary to characterize the test setup harmonic frequency response. From this response, correction
factors can be applied to the field measurement results. To do this, a waveform was generated similar to
the one used in the field CT measurements. Since these measurements were conducted in the lab, time
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limitations applicable to on-site measurements are not critical. To minimise measurement uncertainty
while still conducting measurements within a reasonable time frame, 60-minute long waveforms were
generated similar to the 6 minute waveforms described in Table 4.4. The longer test waveforms have
more and longer random amplitude and phase bins, as longer tests reduce the uncertainty associated with
the correction factors applied to field measurements. From the field measurements, it was seen that low
amplitude harmonics contribute more uncertainty when used in harmonic ratio calculations. The
harmonic amplitudes were thus increased from between 0.1% and 2% to between 0.5% and 3%. Tests
were repeated multiple times and at multiple amplitudes. Figure 5.30 shows 7th harmonic measurements
using the long test waveform. Each test has at least 80 bins, with at least 40 usable samples per bin.

Figure 5.30: Setup characterization waveform

The samples are filtered and grouped using a similar approach to the one used on field measurement
data. Figure 5.31 shows the samples for the primary and secondary harmonic current in a single bin.
The measured value varies by approximately 10 mA within the bin, with more noise on the primary
channel. Primary to secondary ratio remains relatively constant. Figure 5.32 show all the bins for the 7th
harmonic. Since the test sequence is ten times longer than the test sequence used for field measurements,
the contribution to uncertainty of a correction factor is negligible in comparison with the field test
uncertainty.
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Figure 5.31: Setup characterization waveform zoomed

Figure 5.32: Test setup 7th Harmonic bins

5.5.2

Ratio error

Ratio error was calculated for a range of different amplitudes. Figure 5.33 shows this ratio error for test
amplitudes from 2.5 A to 8 A. Unfortunately, for tests with fundamental current amplitudes of 6 A and
lower, large errors are present at the lower order harmonics. The cause of this error is most likely due to
the low output voltage of the shunt used to measure primary current.
Figure 5.34 shows the standard deviation (in mA) of different 7th harmonic amplitude bins for five
different fundamental test amplitudes. In this case, the standard deviation amplitude becomes larger for
smaller harmonic current amplitudes. The two separate trends can be explained as a difference in input
range settings between low amplitude (< 7.5 A) and high amplitude tests. This automatic ranging feature
can be disabled for more comparable measurements across a range of fundamental current amplitudes
at the cost of measurement resolution for lower test amplitudes.
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The increased ratio error at lower order harmonics is related to the fundamental test amplitude. Figure
5.35 shows the 3rd harmonic ratios for five fundamental current amplitudes at different harmonic
amplitudes. Bins were grouped in intervals of 0.1% of the fundamental current amplitude. For test
current amplitudes lower than 7.5 A, the harmonic ratio error increases for low harmonic amplitudes.
The harmonic current ratios remain stable for the 7.5 A and 8 A tests. These two test amplitudes will be
used to calculate ratio correction factors for the test setup.

Test setup frequency response
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Figure 5.33: Test setup ratio error
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Figure 5.34: 7th harmonic standard deviation vs. harmonic current

Figure 5.35: 3rd harmonic ratio error relative to fundamental current

5.5.3

Ratio correction factor

A ratio correction factor and phase shift correction for each harmonic was derived by taking the average
ratio or phase shift for each harmonic of the 7.5A and 8A tests and applying a second order moving
average filter to remove noise and harmonic dependent systematic effects. This reduces frequency
resolution of the characterization setup, but since CTs have a low system order, this arguably introduces
much less error than the systematic error already present. Figure 5.36 Test setup harmonic ratio
correction factor shows the ratio correction factor applied to the test setup.
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Correction factor is only accurate for fundamental amplitude measurements that do not fall below the
shunt minimum amplitude limitations. As frequency increases, harmonic ratio of the test setup decreases
up to the 21st harmonic. The relative ratio error between the primary and secondary current channels
remain within 0.1% for all harmonic up to the 60th. Figure 5.37 Test setup harmonic phase shift
correction shows the harmonic phase shift correction to be applied to CT phase measurements. The
relative phase shift of the setup steadily increases with frequency but remains less than 0.1 degrees at
the 60th harmonic.

