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Summary
Vast amounts of Renewable Energy Generators (REG), i.e., Wind Turbines
(WT) and Photo-Voltaic (PV) panels, are connected to power systems
using power converters. Dynamic and steady-state performances of the
converter-based REGs differ from the conventional synchronous machines.

REGs are required to provide certain levels of stability and reliability.
Consequently, exclusive grid connection codes, international standards,
and analytical models have been developed. However, multi-frequency (or
harmonic) interactions, which are increasing challenges, have not been
completely solved and analyzed yet. The state-of-the-art multi-frequency
models are linearized and averaged representatives of non-linear converter
systems, and detailed information is required for trustworthy analyses.

Besides, nowadays, converter-based grid emulators have been diploid for
grid code compliance testing. The international test standards have been
issued to assess harmonic emissions, but the test results are not sufficient
for harmonic stability assessment and model validation.

This PhD project proposes generic multi-frequency modeling and model
validation methods for converter-based REGs. The proposed methods are
based on Fourier analysis of REG responses to small-signal perturbations.
This way, any significant non-linearity can be identified and addressed.
The proposed generic models are categorized into two main groups of
converter-connected REGs (i.e., Type 4 WTs and PV systems) and Type
3 WTs. The proposed models and validation methodology are verified
experimentally by perturbation tests on a 2MVA Type 3 WT and a 2MVA
PV converter using a 7MVA grid emulator. Furthermore, the experimental
analysis of emissions from Type 3 WTs is demonstrated by site tests on a
2.2MVA Type 3 WT using a 15MVA grid emulator and field measurements
from a 0.85MVA Type 3 WT. Besides, supplementary simulations are
conducted to investigate effective parameters on the test results.
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Resumé på dansk
De miljømæssige fordele ved vedvarende energi sammenlignet med konven-
tionelle kraftværker har påvirket den industrielle og politiske udvikling.

Denne udvikling kræver at vedvarende energi bidrager til at stabilis-
ere elsystemet i takt med at vedvarende energi erstatter konventionelle
kraftværker. For at sikre dette er der udviklet internationale stand-
arder for test og modellering og krav for netslutning af vedvarende energi
kraftværker. Et af de områder hvor der fortsat er behov for bedre forståelse
er hvordan effektelektronikken i f.eks. vindmølle- og solcelleanlæg påvirker
den uønskede multi-frekvens vekselvirkning mellem effektelektronikken og
resonanser i el-nettet. Der eksisterer allerede simple lineære modeller for
dette, men der er behov for mere avancerede modeller som tager hensyn til
ulineariteter og derfor bedre kan forudsige vekselvirkningen med elnettet.

I dag anvendes avanceret udstyr til at teste at vindmølle- og solcelleanlæg
opfylder kravene for nettilslutning. Inden for vindenergi er der udviklet
en standard til at typeteste den harmonisk (multifrekvens) påvirkning af
en vindmølle på nettet, men disse test metoder er utilstrækkelige til at
modellerne kan bruges til at evaluere påvirkningen før nye anlæg etableres.

Denne PhD afhandling foreslår generelle multifrekvens modeller for vind-
møller og solcelleanlæg. Desuden foreslås metoder til at teste multifrekvens
påvirkningen fra en vindmølle, og hvordan disse test resultater kan an-
vendes til at validere multifrekvens modeller. Det foreslås at teste responset
til små forstyrrelser og anvende Fourier analyse til at kvantificere påvirknin-
gen i frekvensdomænet. Disse analyser undersøger ikke blot de lineære
sammenhænge mellem forstyrrelse og respons, men også ulineære koblinger
mellem forskellige frekvenser og mellem den positive og negative sekvens
af 3-fase systemet. De foreslåede modeller er valideret, både vha. EMT
simuleringsmodeller og vha. test resultater med avanceret testudstyr til
generering af forstyrrelser.
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CHAPTER 1
Introduction

In this chapter, the PhD project has been introduced. The background,
motivation, scope, research questions, assumptions and limitations, pub-
lications and contributions have been presented. The background and
motivation are partly based on publications [C1], [J1], and [J2].

1.1 Background and Motivation
The environmental and economic benefits of renewable energy against
conventional fissile-fuel power plants have attracted industrial and political
efforts towards a green transition of power systems globally [1]. As an
excellent example, the European Commission has planned a fully renewable
power grid by 2050, which is called the pan-European super grid to ensure
a reliable, uniform, and carbon-free European power system [2]-[3].

Wind and solar power installations continue to increase worldwide, with a
cumulative installed capacity of 733 GW and 714 GW in 2020, respectively
[3]. Near 80% of the electricity consumption in Denmark was produced
from renewable energies with a 46% share of Wind Power Plants (WPP)
in this year [2]. The expected cumulative installed capacity of onshore and
offshore WPPs with an outlook to 2022 in Europe is shown in Figure 1.1.
Accordingly, the new wind energy capacity installations at an average rate
of 16.5 GW/year are expected in Europe. The total installed capacity
would reach 253 GW with a share of 20% from offshore WPPs [2]-[3].
Currently, WPPs are installed predominately onshore; however, there is
an increasing interest in offshore wind generation due to limited onshore
sites, higher wind capacity in offshore areas, less public opposition, and
maturation of the associated technologies.

Despite the attractive benefits of renewable energy, the integration of
renewable energy sources into power systems has been one of the most
critical challenges for power system developers and operators. Power
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plants are required to provide a certain level of reliability and stability.
Thus, a group of grid connection requirements, called “network codes” (or
grid codes), have been developed by transmission system operators (TSOs)
in different countries. Furthermore, various international regulations,
standards, and projects have been executed due to the demands for
international interconnections, collaborations, and harmonization. For
instance, to realize the pan-European super grid, the integration and
interconnections among different power grids must be facilitated. In
this way, the European Network of Transmission System Operators for
Electricity (ENTSO-E) is founded as an umbrella organization for the
harmonization of European TSOs. Different scenarios for implementation
of the pan-European super grid have been offered by ENTSO-E and
relevant industrial and academic partners [4]-[5]. As an example, Figure 1.2
illustrates the European distributed hubs concept for offshore grids in
the North Sea, which is visualized in PROMOTioN’s Deliverable 12.1 [4].
This concept presents a meshed international offshore power grid using
AC and High Voltage DC (HVDC) transmissions with a high level of
flexibility, reliability, and coordination among neighboring countries [4].

Figure 1.1: Expected cumulative installed capacity of onshore and offshore WPPs until
2022 in Europe [2]-[3], [C1].
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The main applications of the HVDC transmissions are the interconnection
of non-synchronous networks, long-distance transport of electrical power,
and submarine and underground cable transmission [5].

The vast amounts of wind and solar energy are connected into power sys-
tems using power-electronics converters. The control and performance of
converter-based Renewable Energy Generators (REG), i.e., Wind Turbines
(WT) and Photo-Voltaic (PV) systems, differ from the well-known conven-
tional synchronous machines regarding robustness, complexity, flexibility,
and interoperability. The research and development studies on converter-
based REGs are still ongoing as new energy technologies. Besides, the
increasing use of HVDC systems for inter-connection of power grids and
offshore WPPs, adds to the impact of power converters in the power
systems. The state-of-the-art converter-based systems have non-linear
switching operations, fast but non-linear control systems, and less fault
tolerance. The harmonic stability of converter-based REGs has been one
of the most important issues reported from renewable power generating
units, especially HVDC-connected offshore WPPs.

Figure 1.2: European distributed hubs concept for offshore grids in the North Sea [4].
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Figure 1.3: Small-signal representation of a Source-Load inter-connection [14].

1.1.1 Multi-frequency Interactions

Multi-frequency (or harmonic) interaction is an increasing challenge in
converter dominated power systems, especially in the case of renewable
power generating units and HVDC systems. According to CIGRE Working
Group C4.49 [6], the multi-frequency components refer to a wide range
of frequency components, including harmonics (i.e., integer multiples of
fundamental frequency [7]), inter-harmonics (i.e., non-integer multiples of
fundamental frequency [7]), and sub-synchronous components. The inter-
harmonics and sub-synchronous components can easily be located near the
resonance frequencies of converter-based power systems and mechanical
drive-trains, respectively, and cause amplifications or resonance problems.

The main potential problems resulting from harmonics in Renewable
power generating units would be as: 1) harmonic emission from REGs
due to switching converters and WT generators, 2) converter control
interactions, 3) harmonics generated from converters due to resonances,
and 4) amplification of harmonics propagating from the point of connection
into the WPPs [8],[9],[10]. To date, several resonance issues and harmonic-
related incidents have been reported from converter-based REGs, such
as wind and solar, and HVDC transmission systems [11],[12],[13]. For
instance, the amplification effect at a resonance point near 290Hz was the
main reason for trips and filter damages in the BorWin1 HVDC system in
2013 [11].
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1.1.2 Multi-frequency Modelling and Analysis
Frequency-domain and time-domain studies have been performed for
stability and power quality analysis of power electronic converters and
converter-dominated power systems concerning harmonics. In this way,
small-signal linearization methods have been utilized to model the dy-
namics of power converters [15],[14],[16],[17],[18]. The intention of the
linearized modelling methods is to identify root causes of harmonic-related
issues and address them in simplified models. Control dynamics and
couplings in converters have been identified as the primary root causes of
harmonic instability [14],[19],[20]. In [19],[20], the comparison of different
methods is provided explicitly.

Based on the harmonic linearization method, impedance-based modeling
and analysis are introduced and developed for grid-connected converters
in sequence-domain [14],[21],[22],[23]. As shown in Figure 1.3, the idea of
impedance-based analysis is to derive the equivalent impedance models
of the converter and the AC grid and conduct stability studies using
the Nyquist stability criterion on the converter-grid impedance ratio [14].
Therefore, accurate and trustworthy models are required for connected-
based systems and AC grids to perform harmonic stability studies.

1.2 Scope
The PhD project is part of the project PROgress on Meshed HVDC
Offshore Transmission Networks (PROMOTioN), funded by the European
Union’s Horizon 2020 framework programme for research, technological
development and innovation, under grant agreement No 691714. As stated
in its website [24]:

PROMOTioN seeks to develop meshed HVDC offshore grids on
the basis of cost-effective and reliable technological innovation in
combination with a sound political, financial, and legal regulatory
framework.

This PhD has contributed to PROMOTioN’s Work Package 11 (WP 11)
harmonization towards standardization, which was conceived with four
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specific objectives as follows [25]:

1. To provide a consistent and harmonized set of functional specifica-
tions to HVDC systems, wind power plants, and other AC systems
connected to the HVDC systems;

2. To recommend test procedures for converters, protection systems/-
components, wind turbines, and wind power plants;

3. To provide functional specifications for models of HVDC systems and
wind power plants connected to HVDC systems;

4. To recommend best practice for compliance validation of wind power
plants connected to HVDC systems.

Accordingly, WP 11 aimed to support and establish harmonization of the
industry’s best practices, standards, and requirements for HVDC systems
and HVDC-connected offshore wind power plants. The contributions of
this PhD research support the harmonization of multi-frequency aspects
of the wind turbines in the HVDC-connected offshore WPPs.

Stemming from WP 11, the PhD project has undertaken several tasks as
follows:

1. Overview of generic test equipment, and test and validation methods
and standards for wind energy;

2. Overview of multi-frequency modelling and model validation methods
for grid-connected converters;

3. Development of generic multi-frequency models for REGs.
4. Development of a test methodology for validation of the multi-

frequency models.
5. Experimental demonstration and analysis based on full-scale tests

and measurements from different REGs.
6. Development of simulation models for assessment of the modelling

and validation methods.

Thus, the scope of this PhD is not limited to HVDC-connected offshore
WTs. The scope of this PhD is multi-frequency modelling and model
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validation methods for converter-based REGs, including Type 4 and
Type 3 WTs, and PV converters. The experimental demonstrations and
validations are provided by tests and measurements from a variety of
full-scale REGs as follows:

1. Perturbation tests on a 2 MVA Type 3 WT by a 7 MVA grid emu-
lator conducted in National Renewable Energy Laboratory (NREL),
Colorado, Golden, USA;

2. Perturbation tests on a 2 MVA PV converter by a 7 MVA grid emu-
lator conducted in National Renewable Energy Laboratory (NREL),
Colorado, Golden, USA;

3. Power quality measurements from a 2.2 MVA Type 3 WT by a 15 MVA
grid emulator conducted in Fraunhofer Institution for Wind Energy
Systems (Fraunhofer IWES), Bremerhaven, Bremen, Germany;

4. Field measurements from an 850 kW Type 3 WT installed in Risø
campus, 4000 Roskilde, Denmark.

Using the unique experiments from several MW-scale REGs, this PhD
project has provided excellent demonstration and analysis for the proposed
generic multi-frequency modelling and model validation methods. More
details are presented in Chapter 3 and Chapter 4. Besides, supplementary
simulation studies are conducted using EMT models in PSCAD to support
the technical investigations on effective parameters on the test results.

1.2.1 Research Questions
The main research questions of the PhD project can be summarised as:

1. What are the challenges in the state-of-the-art methods for harmonic
emission and stability assessment?

2. What are the root causes of harmonic emissions and instability, and
how can they be addressed in the models?

3. How can the multi-frequency models of REGs be estimated from
experiments without knowing design details and control parameters?

4. How the experimental tests can be used for model validation?
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5. What are the challenges and uncertainties in a test environment, and
how can we limit their impacts on the results?

1.2.2 Assumptions and Limitations
The main simplifying assumptions and limitations of the PhD project have
been:

1. Multi-frequency emissions are important in normal operating condi-
tions. Therefore, modelling and analyses have been done on REGs
that operate at a normal steady-state condition.

2. The multi-frequency distortions are assumed to be in the small-signal
range.

3. The multi-frequency interactions and analysis are considered up to
1kHz since the interactions are mainly expected to occur within the
control bandwidth of converters, which are mostly below 1kHz.

4. The studies are conducted only for one single converter-based gener-
ator at a time.

5. The non-linearity in the control system is considered assuming con-
siderable couplings between frequencies and sequences.

1.3 List of Publications
The following publications are the products of the PhD project. The journal
publications, listed in Section 1.3.1, and the conference publications, listed
in Section 1.3.2, constitute the basis of the PhD thesis and are included
in the Appendix. The author has also contributed to other relevant
publications, which are listed in Section 1.3.3.

1.3.1 Journal Publications
[J1] B. Nouri, Ö. Göksu, V. Gevorgian, and Poul Sørensen “Generic char-

acterization of electrical test benches for AC- and HVDC-connected
wind power plants” Wind Ener. Sci., 5, 561–575, 2020.

[J2] B. Nouri, Ł. H. Kocewiak, S. Shah, P. Koralewicz, V. Gevorgian
and P. Srensen, "Generic Multi-Frequency Modelling of Converter-
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1.4 Contributions

In accordance with its focus on multi-frequency modelling and model
validation, the main contributions of the PhD project are:

1. Development of generic multi-frequency model for full-scale converter-
based REGs (i.e., Type 4 WTs and PV converters) considering fre-
quency and sequence couplings.

2. Assessment of the uncertainties in field measurements due to rotor-
speed-dependent emissions for Type 3 WTs. This is done by a
controllable test bench environment.

3. Extension of the proposed generic multi-frequency model for Type 3
WTs considering rotor-speed-dependent characteristics of the multi-
frequency components.

4. Development of a test methodology for validation of multi-frequency
models using small-signal perturbations. This methodology has Con-
tributed to the multi-frequency test methodology specified in IEC
61400-21-4.

5. Comparison of state-of-the-art test benches for wind energy. This
work has contributed to specifications for test benches in IEC 61400-
21-4.

The above stated contributions are disseminated through scientific papers,
posters and presentations in high-impact journals and conferences, IEC
61400-21-4 drafts, and through project deliverables, presentations and
discussions in meetings of the PROMOTioN project.

https://orbit.dtu.dk/en/publications/deliverable-113-harmonization-of-wind-power-plants-connected-to-h
https://orbit.dtu.dk/en/publications/deliverable-113-harmonization-of-wind-power-plants-connected-to-h
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https://backend.orbit.dtu.dk/ws/files/216342119/D2.4_Requirement_recommendations_to_adapt_and_extend_existing_grid_codes_final.pdf
https://backend.orbit.dtu.dk/ws/files/216342119/D2.4_Requirement_recommendations_to_adapt_and_extend_existing_grid_codes_final.pdf
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1.5 Thesis Outline
The PhD thesis is organised as follows:

• In Chapter 1, the PhD project has been introduced. The background,
motivation, scope, research questions, assumptions and limitations,
publications and contributions have been presented. The background
is partly based on publications [C1], [J1], and [J2].

• Chapter 2 provides a review of the state-of-the art in multi-frequency
modelling methods from academic papers, standards and industry
best practices. Besides, challenges of the state-of-the-art modelling
methods are discussed. The chapter is also partly based on publica-
tions [J1], [J2], and [C2].

• The proposed generic multi-frequency modelling method is presented
in Chapter 3. The proposal is divided into two main categories includ-
ing converter-connected REGs (i.e., Type 4 WTs and PV converters)
and Type 3 WTs. The chapter is based on publications [J2], [J3], and
[J4].

• The proposed model validation methodology is provided in Chapter 4.
The proposed methodology is verified by and experimental test results
and supplementary simulations. The chapter is based on publications
[J5], and [C2].

• Finally, concluding remarks, summary of new findings and recom-
mendations for future research are presented in Chapter 5.
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CHAPTER 2
State-of-The-Art for

Multi-Frequency Modelling
and Analysis

This chapter provides a review of the state-of-the art in multi-frequency
modelling methods from academic papers, standards and industry best
practices. Besides, challenges of the state-of-the-art modelling methods
are discussed. The chapter is also partly based on publications [J1], [J2],
and [C2].

2.1 Introduction
At the early stages, the power quality issues associated with harmonics
have been only harmonic emissions of grid-connected power electronics
systems [15]. The power converters were regarded as harmonic sources to
describe the associated problems. However, these studies were limited to
the integer multiples of the fundamental frequency and mainly concerned
with the quality of voltages and currents and consequent side-effects such
as power loss and equipment derating [15],[11].

Several harmonic instability problems have emerged in power systems by
increasing installations of grid-connected converters, including resonances,

Figure 2.1: New classification of power system stability studies [26].
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excessive amplification effects, control interactions, and interoperability
issues. The harmonic stability issues can occur within a wide range of
frequencies, called "Multi-frequency," including integer multiples and non-
integer multiples (or inter-harmonics) of the fundamental frequency as
well as sub-synchronous frequencies [19],[6]. In certain circumstances, even
the multi-frequency components do not necessarily exist in the system,
but resonances in the converters can generate them. The multi-frequency
interactions have been reported from renewable energy generators [11],[12],
HVDC transmission systems [13], power supplies [10], and electric traction
systems [10].

Over the last decade, many research and development activities have
focused on understanding, analyzing, and eliminating the multi-frequency
interactions and resonance issues. In this way, the IEEE and CIGRE
joint working group has introduced a new categorization for power system
stability studies shown in Figure 2.1 [26]. Accordingly, the harmonic-
related studies are added to the classic stability studies as follows [26]:

1. Resonance stability: (1) Effect of HVDC and FACT devices on
torsional resonance stability. (2) Effects of Type 3 WT controls on
electrical resonance stability.

2. Converter-driven stability: (1) Fast dynamic interactions of the con-
trol systems of converter-based systems with fast-response components
of the power system and other power electronic-based devices. (2)
Slow dynamic interactions of the control systems of power electronic-
based devices with slow-response components of the power system.

Impedance-based modelling and analysis have been among the most pop-
ular and promising methods for harmonic stability studies.

2.2 Impedance-Based Modelling and Analysis
2.2.1 Impedance-Based Analysis
The converter-based systems are non-linear and time-periodic [15],[20]. To
study the behavior of such systems, small-signal linearization around the
operation points of the converters has been applied [15],[16],[20]. A general
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(a) Closed-loop grid-connected converter

(b) Equivalent circuit

Figure 2.2: General illustration of a grid-connected converter with a feed-back control
loop and a PWM module.

illustration of a grid-connected converter with a feed-back control loop and
a Pulse-Width Modulation (PWM) module is illustrated in Figure 2.2-a.
According to the impedance-based analysis, the harmonic interactions
between a converter and the AC grid can be studied using the equivalent
impedance of the converter (Zc(s)) and the AC grid (Zg(s)) in different
frequencies. The equivalent Thevenin/ Norton illustration of the converter-
grid interconnection is provided in Figure 2.2-b. Accordingly, the output
current of converter (Ic(s)) can be obtained in frequency-domain as [14]:

Ic(s) = Ic0(s)Zc(s)
Zc(s) + Zg(s)

− Vg0(s)
Zc(s) + Zg(s)

(2.1)

where Ic0(s) and Vg0(s) are the steady-state emissions from the converter
and AC grid, respectively. Equation 2.1 can be reformulated as [23]:
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Ic(s) = [Ic0(s) + Vg0(s)
Zg(s)

]. 1
1 + Zc(s)/Zg(s)

(2.2)

H(s) = 1
1 + Zc(s)/Zg(s)

(2.3)

Note that H(s) resembles a closed-loop transfer function of a negative feed-
back control system. According to the linear control theory, H(s) is stable
if and only if "Zc(s)/Zg(s)" ratio satisfies the Nyquist stability criterion
[14]. This way, the harmonic stability of the converter-grid interconnection
can be evaluated. It is assumed that the converter and the grid are stable
individually. Note that the steady-state emissions from both sides are
not effective on the harmonic stability study [14]. The possible harmonic
instability conditions can be explained in two categories:

1. Classic Resonance Concept: Based on the classic concept of the
resonance phenomenon, if the capacitive part of the impedance from
one side eliminates the inductive part of the impedance from the other
side, a series or parallel resonance can occur. Hence, the amplitude
of the consequent resonance voltage or current would depend on the
equivalent resistance of the interconnection. Severe resonances or
amplification can lead to interruptions, outages, and power losses in
the system.

2. Passivity-based Analysis [19],[10]: More critical harmonic instability
can occur in the frequencies that the equivalent resistance of the sys-
tem is negative. A negative resistance can be interpreted as converter
control ability to generate multi-frequency components in unstable
conditions without any external emission sources [10]. In such cases,
the control of the converters should be reformed or compensated to
reshape an equivalent impedance with passive resistance within a
wide security margin [19].

