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Abstract

Accurate harmonic measurement is required for power quality (PQ) compliance in South
Africa’s inverter-based renewable grids. The frequency response of the current transformer
(CT) has been characterised through structured testing, while voltage transformers (VTs)
remain untested under harmonic excitation in local conditions. This paper proposes a
method for evaluating single-phase VT frequency response by adapting CT test strategies
to voltage excitation. MATLAB R2025b Simulink models support interpreting measured
data. The framework measures ratio and phase errors up to the 60th harmonic (3 kHz) and
detects resonances important for PQ assessment. The study addresses a methodological
gap in South African PQ measurement and supports the development of standardised
procedures for evaluating VT frequency response in renewable power systems.

Keywords: voltage transformer; frequency response; harmonic distortion; power quality;
renewable energy systems; grid code compliance; measurement uncertainty

1. Introduction

The integration of renewable energy sources into South Africa’s grid has increased the
need for accurate power quality (PQ) monitoring in harmonic-rich networks [1-3]. Voltage
Transformers (VTs) form part of the measurement chain used to scale high-voltage (HV)
signals for PQ analysis [2,4].

Harmonic measurements support compliance with SANS 61000-4-30 and NRS 048-4
standards for PQ [5,6]. Conventional VTs exhibit frequency-dependent magnitude and
phase errors that distort harmonic measurements above 1 kHz, where internal inductive
and capacitive elements interact [2,4,7].

International studies have addressed related challenges. Vermeulen and Davel de-
veloped broadband models for capacitive VTs (CVTs) in the South African grid [8], while
Meyer and Sperling characterised VT frequency response in European (EU) grids [4]. No
formal procedure currently exists for evaluating the frequency response of VTs used in PQ
compliance assessments [2,4,7,9].

This paper addresses that gap by reviewing established CT, VT, and CVT frequency-
response methodologies and proposing an adapted framework for traditional South African
single-phase VTs. The goal is to enhance the reliability of harmonic measurements and to
establish a technical basis for future VT testing standards in South Africa.
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2. Comparative Review of Frequency Response Testing

This section reviews established CT, VT, and CVT frequency-response methodologies
and identifies their relevance to renewable-energy harmonic measurements.

2.1. CT Testing in South Africa

Murray and de Kock developed a structured method for evaluating CT frequency
response under harmonic excitation [1,3,10]. Their configuration uses a programmable
source, precision shunt, and Class A power analyser to inject controlled harmonic currents
and measure ratio and phase errors across 50 Hz-5 kHz [1,3,10].

Figure 1 illustrates how burden and power factor (PF) affect CT ratio error [10].
Superimposing harmonics on the fundamental current reduces ratio error and enhances
measurement stability [1]. Increasing burden raises secondary reactance, causing current to
divert through parasitic capacitances and increasing error [10]. At unity PF, exponential
error growth is reduced, but the nonlinear response continues at lower harmonic orders
(up to the 20th) due to magnetic-core effects [1,10].
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Figure 1. CT (200/1, 100 A fundamental) ratio error versus varying burden and PF, from Murray. The
numbers shown indicate the error progression from the 2nd to the 60th harmonic [10].

The findings justify including variation in burden in VT frequency-response testing.
Although CTs operate under current excitation, their impedance sensitivity provides a
methodological foundation for voltage-based transformer studies.

2.2. VT Testing in Europe

Meyer and Sperling investigated the wideband performance of inductive and capac-
itive VTs in EU grids [2,4]. Their research identified resonance peaks above 1 kHz and
frequency-dependent ratio errors under harmonic excitation [2,7]. Meyer developed a
frequency-dependent accuracy classification and assessed the effects of temperature and
stray capacitance on VT performance [2,7,9].

The frequency response is measured using two indices [2,4,9]. The ratio error &(f),
defined by (1), measures the deviation in transformation magnitude relative to the rated

f r)-
requency (f) Vp(fr) V. V,
v

where Vs(f) and V) (f) are the secondary and primary voltages at frequency f [4].
The phase displacement error Ad(f), as defined in (2), quantifies the phase shift
introduced by the transformer.

ev(f) = (1)

AB(f) = 05(f) — 0p(f) )
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where 05(f) and 0;(f) are the secondary and primary phase angles [9]. Phase displacement
directly influences harmonic power-flow calculations and the accuracy of PQ compliance
assessment [2,7,9].