Figure 5.36 Test setup harmonic ratio correction factor

Figure 5.37 Test setup harmonic phase shift correction

5.5.4

CT ratio and phase shift results

Harmonic ratio and phase shift for each CT was calculated with the same approach used to calculate the
correction factor. An average of the 150 A and 200 A test frequency response data was used and
corrected with the test setup ratio correction factor and phase shift. After correction, a second order
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moving average was again applied to remove uncompensated systematic effects introduced in the lower
harmonics by the test setup, resulting in the most probable frequency response for each CT. The
expanded measurement uncertainty (95% coverage factor) after this correction is estimated to be 0.1%
for ratio measurements and 0.02° for phase displacement measurements. The harmonic ratios and phase
shifts of six CTs are compared in Figure 5.38 and Figure 5.39.

Figure 5.38 PV farm CT harmonic ratios
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Figure 5.39 PV farm CT harmonic phase angles

After compensation for systematic error, the behaviour of the different CTs can be seen as frequency
increases. Ratio error and phase error increase at different rates, even though the burden was kept the
same for each test, indicating differences in the physical properties of each CT.
5.6

Evaluation of results

Ratio error for all CTs were within the 0.5% limit stated for their class 0.5 measurement accuracy for
most of the harmonic frequency range. The harmonic phase shift starts to deteriorate quicker for certain
CTs. CT number K08L1 exceeds the maximum allowed phase error of 0.167 degrees by the 15th
harmonic. These results indicate that even though the six CTs tested are of the same model and made
by the same manufacturer, their frequency responses can vary and reach unacceptable ratio or phase
errors at certain frequencies.
From the measured harmonic ratios and phase shifts, ratio correction factors and phase corrections were
derived. These corrections for each specific CT are available in Appendix A and can be applied to ensure
accurate and comparable harmonic measurements between CTs.
5.7

Summary

In this chapter, data acquired from field measurements of CTs using the test setup and test method
developed in the previous chapter was processed into usable information regarding CT harmonic ratios
and phase shifts under different circumstances. In order to remove systematic error from the
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measurement setup, it was necessary to characterise the relative frequency response of the setup and
apply suitable corrections to the CT measurement results.
The test setup and procedure were capable of measuring the frequency response of CTs up to 3000 Hz
but suffered a loss of harmonic measurement accuracy at low test amplitudes due to the low output
voltage of the 100 A shunt used. Despite the loss of accuracy at low test amplitudes (< 10 A), The
developed test setup was portable and easy to set up and connect to different CTs. The software interface
made it possible to run a variety of preprogramed tests. The scripts written in Matlab® for the analysis
of measurements and setup characterisation are reusable and can be applied to other CTs, simplifying
future investigations. The uncertainty associated with the results is in the order of 0.1% for ratio
measurements and 0.02° for phase displacement measurements.
In the next chapter, results from various tests that were conducted to verify measurement accuracy are
described.
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CHAPTER 6: VERIFICATION OF TEST SETUP ACCURACY
6.1

Overview

This chapter describes various tests conducted to verify the accuracy of the test setup and to ensure that
results achieved from field measurements are valid. Different test methodologies are compared, and the
cause of systematic error is investigated. Test repeatability and the impact of CT burden on its frequency
response is also investigated.
6.2

Influence of other harmonics

Before field tests were conducted with a waveform playing all harmonics simultaneously, a single test
was done with a 50 Hz waveform that included only one harmonic frequency component superimposed
at a time. This was done to evaluate to what extend harmonic measurements are influenced by the
presence of other harmonics. Figure 6.1 shows the 5th harmonic primary and secondary current for the
single harmonic test.
Current amplitudes are normalized for easy comparison. Even though the superimposed 5th harmonic is
only played for a small number of samples, the amplitude during the remainder of the test is not zero.
This effect is especially noticeable during transitions between each harmonic, which indicates that the
presence of different harmonics and changes in harmonic amplitudes do influence the amplitude of a
other harmonic. The secondary current follows the primary current injected into the CT, regardless of
the additional harmonic distortion. This suggests that the presence of additional harmonic components
has negligible impact on the measurement accuracy of the test setup.