To perform harmonic stability studies, equivalent models of converters
and AC grids are required. In this way, the multi-frequency models
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of converters are developed based on Thevenin or Norton equivalents
[9],[27],[20]. The Norton equivalent is used for grid-connected converters,
including frequency-dependent admittance and current sources around the
operation point [14],[27]. The equivalent current or voltage sources (i.e.,
emissions) are neglected in the state-of-the-art multi-frequency models
appreciating the crucial role of the equivalent impedance and admittance
of the interconnection in harmonic stability [14],[19]. The accuracy and
trustworthiness of the impedance-based stability studies depend on the
accuracy and trustworthiness of the converter and grid models. The
basics of the analytical averaged models for grid-connected converters are
introduced in the next part.

2.2.2 Multi-frequency Modelling
The averaged model of a converter-connected system (as shown in Fig-
ure 2.2-a) is developed by describing the dynamics of the filter reactor
current (if) as follows [27],[23]:

Lf
d

dt


ifa
ifb
ifc

 = vdc


da
db
dc

 −


vsa
vsb
vsc

 (2.4)

idc = daia + dbib + dcic (2.5)
where dabc are the duty cycles for the switching converter derived from
modulation of a control reference (vabc(ref)) with a carrier signal. The con-
verter systems have time-periodic operation. Therefore, different reference-
frame transformation methods including Park-transform (abc to dq-frame),
Clarke transform (abc to α-frame) and phasor domain (positive and neg-
ative sequences), can be used to simplify Equation 2.4 and Equation 2.5
[15],[27],[22],[28],[20]. For instance, applying the Park transform gives the
equations in dq-frame as follows [23]:

Lf
d

dt

ifd
ifq

 = vdc

dd
dq

 −
vsd
vsq

 +
 0 w0Lf
−w0Lf 0

 ifd
ifq

 (2.6)

idc = 3
2(ddid + dqiq) (2.7)
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where w0 refers to the fundamental angular frequency. Note that in a
stable and steady-state condition, the voltages and currents in dq-frame
would have DC values. The additional terms with "±w0Lf " indicate the
coupling between d and q axis. Besides, the non-linear multiplication of
vdc and ddq (or dabc) is simplified by linear terms within a small-signal
range as follows [27],[23]:

 sLf −w0Lf
w0Lf sLf

 Îfd(s)
Îfq(s)

 = Vdc

D̂d

D̂q

 + V̂dc

Dd

Dq

 (2.8)

Dd = V1

Vdc
, Dq = w0LfI1

Vdc
(2.9)

where Ddq depict the steady-state values for duty cycles. Îdq, D̂dq and
V̂dc refer to the small-signal changes in current, duty cycles and DC-link
voltage respectively. Furthermore, it is proven that the sequence-domain
models (Yspn) can be obtained from dq-frame models such as [22],[23]:

Yspn =


1 0 0
0 1 1
0 −j j


−1

.Ysdq


1 0 0
0 1 1
0 −j j

 (2.10)

This way, the converters are depicted by Linear-Time-Periodic (LTP)
models [18]. The linearized analytical models for impedance (Zsdq) or ad-
mittance (Ysdq) of grid-connected converters are developed by formulation
of the small-signal changes [15],[23],[20]. In [20], [19],[28], comparisons
of different analytical models are provided explicitly. Most of the multi-
frequency models can be categorized based on different reference frames,
including synchronous frame (or dq-frame) and stationary frame (αβ-frame
or sequence-domain) [22]. The dq-frame models, such as Harmonic State-
Space (HSS) models [29],[18], are useful for control design and stability
analysis but lack the analysis of unbalanced systems [20]. A variety of
stationary-frame models are developed to enhance the models by includ-
ing the effects of Phase-Locked-Loop (PLL) systems [27],[23], DC-link
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dynamics [23],[30],[28], phase-dependent features [19], system asymmet-
ries [31],[32] and couplings [21],[33],[34],[28],[35]. There has been special
attention to the frequency and sequence couplings [13],[34],[36],[32],[35].

The sequence-domain models facilitate the harmonic stability studies for
networked converters and power systems [37]. This is because the sequence-
domain models are not tied to any local reference frame. Furthermore,
sequence-domain modeling has been a typical approach for studying power
systems consisting of different electrical components. Therefore, the
sequence-domain models can be easily combined with the rest of a power
system for harmonic stability studies [37]. Positive and negative sequence
models can include any potential asymmetry and couplings converter
systems.

The sequence-domain models are proposed and developed based on the
harmonic linearization technique [27],[22],[23],[38]. Accordingly, a single-
frequency (or single-tone) perturbation is assumed at the terminal of the
converter, and the small-signal flow of the perturbation into the converter
system is investigated by electrical circuit equations.

2.3 Challenges of the State-of-the-Art Methods
Despite the effectiveness of the state-of-the-art linear multi-frequency
models in harmonic studies, there have been several challenges that are
required to be investigated and addressed as follows:

2.3.1 Frequency and Sequence Couplings
As explained in Section 2.2, the non-linear multiplication of two variables
vdc and dabc in Equation 2.4 is simplified by linear terms within a small-
signal range in Equation 2.8. However, the non-linearity in the modulation
and control system are the root causes of frequency and sequence couplings
in converter systems.

Effects of the frequency and sequence couplings had been overlooked in the
early stages of sequence-domain models [27]. In [21], it is demonstrated
that even in a balanced three-phase system, the couplings could exist
due to PLL and asymmetrical control systems. Even small amplitudes
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Figure 2.3: Schematic illustration of a grid-connected converter exposed to a voltage
perturbation source and the state-of-the-art formulation of couplings.

of couplings could be important in converters stability [21],[32]. It is
understood that for a given perturbation frequency of "fi" at the terminal
of converters, the dominant frequency coupling is in the form of "2f0 − fi"
which is called "Mirror Frequency Coupling (MFC)" [23]. f0 refers to
the fundamental frequency. Consequently, the admittance models of
grid-connected converters effectively improved by including the mirror
frequency coupling in a matrix form as follows [21],[23]:

Ip(fi+f0)
In(fi−f0)

 =
Ypp(fi,fi) Ypn(fi,fi)
Ynp(fi,fi) Ynn(fi,fi)

 Vp(fi+f0)
Vn(fi−f0)

 (2.11)

where Vp, Vn, Ip and In depict the voltage and currents at the Point Of
Connection (POC) of the converter in sequence-domain.

Recently, there has been particular attention to the frequency and se-
quence couplings, especially for Modular Multi-level Converters (MMC)
[13],[34],[36],[32],[35]. The sequence coupling, which is the component with
the same frequency of fh in the opposite sequence, is considerable for asym-
metrical systems [32]. Furthermore, the frequency couplings with different
forms would be influential in the multi-frequency models of converters
rather than only the MFC in Equation 2.11 [34],[32]. Such effects are
highly considerable in the converters with asymmetrical control system, e.g.
WTs and MMC HVDC converters [32],[36],[35]. As shown in Figure 2.3,
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the state-of-the-art models consider the general form of the couplings in re-
sponse to a perturbation (fi) as "fi±mf0" (m=1,2,...) [32],[36],[28]. In this
way, phasor-domain matrices for k-number of integer harmonics in voltage
and current within the range of {fi − kf0,...,fi − f0,fi,fi + f0,...,fi + kf0}
are assumed as follows [32],[36],[28]:

vu =



V−ke
−jαk

...
V−1e

−jα1

V0
V1e

jα1

...
Vke

jαk


, iu =



I−ke
−jαk

...
I−1e

−jα1

I0
I1e

jα1

...
Ike

jαk


(2.12)

Note that Equation 2.12 is illustrated in phasor-domain and considered
to be similar for each abc phases of a balanced system. This way, Equa-
tion 2.11 can be extended for couplings with k-number of harmonics in
phasor-domain as follows [32],[36],[28]:



I(fi+kf0)
...

I(fi+f0)
I(fi)
I(fi−f0)

...
I(fi−kf0)


=



Y(fi+kf0,fi+kf0) . . . Y(fi+kf0,fi) . . . Y(fi+kf0,fi−kf0)
... . . .

... . . .
...

Y(fi+f0,fi+kf0) . . . Y(fi+f0,fi) . . . Y(fi+f0,fi−kf0)
Y(fi,fi+kf0) . . . Y(fi,fi) . . . Y(fi,fi−kf0)
Y(fi−f0,fi+kf0) . . . Y(fi−f0,fi) . . . Y(fi−f0,fi−kf0)

... . . .
... . . .

...
Y(fi−kf0,fi+kf0) . . . Y(fi−kf0,fi) . . . Y(fi−kf0,fi−kf0)





V(fi+kf0)
...

V(fi+f0)
V(fi)
V(fi−f0)

...
V(fi−kf0)


(2.13)

Note that the multi-frequency components for a high number of couplings
are given in phasor-domain [36]. However, the couplings are only con-
sidered as a combination of the perturbation with integer multiples of the
fundamental frequency (fi ± kf0, k=0,1,2,...). In [J2], we have provided
a theory and experimental demonstrations to prove that the couplings
would be in more comprehensive forms of "mfi ± kf0" in which m=1,2,...
and k=0,1,2,etc.
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2.3.2 Dependency on the design details
Most of the state-of-the-art multi-frequency models are developed based
on the design details of converters’ control systems and topologies. For
instance, to acquire an accurate sequence-domain impedance model or
HSS model for a converter, it is necessary to have detailed information
on the control parameters and hardware design [27],[29],[28]. Therefore,
the analysis and conclusions of such studies are highly dependent on the
system parameters, operation schemes, and set-points. While the design
details of REGs are part of the intellectual properties for the manufacturers
and may not be easily available for customers and system studies. In
addition, there could be uncertainties in the design parameters due to the
non-ideal implementations and non-ideal operation conditions. Therefore,
a range of uncertainties should be considered in the results of studies with
parameter-dependent models.

2.3.3 Necessity of Model Validation
Due to the dependency of the multi-frequency models on the system
parameters and the potential uncertainties in real life, it is necessary to
validate the developed models. Besides, the model validation procedures
should be reliable and accurate. Inspired by the harmonic linearization
technique, small-signal perturbations have been used to validate the multi-
frequency models [27],[22],[38],[39],[40]. However, to date, there has not
been any standard test procedure and specification for perturbations and
multi-frequency model calculations in the literature.

2.3.4 Harmonic Stability of Networked Converter Systems
The idea of sequence-domain impedance modeling is to divide a three-
phase converter system into two separate sequences and conduct stability
studies using the Nyquist stability criterion on the converter-grid ratio
impedance for each sequence as Single-Input-Single-Output (SISO) models
[14]. Each of the positive and negative sequences would be modelled
as a separate circuit similar to Figure 1.3. However, the inclusion of
the frequency and sequence couplings in the converter systems leads to
Multiple-Input-Multiple-Output (MIMO) models and complicates the
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studies. In [34],[16],[32],[37], the Generalized Nyquist criterion is used for
harmonic stability assessment of sequence-domain MIMO models.

Besides, modal analysis based on HSS models has been a promising method
for harmonic stability and sensitivity analysis of network systems as well
[41]. Note that the application of the multi-frequency models for stability
analysis of networked converter systems is out of the scope of this PhD
project. The recommendations of CIGRE TB 766 for network modelling
would be a good starting point as part of future works [42].
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CHAPTER 3
Proposed Generic

Multi-frequency Model for
Renewable Energy Generators
The proposed generic multi-frequency modelling method is presented in
Chapter 3. The proposal is divided into two main categories including
converter-connected REGs (i.e., Type 4 WTs and PV converters) and Type
3 WTs. This chapter is based on publications [J2](i.e., Contribution 1),
[J3](i.e., Contribution 2), and [J4](i.e., Contribution 3).

3.1 Introduction
Addressing the frequency and sequence couplings in multi-frequency models
can enhance the accuracy and trustworthiness of the REG models for
harmonic stability and power quality studies. However, the inclusion of
all couplings in the models leads to MIMO models with large impedance
or admittance matrices and impractical harmonic studies. Therefore,
providing an efficient approach to identify and address the main couplings
is necessary.

There have been effective attempts to develop reduced-order multi-frequency
models in the literature [32],[35]. Reference [32] provides a quantitative
method to acquire a reduced-order model of asymmetrical MMC converters.
Accordingly, α-frame is preferred more to model strong system asymmetry,
and shifting to the dq-frame is preferred more to address the control
asymmetry based on block diagonal dominance model reduction technique.
Furthermore, Reference [35] proposes an equivalent SISO transformation
technique for LTP models of single-phase converters. However, the state-
of-the-art studies only consider the frequency couplings in the forms of
“fh ± kf0” (k=0,1,2,...) [28],[34],[32],[36] using linearized averaged models



26 3 Proposed Generic Multi-frequency Model for Renewable Energy Generators

Figure 3.1: Typical example of a grid-connected converter and state-of-the-art form of
couplings in response to a single perturbation.

and overlook the possibility of considerable couplings with multiples of the
perturbation frequency. The schematic illustration of voltage perturbation
and a grid-connected converter response in the state-of-the-art form are
depicted in Figure 3.1. Besides, the modeling and model-order reduction
challenges in a MW-scale test environment have not been investigated
abundantly. Furthermore, the multi-frequency models have been mostly
developed analytically based on the details of control and design.

In this chapter, the proposed generic multi-frequency models for REGs
are illustrated. This proposal hypothesizes that all critical non-linearity
and couplings in a switching converter can be identified and addressed by
adopting Fourier transform on its responses against perturbations. The
proposed models are provided in two categories: Converter-connected
REGs and Type 3 WTs. The converter-connected REGs imply Type
4 WTs and PV converters, appreciating their similarity in the direct
converter-grid connection. Besides, the proposed models can be extracted
by perturbation tests on the converter systems as a black-box model. Thus,
there is no need for information on the system design.

3.2 Proposed Generic Multi-frequency model for
converter-connected REGs

In [J2], we prove that the frequency couplings can exist in more generic
forms as linear combinations of multiples of the perturbation frequency
and multiples of harmonics "mfh ± kf0" (k=0,1,2,..., and m=1,2,...), which
should be considered in the MIMO models. An analytical theory for the
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coupling patterns is explained in [J2]. Accordingly, the non-linear multi-
plication of vdc and ddq (or dabc) is the main root-cause of coupling patterns
with multiples of perturbation frequency (i.e., mfh ± kf0, 1<m); while it
is overlooked in the linearized averaged models such as Equation 2.8.

In addition, a practical methodology for the identification of main couplings
and a generic multi-frequency model is proposed in sequence domain for
modeling converter-connected REGs, i. e., Type 4 WTs and PV converters.

3.2.1 Small-Signal Perturbation Response Analysis
The proposed generic multi-frequency modelling method is based on
Fourier analysis of REG responses to small-signal perturbations. The small-
signal effect of a single-frequency (or single-tone) voltage perturbation on
different components of response current can be illustrated as in Figure 3.2.
Accordingly, small-signal variations of voltage at a frequency of fh in
positive or negative sequences can cause small-signal changes in the same
frequency as well as any coupled frequencies. In Figure 3.2, k-number of
couplings in positive and negative sequences are considered.

According to the effects shown in Figure 3.2, the generic multi-frequency
model based on Norton equivalent can be defined as in Figure 3.3. Ac-
cordingly, the small-signal changes in a series of frequency components
in voltage at the POC can be related to changes in each current compon-

Figure 3.2: Modelling of a single-tone voltage perturbation effects on the frequency
components of current response.
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Figure 3.3: Norton equivalent of each component of the current response to a series of
voltage perturbations.

ent through equivalent admittances. Therefore, the Norton equivalent
admittance and currents can be formulated in matrix froms as follows:


I1
p

I2
p...
Ikp

 =


I1
p0
I2
p0...
Ikp0

 +


Y 1
pp Y
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Equation 3.1 and Equation 3.2 can be simplified as follows:

Ip(f+f0) = Ip0(f+f0) + YppVp(f+f0) + YpnVn(f−f0) (3.3)
In(f−f0) = In0(f−f0) + YnpVp(f+f0) + YnnVn(f−f0) (3.4)

Accordingly, the diagonal arrays of Ypp represent the self-excitation ad-
mittance components (Y i

pp
i). Moreover, the diagonal components of Ypn
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Figure 3.4: Norton and Thevenin equivalents of the proposed generic multi-frequency
model in sequence domain considering frequency and sequence couplings.

refer to the MFCs and the arrays with similar frequencies to Ip(f+f0) (i.e.,
"Ypn(f,f+2f0)") are the sequence couplings. The rest of the arrays in Ypp and
Ypn are related to the potential frequency couplings, corresponding MFCs
and sequence couplings, and additional design-related couplings. Similarly,
the diagonal arrays of Ynn (i.e., Y i

nn
i) are self-excitation admittance. In

addition, the diagonal arrays of Ynp depicts the mirror frequency coupling
components and the sequence couplings are located at Ynp(f−2f0,f). The
rest of the arrays in Ynn and Ynp are related to the potential frequency
couplings, corresponding sequence couplings, and additional design-related
couplings.

The generic form of Figure 3.3 can be illustrated as an electrical circuit
demonstrated in Figure 3.4. Accordingly, Figure 3.4-a and Figure 3.4-b
illustrate the Norton equivalent of the proposed generic model in positive
and negative sequences. Besides, the Thevenin equivalent of the generic
model can be derived by small-signal current perturbations. The Thevenin
form of the proposed generic model in sequence-domain is exhibited in
Figure 3.4-c and Figure 3.4-d.

This way, the frequency and sequence couplings in converters can be iden-
tified using the harmonic linearization technique [27],[22],[23]. Accordingly,
single-tone perturbations are injected at the terminal of the converter, and
the frequency components in the converter response are observed. The
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frequency components with considerable amplitudes are chosen to be in-
cluded in the generic multi-frequency model. The main coupling selection
criteria are suggested in [J2]. The extensive explanation and experimental
demonstrations of the proposed generic model for converter-connected
REGs are provided in [J2].

3.2.2 Experimental Results and Discussion
The proposed coupling patterns theory and the generic modeling methodo-
logy are verified using a 7MVA grid emulator for voltage perturbation tests
on a 2MVA PV converter as demonstrated in [J2]. Accordingly, a limited
number of frequency couplings are considerable in less than 1kHz, proving
the practical application of the proposed methodology. The coupling
patterns are linear combinations of multiples of small-signal perturbations
and multiples of harmonics as predicted in the proposed theory. There
is no considerable sequence coupling in the results, which confirms the
symmetry of the tested PV converter system.

Besides, the mirror frequency coupling concept (i.e., -2f0 frequency shift)
is observable among all frequency couplings in positive and negative
sequences. This is because any frequency component at the POC would
be rectified into the converter’s DC-link (or DC-side) with "-f0" frequency
shift and would be inverted back into the AC-side with "-2f0" frequency
shift even in an open-loop converter. This finding is called "Corresponding
MFC" in this PhD project.

The frequency couplings are mostly detected in the range of 0.01% pu-
5% pu in response to the small-signal perturbations (less than 2% pu).
Therefore, precise measurement equipment is required to identify the
couplings. Furthermore, different noise levels in different frequency ranges
are utilized as an adequate criterion for selecting the main coupling. Due
to the similarities between converter-connected REGs, the methodology
can be applied for modeling of Type 4 WTs as well.

The proposed methodology is focused on small-signal perturbations and
modeling in the frequency domain and is not intended for large-signal vari-
ations and fault assessments. Besides, applying the proposed method for
harmonic stability studies at the system level and evaluating the stochasti-
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city effects of the renewable energy sources on the model parameters are
left out for future works.

3.3 Rotor-Speed-Dependent Emissions from Type 3
WTs

In [J3], we have provided an experimental analysis of emissions in different
parts of a Type 3 WT, including the stator, rotor, grid-side converter,
and DC-link in sequence-domain. In this way, a theory for the emission
patterns is proposed and verified experimentally. Accordingly, rotor-side
converter switching and non-ideal generator windings are the foremost
root causes of Rotor-Speed-Dependent (RSD) emissions.

3.3.1 Uncertainties in Field Measurements
The state-of-the-art studies have demonstrated the RSD emissions only
using field measurements from the output power of a Type 3 WT in a
WPP [43]. However, the field measurements can contain uncertainties
due to emissions from neighboring WTs, control schemes and dynamics in
rotor speed. Besides, the studies have been conducted only in abc-frame
for a balanced system. To identify and include the potential asymmetry
in WT system, it is necessary to perform the analysis in the sequence
domain. The experimental demonstration and verification of the proposed
emission patterns include both field measurements and site tests in [J3].

3.3.2 Experimental Results and Discussion
A. Field Measurements: The field measurements are performed on the
0.85 MVA Type 3 WT as DTU Research WT installed in Risø campus, 4000
Roskilde, Denmark. The field measurements of output power and rotor
slip are demonstrated simultaneously for 1 minute period in Figure 3.5.
As it is illustrated with a dashed green line, The Type 3 WT can produce
similar power (0.6 pu) for five different rotor speeds (or slips). Therefore,
field measurement demonstrations only based on output power can not be
sufficient for Type 3 WTs.

Figure 3.6 demonstrates the harmonic spectrum of filed measurements on
the DTU Research WT using simultaneous measurements of mechanical
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Figure 3.5: Demonstration of field measurements from the DTU Research WT: Output
power and rotor slip simultaneously for 1 minute period [J3].

rotor speed and electrical voltage and currents. The harmonic spectrum is
calculated by Discrete Fourier Transform (DFT) of positive and negative
sequence voltages and currents following the IEC61000-4-7 standard [44].
The plots illustrate the frequency components with amplitudes higher
than 0.035% pu to eliminate noise effects in very low amplitudes. The
Y-axis refers to the rotor slip, X-axis depicts the DFT spectrum for
each specific rotor slip, and a color-bar demonstrates the amplitudes of
frequency components. Accordingly, a few RSD patterns are identified
in currents and voltages. Note that there are “2f0=100Hz” frequency
differences between observed positive and negative sequence patterns.
However, there are deviations in the patterns around the lines, which
can be due to the noise, fundamental frequency deviations, and other
uncertainties in the field measurements. Therefore, site testing is a better
choice for the demonstration of RSD patterns and emissions where it is
possible to control the rotor speed with a torque emulator and provide a
fixed fundamental frequency by an AC grid emulator as described in [J1],
[J3].