To improve realism, an HV test setup was used with a modulation transformer to su-
perimpose a swept-sine signal (about 10% of the fundamental) onto the rated fundamental
component, as shown in Figure 2 [4,7]. This method prevents magnetic core saturation

while allowing resonance detection.
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Figure 2. Modular VT test setup for swept-sine excitation, adapted from Meyer. The letters (a—d)
show system components: (a) voltage source, (b) signal conditioning modules, (c) A/D conversion
board, and (d) computer with Matlab Control [7].

These design features influence considerations for resonance and shielding. However,
EU VT constructions differ from those used in South Africa, limiting direct methodological
transfer [1,9]. Table 1 summarises key distinctions in the harmonic behaviour of CT and
VT, based on foundational studies.

Table 1. Comparative frequency response behaviour of CTs and VTs.

Parameter CT VT
[1,10] [4,9]
Resonance 1.2 kHz-2.5 kHz 800 Hz-1.2 kHz
Frequency
. o Moderate, design dependent.
Burden In duciilifgehb(jfdelr?g ;‘21 lif Sensitive near resonance.
Sensitivity Py Avoid burden resistance

harmonic errors < 10 times the rated burden

Increases with harmonic order
Ratio Error Trend Exponential increase with
inductive burden.

Nonlinear, burden-dependent
Characterised by resonance peaks

Emerging techniques.
Correction Feasibility Established methods Transfer-based correction becomes
unreliable above the 1st resonance

2.3. CVT Testing in South Africa
Vermeulen and Davel developed broadband CVT models under harmonic excita-
tion [8]. Their lumped-parameter model of a 400 kV CVT includes capacitive dividers and
damping-ratio resistors that influence the resonance and amplitude behaviour [8].
Although CVTs differ structurally from conventional VTs, these findings provide
insight into capacitive and dielectric effects within voltage-domain measurements.
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2.4. Synthesis and Identified Gaps

These studies confirm that transformer frequency response is affected by resonance,
burden, and dielectric effects, which vary across different designs and operating condi-
tions [1,4,8]. CT methods provide traceable frameworks for harmonic injection and uncer-
tainty assessment [1,7]. EU VT studies define resonance characterisation techniques [4,9],
while CVT models identify capacitive coupling relevant to voltage-domain response [8].
Table 2 summarises the methodologies and findings of these studies.

Table 2. Comparison of Frequency-response studies and their relevance to South African VTs.

Stud Murray and de Kock Meyer and Sperling Vermeulen and Davel
y [1,10] [4,9] [8]
Type CT VT CVT
Ratio and phase error vs  Ratio error vs frequency. Transformation ratio
Parameters Measured .
burden and PF Swept-sine response and transconductance
frequency Range 50 Hz-5 kHz 50 Hz-10 kHz 50 Hz-2 kHz

Burden affects harmonic
error.

Resonance > 1 kHz. Resonance ~ 1 kHz.

Findings Validate harmonic Sensitive to temperature Damping circuit effects
P and stray capacitance observed
injection
Relevance to this study Adaptable test structure Supports Wldeband Highlights capacitive
and uncertainty model characterisation coupling

Despite these advances, no published method exists for evaluating the frequency
response of conventional VTs under South African grid conditions [3]. The absence of a
traceable test method introduces uncertainty in the accuracy of harmonic measurements
and complicates grid code verification for renewable installations [3]. Related international
work by Crotti et al. [11] evaluated the accuracy of inductive VT under harmonics and
interharmonics, but no globally standardised procedure has been defined.

2.5. Limitations of Existing Standards

Existing PQ and IT standards define performance only at the fundamental fre-
quency. SANS 61000-4-30, IEC TR 61869-103, and NRS 048-4 therefore exclude harmonic
frequency-response verification, which is required for accurate assessment in distorted
networks [2,3,5,6].

SANS 61000-4-30 specifies Class A voltage measurement accuracy at 50 Hz, but
specifies no harmonic verification procedure [1,4,5]. IEC TR 61869-103 defines inductive
transformer accuracy classes up to 60 Hz, without requiring harmonic testing [2,3,9].
NRS 048-4 assumes linear transformer behaviour and excludes transformer-induced error
analysis [1,3,6].

Compliance verification relies on assumed accuracy, thereby introducing unquantified
uncertainty into PQ assessments [9]. This regulatory gap reduces confidence in Class A PQ
assessments above the fundamental frequency [2].

3. Methodological Gap and Justification

The reviewed literature presents established frequency-response methods for CTs [1,10],
VTs [4,9], and CVTs [8], but none directly addresses traditional VTs used in South African
renewable energy networks.