Figure 6.1: Influence of other harmonics
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6.2.1

Ratio error vs. offset error

Since AC coupling is used in the test setup, DC offset error is assumed to be negligible, with the only
considerable error due to ratio differences between the primary and secondary channel. This assumption
was verified by calculating the mean fundamental amplitudes for a series of tests conducted on a single
CT at different fundamental amplitudes. In Figure 6.2, the normalized ratios of the secondary and
primary currents at different fundamental amplitudes are compared to the difference between secondary
and primary currents of the corresponding tests.
For the range of current amplitudes investigated, the change in fundamental ratio error is less than
0.01%, with a maximum ratio error of less than 0.12%. On the other hand, the difference between
secondary and primary current scales linearly with a change in fundamental current, suggesting that
there is negligible error due to current measurement offset.

Figure 6.2: Fundamental measurement error comparison – ratio vs. difference

6.3

Test repeatability

Several tests were conducted more than once to verify the repeatability of measurement results. Figure
6.3 shows the uncompensated ratio frequency response of the test setup measured in two different
repetitions (20 bins of 30 samples). The low applied fundamental test current amplitude of 1.6 A causes
additional error for low harmonic frequencies due to measurement resolution limitations. The difference
in harmonic error between repeated tests remain below 0.1% for all harmonics, which is within the
calculated uncertainty of the test setup.
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Figure 6.3: Test repeatability

6.4

Omicron bandwidth

The CMC256plus has a stated 3 dB bandwidth of 3.1 kHz. The effect of this bandwidth limitation was
evident during analysis of higher harmonic measurements, as can be seen in Figure 6.4. The maximum
harmonic current bin amplitudes as generated by the CMC 256plus for a long characterization test are
plotted. If the generator had infinite bandwidth, the distribution of maximum values would be uniform
for all harmonics, due to the random amplitude distribution.
However, the maximum amplitude reduces for higher frequencies, with a 3 dB attenuation at
approximately 2.35 kHz, instead of the rated 3.1 kHz. This discrepancy could be due to the specific load
connected to the CMC256plus current output. Since only cables are connected to the current amplifier,
the load resistance is low. The primary windings coiled around the CT also act as a choke inductor,
which attenuates high frequency current components. Apart from reducing the harmonic amplitudes at
higher harmonic frequencies, this does not directly influence test setup accuracy, as the output generated
by the current amplifier is measured using the reference transducer (shunt).
To ensure a uniform amplitude distribution for all harmonics, this attenuation can be compensated for
in the test signal. The bandwidth limitation also poses a limit to the maximum magnetization current
that can be generated using this test setup. A trade-off between test current amplitude, number of primary
windings and bandwidth must be made.
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Figure 6.4: CMC 256plus bandwidth

6.5

Omicron channel comparison

Since relative measurements are made between two channels of the power analyzer, the signal generator
does not directly contribute to test uncertainty. It is however preferable to know the limitations of the
generator. To investigate these limitations, the CT was removed from the test setup and the same
waveform played at different amplitudes through different combinations of current channels of the CMC
256plus. The sequences and amplitudes used are documented in Table 6.1.
Table 6.1: Omicron channel comparison tests

Primary current

Secondary Current

Channels

Current (A)

Channel

Current (A)

Test 1

1+2

20

3

2

Test 2

1+3

20

2

2

Test 3

2+3

20

1

2

Two channels are connected in parallel to the shunt current sensor in order to provide the desired current
amplitude, and the remaining channel connected directly to the power analyser internal current input.
The secondary channel amplitude was reduced to emulate the CT primary to secondary current ratio.
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The test was repeated by swapping the channels of the signal generator. Figure 6.5 shows a primary to
secondary ratio comparison for the same test conducted using different CMC 256plus current channels.