B. Site Tests: The proposed theory for RSD patterns in sequence
domain is verified by experimental measurements from several points of
a 2.2 MVA Type 3 WT tested by a 15 MVA grid emulator in [J3]. The
tests include emission measurements in different rotor speed set-points
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(a) Vp (b) Vn

(c) Ip (d) In

Figure 3.6: DFT spectrum of voltages and currents (excluding the fundamental com-
ponent) versus rotor slip in sequence domain for field measurements on the
DTU Research WT.

with similar output power. According to the results, a limited number of
RSD frequency patterns are observed from different parts. At the first
stage, the Magneto-Motive Force (MMF) space emissions and Rotor-Side
Converter (RSC) switching operation are the main root causes of the RSD
emissions. At the second stage, the generated emissions can be rectified
into the DC-link and cause new patterns. The observed emissions are in
the range of” 0.001 pu to 0.01 pu”. Accurate detection of such patterns
requires high precision data acquisition modules (e.g., 18bits). The RSD
emissions can introduce variable inter-harmonics and harmonics into AC
grids and increase difficulties to the power quality and harmonic stability
studies. Addressing such components in the multi-frequency models is
necessary to improve harmonic studies.
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3.4 Extension of the proposed generic
multi-frequency model for Type 3 WTs

The accuracy of the multi-frequency models is improved by addressing the
frequency and sequence couplings partly. However, addressing the coup-
lings is still an on-going challenge. We proposed the generic multi-frequency
models to fill this gap for converter-connected REGs in [J2](Section 3.2).
However, there is no specific study on Type 3 WTs concerning frequency
couplings. This section extends the application of the proposed generic
multi-frequency modelling for Type 3 WTs.

3.4.1 Generic Multi-frequency Models for Type 3 WTs
In [J3](Section 3.3), an experimental analysis for the rotor-speed depend-
ency of part of emissions from Type 3 WTs is provided explicitly. In [J4],
we have extended the proposed generic multi-frequency models for Type 3
WTs to include the RSD couplings. Accordingly, the RSD couplings can be
observed in the general forms of "mfh ± kf0 ± zsf0" (k=0,1,2,..., m=1,2,...,
and z=1,2,...), where "s" depicts the rotor slip of the WT generator. In
this way, a theory for patterns of the frequency components is proposed.
The couplings are analyzed, and the proposed theory is verified through
the experimental perturbations.

3.4.2 Experimental Results and Discussion
The frequency couplings are analyzed, and the proposed theory is verified
by experimental perturbation tests on a 2MVA Type 3 WT using a 7MVA
grid emulator. Accordingly, a group of coupling patterns is dependent
on the WT’s rotor speed due to RSD emissions. Furthermore, a limited
number of coupling patterns are observed in the test results. Therefore,
addressing the RSD components in the multi-frequency models is necessary
and practical to improve harmonic stability and power quality studies
concerning Type 3 WTs. Besides, the mirror frequency concept is valid
for RSD couplings and emissions as well.



CHAPTER 4
Proposed Test Methodology for

Multi-frequency Model
Validation and Empirical

Modeling
The proposed model validation methodology is provided in Chapter 4. The
proposed methodology is verified by and experimental test results and
supplementary simulations. This chapter is based on publications [J5](i.e.,
Contribution 4), and [C2](i.e., Contribution 4), [J1](i.e., Contribution 5),
[C1](i.e., relevant to the Contribution 5 by over-viewing the European grid
codes as the main motivations for international test standards and test
bench developments).

4.1 Introduction
The primary motivation for the development of test standards and test
benches are grid connection codes and compliance test requirements.
Hence, the European grid codes are reviewed in [C1]. The network code
on requirements for grid connection of generators (EU NC-631) [45], and
network codes on requirements for grid connection of HVDC systems and
DC-connected power park modules (EU NC-1447) [46] came into force as
European Commission Regulations in 2016. The European network codes
are serving as a framework for individual national network codes defined
in different European countries.

Besides, international standards are required to evaluate the network code
compliance of REGs. In 1988, Technical Committee 88 (TC88) of the
International Electro-technical Commission (IEC) began its efforts to
organize international standards for WTs as 61400 series [J1]. IEC TC88
WG21 maintains and develops four documents for the IEC 61400-21 series.
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IEC 61400-21-1 specifies test methods for the electrical characteristics
of wind turbines [7]. IEC 61400-21- 2 defines test methods for electrical
characteristics of wind power plants, which is published as a draft for
public comment in 2020. The IEC 61400-21-3 is a technical report about
harmonic modelling of WTs with power converters. The IEC TR 61400-21-
3 provides a starting point for the required frequency-domain modeling of
WTs [9]. IEC 61400-21-4 would be a technical specification for component
and subsystem tests. IEC 61400-21-1 and 21-3 are published in 2019 [J1].

According to the IEC-61400-21-1 standard [7], the electrical characteristics
to be simulated and validated for WTs consist of five different categories:
power quality aspects, steady-state operation, control performance, tran-
sient performance, or fault ride-through capability, and grid protection
[7]. The electrical characteristics of WTs can be measured and tested
at different levels. The test levels consist of component test level (such
as capacitors and switches), subsystem test level (such as nacelle and
converter), field measurement at WT level (or type test), and field test or
measurement at WPP level [J1]. The IEC 61400-21-1 includes standard
test methods for harmonic emissions, but the test results are not sufficient
to validate multi-frequency models.

4.1.1 State-of-the-Art Grid Emulators
The state-of-the-art test benches and test standards for wind energy
are over-viewed in [J1]. Furthermore, the potential test options and
recommendations regarding the future development of compliance tests
with converter-based test benches are provided in [J1].

Different grid emulation topologies have been reported in the literature
[7],[47],[48],[49]. The primary compliance test topology, which had been
proposed for the Under-Voltage Ride-Through (UVRT) capability test and
is given as an example in IEC 61400-21-1, is voltage divider test equipment
[7]. Despite using the voltage divider topology in industrial tests, it has
several limitations, and it can only be used for under- and over-voltage
tests. The advantages of the full-power Voltage Source Converter (VSC)-
based grid emulators are isolated test environments and enhanced control
opportunities, but the control might be very complicated [47],[48],[49].
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The fully controlled grid emulator consists of two back-to-back converters.
A converter-based test bench provides a more flexible representation
of grid dynamic conditions. Nowadays, state-of-the-art test benches are
established using back-to-back converters to emulate a flexible and isolated
AC grid for grid code compliance testing of REGs [J1].

4.1.2 Impedance Measurement Using Small-Signal
Perturbations

Reference [50] introduces a multi-frequency model validation approach
based on analyzing power quality measurements and providing validation
margins for each harmonic. In [51],[22],[40],[38],[52],[53],[54], impedance
measurement test topologies have been proposed using small-signal per-
turbations via converter-based devices. A perturbation can be either a
voltage source in series or a current source parallel with the AC grid, as
illustrated in Figure 4.1. The perturbation tests are based on the harmonic
linearization concept [15]. Accordingly, it is assumed that the presence
of one single frequency (or single-tone) perturbation at the terminal of a
Device Under Test (DUT) would excite the same frequency and all related
couplings in the DUT response [15],[28],[34]. Another option for perturba-
tion is multi-tone, which combines a group of single-tone perturbations
with limited amplitudes [39]. However, the couplings and interactions
among different frequencies in converters would impose additional un-
certainties on the results of multi-tone perturbations. In [52],[53], the
experimental implementation of current perturbation (Ipert(fh)) using
an additional shunt device is explained and demonstrated, as shown in
Figure 4.1-a. Accordingly, the series-connected impedance (Zcl) is used to

Figure 4.1: Schematic illustration of perturbation test topologies [J5].
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divert the perturbation current flow towards the DUT. The design aspects
of a test device for the realization of current perturbations in Low Voltage
(LV), Medium Voltage (MV), and High Voltage (HV) levels are explained
in [53]. Besides, series voltage perturbation (Vpert(fh)) is another method
for impedance measurement test, as illustrated in Figure 4.1-b. However,
using an additional series-connected device is not an efficient approach
since it should be over-designed to withstand the DUT’s nominal current
[51]. Providing pure single-tone current or voltage perturbations in the
MV and HV levels is challenging and costly [51],[40],[53]. In addition,
the effects of the frequency and sequence couplings, initial emissions, and
power set-points have been overlooked in the impedance measurement pro-
cedures [51],[22],[40],[38],[52],[53]. The frequency and sequence couplings
are most likely for converter-based systems due to the potential non-linear
control systems and three-phase asymmetry, respectively [21],[32],[36].

In [38],[40], it is attempted to utilize grid emulators for voltage perturba-
tions without additional devices. Accordingly, the voltage perturbation
concept (Figure 4.1-b) can be realized only by adjusting the control system
of the grid emulators as shown in Figure 4.2 [J5]. However, to the best of
our knowledge, there is no specification for a reliable test and validation
procedure in the literature [J5]. Securing proper test conditions, select-
ing appropriate amplitude and frequency range for perturbations, and
accurate model calculations are essential factors for the trustworthiness of
the results. The small-signal perturbation test is a promising application
of converter-based grid emulators for harmonic studies [J5]. However,
there is no specification for a reliable test and validation procedure in the

Figure 4.2: Exemple illustration of voltage perturbation test using a grid emulator [J5].
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Figure 4.3: Proposed test methodology for multi-frequency model validation and em-
pirical modelling of converter-based systems [J5].

literature. This chapter proposes a test methodology for multi-frequency
model validation and empirical modelling of REGs based on [J5].

4.2 Proposed Model Validation Test Methodology
There have been effective attempts to propose and design a test device to
validate the harmonic models, mainly based on shunt current perturbations.
However, using additional devices for perturbations is costly for converter-
based test sites. The state-of-the-art test sites attempted to utilize the
grid emulator system for voltage perturbations without additional devices.
However, to the best of our knowledge, there is no standard specification
for a reliable test and validation procedure in the literature. Securing
proper test conditions, selecting appropriate amplitude and frequency
range for perturbations, and accurate model calculations are essential
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factors for the trustworthiness of the results. In [J5], we propose a prac-
tical test methodology and technical specifications based on small-signal
perturbations in the sequence domain. Furthermore, the effects of the
sequence couplings and initial emissions on the test results are investig-
ated. The proposed test methodology is illustrated in Figure 4.3. Different
steps of the proposed test procedure are explained in [J5]extensively. The
proposed methodology is applicable for multi-frequency model validation
and empirical modelling of REGs.

4.2.1 Technical Challenges and Recommendations for
Perturbation Tests by Grid Emulators

The technical specification and recommendations for trustworthy tests
are provided in [J5]. The proposed technical specifications are based
on unique experimental tests on a 2MVA Type 3 WT and a 2MVA PV
converter, which is summarized in Table 4.1. In addition, the effect of
output power reference (i.e., Power ref. (pu)) on a WT impedance is
investigated using simulation models and addressed in Table 4.1. The
technical recommendations include impacts of the device under test, grid
emulator, and measurement equipment. The capability of the grid emulator
in performing the perturbation tests is regarded as the main challenge [J5].
Furthermore, the amplitudes of the considerable couplings can be within
the rage of 0.05 pu-0.0001 pu for perturbations with amplitudes of less
than 0.02 pu. Therefore, appropriate digitalization modules (concerning
both Analog-to-Digital Converter (ADC) resolution and sample rate) and

Table 4.1: Proposed specifications for small-signal perturbation tests [J5].

Specification fh < f0 f0 ≤ fh < 2f0 2f0 ≤ fh < fh(max)

Vh range 0.4%-0.6% 0.8%-1.2% 1.5%-2.5%
Ih range 5%-8% 3%-5% 1%-3%
Min. frequency 9Hz f0+1 2f0

Max. f step 2Hz 2Hz 2Hz
Power ref. (pu) 0.1, 0.5, 1.0 0.1, 0.5, 1.0 0.1, 0.5, 1.0
Test Period (s) 3-11 3-11 3-11
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acceptable noise levels are required for measurement equipment.

4.2.2 Empirical Modelling
After finalizing the perturbation tests for the chosen frequency range
and the model calculation procedure, the results can be compared with
the vendor models or simulation models. This way, the accuracy of the
simulation models can be evaluated, and corrections can be applied [J5].

Another application of the test results can be extracting the empirical
models. Empirical modelling refers to the model calculation of black-
box systems only based on the tests and measurements. Therefore, it
is assumed that there is no specific information about the system (e.g.,
control or simulation model) [38],[40],[34]. In such cases, the tests aim to
derive the multi-frequency model of the converter system for a reasonable
step size (i.e., resolution) and frequency range. The converter model
would be estimated for the frequencies between the test steps to gain a
higher resolution model [J5]. In [J2], we have concluded that for a better
empirical modelling and coupling identification, 0.5Hz frequency steps
would be chosen.

4.3 Experimental Results and Discussion
The experimental verification of the proposed methodology is demonstrated
using a 7 MVA grid emulator for testing of a 2 MVA photo-voltaic converter
and a 2 MVA Type 3 WT [J5]. This way, the test challenges, specifications,
and recommendations are presented using the MW-scale experiments on
different REGs. Furthermore, the effects of sequence couplings and initial
emissions on the calculation results are investigated and compared. The
perturbation test specifications are derived from the MW-scale experiments.
This way, the application of a converter-based grid emulator for multi-
frequency model validation purposes is verified and secured. Besides,
the effects of simplifications in the model calculations, including effects
of initial emissions and couplings, are investigated. Accordingly, the
frequency and sequence couplings exist even in a balanced three-phase
DUT system due to the asymmetrical control, especially in low-frequency
ranges. Furthermore, the initial emissions may not be significant in the
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harmonic stability studies but rather effective in calculating the small-
signal models. The evaluation of multi-tone perturbation tests and the
assessment of the perturbation tests on networked converter systems are
left out for future works.

4.4 Supplementary Simulations and Discussion

In [J5], the technical recommendations address the impacts of the device
under test, grid emulator, and measurement equipment. However, it was
not possible to demonstrate all aspects by the limited number of experi-
mental data. In this section, additional investigations are demonstrated
using a simulation platform.

The proposed test methodology is investigated in PSCAD 4.6.2 software.
The single-tone voltage perturbations are simulated on WT models and
illustrated in [C2]. As it is illustrated in Figure 4.4, the simulation models
in [C2], include Type 4 and Type 3 WTs with dq-frame control in positive
sequence and an ideal grid source with high Short Circuit Ratio (SCR),
i.e., very low impedance. Accordingly, considerable frequency couplings in
the range of converter control bandwidth are observed.

The supplementary simulations are performed on a Type 4 WT with
different control schemes with different grid and perturbation conditions
as follows:

Figure 4.4: Simulation models in PSCAD using ideal voltage sources for the AC grid
and perturbations.
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(a) Positive sequence voltage and current response for main coupling frequencies

(b) Negative sequence voltage and current response for main coupling frequencies

Figure 4.5: DFT illustration of a Type 4 WT response to a 5Hz positive sequence
voltage perturbation in time-domain.

4.4.1 A single-tone perturbation
Time-domain illustration of a single-tone voltage perturbation and the
Type 4 WT response is shown in Figure 4.5. In this example, a positive
sequence perturbation at 5Hz is simulated with two amplitude steps of
0.5% and 1% amplitudes over time. The DFT spectrum of the coupled
voltages and currents is given in sequence domain with 12 cycles DFT-
window (i.e., 200ms) according to IEC 61400-21-1 [7]. The fundamental
frequency is 60Hz. Furthermore, 90% overlapping between two adjacent
windows is considered to achieve a better resolution for transients (i.e.,
20ms). According to Figure 4.5, the positive sequence 5Hz perturbation
has explicit couplings with 55, 65, 115, and 125Hz in the current spectrum.
Due to the very low impedance of the AC grid, there are no visible couplings
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Figure 4.6: Demonstration of DFT spectrum of responses against positive sequence
perturbations for a Type 4 WT with dq-frame controllers in positive and
negative sequences.

in the voltage spectrum. Furthermore, the amplitude of couplings can vary
over time, and it is essential to use the steady-state values for impedance
calculations.

4.4.2 Positive and negative sequence controllers
According to [J5], a series of positive and negative sequence perturbations
should be performed to calculate the WT impedance in a reasonable
range of frequencies. The single-tone perturbations on a Type 4 WT
with positive sequence control using an ideal AC grid are demonstrated in
[C2]. Additional simulations are conducted for a Type WT with dq-frame
control system in positive and negative sequences. Accordingly, Three-
Dimensional (3D) plots for response voltages and currents are illustrated
Figure 4.6. The X-axis determines the frequency of perturbations, and
Y-axis illustrates the DFT spectrum of the WT response at the POC.
Furthermore, the Z-axis gives the amplitude of the corresponding DFT
calculations. The perturbations have been simulated from 5Hz to 1kHz
with 5Hz steps. Figure 4.6 can be compared to Fig. 3 in [C2], where the
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Figure 4.7: Comparison of Type 4 WT impedance with and without negative sequence
control module.

WT operates only with a positive sequence controller.

Besides, the diagonal components of the impedance matrices calculated for
the Type 4 WT with and without negative sequence controller are shown
in Figure 4.7. Accordingly, it is evident that the impedances are different
mainly within the frequency range of control bandwidth. Furthermore, the
negative sequence control has eliminated the impedance peak (prone to a
parallel resonance) at 155Hz in the time-domain (or 95Hz in the sequence
domain).

4.4.3 Single-tone versus multi-tone perturbations
The experimental tests in [J5]and simulations in [C2]are based on single-
tone perturbations. The multi-tone perturbations have been used as a
faster solution for perturbations in the literature [39]. Furthermore, the
multi-tone concept would be investigated as a non-ideal condition for
implementations by a test bench. According to the multi-tone concept
[39], N-number of sinusoidal components are injected with a limited total
amplitude (or crest factor CFh < CFmax). The crest factor of a signal X
is defined as [39]:

CF = Peak(X)
RMS(X) (4.1)
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Figure 4.8: Comparison of single-tone and multi-tone perturbation test results for a
Type 4 WT along with the open-loop converter impedance.

One approach to limit the CF with high number of perturbations (N) is
the Newman phase sequence approach [39]. Accordingly, a phase shift of
(PSi) for each perturbation frequency is considered as follows [39]:

PSi = πi2

N
(4.2)

where i=0,1,..., N-1. This way, the number of perturbation tests can be
reduced by N. The multi-tone concept is a practical approach for impedance
measurement of passive components such as reactors and transformers. At
the same time, it is not an efficient approach for converters. The impedance
measurement results for single-tone and multi-tone perturbations are
demonstrated in Figure 4.8. The multi-tone perturbations are realized
by a forty-number of groups, including ten frequency components with
200Hz distance such as {5,205,405,605,805,1005,1205,1405,1605,1805} Hz,
{10,210,410,610,810,110,1210,1410,1610,1810} Hz, ... . The phase-shifts
and amplitude limits are applied according to Equation 4.1. Accordingly,
the multi-tone perturbations interfere with the couplings in the converter
control system and lead to inaccurate results. Therefore, the multi-tone
perturbation concept is not applicable for the multi-frequency modelling
of converter-based systems but can still validate the converter models
against multi-tone disturbances.
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(a) Ypp (b) Ypn

(c) Ynp (d) Ynn

Figure 4.9: Comparison of admittance calculations in different power set-points using
single-tone voltage perturbations for a 2MVA Type 4 WT model.

4.4.4 Effects of WT output power
The proposed model validation methodology in Section 4.2.1 (or [J5])
recommends performing the tests in different power set-points. The
output power set-point is included in the formulations of analytical multi-
frequency models as an output current reference [27],[23],[21]. The effects
of the output power reference on the WT admittance are demonstrated in
Figure 4.9. In this simulation, the output power is set on 1pu and 0.6pu
by adjusting the wind speed values at 11 and 8 meters-per-second (mps),
respectively. Note that the main difference is below 100Hz, where the
amplitude of the current responses (i.e., admittance) are higher for 1pu
output power.

4.4.5 Effects of grid impedance
As explained in [J5], one of the foremost effective challenges in experimental
tests and validation of the multi-frequency models is the grid impedance
or test bench effects. The high impedance of the AC grid can influence
the level of converter responses to perturbations [30]. The effects of grid
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(a) Ypp (b) Ypn

(c) Ynp (d) Ynn

Figure 4.10: Comparison of admittance calculations for a 2MVA Type 4 WT model
connected to different grids with 1.5 and 8 SCRs.

impedance on the WT admittance is demonstrated in Figure 4.10. The
perturbation step is chosen 5Hz for SCR=8, while it is 20Hz for SCR=1.5.
Note that the main difference is for below 100Hz with higher amplitudes
of admittance for SCR=8. This is because the current responses can
flow smoother into the grid for lower grid impedances (or higher SCRs).
Furthermore, note that the phase angles deviate in high frequencies, where
the amplitudes of the admittances are very small.

Besides, the equivalent impedances are obtained according to [J5]and
illustrated in Figure 4.11. Accordingly, the converter has a low impedance
below 80Hz. Note that the impedance peak at 95Hz is not visible for
SCR=1.5, only due to 20Hz perturbation steps in this case. Therefore,
smaller step sizes should be chosen for perturbations to detect the resonance
peaks with a better resolution.

4.4.6 Test bench modelling
In order to investigate the effects of a test bench on the perturbation
test results, a test bench is modelled based on back-to-back Neutral-
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(a) Zpp (b) Zpn

(c) Znp (d) Znn

Figure 4.11: Comparison of impedance calculations for a 2MVA Type 4 WT model
connected to different grids with 1.5 and 8 SCRs.

Point-Clamped (NPC) converters as shown in Figure 4.12. The converter
topology and control system are designed according to [47]. The 3D plots
of sequence-domain voltages and currents are demonstrated in Figure 4.13.
The results can be compared with Fig. 3 in [C2]. Accordingly, additional
steady-state emissions and couplings are observed in the results from the
test bench.
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(a) Back-to-back NPC converters with control systems as a test bench

(b) Test bench in connection to the WT developed in PSCAD

Figure 4.12: NPC converter-based test bench models developed for perturbation tests.

(a) Ypp (b) Ypn

(c) Ynp (d) Ynn

Figure 4.13: Demonstration of DFT spectrum of responses against positive sequence
perturbations for a Type 4 WT using a test bench model.



CHAPTER 5
Conclusions and
Future Research

Concluding remarks, summary of new findings and recommendations for
future research are presented in this chapter.

5.1 Conclusions
Vast amounts of REGs, i.e., WTs and PV panels, are connected to power
systems using power-electronic converters. The multi-frequency (or har-
monic) interaction is an increasing challenge for converter-dominated
power systems, and yet have not been completely solved and analysed.
The state-of-the-art multi-frequency models are linearized and averaged
representatives of non-linear converter systems, and detailed information
is required for trustworthy analyses.

The generic multi-frequency modelling and model validation methods
are proposed in this PhD project. The proposed models and validation
methodology are verified experimentally on full-scale Type 3 WTs and
a PV converter. Based on the analysis on experimental and simulation
results, the main new findings of this project can be expressed as follows:

1. The proposed generic multi-frequency modelling method uses Fourier
transform on the responses of converter systems. Therefore, more po-
tential non-linearities can be identified rather than linearized averaged
multi-frequency models.

2. Significant frequency and sequence couplings can exist in converter-
based systems, which should be identified and addressed in multi-
frequency models.