Existing PQ and IT standards, including SANS 61000-4-30, IEC TR 61869-103, and
NRS 048-4, do not specify procedures for evaluating VT behaviour above 50 Hz [1,5-7,9].
Consequently, harmonic compliance verification assumes transformer linearity, which
introduces unquantified measurement uncertainty [1,9].
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Conventional VTs show frequency-dependent transfer characteristics influenced by
resonance, burden sensitivity, and dielectric interactions [2,3]. These mechanisms cause
magnitude and phase deviations beyond the fundamental frequency [3,4].

In South African networks, where inverter-based generation produces significant
harmonic content, this behaviour affects PQ measurement accuracy [1]. The proposed
method extends this framework to conventional VTs by incorporating voltage-domain
excitation and burden impedance variation to quantify frequency-dependent ratio and
phase errors.

4. Proposed Method for Frequency Response Testing of Conventional
Voltage Transformers

This section presents an adapted test method for measuring the frequency response
of single-phase VTs under harmonic excitation. The framework combines the harmonic
injection technique [1,10], swept-sine frequency modelling [4,9], and capacitive coupling
considerations [8] from previous transformer studies. The approach is customised to suit
South African grid conditions, VT construction, and the available laboratory equipment.

4.1. Objectives and Scope

The method evaluates the frequency response of three conventional single-phase VTs
rated at 11 kV, 22 kV, and 33 kV. These units represent typical MV transformers deployed
in renewable power plants, where inverter-based generation introduces HD [1,3,4].

The results support the development of correction techniques and inform PQ compli-
ance assessment in accordance with SANS 61000-4-30 and NRS 048-4.

4.2. Experimental Setup

Figure 3 illustrates the experimental configuration for VT frequency response testing.
A harmonic-rich voltage waveform is generated using an Omicron CMC test unit, injecting
the fundamental 50 Hz component along with superimposed harmonics. The fundamental
excitation establishes rated core flux, while the superimposed harmonics enable evaluation
of frequency-dependent ratio and phase errors.

Step-Up Voltage Transformer:

Step-Up Voltage from CMC to Rated VT Under Test (VI-DUT):
Signal Generator VT-DUT voltage Equivalant circuit for a non-ideal VT
(Omicron CMC 256 Plus) R, Ly Ly R, v . Rp Lp R, T S—

V(1) = Vsonz + Va(®) >

Rpurden
UCSOIz,"E;)llhlci;n:l N4L PPA 5530 Rel'cr‘encc dc\'icct: .
: Power Analyser 100 kV RC Voltage Divider
: Chl |v. ! v
i . V. s,reference
Signal Control, HI ‘
Logging and Vi .
Processing
vCh 2 |V vrput
HI .
Vi @—

Figure 3. Experimental test configuration for VT frequency response testing.

The signal is stepped up to the required primary voltage using a step-up transformer.
The VT under test (VI-DUT) is connected in parallel with a reference voltage divider
that provides the measurement baseline. All elements in the measurement chain were
characterised before testing. Secondary outputs were recorded using a dual-channel Class
A power analyser.
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4.3. Excitation Profiles and Test Conditions
Three excitation profiles were applied:

e Fundamental-only excitation at 50 Hz to establish baseline accuracy.
e  Harmonic-only excitation at discrete harmonic frequencies (2nd-60th).
e  Combined excitation with harmonics superimposed on the fundamental.

A harmonic-rich voltage waveform was generated using the OMICRON CMC 256 Plus
and applied to both the VI-DUT and reference divider through the step-up transformer.

Burden impedance was varied at 25%, 50%, and 100% of the nominal load using
controlled resistive and inductive elements. Testing was conducted under unity and
lagging-PF conditions to reflect practical measurement environments. Frequency sweeps
from 100 Hz to 3 kHz were performed to identify resonant regions [4,7,9].

4.4. Measurement and Error Evaluation

The primary and secondary voltages of both the VI-DUT and the reference divider
were measured simultaneously using a dual-channel power analyser [1,4,10]. The harmonic-
magnitude error is calculated using (3),

Sp— Py

EhZK P, ,

)
where K is the transformation ratio, S, and Pj, are the secondary and primary voltage
amplitudes at the harmonic & respectively [1,3].

The phase displacement error (2) and harmonic-magnitude error (3) were evaluated
to determine each VT’s frequency response curve. Results were assessed against PQ
measurement limits specified in SANS 61000-4-30 and IEEE 519:2022, and compared with
established CT studies to ensure traceability [1-3,9].

Table 3 summarises the relevant voltage and current measurement accuracy limits [1,3].
These limitations inform component selection and calibration for the measurement chain.