Figure 6.5: Omicron channel comparison

The accuracy limitations of the current generator becomes clear. Each channel has a unique frequency
response, leading to ratio errors of up to 1% in the frequency range investigated. This error is much
larger than the relative error between the power analyzer input channels. While not a problem using the
current test setup, it confirms that the necessity of measuring both the primary and secondary CT current
using the power analyzer, as opposed to trusting the uncharacterized accuracy of the signal generator
output as reference. Test 1 was also repeated. The amplitude of the fundamental current component is
only slightly different in each iteration. However, the repeated test shows consistent frequency response
behavior, confirming that the test is indeed repeatable.
6.6

Effect of burden on measurement results

Perhaps the most important verification step is to investigate the effect of CT burden on harmonic
measurement results. This was done by connecting a CT to three different burdens and playing the same
random harmonic waveform sequence at a fixed fundamental current, and then calculating the CT
frequency response. The CT used was a class 1 0.66 kV 800:5 CT. The number of primary windings
was increased to 40 to ensure proper magnetization of the CT. Figure 6.6 shows the nameplate of the
CT in question:
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Figure 6.6: 800:5 class 1 CT

The first set of tests were performed with the CT connected to the test setup using short cables,
approximately 2 m in length. The second set of tests was performed using longer cables, approximately
20 m in length. The third set of tests were performed using the same 20 m set of cables, but bundled
together to change the burden inductance. Figure 6.7 shows the harmonic ratios and phase shifts for a
the three different burdens. Results are corrected for the test setup frequency response, and a second
order moving average is applied to compensate for additional systematic error.
Unfortunately, due to test setup accuracy limitations at low current amplitudes, ratio and phase shifts
shown in Figure 6.7 are only stable for frequencies above the 7th harmonic, or 450 Hz. Nevertheless, the
effect of changes to CT burden on its frequency response becomes apparent. The smaller 2 m cable
burden results in a ratio error of approximately 0.15% less than the 20 m cable burden. The bundled
20m cable and 2m cable both have a relatively constant ratio error across the frequency range, but a
changing phase response. The unbundled 20 m cable results in the opposite, a stable phase response and
a harmonic ratio that changes with frequency. For an accurate frequency response, burden should not be
neglected. CTs should be characterised with the same burden, or one equal to the burden will be
connected to.
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Figure 6.7: CT burden comparison

6.7

Shunt comparison

Since the test setup introduced harmonic error when measuring low amplitude signals, another higher
resistance (10 mΩ) N4L shunt, rated at 20 A was acquired and compared to the 100 A (1 mΩ) shunt
used in the original setup. The factor 10 increase in shunt output voltage is suspected to reduce the ratio
error experienced at lower harmonic frequencies during low fundamental amplitude tests.
Figure 6.8 shows the harmonic current ratios and phase shifts for two identical sets of low amplitude
tests conducted using the different shunts. The power analyzer current input channel is used as reference.
When compared to the original 100 A shunt, the 20 A shunt introduces much less phase and ratio error
at low harmonic frequencies, ensuring a stable frequency response. By replacing the 100 A shunt with
the 20 A shunt and applying an appropriate ratio correction factor and phase correction to linearize the
test setup, the amplitude range can be extended to allow accurate characterization of CTs under low
loading conditions.
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Shunt ratio comparison
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Figure 6.8: 100 A shunt vs. 20 A shunt

6.8

Summary

Various tests were conducted to confirm and improve the measurement accuracy of the CT frequency
response test setup. The impact of other harmonics on the test setup accuracy of each harmonic was
evaluated and found to be negligible. Test repeatability was also confirmed, with harmonic ratios from
repeated tests differing by less than 0.1% for all frequencies up to the 60th harmonic.
The bandwidth of the signal generator was found to be less than the stated 3.1 kHz, increasing test
uncertainty for higher harmonic frequencies due to lower harmonic amplitudes. This effect can be
mitigated by compensating attenuation in the test signal waveform. A comparison between the
simultaneous outputs of different current channels of the signal generator revealed that each channel has
a unique frequency response, confirming that a reference transducer, or alternatively, characterization
of the signal generator is required to perform accurate harmonic current measurements.
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The effect of CT burden on its frequency response was investigated by comparing results from one test
sequence repeated on a single CT with three different burdens connected. A change in burden resulted
in a different frequency response. This confirms that the burden is fundamental to the CT frequency
response and cannot be neglected. For accurate ratio and phase correction, characterization tests should
be conducted using a burden as close to the installed burden as possible.
To resolve the excessive ratio and phase error at lower harmonics, a shunt with larger resistance was
acquired and compared against the original shunt used in the field investigation. A considerable decrease
in ratio and phase error was seen, verifying that the low output voltage of the shunt was indeed the cause
of the test setup ratio and phase errors at lower harmonic frequencies.
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CHAPTER 7: VALIDATION AND CONCLUSION
7.1