3. Non-linear modulation of non-ideal DC-link with non-ideal control
reference is the root cause of frequency couplings. Furthermore,
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asymmetry in a three-phase system can cause sequence couplings.
4. The number of significant couplings is limited and mainly the coup-

lings are observed within the frequency range of below 1kHz (around
the converter control bandwidth). This is promising for the practical
application of the generic multi-frequency modelling method.

5. The coupling patterns are linear combinations of multiples of perturba-
tions and multiples of fundamental frequency ("mfh±kf0",k=0,1,2,...,
and m=1,2,...). This fact is an important finding and should be
considered in the state-of-the-art admittance/impedance matrices,
especially for the frequency range of converter control bandwidth.

6. The mirror frequency concept is valid for all couplings. Therefore,
for any individual coupling pattern in the positive sequence, there is
a corresponding coupling pattern with "-2f0" frequency shift in the
negative sequence, which we called "Corresponding Mirror Frequency
Couplings". This finding can be helpful in identification of the coupling
patterns in both sequences.

7. The amplitudes of the considerable couplings can be within the rage
of 0.05 pu-0.0001 pu for perturbations with amplitudes of less than
0.02 pu. Therefore, appropriate digitalization modules (both ADC
resolution and sample rate) and acceptable noise levels are required for
measurement equipment. Besides, the proposed theoretical patterns
in [J2], and different noise levels can be utilized as main coupling
selection criteria.

8. Due to the similarities between converter-connected REGs, the meth-
odology can be applied for modeling of Type 4 WTs as well.

9. Rotor-speed-dependent emission is a specific characteristic for Type
3 WTs, which should be considered in multi-frequency modelling and
power quality studies.

10. The Rotor-Speed-Dependent (RSD) emissions from Type 3 WTs can
interact with small-signal perturbations and result in RSD coupling
patterns in response. Therefore, the proposed generic multi-frequency
model should be extended with additional considerable RSD couplings
in the models for Type 3 WTs. These couplings can be expressed by
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linear combinations with slip (i.e., s) in the patterns as "mfh ± kf0 ±
zsf0" (k=0,1,2,..., m=1,2,..., and z=1,2,...).

11. In field measurements, the rotor speed for a given power level varies
because of wind fluctuations and controller dynamics. To perform
appropriate tests for Type 3 WTs, the rotor speed of the WT generator
can be controlled in a test environment using a torque emulator and
the perturbations can be generated by a grid emulator.

12. The proposed generic multi-frequency models are categorized into
two groups of converter-connected REGs (i.e., Type 4 WTs and
PV systems) and Type 3 WTs due to the importance of the RSD
emissions.

13. The proposed technical specifications for perturbations are crucial
to achieve a trustworthy results and minimize the effects of test
environments and non-ideal grid emulators.

14. Output power reference, rotor speed set-point (for Type 3 WTs),
control schemes of the DUT, SCR of the grid emulator, control system
of the grid emulator, and purity of the single-tone perturbations
are effective parameters that should be considered in the tests and
validations for the multi-frequency models in general.

15. Since the empirical multi-frequency models are extracted for a partic-
ular test condition, it is recommended to perform several tests with
different power set-points, control schemes, and rotor speeds.

5.2 Recommendations for Future Research
Future research efforts could be directed to the following points:

1. The application and efficiency of the proposed generic models for
harmonic stability assessment of networked converter systems can be
investigated. In this way, the recommendations of CIGRE TB 766
for network modelling can be a good starting ground.

2. The generic models can be generalized to also include HVDC converter
systems in collaboration with industrial test sites.

3. The simulated study cases, including the effects of the grid imped-
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ance, output power set-point, multi-tone perturbations, and test
bench couplings, can be verified experimentally in collaboration with
industry.

4. The proposed generic modelling and model validation methods can
be applied on the vendor EMT models as well to be compared with
the experimental results and derived generic multi-frequency models
in this PhD project (i.e., [J2], [J4]).
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Abstract. The electrical test and assessment of wind turbines go hand in hand with standards and network
connection requirements. In this paper, the generic structure of advanced electrical test benches, including grid
emulator or controllable grid interface, wind torque emulator, and device under test, is proposed to harmonize
state-of-the-art test sites. On the other hand, modern wind turbines are under development towards new features,
concerning grid-forming, black-start, and frequency support capabilities as well as harmonic stability and con-
trol interaction considerations, to secure the robustness and stability of renewable-energy-based power systems.
Therefore, it is necessary to develop new and revised test standards and methodologies to address the new fea-
tures of wind turbines. This paper proposes a generic test structure within two main groups, including open-loop
and closed-loop tests. The open-loop tests include the IEC 61400-21-1 standard tests as well as the additional
proposed test options for the new capabilities of wind turbines, which replicate grid connection compliance tests
using open-loop references for the grid emulator. In addition, the closed-loop tests evaluate the device under
test as part of a virtual wind power plant and perform real-time simulations considering the grid dynamics. The
closed-loop tests concern grid connection topologies consisting of AC and HVDC, as well as different electrical
characteristics, including impedance, short-circuit ratio, inertia, and background harmonics. The proposed tests
can be implemented using available advanced test benches by adjusting their control systems. The characteris-
tics of a real power system can be emulated by a grid emulator coupled with real-time digital simulator systems
through a high-bandwidth power-hardware-in-the-loop interface.

1 Introduction

Wind energy has been one of the most promising renewable
energy sources used worldwide, mostly located onshore. In
addition, better quality of the wind resource and larger suit-
able areas in the sea have made offshore installation a con-
siderable choice for wind power plants (WPPs). To date, the
total installed capacity has reached 592 GW with a 23 GW
share of offshore in 2018 (GWEC, 2018). The new total in-
stallations would continue with more than 55 GW each year
by 2023 (GWEC, 2018; Wind Europe, 2018).

The increasing installed capacity of variable renewable
generation (VRG) has concerned power system operators in
terms of stability and reliability of the overall power system.

Consequently, new interconnection requirements, standards,
and market mechanisms are evolving in various parts of the
world for VRGs, including wind power, to provide various
types of essential reliability services to the power systems –
the role that has been typically reserved for conventional gen-
eration (NERC, 2015). Furthermore, the industry has focused
on collaboration and harmonization to achieve the technical
and economic benefits of a uniform technology and market,
especially in Europe (IRENA, 2018; Sørensen et al., 2019).
In this way, the European Commission has regulated interna-
tional requirements for AC- and HVDC-connected power-
generating modules as well as HVDC systems (Commis-
sion Regulation 631, 2016; Commission Regulation 1447,
2016). Consequently, updated compliance test standards are
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required to ensure the power quality and stable operation of
VRGs, especially WPPs. The development of European net-
work codes and IEC standards are two of best harmonization
practices in wind energy.

Compliance test methods are in line with relevant grid
connection requirements and standards. Furthermore, wind
technology has been matured by research, development, and
demonstrations in industrial test sites and laboratories. Fig-
ure 1 illustrates the basic compliance test equipment, which
had been proposed for low-voltage ride-through (LVRT) ca-
pability test in Ausin et al. (2008) and is addressed as an ex-
ample in IEC 61400-21-1 (2019). Recently, this structure has
been adapted for high-voltage ride-through (HVRT) capabil-
ity tests as well (Langstadtler et al., 2015). In this topology,
the voltage divider impedances (Xsd and Xsc) are used for
the LVRT test of the device under test (DUT). Also, the par-
allel capacitors (CL) in series with damping resistors (Rd)
are used for the HVRT test. Xsl is used to limit the effect
of tests on the utility grid by limiting the current flow from
the utility grid during the test. The test apparatus structure
shown in Fig. 1 has proven to be a useful tool in the early
stages of grid integration research and criticizing of utility-
scale wind power. However, it has certain fundamental limi-
tations, such as dependence on a stronger point of intercon-
nections, uncontrollable dynamic change of impedance dur-
ing testing, and inability to replicate most of AC grid char-
acteristics (Ausin et al., 2008; Asmine and Langlois, 2017;
Gevorgian and Koralewicz, 2016).

Primarily, power quality and transient performance during
faults have been essential aspects, which needed to be tested
and verified. However, by increasing trends towards 100 %
VRG-based grids, the VRGs are required to be developed
and featured by advanced capabilities to secure the robust-
ness and reliability of such grids. The operation and stability
of VRG-based power systems depend on the interoperability
and capabilities of the individual power-generating systems
such as wind turbines (WTs). In this way, the state-of-the-art
WTs are under development towards advanced features, es-
pecially grid-forming and black-start capabilities. These new
capabilities necessitate appropriate test and assessment stan-
dards in the near future (Langstadtler et al., 2015; Asmine
and Langlois, 2017; Gevorgian and Koralewicz, 2016). In ad-
dition, by increasing wind power installations, it is required
to study the rising challenges such as harmonic resonances
and control interactions of WPPs in connection to different
types of AC and HVDC transmission systems according to
Hertem et al. (2016), Zeni et al. (2016), and Buchhagen et
al. (2015). Thus, it is essential to adapt or define new reg-
ulations, standards, and compliance test methods to analyse
the developments and issues regarding wind energy. To date,
several standards and recommendations such as IEC, IEEE,
DNV GL, and CIGRE have been published for design, sim-
ulation, operation, and testing of electrical aspects of WTs
(IEC 61400-21-1, 2019; IEEE Std. 1094, 1991; DNVGL-
ST-0076, 2015; CIGRE Technical Brochure 766, 2019). The

IEC standards as the leading international standards for the
test and assessment of wind turbines have been reviewed in
this paper.

In this paper, the authors aim to extend the state-of-the-art
developments in wind energy towards harmonized test meth-
ods and propose additional test options to the standard tests
to extend the applications of advanced industrial test benches
regarding operation and stability assessment of WTs as well
as WPPs. In Sect. 2, grid connection compliance tests, in-
cluding typical grid connection topologies, IEC standards,
and electrical test levels, have been introduced. Section 3 de-
scribes the state-of-the-art industrial test benches and illus-
trates the generic structure of converter-based test equipment.
In Sect. 4, the electrical characteristics of different grids to
be emulated in a test site have been studied and proposed.
Finally, Sect. 5 proposes the generic structure of test options
consisting of the recommended tests in IEC standards as well
as proposed additional test options for open-loop tests as well
as closed-loop tests for WTs and WPPs.

2 Grid connection compliance tests

The wind power can be transmitted through either AC or
HVDC transmission systems to the main AC grids. In ad-
dition, there is an increasing trend to develop WPPs in off-
shore areas because of the higher power capacity of offshore
winds and limited onshore sites (Wind Europe, 2018; Cutu-
lulis, 2018; Kalair at al., 2016). According to the European
Wind Energy Association (EWEA) (Pierri et al., 2017), po-
tentially, European offshore wind power can supply 7 times
Europe’s demand. Figure 2 illustrates a typical structure for
AC and HVDC connections of offshore WPPs. As shown
in Fig. 2a, the AC-connected offshore WPP connects to
the main onshore grid through high-voltage submarine ca-
bles and transformers. In addition, the shunt inductors are
required to dampen the possible over-voltage phenomena
caused by the capacitive effect of the AC cables. The typi-
cal structure of an HVDC-connected offshore WPP is illus-
trated in Fig. 2b, which consists of HVDC transmission ca-
bles, transformers, AC–DC converters, and harmonic filters
of the converters. An HVDC connection has economic ad-
vantages for long distances, especially in the case of offshore
WPPs (Hertem et al., 2016; Cutululis, 2018; Kalair at al.,
2016). Hence, the recent interest in wind energy has been fo-
cused on offshore WPPs, and HVDC systems are required
due to long distances from the main AC grids. The collec-
tor system voltages in AC- and HVDC-connected WPPs (i.e.
medium-voltage (MV) buses in Fig. 2) are typically 33 and
34.5 kV in Europe and the US, respectively. Recently, several
66 kV collector systems in offshore WPPs have been demon-
strated. Therefore, 66 kV seems to be a general trend in col-
lector system design in the offshore wind industry (Wiser et
al., 2018).
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Figure 1. The basic structure of impedance-based topology for LVRT and HVRT capability tests (Ausin et al., 2008; Langstadtler et al.,
2015).

Figure 2. Typical structure of AC-connected (a) and HVDC-connected (b) offshore WPPs (Cutululis, 2018; Kalair at al., 2016).

In European network codes, the requirements have been
regulated for AC-connected offshore and onshore as well
as HVDC-connected power-generating modules (PGMs)
(Commission Regulation 631, 2016; Commission Regula-
tion 1447, 2016). According to Nouri et al. (2019), the re-
quirements for AC-connected offshore and onshore PGMs
are mostly similar, while relatively different operation ranges
and conditions have been considered for AC- and HVDC-
connected PGMs. The AC and HVDC transmission systems
impose different electrical characteristics on WPPs. Conse-
quently, different control schemes and design considerations
have been applied for WTs and WPPs. Network code com-
pliance tests and standards are critical factors in preserving

the reliability and stability of WPPs. Thus, in the next part,
IEC standards, as the leading international standards for test
and assessment of wind turbine capabilities, have been re-
viewed.

2.1 IEC standards for assessment of wind energy

In 1988, Technical Committee 88 (TC88) of the IEC be-
gan its efforts to organize international standards for wind
turbines as 61400 series. TC88 consists of several working
groups, projects, and maintenance teams to develop and issue
standards, technical reports, and specifications (Andresen et
al., 2019).
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2.1.1 IEC standards for electrical tests

Initially, TC88 focused on power performance (i.e. power
curve) tests and structural and mechanical design. The works
on electrical tests started in 1997 as IEC 61400-21 series by
the working group WG21.

The second edition of IEC 61400-21 was published in
2008 to cover the definition and specifications for measure-
ment and assessment of power quality characteristics for
wind turbines. Currently, IEC TC88 WG21 is working on
four new documents for the IEC 61400-21 series, where the
title is changed from power quality characteristics to electri-
cal characteristics appreciating that not only power quality
characteristics are included (Andresen et al., 2019). To date,
there is no IEC standard for testing the electrical character-
istics of WPPs, but only for testing single WTs. Regarding
the grid connection compliance assessment, the evaluation
of performance and quality of WPPs is based on measure-
ments, simulations, and model validation tests (Ausin et al.,
2008; Asmine and Langlois, 2017; Andresen et al., 2019).

Recently, IEC 61400-21-1 has been published and re-
placed the second edition of 61400-21. IEC 61400-21-1
specifies test methods for electrical characteristics of wind
turbines (IEC 61400-21-1, 2019). Also, IEC 61400-21-2
specifies test methods for electrical characteristics of WPPs
(Andresen et al., 2019). Concerning the growing issues re-
garding harmonics in WPPs, IEC 61400-21-3 aims to focus
on harmonic modelling as a technical report. IEC TR 61400-
21-3 provides a starting point for the required frequency–
domain modelling of wind turbines (IEC TR 61400-21-3,
2019). Furthermore, IEC 61400-21-4 recommends a tech-
nical specification for component and subsystem tests (An-
dresen et al., 2019). IEC 61400-21-1 and IEC 61400-21-3
were published in 2019, while 61400-21-2 and 61400-21-4
may be published in 2021.

In addition, the IEC 61400-27 series specifies standard dy-
namic electrical simulation models for wind power genera-
tion. The first edition of IEC 61400-27-1, published in 2015,
specifies generic models and validation procedures for wind
turbine models. Furthermore, the next edition is under devel-
opment to expand the scope towards WPP models in addition
to the WT models (Sørensen, 2019). The next edition con-
sists of two parts: IEC 61400-27-1 specifying generic models
for both WTs and WPPs and 61400-27-2 specifying valida-
tion procedures.

2.1.2 Electrical test levels

According to the IEC-61400-21-1 (IEC 61400-21-1, 2019),
the electrical characteristics to be simulated and validated for
wind turbines consist of five different categories: power qual-
ity aspects, steady-state operation, control performance, tran-
sient performance or fault ride-through capability, and grid
protection. The electrical characteristics of WTs can be mea-
sured and tested at different levels. The test levels consist of

component test level (such as capacitors and switches), sub-
system test level (such as nacelle and converter), field mea-
surement at wind turbine level (or type test), and field test or
measurement at WPP level (IEC 61400-21-1, 2019). Further-
more, the WT level tests can be split into two subcategories:
(a) testing of the full drivetrain connected to a low-voltage
test bench and (b) testing of the full drivetrain connected to a
medium-voltage test bench via the WT’s transformer with
a full set of protection and switchgear (Koralewicz et al.,
2017). The second option is closer to reality since it includes
impacts of transformer impedance and configuration and pro-
tection settings on transient performance. In IEC 61400-21-1
(2019), an overview of the required and optional test levels
for different test and measurement requirements is provided.

Today, to have a flexible and economical solution for grid
connection compliance tests and model validations, the trend
is to perform tests at lower levels, such as WT and sub-
system levels. The test results concern wind farm develop-
ers and system operators in terms of WPP model validation
and grid connection compliance and WT manufacturers in
terms of WT design and simulation model validations. This
way, the results of tests are considered to be transferable and
useful for the assessment of WTs as well as WPPs and de-
veloped simulation models (Ausin et al., 2008; Zeni et al.,
2016; Koralewicz et al., 2017). However, in some cases per-
forming field tests and measurements is still necessary as
reported in Asmine and Langlois (2017). Accordingly, the
Hydro-Québec TransÉnergie experience (Asmine and Lan-
glois, 2017) regarding the inertial response has shown that
an adequate evaluation of the inertial response cannot be per-
formed accurately at WT level and should include evalua-
tions at the WPP level. As another example, the power qual-
ity assessment of WPPs is either assessed using scaling rules
of WT test results or accomplished by the assessment of on-
line measurement data. The online monitoring is achieved
during the first year of operation of the WPP (Asmine and
Langlois, 2017). However, the increasing challenges, such as
harmonic resonances, grid interactions, and voltage and fre-
quency stability issues, have proven the need for more ex-
tended analysis and assessment of WPPs. In this regard, the
generic converter-based test bench and possible test and as-
sessment solutions for WTs and WPPs are proposed in the
next parts of this paper.

3 Generic converter-based test bench

Different electrical test benches as controllable grid inter-
faces (CGIs) have been reported for grid dynamics emula-
tion in Ausin et al. (2008), Gevorgian and Koralewicz (2016),
Espinoza and Carlson (2019), Espinoza et al. (2015), and
Yang et al. (2012). The impedance-based test equipment in
Fig. 1 is only intended for the fault ride-through capability
tests. A more advanced and flexible topology is a full-power
converter-based CGI, which is shown in Fig. 3. This topol-
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ogy has been used in the latest industrial test benches and is
studied in the next parts of this paper.

In MEGAVIND (2016), a mapping of global test and
demonstration facilities serving the wind industry in Eu-
rope and the US is presented by topic and location. Accord-
ingly, most of the latest industrial test benches are based on
power electronic converters. Converter-based test equipment
provides emulation of unlimited test scenarios applicable to
power systems of various sizes (sizable interconnected power
grids, island systems, or mini-grids) operating at both 50
and 60 Hz, with full controllability over electrical character-
istics of emulated grids. The generic schematic diagram of a
converter-based test rig is illustrated in Fig. 3. Generally, a
converter-based test bench consists of three main parts: de-
vice under test (DUT), wind torque emulator, and grid emu-
lator or CGI. In Fig. 3, the DUT is a WT nacelle. The CGI
can also be used for testing of complete WTs, in which case
the wind torque emulator in Fig. 3 is not required.

In Table 1, the specifications for some remarkable ad-
vanced test sites are illustrated. As it is presented in Fig. 3,
the application of multilevel drive converter modules in par-
allel connections is a typical topology to establish a medium-
power and medium-voltage source as grid and wind torque
emulators (Averous et al., 2017; Gevorgian, 2018; Jersch,
2018; Rasmussen, 2015; Tuten et al., 2016). The multilevel
converters, such as three-level neutral point clamped (3L-
NPC) and H-bridge topologies, are developed to achieve
higher efficiency and lower harmonic distortion rather than
conventional two-level converters, and they reduce the size
of harmonic filtering and undesired interference.

According to the Table 1, a group of test sites such as
available test setups in NREL (National Renewable Energy
Laboratory, USA), Fraunhofer IWES (Fraunhofer Institute
for Wind Energy Systems, Germany), and CENER (National
Renewable Energy Centre, Spain) have used three-level NPC
drive converters developed by the ABB company. The ABB
drive converters are controlled by the direct torque control
(DTC) method with integrated gate-commutated thyristor
(IGCT) switches (ABB, 2018). On the other hand, in the sec-
ond group, with LORC (Lindø Offshore Renewables Cen-
ter, Denmark) and Aachen (RWTH Aachen University, Ger-
many), the converters are three-level NPCs developed by the
GE company (General Electric). GE’s medium-power drive
converters are controlled by advanced vector control (AVC)
using insulated gate bipolar transistor (IGBT) switches (GE,
2018). In addition, different types of converters would be
utilized in a test site. For instance, the drivetrain test fa-
cility at Clemson University was established using multi-
level H-bridge drive converters developed by the TECO-
Westinghouse company (Tuten et al., 2016). Each converter
developer utilizes different components, control methods,
and interface algorithms. However, all of the test benches
should be able to perform tests according to the standards
and research objectives, and minimize the effect of non-ideal
emulation of a real test environment for the DUT. In most of

the test sites, a real-time digital simulation (RTDS) system is
used to get to a dynamic online model of the grid as well as
the overall system.

The main limitation of converter topology shown in Fig. 3,
as well as any converter-based test rigs, is limited over-
current capability. This constraint can be addressed by over-
sizing the MVA rating of the test side converter similar to
what was done in NREL’s CGI (7 MVA continuous power
rating but capable of operating at 40 MVA short-circuit ca-
pacity for 2 s; Gevorgian, 2018) as given in Table 1. Over-
sizing of converters for this purpose is costly but is necessary
for LVRT testing of doubly fed induction generator (DFIG)
WTs, which can produce higher levels of short-circuit cur-
rent contribution. In this regard, high-power and short-circuit
capacity are achieved by parallel connection of converters in
each converter unit as indicated by N(ARU) and M(AGE) in
Table 1.

Furthermore, the majority of companies have plans to de-
velop their sites as such to be able to test a wide range
of WTs, including medium-power to higher-power ratings,
which are mostly for offshore applications. According to
Pietilaeinen (2018), the new trends in the development of
grid simulators are as follows:

– higher-power ratings, up to 24 MW rating and 80 MVA
short-circuit power;

– grid impedance emulation, virtual impedance emulation
using the converters’ control system;

– higher bandwidth for harmonic injections, up to 25th
or even 100th harmonic injection for harmonic stability
tests;

– extension of use for component and subsystem tests,
and mobility of test equipment to perform field tests.