Table 3. Accuracy requirements for current and voltage measurements as defined by SANS
61000-4-30 [5].

Measurement Limitations
Conditions Maximum Error
Im > 3% Ihom +5.00% Iy
Current I < 3% Tnom 40.15% Tnom
Um > 1% Unom +5.00% Uy,
Voltage Unm < 1% Unom £0.15% Unom

4.5. Measurement Uncertainty

Measurement uncertainty was assessed using Type A and Type B methods [1]. Type
A uncertainty was obtained from repeated measurements using the arithmetic method
defined by (4)-(6).

1w
4= 11 (4)
qk \/ Z] 1 (5)
Uy = s(qx) (6)

Vn
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Type B accounted for analyser accuracy, calibration drift, burden tolerance, and en-
vironmental variation [1,3]. The uncertainty contribution of the reference divider was
modelled using its calibrated transfer function.

The combined measurement uncertainty #. was evaluated from both Type A and Type

Uc = \/1/64"’”%1 (7)

where u represents repeatability derived from repeated measurements and up accounts

B components (7),

for analyser accuracy, burden tolerance, and calibration drift [1]. This formulation aligns
with the traceable uncertainty methodology used by Murray and ensures consistency across
harmonics [1].

5. Expected Outcomes and Future Work

The proposed method characterises the frequency response of conventional single-
phase VTs under harmonic excitation, focusing on ratio errors, phase displacements, and
resonance behaviour across harmonic orders [1-4].

5.1. Expected Frequency-Response Characteristics

Conventional VTs are expected to show amplitude attenuation and phase non-linearity
above approximately 1 kHz [1,3,4]. The interaction between leakage inductance and inter-
winding capacitance creates resonance peaks within the 800 Hz-1.2 kHz range.

Ratio error is expected to increase with harmonic order and with applied burden,
while the phase-angle deviation will vary non-linearly across the spectrum [2,4,10].

5.2. Reference Divider and Measurement Traceability

Following calibration, the reference voltage divider is expected to provide a stable
baseline for frequency-domain comparison and uncertainty analysis. Its transfer function
will be verified for linearity and bandwidth, and its uncertainty contribution incorporated
into the combined measurement uncertainty in accordance with (7) [1,4].

5.3. Simulation and Validation Framework

Theoretical outcomes require validation through simulation and experimental test-
ing [9]. MATLAB Simulink models replicate the VT under test and the reference divider
under harmonic excitation [1,9]. The equivalent-circuit models incorporate equivalent-
circuit transformer parameters, burden impedance, and harmonic spectra representative of
inverter-based renewable systems [1,9].

Simulated and measured transfer functions defined in (8) are compared to identify
unmodelled resonance phenomena and refine circuit parameters,

B Vsec,sim(f )
Hamf) = n(h

Vsec,meas ( f )

, Hmeas (f) = Vpri,meas (f) .

®)
5.4. Future Work
Future work will focus on the following:

Reference divider calibration across the harmonic spectrum.
Laboratory validation on 11 kV, 22 kV, and 33 kV VTs.

Environmental testing to assess temperature influence.

Alignment with SANS 61000-4-30 and IEEE 519 compliance thresholds.
Developing a repeatable VT frequency-response testing protocol.
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This research aims to close a methodological gap in harmonic measurement by adapt-
ing validated CT and VT test frameworks to South African transformer designs and grid
conditions.

6. Conclusions

Accurate harmonic measurement remains essential for PQ compliance in inverter-
dominated renewable energy networks [1,3]. International VT studies [4,9] and South
African CVT models [8] have improved the understanding of resonance and capacitive
effects. While CT frequency response has been characterised through traceable laboratory
testing [1,10], conventional VTs remain uncharacterised at harmonic frequencies under
local conditions.

This study introduces a synthesis-based framework for evaluating the frequency
response of single-phase VTs by applying controlled harmonic-voltage injection, burden
variation, and comparative measurements against a calibrated reference divider. Ratio and
phase errors are measured up to the 60th harmonic, and a combined uncertainty analysis is
conducted to guarantee measurement traceability. MATLAB Simulink models support the
experimental configuration.

By integrating validated methodologies from CT, VT, and CVT research and address-
ing the lack of a local harmonic-testing standard, this work lays the groundwork for stan-
dardised VT frequency-response characterisation within South African renewable-energy
systems. The proposed approach aims to enhance the accuracy of harmonic measurements
in renewable power plants. It supports the future standardisation of voltage transformer
frequency-response testing in line with IEC and national compliance requirements.
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