Research objectives addressed

In Chapter 1, five research objectives were set. This section discusses how each objective was addressed:
Objective 1 – Determine the impact of current transformer uncertainty at harmonic
frequencies:
Through literature review and empirical investigation, the impact of current transformer uncertainty at
harmonic frequencies were found to be non-negligible for high accuracy applications. A test method
was developed and the harmonic frequency responses of multiple current transformers of the same type
were measured under the same test conditions and with the same connected burden. However, each CT
yielded a unique frequency response, with harmonic ratio and phase error increasing with frequency.
The results achieved are comparable with that of previous research on the frequency response of CTs.
Objective 2 – Simplified procedure for measurement uncertainty calculation:
The importance of proper consideration for measurement uncertainty, and the impact thereof on power
quality measurements was highlighted. Based on the GUM procedure for Type A uncertainty
calculation, a generalized procedure for measurement uncertainty estimation was derived. This method
was applied to laboratory and field measurement data to determine the uncertainty associated with the
measurement setup. This serves as a typical example of how uncertainty calculations can be incorporated
into a practical power quality application. In this case, determining the harmonic frequency response of
current transformers, and improving this frequency response by applying appropriate harmonic ratio and
phase corrections. Which further increases the accuracy of and confidence in harmonic measurement
results.
Objective 3 – Current transformer test setup:
A portable CT frequency response measurement setup and accompanying test procedure was developed,
characterized and implemented based on IEC 61869-103 recommendations and using available
equipment. After proper characterization and linearization, the test setup was able to measure the
harmonic ratio errors and phase displacement errors of CTs up to 3000 Hz with a calculated ratio
uncertainty of 0.1% and a phase uncertainty of 0.02°. The performance of the test setup was validated
through field and laboratory measurements. The test setup did suffer a loss of accuracy at low test
amplitudes. This limitation was overcome by replacement of the reference transducer with a current
shunt rated for a lower current. A test duration of 30 minutes per CT was able to sufficiently characterize
its frequency response and improve the accuracy class of the CT across the harmonic frequency range.
Through optimization, the required time could be reduced to approximately 10 minutes per CT and still
achieve viable results.
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Objective 4 – Basis for resolving harmonic emission requirement disputes:
Using the developed test setup and test procedure, harmonic ratio correction factors and phase
corrections were determined that, when applied to harmonic measurements and assuming a fixed burden,
can extend the class accuracy rating for measurements up to 3000 Hz. The corrections for 6 CTs are
listed in Appendix A. Due to the impact of the connected burden on CT frequency response, the stated
corrections are only valid for the installed burden at which tests were conducted. A change in burden
would require a recharacterization of the CTs. Harmonic measurements using these CTs along with the
appropriate correction factors can now be used to verify harmonic emission assessment measurements
if any disputes should arise.
Objective 5 – Impact through publication of research:
A research paper was compiled that presented the methodology and findings of the research
investigation. The paper was peer reviewed and published in the 2018 IEEE 9th Applied Measurements
in Power Systems (AMPS 2018) International conference proceedings. The findings were also presented
at the same conference in Bologna, Italy. The research paper is attached to this document and can be
viewed in Appendix B, or downloaded from the AMPS 2018 conference proceedings.
7.2

Contributions

The research conducted was able to identify a possible shortcoming in current transformer standards,
namely the lack of traceability of harmonic current measurement applications. It was also proven that
current transformers can have different harmonic frequency response behaviours, even when tested
under equal burden conditions. The test setup and test method developed was verified and can be used
to quantify uncertainty and measure the harmonic frequency behaviour of current transformers or other
current sensors. The publication of this research serves as a guide on how to quantify and improve the
measurement uncertainty associated with current transformers used for power quality measurements and
creates awareness that measurements should not be trusted blindly.
7.3