The three main parts of the generic converter-based test
rig, which is shown in Fig. 3, are introduced as follows.

3.1 Device under test

The device under test (DUT) can be one or more of a whole
WT or its subsystems such as a nacelle consisting of con-
verters and a generator, or only converters of a WT. Today,
WTs are mainly full-converter or DFIG types in new devel-
oped WPPs. The main objective of test facilities is to per-
form compliance electrical and mechanical tests in the WT
and subsystem test levels on the DUT.

3.2 Grid emulator

The grid emulator or CGI consists of two back-to-back con-
verter units to emulate real grid characteristics for the DUT,
as is shown in Fig. 3. The first converter unit is connected
to the utility grid through a transformer, which is called the
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Figure 3. Proposed generic schematic diagram of a converter-based test bench.

Table 1. Comparison of different concepts applied in industrial test benches.

Test CGI Short-circuit Torque emulator Converter type N(ARU)a M(AGE)b Converter RTDS
centre rating capacity rating control

LORC 15 MVA 30 MVA 13 MW 3L-NPC GE (IGBT) 2 2 AVC no
Aachen 3.5 MVA 7.5 MVA 4 MW 3L-NPC GE (IGBT) 1 1 AVC yes
NREL 7 MVA 40 MVA 5 MW 3L-NPC ABB (IGCT) 1 4 DTC yes
F. IWES 15 MVA 44 MVA 10 MW 3L-NPC ABB (IGCT) 2 3 DTC yes
CENER 9 MVA 18 MVA 9 MW 3L-NPC ABB (IGCT) 1 2 DTC yes
Clemson 15 MVA 20 MVA 7.5 and 15 MW H-bridges TECO-W 2 2 AVC yes

a N(ARU): number of ARU modules. b M(AGE): number of AC grid emulator modules.

“active rectifier unit (ARU)”. Generally, the control objec-
tive for the ARU is to regulate the DC-link voltage in a ref-
erence value within an acceptable deviation range. The refer-
ence value for DC link depends on the type and objectives of
the test. Thus, the ARU should perform as a current source
to exchange active and reactive power between the DC-link
capacitors and the utility grid.

The second converter unit is connected to the DUT
through a transformer, which is called the “AC grid emula-
tor”. The controller of the AC grid emulator is designed to
emulate a realistic grid dynamic and steady-state behaviours.
In addition, to have an acceptable range of total harmonic
distortion and to prevent unwanted harmonics and noise in-
terference in the setup, appropriate passive filters on both
sides of the converters have been considered. Also, in some
cases, active filtering methods are implemented by additional
control strategies such as selective harmonic elimination and
interleaved harmonic elimination methods, to decrease the
need for the large passive filters (Gevorgian and Koralewicz,
2016; Averous et al., 2017). Thus, by this structure, the power
flow in the CGI is controlled. Meanwhile, the assessment of
DUT behaviour would be accomplished by online simula-
tions, measurements, and data analysis.

3.3 Wind torque emulator

Assessment of electromechanical interactions of WTs can be
achieved by using the wind torque emulator part in the test
bench. As is illustrated in Fig. 3, the wind torque emulator
would either be connected directly to the DC link of CGI as
a common DC link, or have a separate ARU unit connected
to the utility grid. A separate DC link for the wind torque
emulator enables an independent control system and reduces
the side effects of power electronic converters on each other
such as harmonic interference, DC-link voltage deviations,
and control interactions.

The wind torque emulator is a prime mover system con-
sisting of a drive converter connected to an AC or DC motor.
This way, the characteristics of the missing WT rotor in the
laboratory environment would be recreated. This objective is
necessary for hardware-in-the-loop (HiL) testing of DUTs,
especially for the tests, such as the LVRT capability test, in
which a realistic emulation of rotor torque for the DUT’s
main shaft is required. This requirement implies an accurate
emulation of steady-state and dynamic torque characteristics
of the rotor, including the rotor inertia and its eigenfrequen-
cies, as studied in Neshati et al. (2016).

The drive system converts the electrical power to the me-
chanical power for the shaft of the generators. On the other
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hand, the generators convert the mechanical power to the
electrical power in connection to the CGI. In this way, the
power flow circulates through the utility grid, wind torque
emulator, and grid emulator. The first constraint of this power
circulation is the manageable power loss. In addition, the sec-
ond constraint is required maximum power flow during the
LVRT capability test. During voltage sag emulation by the
AC grid emulator, the ARU has to provide the active power
to the wind power emulator. Thus, the maximum required
power flow and power losses during tests should be consid-
ered in design of converter units and their cooling system.

4 Test bench characteristics

The advanced specification of converter-based test equip-
ment facilitates performing grid connection compliance tests
and gives the opportunity to analyse, predict, and eliminate
the possible challenges facing wind energy technology. In
this part, electrical characteristics of an emulated AC grid
by a converter-based test site have been studied.

4.1 Emulated grid characteristics

The characteristics of a real power system that test article
is exposed to at its point of common coupling (PCC) can
be emulated by CGI coupled with RTDS through a power-
hardware-in-the-loop (PHiL) interface. The AC grid emula-
tion can provide flexible options regarding the electrical char-
acteristics of power grids, including impedance, short-circuit
ratio, inertia, and background noise.

4.1.1 Grid impedance

One of the main differences between AC and HVDC con-
nections is the structure of equivalent grid impedance as
shown in Fig. 2. Especially in AC-connected offshore WPPs
with long AC export submarine cables, the grid impedance is
high and frequency-dependent, which can create resonances
and instability (Kocewiak et al., 2013). In addition, in the
case of onshore AC connections, the main issue would be
considerably high grid impedance for long-distance WPPs.
Typically, for AC offshore connections, the grid impedance
would be considered capacitive, while for AC onshore con-
nections it would be high inductive impedance. In addition,
regarding HVDC-connected offshore WPPs, the equivalent
resistance of the grid impedance is low. Thus, the natural
resonance damping capability in such grids is low, and the
converters of WTs are prone to interact with the convert-
ers of the HVDC system. Therefore, the harmonic stability
of an HVDC connection is very vulnerable. The interactions
among grid impedance, converter controllers, and passive fil-
ters can cause instability and resonance issues in a WPP as
well as HVDC station (Buchhagen et al., 2015; Kocewiak et
al., 2013; Sowa et al., 2019; Beza and Bongiorno, 2019).

In a synchronous-generator-based grid, large electrical
loads facilitate the grid stability during dynamics and res-
onances. However, in such grids, the sub-synchronous con-
trol interactions between WTs and transmission lines in se-
ries with voltage compensation capacitors, which is investi-
gated in Chernet et al. (2019), are still a serious concern. The
impedance of the test bench can be arranged as such to study
the sub-synchronous control interaction as well. Therefore,
it is essential to consider the emulation of grid impedance
characteristics in the test environment and test results. The
controllable dynamic impedance emulation is another advan-
tage of a converter-based grid emulator (in comparison to the
voltage divider test equipment shown in Fig. 1), which im-
poses fewer uncertainties regarding equivalent impedance to
the point of connection of the DUT.

4.1.2 Short-circuit ratio

As the AC system impedance increases, the voltage magni-
tude of the AC system becomes even more sensitive to the
power variations at the PCC. This dependency is usually de-
termined by the short-circuit ratio (SCR), which is a ratio
of the short-circuit capacity (Ssc) versus the rated power of
the AC grid at PCC (Pnpcc) as illustrated in Eqs. (1) and (2)
(IEEE Std. 1204, 1997).

Ssc =
V 2

pcc

Zgrid
(1)

Here Zgrid is the equivalent impedance of the grid, and Vpcc
is the nominal phase-to-phase voltage at PCC.

SCR =
Ssc

Pnpcc
(2)

The investigations in Fan and Miao (2018) have shown that
a weak grid interconnection of an AC-connected WPP (e.
g., ERCOT, USA) can lead to poorly damped or undamped
voltage oscillations. The SCR evaluation for an HVDC-
connected AC grid is defined as an effective short-circuit ra-
tio (ESCR). ESCR is the ratio of the short-circuit power of
the AC grid along with HVDC converter filters and capaci-
tor banks (S(AC+HVDC)) to the rated power of the HVDC link
(PHVDC), as presented in Eq. (3). Typical weak HVDC con-
nections have an ESCR less than 2.5 (Yogarathinam et al.,
2017).

ESCR =
S(AC+HVDC)

PHVDC
(3)

The studies in Zhou et al. (2014) have concluded that
the operation of the HVDC converter is greatly affected by
the angle of the AC grid impedance, converter phase-locked
loop (PLL) parameters, and AC system strength. A converter-
based test bench has a similar structure to an HVDC connec-
tion system with two back-to-back converters. Thus it can
be used to emulate an HVDC system with different ESCRs
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for the DUT. These emulations would be implemented by
adjusting the control system, modular selection of the CGI
converters, and reconfiguration of output filter components,
especially in a test setup consisting of an RTDS system.

4.1.3 Grid inertia

The grid inertia is another important criterion for evaluation
of grid strength. The effective inertia constant (Hdc) for an
HVDC-connected AC grid is defined as the ratio of the to-
tal rotational inertia of the AC system (ETI) in megawatt-
seconds to the MW rating of the HVDC link, which is illus-
trated in Eq. (4).

Hdc =
ETI

PHVDC
(4)

Hdc is less than 2.0 for weak grids (Yogarathinam et al.,
2017). In an HVDC-connected offshore WPP, there is no ro-
tating mass. Therefore the inertia is zero. A test bench con-
verter can be considered as an HVDC system connection for
the DUT. In this way, by adjusting the CGI control system, it
is possible to emulate different inertia ranges to evaluate the
control performance of WTs.

4.1.4 Background harmonics

The background noise and harmonics are high-frequency
content in the grid voltage as part of harmonic sources. By
increasing converter-based installations, the harmonic injec-
tion and interactions have concerned the power system opera-
tors and WPP developers. The possible harmonic challenges
can be studied in two main categories: harmonic emission
sources and harmonic stability issues.

Harmonic emission sources refer to non-ideal power
sources and non-linear loads that generate harmonics. The
harmonic emission is a power quality issue and would be as-
sessed by measurement data analysis (Sørensen et al., 2007).
The assessment of emission limits for the connection of dis-
torting installations at medium- and higher-voltage levels is
recommended in the IEC 61000-3-6 technical report. The
emission limits depend upon the consented power of the con-
nected power plant and the system characteristics (Joseph et
al., 2012).

In addition, harmonic stability issues are significant in the
case of fully renewable-based power grids since converters
mostly dominate such grids. Therefore, HVDC-connected
offshore WPPs are the main subject of harmonics and res-
onance studies. As an example, BorWin1 is the first off-
shore HVDC station and is developed to transmit wind en-
ergy from BARD offshore WPP to the onshore grid in Ger-
many (Buchhagen et al., 2015). So far several serious prob-
lems such as outages of the HVDC station, severe harmonic
distortion, and resonances in the offshore grids have been re-
ported because of harmonic interactions among active com-
ponents such as power converters and passive components

such as filters and grid impedance (Buchhagen et al., 2015;
Kocewiak et al., 2013; Bradt et al., 2011). Furthermore, it
is crucial to consider that the current limit recommendations
in the standards do not apply to harmonic currents that are
absorbed by WPPs from the background harmonic source
of the grid. Therefore, series and parallel resonances from
the capacitive collector cable can easily occur in the WPPs,
by absorbing more harmonic current than determined in the
standards (Kocewiak et al., 2017; Preciado et al., 2015). One
of the promising study proposals for the harmonic stability of
converter-based power systems is impedance-based analysis
(Sun, 2011).

The harmonic content of the synchronous generator-based
grids would contain low-order harmonics due to non-linear
loads. Meanwhile a converter-based grid would mainly have
high-order harmonics generated by high-frequency switch-
ing concepts of the power converters. Therefore, it is essen-
tial to emulate more realistic grid background harmonics us-
ing test equipment and evaluate the performance of the DUT
with the presence of the grid harmonics. However, high-order
harmonic injection would need high bandwidth in the output
transformer of the AC grid emulator and the measurement
instruments.

4.2 Utility grid effects on a test bench

The interconnection of the grid-emulating CGI and the util-
ity grid depends on their characteristics. If the utility grid had
low SCR, then the CGI connection to the utility grid would
be very similar to an HVDC connection to a weak AC grid.
According to Durrant et al. (2003), using current vector con-
trol for converters, only 0.4 per unit (pu) power transmis-
sion can be obtained for a DC link, where only in one of AC
sides of the CGI (DUT or utility grid sides) is the SCR 1 pu.
However, by using more efficient control methods or increas-
ing DC-link capacitance, it can be increased to higher than
0.8 pu (Zhang et al., 2011). Also, the connection of CGI to
the utility grid should comply with the local grid connection
requirements regarding power quality aspects. Therefore, it
is vital to consider the local grid characteristics and connec-
tion requirements in design and control strategies for the test
bench.

5 Proposed test options for advanced test benches

The proposed test structure for advanced test benches is il-
lustrated in Fig. 4. Depending on the test modes and study
objectives, the reference values for the controllers of the test
bench converters would be prepared using either the power-
hardware-in-the-loop (PHiL) interface or real-time system
model simulations (Koralewicz et al., 2017; Averous et al.,
2017). The electrical test options consist of two main groups
including open-loop and closed-loop tests. The open-loop
tests recreate the grid events according to predefined refer-
ences and waveforms for the CGI converters for assessment

Wind Energ. Sci., 5, 561–575, 2020 www.wind-energ-sci.net/5/561/2020/

72 Publications



B. Nouri et al.: Generic characterization of electrical test benches for wind power plants 569

of the DUT in WT and subsystem levels. The open-loop
tests consist of IEC 61400-21-1 standard compliance tests
and additional proposed tests including grid-following, grid-
forming, and black-start capabilities as well as harmonic sta-
bility tests. The second group of tests are proposed for valida-
tion of grid interactions at a system level including different
grid connection topologies and characteristics. The closed-
loop tests would analyse the behaviour of the DUT in con-
nection to a virtual WPP by online simulation of a detailed
power system.

In addition, the blade and wind torque control unit for the
wind torque emulator would be necessary in the case of WT’s
nacelle tests. Typically, the nacelle of the WT contains a gear-
box, generator, converters, and output transformer. Accord-
ing to Fig. 4, the torque or speed references for the drive
system can be derived from real-time calculations based on
blade aerodynamics and mechanical models and wind speed
time series. The control methods for converter-based CGI
have been discussed in Gevorgian and Koralewicz (2016),
Zeni et al. (2016), Espinoza and Carlson (2019), Espinoza et
al. (2015), and Neshati et al. (2016). In the following sections
the IEC 61400-21-1 standard tests and additional proposed
open-loop tests as well as the proposed closed-loop tests are
introduced for assessment of WTs and WPPs.

5.1 IEC 61400-21-1 standard open-loop tests

Today, most of the industrial test benches have been focused
on performing the grid connection compliance tests, which
are recommended in the IEC 61400-21 standard. In this sec-
tion, the electrical characteristics to be simulated and val-
idated for wind turbines are studied according to the IEC-
61400-21-1 standard (IEC 61400-21-1, 2019).

5.1.1 Power quality aspects

The power quality tests consist of measurement of harmonic
emissions and flicker tests. Flicker addresses the voltage fluc-
tuations imposed by WTs under continuous and switching
operation conditions. Mainly, the flicker effect is consid-
erable for the first generation of WTs without power con-
verters, which were widely connected to distribution power
systems in the previous millennium. The harmonic emis-
sion consists of current harmonics, inter-harmonics (non-
integer multiples of the fundamental frequency), and higher-
frequency components during continuous operation.

The power quality of the emulated AC grid can be ar-
ranged based on the emulated grid topologies, including
HVDC or AC connection. The flicker can be generated by
adding a low-frequency component to the fundamental fre-
quency of reference signals for the AC grid emulator unit.
In addition, to study the harmonic interactions of WTs in a
WPP, the harmonic injection tests have been considered in
several test sites (Gevorgian and Koralewicz, 2016; Sun et al.,
2019). Depending on the converter switching frequency of

the AC grid emulator, output filter, and transformers’ band-
width, part of the low-order harmonics can be injected to the
connection point of the DUT. To date, there is no dedicated
standard or regulation for harmonic interaction studies.

5.1.2 Steady-state operation test

The steady-state operation test evaluates the active power (P )
production against wind speed, maximum power, and reac-
tive power (Q) capability of the DUT. These characteristics
aim to validate the power-speed and P –Q curves. The test
procedure and necessary measurements have been recom-
mended in IEC 61400-21-1 (2019).

5.1.3 Control performance test

Active and reactive power-related controls by WT can be di-
vided into two major categories: WT level control and WPP
level control. Control performance testing of each of these
categories requires special technique. The methods discussed
in IEC61400-21-1 are related to the WT level control. There-
fore, the control performance refers to the ability of a WT in
terms of active and reactive power control and grid frequency
support. The assessment of power control performance is
verified by set-point tracking speed and steady-state error of
the control system. Furthermore, the grid frequency support
includes the active power reduction as a function of the grid
over-frequency conditions. Providing additional active power
during under-frequency events is another grid frequency sup-
porting feature, which should be evaluated through the rele-
vant tests.

5.1.4 Transient performance test

The transient performance or fault-ride-through (FRT) capa-
bility consists of low-voltage ride-through (LVRT) and high-
voltage ride-through (HVRT) capabilities. Within the last
decade, several serious WT tripping incidents have been re-
ported in different countries such as Germany, China, and
the UK due to voltage dips (under-voltage) and swells (over-
voltage). Voltage transients have led to cascaded system trips,
over-voltage excursion in transmission systems, and seri-
ous frequency deviations in power grids (Langstadtler et al.,
2015; Wiser et al., 2018; Zhang et al., 2016). In addition, the
measurements on real WPPs have shown that during HVDC
converter blocking, the voltage at the WT terminals may in-
crease by 30 % and can even spike up to 2.0 per unit (pu)
by further transient processes (Erlich and Paz, 2016). These
incidents have indicated the necessity of HVRT and LVRT
capabilities for WTs. Consequently, by facing similar prob-
lems, some countries, such as Germany, Denmark, Spain, the
USA, Italy, and Australia, have adapted the national network
codes for both HVRT and LVRT capabilities. Accordingly,
the FRT capability demands the WTs to tolerate a specified
range of high- or low-voltage events for certain periods.
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Figure 4. Proposed test structure for converter-based test benches.

The compliance tests can be implemented by giving open-
loop voltage reference values for the AC grid emulator as
voltage–time profiles according to the network codes. How-
ever, in some test sites such as the one in Clemson Univer-
sity (Tuten et al., 2016), the LVRT test is performed using
additional voltage divider equipment illustrated in Fig. 1. In
the case of the LVRT capability test by converters, the active
rectifier unit (ARU) would decrease the DC-link voltage to
achieve an efficient modulation index and less voltage stress
on switches and filters of the AC grid emulator. However, this
is not possible in cases in which the wind torque emulator is
connected directly to the ARU.

So far, the solutions for the HVRT capability test using full
converters have been either utilization of step-up tap trans-
formers or over-designing of the converters to be able to gen-
erate the required over-voltage range. In the case of converter
over-design, the ARU should increase the DC-link voltage to
make the over-voltage emulation possible for the AC grid
emulator.

One of the critical specifications of a test setup for FRT
tests is the rate of change of voltage (RoCoV) during the
emulation of voltage dynamics for the DUT. The AC side
converter should be able to simulate over-voltage or under-
voltage events very fast. This is one of the main advan-
tages of converter-based CGIs that can emulate 100 % volt-
age changes within less than one cycle of the fundamental
frequency of the grid. The fastness of a converter depends on
ESCR, DC-link capacitors, short-circuit current capability of
the AC grid emulator, control system, and overall system de-
lays.

Furthermore, one of the recent studies in dynamic perfor-
mance is the response of WTs against unbalanced faults. The
unbalanced voltage deviations can be performed by setting

positive and negative sequences in the voltage references and
control loops for the AC grid emulator.

5.1.5 Grid protection test

Grid protection tests refer to the disconnection and re-
connection functions of a grid-connected WT following its
different protection schemes. Protection schemes for dis-
connection from the grid operate during extreme amplitude
changes or the rate of changes in voltage and frequency of the
grid. The relevant test procedure for the protection scheme
evaluation is provided in IEC 61400-21-1 (2019).

5.2 Additional proposed open-loop tests

In this section, additional open-loop tests to the IEC 61400-
21-1 standard regarding WT capabilities are proposed, as
presented in Fig. 4. The higher importance of the WT capa-
bility tests is because the system operators demand advanced
capabilities from WPPs, and the wind turbine manufacturers
are developing their products to achieve the grid connection
requirements. Consequently, the new developments should
be verified following appropriate test standards and regula-
tions. Therefore, it is urgent to foresee the near future re-
quirements in the standards. The grid connection compliance
tests would be used for design validation of wind turbines or
their subsystems as well.

5.2.1 Harmonic stability test

The harmonic stability issues and harmonic interactions,
which are discussed in Sect. 4.1.4, can be studied by in-
jecting harmonic voltages and currents into the terminals
of the DUT using the test bench converters. This way, the
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harmonic model of WTs can be achieved or validated. The
validated harmonic model of WTs, WPPs, and HVDC sys-
tems is necessary to perform harmonic stability analysis
and eliminate possible interactions and resonances in de-
sign and development stages of WPPs. The experimental ver-
ification of the impedance-based stability analysis method
for harmonic resonance phenomena is presented in Sun et
al. (2019). Harmonic injection ability, using CGI converters
or additional equipment, is another advantage of converter-
based test sites (Averous et al., 2017; Gevorgian, 2018; Jer-
sch, 2018; Rasmussen, 2015). Accordingly, converters’ re-
sponse to the specifically injected harmonics would help to
analyse harmonic interactions with wind turbine control sys-
tems.

5.2.2 Grid-forming capability test

Recently, the grid protection ability of WTs has been ex-
tended to a new capability, called “grid-forming capability”.
WTs with grid-forming capability can perform as a voltage
source to form a local AC network during disconnection from
the main power grid and supply local loads. This capabil-
ity is required, especially in the case of renewable-energy-
based grids in which the renewable energy systems should
be able to support stability and power balancing of the grids.
According to the grid connection requirements, WTs are al-
lowed to disconnect from the AC grid during very severe
voltage or frequency deviations out of their tolerable ranges.
Meanwhile, grid-forming WTs can support local loads and
increase the reliability of WPPs (Tijdink et al., 2017).

Test bench converters can simulate fault conditions for the
DUT to evaluate the grid-forming capability of such WTs.
During the grid-forming operation of the DUT, the CGI
should perform as a current source converter and active load
for the DUT. This study case would be more challenging
when the WTs are meant to be used in an HVDC-connected
offshore WPP in which there is no considerable local load for
the offshore WPP. In all cases, the grid-forming capability is
a temporary operation mode, which would be followed by
reconnection to the grid and resuming the normal operation.

5.2.3 System restoration and black-start capability test

Following a partial or complete shutdown, it is crucial to re-
store the defected network and stabilize the overall power
system. System restoration is the capability of reconnec-
tion of WTs to the grid after an incidental disconnection
caused by a network disturbance. According to European
network codes (Commission Regulation 631, 2016), the sys-
tem restoration requirements consist of black-start, island op-
eration, and quick re-synchronization capabilities. State-of-
the-art WTs can be equipped with functions such that they
can start and run without the need for external auxiliary
power supplies (Jain et al., 2018).

The black start would be essential for the start-up of a
power generation unit or restart after shutting down due to
faults. In a WPP, after the system shuts down, some WTs
with black-start capability should be energized by an internal
storage system. Then, the energized WTs should be able to
energize the rest of the WTs by producing wind power over
time (Tijdink et al., 2017; Jain et al., 2018). A similar pro-
cess has been described for the black start of converters of an
HVDC station (Commission Regulation 631, 2016). The per-
formance of the DUT during system restoration conditions
can be studied using advanced converter-based test benches.

5.2.4 Grid-following capability test

The electrical characteristics, which are considered in the
IEC 61400-21-1 standard, only concern the performance
of the DUT in grid-following mode. Therefore, the grid-
following capability of the DUT addresses the control per-
formance test, which is done for the nacelle of WTs in indus-
trial test benches. By considering WTs with the capability
of switching between grid-forming and grid-following oper-
ation modes, the grid-following capability test can be defined
as part of different operation mode tests for advanced WTs.
In addition, this test is applicable in WT and WPP levels us-
ing a PHiL interface as well.

5.3 Proposed closed-loop tests

In this section, the closed-loop tests are proposed concern-
ing the grid integration challenges of WPPs, such as HVDC
system interaction, weak grid conditions, sub-synchronicity,
and interoperability of renewable energy systems. Different
grid topologies and characteristics are considered in the pro-
posed test options to emulate a more realistic grid connection
for the DUT. It is evident that it is not feasible to simulate all
different aspects of a real power system for a WT or WPP;
however it is possible to assess part of the most critical condi-
tions in a test environment and validate the simulation mod-
els (Ausin et al., 2008; Zeni et al., 2016).

5.3.1 Detailed power system emulation

The IEC 61400-21-1 standard considers the tests for a single
WT, or its subsystems. However, these tests do not address
the electrical power grid interconnection issues, such as con-
verter interactions in a WPP level, grid characteristic influ-
ences, and power system stability issues. Detailed power sys-
tem emulation can be performed through a power-hardware-
in-the-loop (PHiL) interface. According to Fig. 4, the volt-
age, current, and frequency references for the CGI convert-
ers can be extracted from the overall system model, including
WPP, transmission system, and power system models.
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5.3.2 SCR and inertia emulation test

SCR of the interconnected AC grid has an essential impact
on the behaviour of WTs as discussed in Sect. 4.1.2. Em-
ulation of a variable SCR and X / R ratio allows the study
of the control system and stability of WTs. The number of
converter modules and DC-link capacitors modifies the rat-
ing power and ESCR of the AC grid emulator. In addition, the
software options for variable ESCRs are considering a virtual
impedance and current and power limits in the control loops
of converters. In Wang et al. (2015), the virtual impedance
control method for a converter has been studied in detail.

The magnitude of feasible inertial response by WT gener-
ator and related stability implications would be highly depen-
dent on the location of the WPP in the power grid and SCR of
PCC, as mentioned in Sect. 4.1.3. The grid emulator would
allow exploration of these limits using the RTDS system and
relevant control schemes for the CGI converters. Therefore, it
is possible to emulate all inertia ranges from the conventional
generation (Hdc = 14 s) down to HVDC-connected offshore
grids (Hdc = 0 s) in a test environment to assess the perfor-
mance of WTs. In Zhu and Booth (2013), the inertia emula-
tion control method using converters of an HVDC system is
proposed. It is shown that the inertia of a voltage source con-
verter depends on the number of capacitors, DC-link voltage,
and output frequency. Therefore, these options can be used
for inertia emulation by a CGI.

5.3.3 Different grid connection test

AC and HVDC transmission systems impose different elec-
trical characteristics and control schemes on WPPs, as de-
scribed in Sect. 2. The converter-based CGIs allow emula-
tion of these differences for DUTs. The control and oper-
ation system of an HVDC system depend on the structure
of the HVDC converters as well. Typically, there are three
topologies for the HVDC converters illustrated in Fig. 4b:
line commutated converters (LCCs), voltage source convert-
ers (VSCs), and diode rectifier units (DRUs) (Göksu et al.,
2017). The CGI converters contain IGBT or IGCT switches
in reversed-parallel connection with diodes. The converter
switching method can be adjusted to perform switching
based on the type of emulated HVDC topology.

The DRU–HVDC system is a cost-effective option to be
used in offshore wind power transmission. To replicate a
DRU–HVDC, all of the test-side converter switches should
be turned off, and the remaining diodes can operate as a DRU
converter. On the other hand, the ARU unit of the test bench
should regulate the DC-link voltage. The control methods for
DRU–HVDC connected offshore WPPs have been studied in
Göksu et al. (2017).

5.4 Discussion

The test structure for converter-based test equipment is pro-
posed and studied in two main groups, including open-loop

and closed-loop tests. As discussed in Sect. 5, the state-of-
the-art test benches are adjustable to perform tests regarding
the new capabilities of WTs, mainly by new control schemes
for the converters of the test bench. In addition, the use of
RTDS systems for online simulations and high-speed com-
munications in the test bench would make it feasible to im-
plement the closed-loop tests. This way, the increasing chal-
lenges regarding operation and control of WPPs can be sim-
ulated in a test environment. Furthermore, some parts of
the tests, such as harmonic stability, transient performance,
power quality, and control performance, would be useful for
the design validation of WT and its subsystems as well. On
the other hand, both groups of tests would be helpful to val-
idate simulation models in WPP as well as WT levels. The
tests on the DUT can be performed as such that the results
would be transferable for higher levels including WT and
WPP levels.

Operation and stability of WPPs depend on the interoper-
ability and capabilities of the individual WTs. Since grid-
forming and black-start capabilities have already been re-
quired by system operators and included in the manufacturer
design considerations, these two new features would be the
most important capabilities which need to be addressed in the
test standards. In addition, the harmonic interactions among
converters have been reported as an increasing challenge for
renewable energy systems. Therefore, harmonic stability of
WPPs and HVDC systems is another important topic that
should be studied and included in the standards.

The future works would involve implementation of the
proposed additional test options and measurement data anal-
ysis. The authors aim to propose and evaluate new test meth-
ods using available advanced test benches to increase their
beneficial applications and reduce the necessity of field tests,
which are difficult and costly.

6 Conclusions

In this paper, the generic topology of converter-based test
benches has been proposed. According to the structure of
available industrial test benches, there is a strong poten-
tial for general harmonized topology and methods for test
and assessment of WTs and WPPs. Primarily, the focus of
IEC standard tests had been on the compliance test of WT
capabilities through predefined open-loop tests. The new fea-
tures of modern WTs, especially grid-forming and black-
start capabilities as well as harmonic stability considera-
tions, have been required by system operators and developed
by manufacturers to support renewable-energy-dominated
power grids. These new features necessitate new or reformed
test standards in the near future. Therefore, the appropriate
additional test options for newly developed capabilities are
proposed. In addition, increasing challenges in wind energy
integration, such as control interactions, and grid characteris-
tic influences, have compromised the renewable-generation-
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based power grids. In this regard, the closed-loop test options
for the grid interaction tests concerning different grid charac-
teristics and topologies are proposed. The electrical charac-
teristics of different grids consist of impedance, inertia, SCR,
and background harmonics. In addition, the grid topologies
include AC and HVDC transmission systems, as well as dif-
ferent HVDC converter types. By real-time simulation of a
detailed power grid, the wind integration challenges can be
emulated in WT and WPP levels.

Most of the available advanced test sites are developed
based on full converters. Therefore, the characteristics of a
real power system can be emulated by the grid emulator cou-
pled with RTDS systems through a high-bandwidth PHiL in-
terface. Although it is not feasible to simulate all different
aspects of a real power system, it is possible to assess part
of the most critical conditions in a test environment and val-
idate the simulation models for WTs and WPPs. This way,
the possibility of research, development, and demonstration
studies on WTs and WPPs would increase.
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Abstract—Frequency and sequence couplings can compromise
the trustworthiness of multi-frequency models for converter-
based systems. There have been effective attempts to address the
couplings mainly by linearized averaged models. Only a few stud-
ies have been conducted on practical optimization of such models
with enormous matrices and experimental results. This paper
provides a generic theory for coupling patterns and proposes a
multi-frequency modelling method to detect and address only the
main couplings in the sequence domain for converter-connected
renewable energy generators. The proposed generic model is
based on empirical tests using small-signal perturbations and
adopting Fourier transform on the switching converter response.
The proposed theory and modelling methodology are verified
using a 7MVA grid emulator for voltage perturbation tests on
a 2MVA photo-voltaic converter. Accordingly, the couplings can
exist in more generic forms, including multiples of perturbation
and fundamental frequencies. To the best of our knowledge,
the patterns with the multiples of the perturbation frequency
have been overlooked in the literature. Furthermore, the mirror
frequency concept is valid for all coupling patterns and is
included in the proposed model. Besides, the proposed patterns
and the environment noise levels have been practical criteria for
selecting the main couplings.

Index Terms—Generic multi-frequency modelling, Frequency
and sequence couplings, Perturbation test, Impedance modelling.
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I. INTRODUCTION

MULTI-FREQUENCY (harmonic) interaction is an in-
creasing challenge in converter-dominated power sys-

tems, especially in renewable energy generation units. To
date, several resonance issues and harmonic-related incidents
have been reported from converter-based Renewable Energy
Generators (REG), such as Wind Turbines (WT) and Photo-
Voltaic (PV) converters, and HVDC systems [1]-[6]. Control
dynamics and couplings in converters have been identified as
the primary root causes of harmonic instability [6]-[9].

Small-signal linearization methods have been utilized to
develop averaged models and explain the dynamics of power
converters [7]-[11]. In [8]-[9], [11], a comparison of differ-
ent analytical models is provided explicitly. Based on the
harmonic linearization method, impedance-based modelling
and analysis are introduced and developed for grid-connected
converters in sequence-domain [11]-[16]. Besides, inspired by
the harmonic linearization technique, the voltage or current
perturbation tests have been used for multi-frequency model
validations [13], [16]-[22].

Most of the multi-frequency models can be categorized
in different reference frames, including synchronous frame
(or dq-frame) and stationary frame (αβ-frame or sequence-
domain) [19]. The dq-frame models are useful for control
design and stability analysis but lack the analysis of unbal-
anced systems [8]-[9], [14], [19]. A variety of stationary-frame
models are developed to enhance the models by including the
effects of Phase-Locked-Loop (PLL) systems [13]-[14] [16],
DC-link dynamics [16], [23], phase-dependent features [24],
system asymmetries [25]-[26] and couplings [14], [23]-[33].
There has been special attention to the frequency and sequence
couplings [14], [23]-[33], especially for Modular Multi-level
Converters (MMC) [23], [25]-[33].

A typical example of a converter-connected REG is il-
lustrated in Fig. 1. The averaged model of such converter-
connected system is developed by describing the dynamics of
the filter reactor current (if ) as follows [9]-[16]:

Lf
d

dt



ifa
ifb
ifc


 = vdc



da
db
dc


−



vsa
vsb
vsc


 (1)

where dabc are the duty cycles for the switching converter de-
rived from modulation of control reference voltage (vabc(ref))
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Fig. 1: Example illustration of a voltage perturbation interaction with a converter-connected REG with dq±-frame control.

with carrier signal [9]-[16]. In the analytical models, the non-
linear multiplication of vdc and dabc (representing vabc(ref))
in (1) is simplified by linear terms within a small-signal
range [9]-[16]; while it is the main root cause of couplings
in switching converters.

Effects of the frequency and sequence couplings had been
overlooked in the early stages of sequence-domain models
[13]. In [14], [23], it is demonstrated that even small am-
plitudes of couplings could be important in converter stability.
Consequently, the analytical models effectively improved by
including the Mirror Frequency Coupling (MFC) in a matrix
form [14]-[16], [19]. Given a small-signal perturbation at ”fi”,
the MFC is interpreted as frequency component at ”fi− 2f0”
[14]-[16], [19], [26], in which f0 is the fundamental frequency.
Hence, the sequence-domain admittance matrix including the
MFC is defined as below [14], [16], [19]:

[
Ip(fi+f0)

In(fi−f0)

]
=

[
Ypp(fi) Ypn(fi)
Ynp(fi) Ynn(fi)

] [
Vp(fi+f0)

Vn(fi−f0)

]
(2)

In general, the frequency and sequence couplings can be cre-
ated in a converter system due to the non-linear control, non-
ideal DC-link, and asymmetry in a three-phase system [13]-
[16], [23]-[26]. Further studies have attempted to address the
couplings in the averaged multi-frequency models rigorously
based on LTP [20], [24], multi-frequency linearization [27],
and harmonic transfer matrix methods [28]-[30]. However,
the inclusion of all couplings in a multi-frequency model
would lead to a Multi-Input Multi-Output (MIMO) model with
large matrices, very detailed equations and impractical stability
studies [26], [30]-[32]. Reference [26] provides a quantitative
method to acquire a reduced-order model of asymmetrical
MMCs. Furthermore, reference [32] proposes an equivalent
Single-Input Single-Output (SISO) transformation technique
for LTP models of single-phase converters. However, these
studies only consider the frequency couplings in the forms

of ”fi± kf0” (k=0,1,2,...) [23]-[32] using linearized averaged
models. Thus, the non-linear convolution of non-ideal refer-
ence signal and non-ideal DC-link voltage in (1) is overlooked.
Besides, the modelling and model-order reduction challenges
in a MW-scale test environment have not been investigated
abundantly. Reference [33] provides an excellent theoretical
analysis for harmonic emissions by adopting Fourier transform
on the switching model of a single-phase converter.

This paper hypothesizes that adopting the Fourier analysis
on the responses of switching converters against small-signal
perturbations can reveal any potential couplings and non-
linearity and can be used to develop generic empirical models.
Furthermore, this paper claims that the frequency couplings
can exist in more general forms as linear combinations of mul-
tiples of the perturbation frequency and multiples of harmonics
”±mfi ± kf0” (k=0,1,2,..., and m=0,1,2,...), which should be
considered in the MIMO models. A practical methodology
for the identification of main couplings and generic multi-
frequency model are proposed in sequence-domain to model
the converter-connected REGs, i.e., PV converters and Type
4 WTs. A general theory for coupling patterns in switching
converters has been presented in Part II. The proposed empiri-
cal modelling method and the main coupling selection criteria
are proposed in Part III. Part IV demonstrates and summarizes
the experimental verification of the proposed methodology by
a 7MVA converter-based grid emulator.

II. PROPOSED GENERAL THEORY FOR REPETITIVE
PATTERNS OF FREQUENCY COUPLINGS

In [33], an extensive Fourier analysis on the emissions from
a switching model of a single-phase converter is provided.
Accordingly, base-band, side-band and DC components are
identified mathematically depending on the multi-frequency
components in non-ideal vabc(ref) and vdc. In this paper,
the side-band and DC components are neglected since would
be mostly eliminated by the converter filters. Considering a
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single-phase converter, the interaction of fdc component in
the DC-link voltage with fhr component in the modulation
reference can generate the base-band components as [33]:

fdc ~ fhr = {fdc, fhr, f0, fhr ± fdc, f0 ± fdc} (3)

where the sign ”~” depicts the convolution operation of
modulation. Note that the positive and negative sequence
characteristics of the components are not distinguished in
(3) [33], and the analysis is only presented for a single-
phase converter; yet it provides an excellent mathematical
basis to study harmonic interactions in three-phase converters.
It is expected that in a balanced three-phase converter, the
frequency components of the DC-link (i.e., fdc) would not
appear on the AC side with the same frequencies [34].

A perturbation (fh) flow into a converter-connected REG
with positive and negative sequence control systems in dq-
frame is illustrated in Fig. 1. The negative sequence control has
been used widely to improve converters’ dynamics against un-
balances, voltage dips, and harmonics [28], [35]-[36]. Presence
of a voltage perturbation with the frequency of fh at the Point
Of Connection (POC) to the converter leads to the emergence
of (fh∓f0) components in the voltage and current feed-backs
of the dq±-frame control [13]-[16], [28]. These components
would add dynamics in the output signal of the PI-control of
the current loop and the PLL angle (θPLL) [13], [28]. Later
on, through the reverse transformation from dq± to abc-frame,
the perturbation can emerge in the modulation reference signal
with the frequency of fh. The perturbation flow into the control
system is likely for the frequencies below the cut-off frequency
of digital and electrical filtering in converters.

Besides, low frequency perturbations can path through
the converter’s output filter and reach to the DC-link with
frequency of ”fh-f0” for positive sequence perturbation and
”fh+f0” for negative sequence perturbation [34]. Similarly,
the steady-state harmonics of ”kf0, (k=2,...)” in AC side can
appear in the DC-link voltage as frequency of ”(k − 1)f0”
for positive sequence and ”(k + 1)f0” for negative sequence
harmonics. The coupling frequencies resulting from the per-
turbation flow into the control system and the DC-link voltage
can be interpreted as repetitive patterns described below:

A. First stage coupling patterns
At the first stage, a perturbation leads to fhr=fh component

in the control reference signal, and fdc=fh∓f0 components for
small-signal and fdc=(k ∓ 1)f0 for steady-state harmonics in
the DC-link. According to (3), the first stage couplings are:

Fss(p)1 = (fh − f0) ~ fh = {2f0 − fh, 2fh − f0, fh, f0} (4)
Fss(n)1 = (fh + f0) ~ fh = {2f0 + fh, 2fh + f0, fh, f0} (5)
Fhs(p)1 = (k − 1)f0 ~ fh = {(k − 2)f0, fh ± (k − 1)f0,

fh, kf0} (6)
Fhs(n)1 = (k + 1)f0 ~ fh = {(k + 2)f0, fh ± (k + 1)f0,

fh, kf0} (7)

Fss(p)1 and Fss(n)1 provide the first stage small-signal
coupling frequencies with positive and negative sequence
perturbations. Fig. 1 indicates the perturbation flow into the
converter (lined red boxes) and the first stage small-signal
couplings (dashed blue box). Besides, Fhss1 indicates the first
group of coupling frequencies induced by the small-signal
interactions in the positive and negative sequence (i.e., Fss(p)1

and Fss(n)1). fh ∓ 2f0 frequencies are the dominant MFC
components between positive and negative sequences with the
original perturbation frequency ”fh” [16], [19], [34]. The rest
of the frequency components are newly presented frequency
couplings on the AC side of the converter.

B. Second stage coupling patterns

At the second stage, the newly induced frequencies into the
AC side can flow into the controller and DC-link again. The
second stage components are double attenuated and phase-
shifted through the converter components and control systems.
The interaction of the newly generated components in the DC-
link and reference signal generates a group of new additional
components as follows:

Fss(p)2 = (Fss(p)1 − f0) ~ Fss(p)1 = {3fh − 2f0,

3f0 − 2fh, 4fh − 3f0, 4f0 − 3fh} (8)
Fss(n)2 = (Fss(n)1 + f0) ~ Fss(n)1 = {3fh + 2f0, 3f0,

3f0 + 2fh, 4fh + 3f0, 4f0 + 3fh, 4f0 + fh} (9)
Fhs(p)2 = (Fhs(p)1 + f0) ~ Fhs(p)1 = {(2k − 1)f0,

, (2k − 3)f0, fh + (2k − 4)f0, fh ± (k − 3)f0,

3f0, (k + 1)f0 − fh, 2kf0 − fh, fh + (2k − 3)f0,

fh ± (2k − 2)f0, fh + (2k − 4)f0, 2fh − kf0,
2fh + (k − 2)f0} (10)

Fhs(n)2 = (Fhs(n)1 + f0) ~ Fhs(n)1 = {(k + 4)f0,

(2k + 1)f0, (2k + 3)f0, fh − kf0,
fh ± (2k + 4)f0, fh ± (k + 3)f0, (k − 1)f0 − fh
, fh ± (2k + 2)f0, fh ± (2k + 4)f0, 2fh − kf0,

2fh + (k + 2)f0, 2fh + (k + 3)f0} (11)

C. Repetitive loop of the new couplings

In general, the production of new couplings can continue in
a repetitive loop of convolutions (”~”) to generate additional
coupling components, as shown in Fig. 2. However, according
to the conservation of energy Theorem, the multiplication
of the frequency components into the coupling frequencies
would be limited by the energy of the initial perturbation
and additional potential energy from the converter-grid system
[23], [28]. In addition, the digital or electrical filtering in
the converter can attenuate or eliminate the high-frequency
couplings [23], [28]. Therefore, the main coupling frequencies
in response to the original perturbation can be considered only
up to the first or second stages in (4)-(11).
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Fig. 2: Repetitive coupling patterns flowchart as convolution
of multi-frequency components in DC-link and AC-side.

D. Mirror frequency patterns of couplings and sequence ex-
change

In a coupled converter system, each frequency coupling,
given in (4)-(11), can cause a corresponding mirror frequency
component with a ”2f0” frequency shift in the opposite se-
quence. For example, the positive sequence frequency coupling
as ”2fh−f0” can cause a corresponding MFC in the negative
sequence at ”2fh − 3f0”.

Besides, the equivalent frequency of the coupling patterns
can be negative. In this case, the conjugate of the frequency
component can be presented in the opposite sequence with
positive frequency expression [16], [19]. For instance, the pos-
itive sequence perturbation with frequency of ”fh” (Xp(fh)),
causes the MFC at ”fh − 2f0” in the negative sequence
(Xn(fh−2f0)). The sequence exchange of the sequence cou-
pling can be expressed as follows [16], [19]:

Xp(fh), Xn(fh−2f0) =





Xn(fh−2f0), if fh > 2f0

X∗
p(2f0−fh)

, iffh < 2f0

X(0), (DC value) iffh = 2f0

(12)

where ”X” refers to any electrical variable including voltage,
current, admittance, or impedance. Therefore, in the range of
”fh < 2f0”, the negative sequence coupling (Xn(fh−2f0))
would be observed in the positive sequence in conjugated form
(X∗

p(2f0−fh)
). Similar to (12), the sequence exchange of dif-

ferent couplings can be observed in a converter response. The
coupling patterns are used for main couplings identification
and generic multi-frequency modelling in Part III.