Challenges

Various challenges were faced in this study that had to be overcome, or proven to be within reasonable
control to ensure the validity of results. These challenges include environmental challenges, such as
temperature and location that impact reproducibility, metrological constraints such as system portability
and accuracy and the estimation of uncertainty under conditions not stated by the manufacturer. It is
important to remain within limitations of the test equipment, to ensure that no additional error is injected
into resulting current transformer characterisations. It is also important to isolate the causes of current
transformer error and ensure that these causes are taken into account and investigated effectively.
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One limitation of this study, is that it cannot be regarded as a full calibration of current transformers for
harmonic emission measurement, but rather a type test, to ensure that CT measurements lay within the
desired accuracy class, and present correction factors that can be used to get a better approximation of
actual harmonic values, relative to the fundamental component. With harmonic measurements that are
accurate relative to fundamental current measurement, percentage harmonic emissions can be stated
with accuracy, but not absolute harmonic current values. Or in other words, the absolute accuracy of
harmonic current measurements is in fact a combination of the fundamental accuracy and the relative
harmonic accuracy.
7.4

Summary

A possible shortcoming in the current standard documents was identified in this dissertation and a test
method was developed to overcome and quantify the problem through empirical analysis. A lack of
traceability is present when using conventional 50 Hz / 60 Hz CTs for harmonic current measurement.
A test method and test setup was developed to determine the frequency response of CTs for harmonic
frequencies up to 3 kHz with 0.1% ratio uncertainty and 0.02° phase displacement uncertainty. The
developed test method was applied to CTs at a newly constructed solar farm and knowledge gained from
the investigation used to calculate harmonic ratio and phase correction factors that can be applied to
harmonic measurements to extend and improve the CT accuracy class up to 3 kHz.
The developed test setup and methodology can be reused for future investigations, on site or in a
laboratory, for measuring the harmonic frequency response of CTs. A simplified methodology for the
quantification of measurement uncertainty based on GUM Type A uncertainty analysis was presented,
that can be used in conjunction with the presented, or similar measurement setups.
The investigation found that CT accuracy can deviate from the rated frequency accuracy class when
used to measure harmonic frequency components. The deviations found in current transformers were
smaller than voltage transformer deviations discussed in literature. The CT harmonic ratio and phase
shift is influenced by a variety of parameters internal and external to the CT, making accurate
compensation difficult. External parameters include: the burden connected to the CT; amplitude of the
fundamental current; amplitude and phase angle of the harmonic currents; other harmonic currents that
influence the magnetization current. On average, the bulk of the deviation can be compensated for each
harmonic using ratio correction factors and phase displacement corrections for each harmonic
frequency.
During harmonic emission assessments, it is important that transducers being used to measure current
are rated for, or have been characterised for the frequency range of interest. If this cannot be done, the
increase in uncertainty when measuring harmonics should be taken into account when drawing any
conclusions from these measurements.
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7.5

Proposed future work

The method and test setup developed during this research project can be used to perform on site and
laboratory verifications of CT accuracy at higher harmonic frequencies. This project should be expanded
to create an automated test bed for CTs. The effect of burden on the harmonic frequency response of
CTs should be further investigated, as this appears to have a large impact.
Impact of harmonics on each other should also be investigated in greater depth, since for this
investigation it was assumed to be negligible. By replacing the power analyser with a precision
calibrated digitizer and comparator, and performing calculations on the sampled waveform, greater
control over the process can be achieved, further decreasing test durations and providing more control
over systematic effects. This study only focused on harmonic measurement under steady state
conditions. In practice, harmonics are not always constant as they are dependent on a number of factors.
Transients should be included in future investigations, along with signals with high crest factors, as often
occur with electronic equipment connected to the grid. A test bench that includes a variable burden will
allow for current transformer characterisation across a wider range of operating conditions.
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Appendix A: CT harmonic correction factors
Tables are listed below containing the harmonic ratio correction factors (RCF) and phase displacement
corrections (∆𝜑) applicable to the 300:1 class 0.5 current transformers measured during the field
investigation at a resistive burden of less than 1 VA and a fundamental frequency of 50 Hz.
Table 7.1: Harmonic ratio correction factors for current transformer K08L1

CT:
Date:
h

K08L1
05/2017
RCF

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

1.001
1.001
1.002
1.002
1.002
1.002
1.002
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002

∆𝝋

Ratio uncertainty:
Phase uncertainty:
h
RCF

0.01°
0.00°
0.00°
0.00°
0.00°
0.00°
0.01°
0.01°
0.01°
0.02°
0.02°
0.02°
0.02°
0.02°
0.03°
0.03°
0.03°
0.03°
0.04°
0.04°
0.04°
0.04°
0.04°
0.04°
0.05°
0.05°
0.05°
0.06°
0.06°
0.06°