III. PROPOSED GENERIC MULTI-FREQUENCY MODELLING
METHODOLOGY

According to the descriptions in Part II, the interaction of a
perturbation with a converter system generates frequency and
sequence couplings. Hence, the accuracy of multi-frequency

models depends on their ability to address the couplings and
the converter dynamics. In this part of the paper, a generic
multi-frequency model is proposed. Later on, a methodology
for couplings identification and selection criteria are provided.

A. Proposed Generic Multi-frequency Model Considering
Couplings

A generic multi-frequency model for the frequency of ”fi”
can be illustrated as a Norton equivalent or Thevenin equiv-
alent for positive and negative sequences [7]. The proposed
generic multi-frequency model for converters as a Norton
equivalent is presented as follows:

Ip(fi+f0) = Ip0(fi+f0) +

k∑

j=1

Ypp(fi,fj)Vp(fj+f0)+

k∑

j=1

Ypn(fi,fj)Vn(fj−f0)

(13)

In(fi−f0) = In0(fi−f0) +

k∑

j=1

Ynp(fi,fj)Vp(fj+f0)+

k∑

j=1

Ynn(fi,fj)Vn(fj−f0)

(14)

Considering a positive sequence perturbation at ”fi + f0”,
the self-excitation response is considered as ”Y pp(fi, fi)”.
The potential frequency couplings are included in the forms
of ”Y pp(fi, fj)” (j 6= i). In addition, the Mirror Frequency
Coupling (MFC) is located at ”Y pn(fi, fi)” and the sequence
coupling is addressed in ”Y pn(fi, fi + 2f0)”. Similarly, con-
sidering a negative sequence perturbation at ”fi − f0”, the
frequency couplings as ”Y nn(fi, fj)” (j 6= i), the MFC compo-
nent at ”Y np(fi, fi)”, and the sequence coupling at ”Y np(fi−
2f0, fi)” are addressed. The initial values ”Ip0(fi+f0)” and
”In0(fi−f0)” indicate the initial emission of the converter. The
initial emissions can be used for power quality calculations.
Note that there is a frequency shift of ”−2f0” between the
positive and negative sequence perturbations similar to (2)
[13], [14], [16], [19]. In fact, the proposed model in (13)-
(14) is an extended form of (2) to address the main couplings.
The equations (13)-(14) can be illustrated in a general matrix
form for k number of frequencies as follows:




I1p
I2p
...
Ikp


 =




I1p0
I2p0

...
Ikp0


+




Y 1
pp Y

1
2p

2 . . . Y 1
ip

k

Y 2
1p

1 Y 2
pp . . . Y

2
ip

k

...
... . . .

...
Y k
kp

1 Y k
ip

2 . . . Y k
pp







V 1
p

V 2
p
...
V k
p


+




Y 1
pn

1 Y 1
pn

2 . . . Y 1
pn

k

Y 2
pn

1 Y 2
pn

2 . . . Y 2
pn

k

...
... . . .

...
Y k
pn

1 Y k
pn

2 . . . Y k
pn

k







V 1
n

V 2
n
...
V k
n


 (15)

Ip(f+f0) = Ip0(f+f0) + YppVp(f+f0) + YpnVn(f−f0) (16)
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Note that (16) is a simplified illustration of (15). Accord-
ingly, the diagonal arrays of Ypp represent the self-excitation
admittance components (Y i

pp
i). Moreover, the diagonal com-

ponents of Ypn refer to the MFCs and the arrays with similar
frequencies to Ip(f+f0) (i.e., ”Ypn(f,f+2f0)”) are the sequence
couplings. The rest of the arrays in Ypp and Ypn are related to
the potential frequency couplings, corresponding MFCs and
sequence couplings, and additional design-related couplings.
Similarly, the negative sequence current response of the con-
verter can be depicted as follows:




I1n
I2n
...
Ikn


 =




I1n0
I2n0

...
Ikn0


+




Y 1
nn Y 1

2n
2 . . . Y 1

kn
k

Y 2
1p

1 Y 2
nn . . . Y 2

kn
k

...
... . . .

...
Y k
kn

1 Y i
in

2 . . . Y k
nn







V 1
n

V 2
n
...
V k
n


+




Y 1
np

1 Y 1
np

2 . . . Y 1
np

k

Y 2
np

1 Y 2
np

2 . . . Y 2
np

k

...
... . . .

...
Y k
np

1 Y k
np

2 . . . Y k
np

k







V 1
p

V 2
p
...
V k
p


 (17)

In(f−f0) = In0(f−f0) + YnpVp(f+f0) + YnnVn(f−f0) (18)

Similarly, the diagonal arrays of Ynn (i.e., Y i
nn

i) are self-
excitation admittance. In addition, the diagonal arrays of Ynp
depicts the mirror frequency coupling components and the
sequence couplings are located at Ynp(f−2f0,f). The rest of the
arrays in Ynn and Ynp are related to the potential frequency
couplings, corresponding sequence couplings, and additional
design-related couplings.

Note that the positive sequence voltage and current vectors
have ”+2f0” frequency shifts from the negative sequence
vectors. The admittance matrices provide the sensitivity of the
output currents to the voltage perturbations at POC. Therefore,
the proposed model parameters can be calculated using small-
signal perturbation tests. Besides, the Thevenin illustration of
the generic model can be illustrated as follows:

Vp(fp+f0) = ZppIp(fp+f0) + ZpnIn(fp−f0) + Vp0(fp+f0)

Vn(fp−f0) = ZnpIp(fp+f0) + ZnnIn(fp−f0) + Vn0(fp−f0)

(19)

Similarly, the impedance matrices can be interpreted as the
output voltage sensitivity to current perturbations at POC. The
proposed methodology for the derivation of the admittance or
impedance matrices is described in the next section. Note that
the application of the proposed generic model in harmonic
stability studies at the system level is out of the scope of
this paper. Nevertheless, since the method provides a MIMO
model, one approach would be applying the generalized
Nyquist criterion for the harmonic stability study of network
systems [14], [28]. Besides, the stochasticity of renewable
energy sources (i.e., wind or solar energy) might indirectly
affect the multi-frequency models through the output power
of the converters. The evaluation of such effects is out of the
scope of this paper. This simplification has been applied in
[19]-[20], [24]-[28] as well.

Fig. 3: Proposed generic multi-frequency modelling method-
ology based on empirical perturbations and main couplings
identification.

B. Multi-frequency modelling Methodology based on pertur-
bation tests

As explained in Part II, a repetitive loop for the couplings
generation can exist in a converter. Analytical modelling and
identifying the couplings can be challenging due to the non-
linearity and complexities in a converter design. Therefore,
this paper proposes a methodology to identify the main cou-
pling patterns using empirical tests. Inspired by the harmonic
linearization technique, the voltage or current perturbation
tests have been used for the multi-frequency model validation
purposes [13], [16], [19]-[22], [24]. This paper proposes a
methodology to extend the application of the sequence-domain
perturbation tests to identify the main couplings, as shown in
Fig. 3. Accordingly, single frequency (single-tone) perturba-
tions in positive and negative sequences are injected. Then,
for each perturbation test, the Discrete Fourier Transform
(DFT) of the measured voltages and currents at the POC
(Vpoc, Ipoc in Fig. 1) are calculated for a range of frequencies
up to fmax. Later on, the calculated DFT components are
transformed to the sequence domain. According to Fig. 3, three
different measurement data matrices should be prepared in se-
quence domain: 1) Normal operation without any perturbation
(Vp(0), Vn(0), Ip(0), In(0)), 2) Positive sequence perturbation
tests at frequencies of ”fi + f0” (Vp(p), Vn(p), Ip(p), In(p)),
and 3) Negative sequence perturbation tests at frequencies of
”fi− f0” (Vp(n), Vn(n), Ip(n), In(n)). The three groups of data
can be substituted in equations (16) and (18) and simplified
by subtracting the initial values as below:
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[
Vp(p) − Vp(0) Vn(p) − Vn(0)
Vp(n) − Vp(0) Vn(n) − Vn(0)

] [
Ypp
Ypn

]
=

[
Ip(p) − Ip(0)
Ip(n) − Ip(0)

]

[
Vp(p) − Vp(0) Vn(p) − Vn(0)
Vp(n) − Vp(0) Vn(n) − Vn(0)

] [
Ynp
Ynn

]
=

[
In(p) − In(0)
In(n) − In(0)

](20)

This way, the effects of the initial emissions on the cal-
culation results can be eliminated. The emissions at normal
operation can be emitted by converters or AC grid, which are
neglected in the model calculations in [16], [19], [22], [24].
The initial emissions may not be significant for the stability
studies, yet crucial for accurate experimental model calcula-
tions and validations. Hereafter, the prefix ”∆” indicates the
subtraction of the initial emissions. Solving (20) obtains the
admittance matrices:

Ypp =(∆Ip(p)∆Vn(n) −∆Ip(n)∆Vn(p))×D−1

Ypn =(∆Ip(n)∆Vp(p) −∆Ip(p)∆Vp(n))×D−1

Ynn =(∆In(n)∆Vp(p) −∆In(p)∆Vp(n))×D−1

Ynp =(∆In(p)∆Vn(n) −∆In(n)∆Vn(p))×D−1

D = ∆Vp(p)∆Vn(n) −∆Vp(n)∆Vn(p)

(21)

Furthermore, the initial current values can be calculated
afterwards using (16), (18) and (21) as follows:

Ip0 = Ip(0) − YppVp(0) − YpnVn(0)
In0 = In(0) − YnpVp(0) − YnnVn(0)

(22)

Moreover, the impedance matrices of a Thevenin equivalent
in (19) can be determined by its dual Norton model in (16)
and (18) as follows:

Zpp =
Ynn

YppYnn − YpnYnp
Zpn =

−Ypn
YppYnn − YpnYnp

Znn =
Ypp

YppYnn − YpnYnp
Znp =

−Ynp
YppYnn − YpnYnp

(23)

The impedances and admittances in (23) are ”k×k” ma-
trices. Therefore, the effects of the couplings are included
through the matrix calculations. The criteria for the selection
of strong couplings are described in the next section.

C. Main couplings selection criteria

The accuracy of the extracted multi-frequency model de-
pends on the number of the included couplings in the model.
Thus, it is a trade-off between the accuracy and complexity
of the model in selecting the minimum number of arrays in
the admittance or impedance matrices. The main couplings
selection criteria are proposed as follows:

1) Coupling patterns: As shown in Fig. 3, the first two
groups of coupling frequencies to be checked are given in
equations (4)-(11). Relatively high values in the coupling
patterns should be addressed in the multi-frequency model
(equations (16) and (18)). It should be noted that there could
be a group of couplings that are depending on the converter’s
specific design and could only be detected by perturbation
tests.

2) Harmonic emission standards: The maximum eligible
distortion limits for AC grids and converters can be used based
on relevant international standards. For instance, the harmonic
emission limits for the connection of distorting installations
to different power systems are given in IEC 61000-3-6 [37].
The maximum eligible harmonic voltage distortion of AC
grids can be used to determine proper amplitudes of voltage
perturbations, and the converter’s response current can be as-
sessed. Note that in the IEC 61000-3-6, the values are provided
only for harmonics (i.e., kf0, k=2,3,...), and the harmonic
spectrum is calculated with 5Hz resolution and summation
of the near inter-harmonics (i.e., non-integer multiples of the
fundamental frequency) with the harmonics in calculations
[37]-[38]. Therefore, a safe margin for perturbation amplitudes
would be less than the given emission limits in IEC-61000-3-
6. Furthermore, special attention should be considered for the
low-frequency range (fp < 2f0) because the current responses
would be very high for even small amplitudes of voltage
perturbations. A limit of 0.2% per-unit (pu) is recommended
for voltage inter-harmonics below ”2f0” in [37]. The couplings
that do not affect the converter response and are significantly
smaller than maximum current or voltage emission limits (e.g.,
100 times less) could be neglected.

3) Measurement equipment accuracy: The resolution and
accuracy of the measurement equipment are determinants of
coupling detection and model validation procedure. In IEC
61000-4-7 standard [38], it is recommended to utilize Class
I measurement instruments for high precision applications.
Accordingly, Class I instruments should have a maximum
error of ”±0.05% pu” for voltage measurements and ”±0.15%
pu” for current measurements in the small-signal range [38].
Therefore, the measurement data near the maximum errors
should not be considered in the model validation procedure.
However, the subtractions in equations (20)-(21) can cancel
out the common-mode noises on the measured data [38]-[39].

4) Admittance or impedance arrays comparison: Another
practical criterion can be comparing the amplitude of the
coupling arrays in the admittance or impedance matrices. A
minimum threshold for admittance arrays (e.g., in the range of
0.05-0.01 pu) and a maximum threshold for impedance arrays
(e.g., in the range of 20-100 pu) can be chosen to simplify the
model while not compromising the model accuracy.

IV. EXPERIMENTAL VERIFICATION OF THE PROPOSED
METHODOLOGY

The experimental single-tone voltage perturbation tests are
performed by a 7MVA/ 13.8kV grid emulator at National
Renewable Energy Laboratory (NREL), USA [11], [21], [40].
We have illustrated the simulation results of perturbation
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(a) Vpoc(p), Ipoc(p) (b) Vpoc(n), Ipoc(n)

(c) Vp(p), Ip(p) (d) Vn(p), In(p)

(e) Vp(n), Ip(n) (f) Vn(n), In(n)

Fig. 4: Experimental test results with logarithmic axes for positive and negative sequence single-tone perturbations at 25Hz: (a,b)
Time-domain voltages and currents, (c,d) DFT for positive sequence perturbation, (e,f) DFT for negative sequence perturbation.

tests on Type 4 and Type 3 WTs in reference [41]. In this
paper, the experimental perturbation tests are performed on
a balanced three-phase 2MVA PV converter with the fun-
damental frequency of 60Hz. The three-phase voltage and
currents are measured using data acquisition modules with
50kS/s speed and 18bit resolution [11], [21]. According to
the proposed methodology in Fig. 3, the Discrete Fourier
Transform (DFT) of the measured data is calculated with
a 1-second DFT window to achieve a 1Hz resolution. The
DFT calculation method is provided in IEC 61000-4-7 [38].
The voltage perturbation tests are used for verification of the
proposed methodology as follows:

A. One single-tone voltage perturbation analysis

In this case study, one positive and one negative sequence
single-tone voltage perturbation test results for 25Hz are

illustrated in Fig. 4. Accordingly, Fig. 4.(a)-(b) demonstrate
time-domain three-phase voltages and currents at the POC
during the positive and negative sequence 25Hz perturbations,
respectively. As it is shown, 1% pu perturbations do not affect
the AC voltages, while they cause relatively high distortions
on the output currents (i.e., Ipoc(p) and Ipoc(n)).

Fig. 4.(c)-(d) represent the harmonic spectrum of the pos-
itive and negative sequence voltages, currents, and the phase
angles between them with logarithmic Y-axes. Accordingly,
considerable couplings exist in 95Hz (equals to 2f0 − fp in
(4) or the mirror frequency coupling) and 130Hz (equals to
3f0 − 2fp in (8)) at the positive sequence current (Ip(p)),
and 10Hz (equals to f0 − 2fp in (4)) and 265Hz (equals to
4f0 +fp in (6)) at the negative sequence (In(p)). Furthermore,
the steady-state harmonics of 180Hz, 420Hz and 780Hz (i.e.,
3rd, 7th, and 13th order harmonics) in the positive sequence, as
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(a) Vp(p) (b) Ip(p)

(c) Vn(p) (d) In(p)

Fig. 5: DFT spectrum of the positive and negative sequence voltage and current (excluding the fundamental component) for
experimental positive sequence voltage perturbation tests on a 2MVA PV converter.

well as 60Hz, 300Hz, and 660Hz (1st, 5th, and 11th orders)
in the negative sequence are detected. Similarly, Fig. 4.(e)-
(f) present the voltage and current spectrum in response to a
negative sequence 25Hz voltage perturbation. Accordingly, a
considerable coupling at 145Hz (equals to 2f0 + fp in (5))
in positive sequence and 215Hz (equals to 4f0 − fp in (11)),
385Hz (equals to 6f0 +fp in (7)) are observed in the negative
sequence. Note that small amounts of frequency components
such as 3Hz, 9Hz, 27Hz, 37Hz, and 963Hz are visible in the
test results, which can be considered as the consequences of
the non-ideal single-tone perturbations with a grid emulator.
The evaluation of such effects is out of the scope of this paper.

B. Single-tone voltage perturbation tests for coupling identi-
fication and multi-frequency modelling

This section presents a group of single-tone voltage pertur-
bation tests for positive and negative sequences from 3Hz up to
1kHz. The experimental results for the positive sequence per-
turbations are demonstrated in Three-Dimensional (3D) plots
in Fig. 5. Accordingly, the fp-axis determines the frequency
of single-tone voltage perturbations, fh-axis illustrates the
frequency of the converter response at the POC. Furthermore,
the Z-axis gives the amplitude of the corresponding DFT
calculations. The perturbations have been implemented for a
limited number of frequencies from 3Hz up to 1kHz. Thus,
the plots are in discrete form. Similar 3D plots for the negative
sequence perturbations are omitted.

In the illustrated 3D plots in Fig. 5-(a)-(b), the main diago-
nal lines imply the converter response (fh) to the perturbations

(fp) at the same frequency and can be called ”self-frequency
excitation (fp = fh)”. The diagonal lines in Fig. 5-(c)-(d) can
depict the sequence couplings, which have not been detected
in these experiments. Furthermore, the lines parallel with
the fp-axis represent the groups of frequency components
independent of the perturbation frequency i.e., steady-state
harmonics. The rest of the components reveal the frequency
couplings and their corresponding MFC couplings. Note that
the amplitudes of currents in sub-synchronous frequencies
(fh < 60Hz) are relatively high. The amplitude of the voltage
perturbations is chosen 0.01 pu in the sub-synchronous range
to limit the current response amplitudes. The amplitude of
voltage perturbations for higher frequencies is chosen 0.02
pu. The overall view of plots in Fig. 5 depicts that the strong
couplings are limited to the low-frequency range of fh <
400Hz and fp < 150Hz (except for the lines around 7th and
13th-order harmonics in Fig. 5.(a)-(b)). Therefore, a detailed
analysis for low frequencies is presented in the next section.

C. Detailed demonstration of results in low-frequency range
The results of the positive and negative sequence perturba-

tion tests in the ranges of fh < 400Hz and fp < 150Hz are
illustrated in Fig. 6. The minimum level of 0.05% pu is chosen
in the plots to emphasize the considerable amplitudes. In fact,
Fig. 6 is a top-view (fp-axis versus fh-axis) of Fig. 5 in the
specified frequency range, which is explained as follows:

1) Vp(p),Ip(p): According to Fig. 6.(a)-(b), the self-
frequency excitation components have relatively high current
amplitudes (fh = fp). Besides, a group of frequencies (58-
62 Hz) are independent of the perturbation frequencies as
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(a) Vp(p) (b) Ip(p)

(c) Vn(p) (d) In(p)

(e) Vp(n) (f) Ip(n)

(g) Vn(n) (h) In(n)

Fig. 6: Coupling demonstration of the experimental positive and negative sequence perturbations for values above 0.05% pu.

parallel lines with fp-axis. These small independent lines are
the side-band components of the fundamental frequency and
are emitted due to the non-ideal voltage source behaviour of
the grid emulator. The frequency couplings are not visible
in Fig. 6.(b) due to the dominant amplitudes of the MFC
components. As shown in Fig. 5.(b)-(d), the interactions with
7th and 13th-order harmonics leads to: Fhsp(p) = {fp +

6f0, 8f0−fp, fp+12f014f0−fp}, Fhsn(p) = {fp+4f0, 6f0−
fp, fp + 10f0, 12f0 − fp}.

Note that the couplings with 7th and 13th harmonics in pos-
itive sequence (Fhsp(p)) have corresponding mirror frequency
couplings with 5th and 11th harmonics in Fhsn(p).

2) Vn(p),In(p): Similarly, a number of independent fre-
quency components {60, 180, 300, 360Hz} ( or 1st, 3rd,
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Perturbation Couplings in the perturbation sequence Corresponding MFCs in the opposite sequence
Vp(p) fp, 2f0−fp(forfp < 2f0), fp+f0, 2fp−f0, 2fp+

5f0, fp + 6f0, 8f0 − fp, fp + 12f0, 14f0 − fp
fp−2f0(forfp > 2f0), fp−f0, 2fp−3f0, 2fp +
3f0, fp + 4f0, 6f0 − fp, fp + 10f0, 12f0 − fp

Vn(n) fp, fp− f0, 2fp− 3f0, 2fp + 3f0, fp + 4f0, 6f0−
fp, fp + 10f0, 12f0 − fp

fp + 2f0, fp + f0, 2fp − f0, 2fp + 5f0, fp +
6f0, 8f0 − fp, fp + 12f0, 14f0 − fp

TABLE I: Summary of observed couplings at the perturbation sequence and corresponding MFCs in the opposite sequence.

5th and 6th harmonics) are observed in the negative se-
quence. Moreover, the coupling frequencies are highlighted
with double-arrow lines are interpreted as: Fssn(p) = {fp −
2f0, f0−2fp, 2fp +3f0}, Fhsn(p) = {fp +4f0, 6f0−fp, fp−
f0}, which Fssn(p) and Fhsn(p) refer to small-signal and
harmonics interactions as (4)-(11).

3) Vp(n),Ip(n): The frequency of negative sequence per-
turbations have ”−2f0” shift from the positive sequence
perturbations. As explained in (12), the mirror frequency
perturbations for fh < 120Hz are presented in the positive
sequence with a conjugation operation. Thus, for this range,
the tests are realized in the positive sequence, as shown in Fig.
6.(a)-(b). While the tests for fh > 120Hz are performed in
the negative sequence. The coupling patterns in the negative
sequence are detectable from Fig.6.(e)-(h). Strong couplings
are observed in the current response Ip(n) as: Fssp(n) =
{fp + 2f0, 2fp + 3f0, 5f0 − 2fp} and Fhsp(n) = {6f0 − fp}.

4) Vn(n),In(n): The self-frequency excitation lines (fh =
fp) are illustrated in Fig.6.(g)-(h). In addition, strong couplings
in current are visible as: Fssn(n) = {2fp + f0, 3f0 − 2fp},
Fhsn(n) = {4f0−fp}. Note that the couplings in the negative
sequence have only ”−2f0 = −120Hz” frequency shifts from
the couplings in the positive sequence in previous section
(Part IV.C.3). This finding proves the fact that the frequency
couplings in one sequence can cause corresponding mirror
frequency couplings in the opposite sequence.