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
86

1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.003
1.003
1.003
1.003
1.003
1.003
1.003
1.003
1.003

0.10%
0.02°
∆𝝋
0.07°
0.07°
0.07°
0.07°
0.07°
0.07°
0.07°
0.07°
0.08°
0.08°
0.08°
0.08°
0.09°
0.09°
0.09°
0.10°
0.10°
0.10°
0.10°
0.10°
0.11°
0.11°
0.11°
0.11°
0.12°
0.12°
0.12°
0.13°
0.13°
0.14°

Table 7.2: Harmonic ratio correction factors for current transformer K08L2

CT:
Date:
h
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

K08L2
05/2017
RCF
1.001
1.001
1.002
1.002
1.002
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.002
1.002
1.002
1.002
1.002

∆𝝋
0.01°
0.00°
0.00°
0.00°
0.00°
0.00°
0.01°
0.01°
0.01°
0.01°
0.02°
0.02°
0.02°
0.02°
0.02°
0.02°
0.02°
0.03°
0.03°
0.03°
0.04°
0.04°
0.04°
0.04°
0.04°
0.05°
0.05°
0.05°
0.06°
0.06°

Ratio uncertainty:
Phase uncertainty:
h
RCF
31
1.002
32
1.002
33
1.002
34
1.002
35
1.002
36
1.002
37
1.002
38
1.002
39
1.002
40
1.002
41
1.002
42
1.002
43
1.002
44
1.002
45
1.002
46
1.002
47
1.002
48
1.002
49
1.002
50
1.002
51
1.002
52
1.002
53
1.002
54
1.002
55
1.002
56
1.002
57
1.002
58
1.003
59
1.003
60
1.003
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0.10%
0.02°
∆𝝋
0.06°
0.06°
0.06°
0.06°
0.06°
0.07°
0.07°
0.07°
0.07°
0.08°
0.08°
0.08°
0.08°
0.08°
0.08°
0.08°
0.09°
0.09°
0.09°
0.10°
0.10°
0.11°
0.11°
0.11°
0.11°
0.12°
0.12°
0.12°
0.13°
0.13°

Table 7.3: Harmonic ratio correction factors for current transformer K08L3

CT:
Date:
h
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

K08L3
05/2017
RCF
1.001
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.002
1.003
1.003

∆𝝋
0.02°
0.03°
0.04°
0.05°
0.05°
0.06°
0.07°
0.09°
0.10°
0.11°
0.12°
0.13°
0.14°
0.15°
0.16°
0.17°
0.18°
0.19°
0.20°
0.21°
0.22°
0.23°
0.24°
0.25°
0.26°
0.27°
0.28°
0.29°
0.30°
0.31°

Ratio uncertainty:
Phase uncertainty:
h
RCF
31
1.003
32
1.003
33
1.003
34
1.003
35
1.003
36
1.003
37
1.003
38
1.003
39
1.003
40
1.004
41
1.004
42
1.004
43
1.004
44
1.004
45
1.004
46
1.004
47
1.004
48
1.004
49
1.004
50
1.005
51
1.005
52
1.005
53
1.005
54
1.005
55
1.005
56
1.005
57
1.005
58
1.005
59
1.005
60
1.005
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0.10%
0.02°
∆𝝋
0.32°
0.33°
0.34°
0.35°
0.36°
0.37°
0.38°
0.39°
0.39°
0.40°
0.41°
0.42°
0.43°
0.43°
0.44°
0.45°
0.46°
0.47°
0.47°
0.48°
0.48°
0.49°
0.50°
0.51°
0.52°
0.53°
0.54°
0.54°
0.55°
0.56°

Table 7.4: Harmonic ratio correction factors for current transformer K10L1

CT:
Date:
h
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

K10L1
05/2017
RCF
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.000
1.000
1.000
1.000
1.000
1.000
1.000
1.000

∆𝝋
0.00°
-0.01°
-0.01°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.02°
-0.01°
-0.01°

Ratio uncertainty:
Phase uncertainty:
h
RCF
31
1.000
32
1.000
33
1.000
34
1.000
35
1.000
36
1.000
37
1.000
38
1.000
39
1.000
40
1.000
41
1.000
42
1.000
43
1.000
44
1.000
45
1.000
46
1.000
47
1.000
48
1.000
49
1.000
50
1.000
51
1.000
52
1.000
53
1.000
54
1.001
55
1.001
56
1.001
57
1.001
58
1.001
59
1.001
60
1.001
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0.10%
0.02°
∆𝝋
-0.01°
-0.01°
-0.01°
-0.01°
-0.01°
-0.01°
-0.01°
0.00°
0.00°
0.00°
0.00°
0.00°
0.00°
0.00°
0.01°
0.01°
0.01°
0.02°
0.02°
0.02°
0.02°
0.02°
0.03°
0.03°
0.03°
0.04°
0.04°
0.04°
0.04°
0.03°

Table 7.5: Harmonic ratio correction factors for current transformer K10L2

CT:
Date:
h
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

K10L2
05/2017
RCF
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.002
1.002
1.002
1.002
1.002
1.002

∆𝝋
0.01°
0.02°
0.02°
0.03°
0.03°
0.04°
0.04°
0.05°
0.06°
0.06°
0.07°
0.08°
0.09°
0.10°
0.10°
0.11°
0.11°
0.12°
0.13°
0.14°
0.15°
0.16°
0.16°
0.17°
0.18°
0.19°
0.20°
0.20°
0.22°
0.22°

Ratio uncertainty:
Phase uncertainty:
h
RCF
31
1.002
32
1.002
33
1.002
34
1.002
35
1.002
36
1.002
37
1.002
38
1.002
39
1.002
40
1.003
41
1.003
42
1.003
43
1.003
44
1.003
45
1.003
46
1.003
47
1.003
48
1.003
49
1.003
50
1.003
51
1.003
52
1.003
53
1.004
54
1.004
55
1.004
56
1.004
57
1.004
58
1.004
59
1.004
60
1.004
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0.10%
0.02°
∆𝝋
0.23°
0.24°
0.25°
0.25°
0.26°
0.27°
0.27°
0.28°
0.28°
0.29°
0.29°
0.30°
0.31°
0.31°
0.32°
0.33°
0.34°
0.35°
0.35°
0.36°
0.36°
0.36°
0.37°
0.37°
0.38°
0.38°
0.39°
0.39°
0.39°
0.40°

Table 7.6: Harmonic ratio correction factors for current transformer K10L3

CT:
Date:
h
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

K10L3
05/2017
RCF
1.001
1.002
1.002
1.002
1.002
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.001
1.002
1.002
1.002
1.002
1.002
1.002

∆𝝋
0.01°
0.01°
0.01°
0.01°
0.01°
0.02°
0.02°
0.03°
0.03°
0.04°
0.04°
0.05°
0.05°
0.06°
0.06°
0.06°
0.07°
0.07°
0.08°
0.08°
0.09°
0.09°
0.10°
0.10°
0.10°
0.11°
0.11°
0.12°
0.12°
0.13°

Ratio uncertainty:
Phase uncertainty:
h
RCF
31
1.002
32
1.002
33
1.002
34
1.002
35
1.002
36
1.002
37
1.002
38
1.002
39
1.002
40
1.002
41
1.002
42
1.002
43
1.002
44
1.002
45
1.002
46
1.002
47
1.002
48
1.002
49
1.003
50
1.003
51
1.003
52
1.003
53
1.003
54
1.003
55
1.003
56
1.003
57
1.003
58
1.003
59
1.003
60
1.003
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0.10%
0.02°
∆𝝋
0.13°
0.14°
0.14°
0.14°
0.15°
0.15°
0.16°
0.16°
0.16°
0.17°
0.17°
0.18°
0.18°
0.19°
0.19°
0.20°
0.20°
0.21°
0.21°
0.21°
0.22°
0.22°
0.22°
0.23°
0.23°
0.24°
0.24°
0.25°
0.25°
0.25°

Appendix B: Research publication
The following paper: “Measurement uncertainty of current harmonics during the assessment of
compliance to grid code requirements” was published and presented at the 2018 9th IEEE Applied
Measurements in Power Systems (AMPS) international workshop in Bologna, Italy. The official version
of the document can be found in the 2018 AMPS conference proceedings [43].
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