D. Summary of the findings from the experimental results

1) The amplitude of the current response has very high
values for the sub-synchronous frequency range, while it is
small for high frequencies. In this paper, the safe margins for
the voltage perturbations are chosen as less than 1% pu (i.e.,
∆Vp(p) < 1%pu and ∆Vn(n) < 1%pu) for the low (less than
2f0) and less than 2% pu for the high frequency perturbations.

2) Fig. 6 is demonstrated for the values above 0.05%.
Despite the effectiveness of this noise level consideration for
high frequencies, there are still lots of components in the
low-frequency range that can be eliminated. Therefore, it is
proposed to apply different noise levels for different frequency
ranges to achieve a better coupling identification. One way
would be to formulate the minimum level as a function of
frequency (fh); however, it has not been necessary for the
test results in this paper. Therefore, 0.1% pu noise level is
applied for ”fh < 150Hz” (within the PV converter control
bandwidth) and 0.05% pu for higher frequencies.

3) The observed couplings and the corresponding MFCs
above noise level of 0.05% are summarized in Table I. Ac-

cordingly, the detected coupling patterns have been predicted
in the first two groups of the proposed theory in (4)-(11).

The small-signal couplings are mostly observed in the
limited range of perturbation frequencies (fp < 150Hz) and
response frequencies (fh < 400Hz). Besides, couplings with
7th and 13th steady-state harmonics in positive sequence (i.
e., fp + 6f0 and fp + 12f0), and 5th and 11th harmonics in
negative sequence (i. e., 6f0−fp and 12f0−f0) are identified
as in (4)-(7). To address the couplings in a model as (15)-(18),
the patterns in Table I should be reformulated based on fp as:

fp(p) = {fh, fh − f0, (fh + f0)/2, (fh − 5f0)/2, fh − 6f0,

8f0 − fh, fh − 12f0, 14f0 − fh} (24)
fp(n) = {fh, fh + f0, 2fh + 3f0, (fh − 3f0)/2, fh − 4f0,

6f0 − fh, fh − 10f0, 12f0 − fh} (25)

Later on, using (16), (18), and (24)-(25), the generic multi-
frequency model for the tested PV converter can be defined:

[
∆Ip(fi+f0)

∆In(fi−f0)

]
=

[
Ypp Ypn
Ynp Ynn

]




∆Vp(fi+f0)

∆Vp(fi)
∆Vp((fi+2f0)/2)

∆Vp((fi−4f0)/2)

∆Vp(fi−5f0)

∆Vp(7f0−fi)

∆Vp(fi−11f0)

∆Vp(13f0−fi)

∆Vn(fi+3f0)

∆Vn(fi+2f0)

∆Vn((fi+4f0)/2)

∆Vn((fi−2f0)/2)

∆Vn(fi−3f0)

∆Vn(5f0−fi)

∆Vn(fi−9f0)

∆Vn(11f0−fi)




(26)

4) Case study: To evaluate the effectiveness of the proposed
model in (26), the output current of 650Hz positive sequence
perturbation test is reconstructed. The reconstruction is ac-
complished by multiplicating its voltage measurement data
with the calculated admittance model [28]. The comparison of
the measured data with the reconstructed values is presented
with logarithmic axis in Fig. 7. Due to the limited number
of perturbation tests, the reconstructed current response has
only a few points illustrated with star signs ”*”. In addition,
two different minimum levels are suggested for low frequency
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Fig. 7: Response current reconstruction case study for 650Hz
perturbation test using the proposed model.

(0.1% pu for below 150Hz) and high-frequency ranges (0.05%
pu for higher than 150 Hz). The logarithmic axes in Fig. 7
highlights the importance of different minimum levels for cou-
pling identification, where even the current response at 650Hz
is between the two levels. Besides, some of the points resemble
the measured current response perfectly, while some other
points still have errors. Such errors highlight the necessity of
couplings inclusion in the low-frequency range. To reconstruct
the current response at one specific frequency by the proposed
model in (26), one perturbation test is required at that specific
frequency. Since the coupling pattern of ”fp(p) = (fh+f0)/2”
in (26) is considerable for low-frequencies (Fig. 6.(d)), it is
recommended to perform the perturbation tests with ”0.5Hz”
steps in low frequency ranges.

5) The couplings can be detected in the range of 0.01%
pu-5% pu. This might lead to more precise measurement
equipment (as used in the grid emulator) than the Class I
requirement for frequency coupling detection purposes.

6) Considerable amplitudes of the MFCs are detected in
the output current with a line as {fh = 2f0− fp} in Ip(p) for
{fh < 120} (Fig. 6.(b)) and as {fh = fp − 2f0} in In(p) for
{fh > 120} (Fig. 6.(d)). This observation verifies the sequence
exchange phenomenon depicted in (12).

7) According to Table I, the couplings in the positive
sequence have ”-2f0” frequency shift with the couplings in the
negative sequence. This finding proves that even the frequency
couplings can cause corresponding MFC patterns with the
”2f0” frequency difference. This fact has been addressed in
the proposed model in (15)-(18).

8) There is no considerable sequence coupling in the test re-
sults due to the symmetrical three-phase system. However, the
proposed model can address any potential system asymmetry.

V. CONCLUSION

The frequency and sequence couplings can compromise the
accuracy of multi-frequency models. In general, the frequency
and sequence couplings can be created in a converter system
due to the non-linear control, non-ideal DC-link, and asym-
metry in a three-phase system. To the best of our knowledge,
the couplings have been studied only as ”fi±kf0, (k=1,2,...)”
in the literature using linearized averaged models. While this
paper reveals that the coupling patterns would be in more

generic forms as ”±mfi ± kf0, (k=1,2,..., and m=1,2,...)”
with multiples of the perturbation frequency and proposes
a theory to explain the root-causes of it. In this way, more
general forms of couplings are identified by extracting the
empirical models through the Fourier transform of the switch-
ing converter response against perturbations. Furthermore, a
methodology for determining the main couplings and generic
multi-frequency modelling of converter-connected REGs is
proposed. The proposed generic model is based on experimen-
tal small-signal perturbations. The proposed coupling patterns
theory and the generic modelling methodology are verified
using a 7MVA grid emulator for voltage perturbation tests on
a 2MVA PV converter. Accordingly, a limited number of fre-
quency couplings are observed in less than 1kHz, proving the
practical application of the proposed methodology. Besides,
the mirror frequency coupling concept (i.e., -2f0 frequency
shift) is observed among the couplings in positive and negative
sequences and is called ”Corresponding MFC” in this paper.
The frequency couplings are mostly detected in the range of
0.01% pu- 5% pu in response to the small-signal perturbations
(less than 2% pu). Thus, precise measurement equipment is
required to identify the couplings. Besides, different noise
levels in different frequency ranges are utilized as an adequate
criterion for selecting the main coupling. Due to the similari-
ties between converter-connected REGs, the methodology can
be applied for modelling of Type 4 WTs as well.

The proposed methodology is focused on small-signal per-
turbations and modelling in the frequency domain and is
not intended for large-signal variations and fault assessments.
Besides, applying the proposed method for harmonic stability
studies at the system level and evaluating the stochasticity ef-
fects of the renewable energy sources on the model parameters
are left out for future works.

ACKNOWLEDGMENT

This work was authored in part by Alliance for Sustainable
Energy, LLC, the manager and operator of the National Re-
newable Energy Laboratory for the U.S. Department of Energy
(DOE) under Contract No. DE-AC36-08GO28308. Funding
provided by the U.S. Department of Energy Office of Energy
Efficiency and Renewable Energy Wind Power Technologies
Office. The views expressed in the article do not necessarily
represent the views of the DOE or the U.S. Government. The
U.S. Government retains and the publisher, by accepting the
article for publication, acknowledges that the U.S. Government
retains a nonexclusive, paid-up, irrevocable, worldwide license
to publish or reproduce the published form of this work or
allow others to do so, for U.S. Government purposes.

REFERENCES

[1] Ł.H. Kocewiak, J. Hjerrild and C.L. Bak, ”Wind turbine converter control
interaction with complex wind farm systems,” in IET Renewable Power
Generation, vol. 7, no. 4, pp. 380-389, July 2013.

[2] Buchhagen, C., Rauscher, C., Menze, A., and Jung, J.: BorWin1 – First
Experiences with Harmonic Interactions in Converter Dominated Grids,
Inter. ETG Cong., VDE VERLAG, 17–18 Nov., Berlin, Germany, 2015.

[3] H. Saad, Y. Fillion, S. Deschanvres, Y. Vernay, and S. Dennetière, ”On
resonances and harmonics in HVDC-MMC station connected to AC grid,”
IEEE Trans. Power Del., vol. 32, no. 3, pp. 1565–1573, Jun. 2017.

This article has been accepted for publication in IEEE Transactions on Energy Conversion. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TEC.2021.3101041

© 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Publications 93



IEEE JOUNAL OF ENERGY CONVERSION REGULAR PAPER 12

[4] Ł. H. Kocewiak, I. A. Aristi, B. Gustavsen and A. Hołdyk, ”Modelling
of wind power plant transmission system for harmonic propagation and
small-signal stability studies,” in IET Renewable Power Generation, vol.
13, no. 5, pp. 717-724, 8 4 2019, doi: 10.1049/iet-rpg.2018.5077.

[5] C. Li, ”Unstable operation of photovoltaic inverter from field experi-
ences,” IEEE Trans. Power Del., vol. 33, no. 2, 1013–1015, Apr. 2018.

[6] J. Sun, G. Wang, X. Du and H. Wang, ”A Theory for Harmonics Created
by Resonance in Converter-Grid Systems,” in IEEE Transactions on
Power Electronics, vol. 34, no. 4, pp. 3025-3029, April 2019.

[7] IEC TR 61400-21-3: 2019 – Wind energy generation systems – Part
21-3: Measurement and assessment of electrical characteristics – Wind
turbine harmonic model and its application, International Electrotechnical
Commission, TC 88, ICS 28.180, 2019.

[8] X. Wang and F. Blaabjerg, ”Harmonic Stability in Power Electronic-Based
Power Systems: Concept, modelling, and Analysis,” in IEEE Transactions
on Smart Grid, vol. 10, no. 3, pp. 2858-2870, May 2019.

[9] X. Yue, X. Wang and F. Blaabjerg, ”Review of Small-Signal modelling
Methods Including Frequency-Coupling Dynamics of Power Converters,”
in IEEE Trans. on Pow. Electr., vol. 34, no. 4, pp. 3313-3328, April 2019.

[10] H. Yang, H. Just, M. Eggers and S. Dieckerhoff, ”Linear Time-Periodic
Theory Based modelling and Stability Analysis of Voltage Source Con-
verters,” in IEEE Journal of Emerging and Selected Topics in Power
Electronics, doi: 10.1109/JESTPE.2020.3003379.

[11] S. Shah, P. Koralewicz, V. Gevorgian, H. Liu and J. Fu, ”Impedance
Methods for Analyzing Stability Impacts of Inverter-Based Resources:
Stability Analysis Tools for Modern Power Systems,” in IEEE Electrifi-
cation Magazine, vol. 9, no. 1, pp. 53-65, March 2021.

[12] J. Sun, ”Impedance-Based Stability Criterion for Grid-Connected Invert-
ers,” IEEE Tran. on Pow. Elec., vol. 26, no. 11, 3075-3078, Nov. 2011.

[13] M. Cespedes and J. Sun, ”Impedance modelling and analysis of grid-
connected voltage-source converters,” IEEE Trans. Power Electron., vol.
29, no. 3, pp. 1254–1261, Mar. 2014.

[14] M. K. Bakhshizadeh et al., ”Couplings in phase domain impedance
modelling of grid-connected converters,” IEEE Trans. Power Electron.,
vol. 31, no. 10, pp. 6792–6796, Oct. 2016.

[15] M. K. Bakhshizadeh, F. Blaabjerg, J. Hjerrild, Ł. Kocewiak and C. L.
Bak, ”Improving the Impedance-Based Stability Criterion by Using the
Vector Fitting Method,” in IEEE Transactions on Energy Conversion, vol.
33, no. 4, pp. 1739-1747, Dec. 2018, doi: 10.1109/TEC.2018.2849347.

[16] S. Shah and L. Parsa, ”Impedance modelling of Three-Phase Voltage
Source Converters in DQ, Sequence, and Phasor Domains” IEEE Trans.
Energy Conversion, Vol. 32, NO. 3, 2017.

[17] T. Roinila, M. Vilkko, and J. Sun, ”Online grid impedance measurement
using discrete-interval binary sequence injection,” IEEE Emerging and
Selected Topics in Power Elect., vol. 2, no. 4, pp. 985–993, Dec 2014.

[18] Chauncey, G. L. (2018). Impedance Measurement Techniques in Noisy
Medium Voltage Power Hardware-in-the-Loop Environments. Retrieved
from http://purl.flvc.org/fsu/fd/2018 Su Chauncey fsu 0071N 14782

[19] A. Rygg, M. Molinas,C.Zhang, andX.Cai, ”A modified sequence-domain
impedance definition and its equivalent to the dq-domain impedance
definition for the stability analysis of ac power electronic systems,” IEEE
J. Emerg. Sel. Topics Pow. Elect., vol. 4, no. 4, 1383–1396, Dec. 2016.

[20] V. Salis, A. Costabeber, S. M. Cox, F. Tardelli and P. Zanchetta,
”Experimental Validation of Harmonic Impedance Measurement and LTP
Nyquist Criterion for Stability Analysis in Power Converter Networks,”
in IEEE Trans. on Pow. Electr., vol. 34, no. 8, pp. 7972-7982, Aug. 2019.

[21] Nouri, B., Kocewiak, Ł., et al.: Test methodology for valida-
tion of multi-frequency models of renewable energy generators
using small-signal perturbations. IET Renew. Power Gener. 1–13
(2021).https://doi.org/10.1049/rpg2.12245

[22] S. Azarian, P. Borowski, et al. ”Experimental Impedance Measurement
of SG DD-167 Variable-Speed Direct-Drive Wind Turbine by Power
Electronic grid emulator of Fraunhofer IWES DyNaLab”, 19th Wind
Integration Workshop, Frankfort, 11-12 Nov., 2020.

[23] I. Vieto and J. Sun, ”Sequence Impedance modelling and Converter-
Grid Resonance Analysis Considering DC Bus Dynamics and Mirrored
Harmonics,” 2018 IEEE 19th Workshop on Control and modelling for
Power Electronics (COMPEL), pp. 1-8, Padua, 2018.

[24] Y. Liao and X. Wang, ”Stationary-Frame Complex-Valued Frequency-
Domain modelling of Three-Phase Power Converters,” IEEE Journal of
Emerging and Selected Topics in Power Electronics, Vol. 8, No. 2, 2020.

[25] M. Cespedes and J. Sun, “Methods for stability analysis of unbalanced
three-phase systems,” 2012 IEEE Energy Convers. Congr. Expo. ECCE
2012, pp. 3090–3097, 2012, doi: 10.1109/ECCE.2012.6342511.

[26] H. Zong, C. Zhang, et al., ”Block Diagonal Dominance-based Model
Reduction Method Applied to MMC Asymmetric Stability Analysis,” in
IEEE Trans. on Ener. Conv., doi: 10.1109/TEC.2021.3054925.

[27] J. Sun and H. Liu, ”Sequence Impedance modelling of Modular Multi-
level Converters,” in IEEE Journal of Emerging and Selected Topics in
Power Electronics, vol. 5, no. 4, pp. 1427-1443, Dec. 2017.

[28] M. K. Bakhshizadeh, F. Blaabjerg, J. Hjerrild, X. Wang, Ł. Kocewiak
and C. L. Bak, ”A Numerical Matrix-Based Method for Stability and
Power Quality Studies Based on Harmonic Transfer Functions,” in IEEE
Journal of Emerging and Selected Topics in Power Electronics, vol. 5,
no. 4, pp. 1542-1552, Dec. 2017.

[29] H. Nian, L. Chen, Y. Xu, H. Huang and J. Ma, ”Sequences Domain
Impedance modelling of Three-Phase Grid-Connected Converter Using
Harmonic Transfer Matrices,” in IEEE Transactions on Energy Conver-
sion, vol. 33, no. 2, pp. 627-638, June 2018.

[30] H. Zong, C. Zhang, J. Lyu, X. Cai, M. Molinas and F. Rao, ”Generalized
MIMO Sequence Impedance modelling and Stability Analysis of MMC-
HVDC With Wind Farm Considering Frequency Couplings,” in IEEE
Access, vol. 8, pp. 55602-55618, 2020.

[31] H. Wang and J. Sun, ”Impedance-Based Stability modelling and Anal-
ysis of Networked Converter Systems,” 20th Workshop on Control and
modelling for Power Elect. (COMPEL), pp. 1-8, Toronto, Canada, 2019.

[32] C. Zhang, M. Molinas, S. Føyen, J. A. Suul and T. Isobe, ”Harmonic-
Domain SISO Equivalent Impedance modelling and Stability Analysis of
a Single-Phase Grid-Connected VSC,” in IEEE Transactions on Power
Electronics, vol. 35, no. 9, pp. 9770-9783, Sept. 2020.

[33] S. S. Thakur, M. Odavic, and et. al. ”Theoretical Harmonic Spectra of
PWM Waveforms Including DC Bus Voltage Ripple—Application to a
Low-Capacitance Modular Multilevel Converter,” in IEEE Transactions
on Power Electronics, vol. 35, no. 9, pp. 9291-9305, Sept. 2020.

[34] Y. Jian and A. Ekstrom, ”General analysis of harmonic transfer through
converters,” IEEE Trans. Pow. Elec., vol. 12, no. 2, pp. 287–293, 1997.

[35] S. Alepuz et al., ”Control Strategies Based on Symmetrical Components
for Grid-Connected Converters Under Voltage Dips,” in IEEE Transac-
tions on Industrial Electronics, vol. 56, no. 6, pp. 2162-2173, 2009.

[36] ŁH Kocewiak, BLØ Kramer, et al. ”Resonance damping in array cable
systems by wind turbine active filtering in large offshore wind power
plants” IET Ren. Pow. Gen. 11 (8), 1069-1077.

[37] Electromagnetic compatibility (EMC) – Part 3-6: Limits – Assessment
of emission limits for the connection of distorting installations to MV, HV
and EHV power systems. International Electro-technical Commission, TC
77, TC 77/SC 77A, eddition 2, 2008.

[38] Electromagnetic compatibility (EMC) – Part 4-7: Testing and measure-
ment techniques – General guide on harmonics and interharmonics mea-
surements and instrumentation, for power supply systems and equipment
connected thereto. International Electro-technical Commission, TC 77/SC
77A, 2.1 Edition, Oct. 2009.

[39] Ł. H. Kocewiak, J. Hjerrild and C. L. Bak, ”The impact of harmonics
calculation methods on power quality assessment in wind farms,” Pro-
ceedings of 14th International Conference on Harmonics and Quality of
Power - ICHQP 2010, pp. 1-9, Bergamo, 2010.
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Experimental Analysis of Root Causes for
Rotor-Speed-Dependent Emissions from Type 3

Wind Turbines
Behnam Nouri, Łukasz Kocewiak, Torben Jersch, Gesa Quistorf, Christian Fenselau, Igor Prima,

Jörg Lehmann, and Poul Sørensen

Abstract—Multi-frequency (harmonic) emissions and interac-
tions are ongoing challenges for converter-dominated power
systems. Consequently, multi-frequency models are introduced
for power quality and harmonic stability studies. The rotor-speed-
dependent emissions from Type 3 WTs can lead to unexpected
interactions. However, there are only a few specific studies on
Type 3 Wind Turbines (WT). Besides, the provided analyses
have been only based on field measurements. In this paper,
the uncertainties of the field measurements are demonstrated
experimentally. This paper provides an experimental analysis of
emissions in different parts of a Type 3 WT, including stator,
rotor, grid-side converter, and DC-link in sequence-domain. In
this way, a theory for the emission patterns is proposed. The
proposed theory is verified by experimental measurements from
several points of a 2.2 MVA Type 3 WT tested by a 15
MVA grid emulator. The tests include emission measurements
in different rotor speed set-points with similar output power. To
the best of our knowledge, the provided experiments are unique
presentations of emissions from different parts in the sequence
domain. Accordingly, rotor-side converter switching and non-
ideal generator windings are the main root causes of rotor-speed-
dependent emissions. Addressing such components in the multi-
frequency models is necessary to improve harmonic studies.

I. INTRODUCTION

MULTI-FREQUENCY component emissions are an in-
creasing power quality issue along with more and

more penetration of converter systems and Renewable Energy
Generators (REG), such as Type 3 and Type 4 Wind Turbines
(WT), and photo-voltaic inverters [1]-[7]. According to [8], the
multi-frequency components refer to a wide range of frequency
components, including harmonics (i.e., integer multiples of
fundamental frequency [9]), inter-harmonics (i.e., non-integer
multiples of fundamental frequency [9]), and sub-synchronous
components. The inter-harmonics and sub-synchronous com-
ponents can easily be located near the resonance frequencies
of converter-based power systems and mechanical drive-trains,
respectively, and cause amplifications or resonance problems
[2]-[7]. For instance, the amplification effect at a resonance
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point near 290Hz was the main reason for trips and filter
damages in the BorWin1 HVDC system in 2013 [4].

The emission limits are regulated in different countries
[1], and various standards are developed [7]-[11] to eliminate
the power quality issues. The measurement and assessment
of electrical characteristics of WTs are explained in IEC
61400-21-1 standard [9]. Accordingly, the voltage and cur-
rent emissions should be measured in different power bins
for 10-minutes [9]. The WTs emissions for different active
powers are demonstrated in [12]-[13]. However, the rotor-
speed (or slip) dependency of emissions in Type 3 WTs
has been overlooked in [9]-[13]. Part of emissions can have
slip-dependent characteristics leading to inter-harmonics, sub-
synchronous emissions, and resulting issues [4]-[7], [14]-[17].

Origins of stator current spectra are expressed in [16]. Ref-
erence [17] studied the harmonic emissions and characteristic
harmonics in Type 3 WPPs by presenting field measurements
rigorously. Accordingly, even in a ”healthy” Type 3 WT
with balanced condition, a group of rotor slip (s) dependent
frequency components can be induced to the stator (fsind) due
to non-ideal winding [7], [16]-[17]. Consequently, Magneto-
Motive Force (MMF) space components can exist in the air
gap flux and induced into the stator of generator as [16]-[17]:

fsind = |6k(1− s)± 1|f0 (1)

s =
f0 − pfm

f0
(2)

where k=1,2,. . . , and fm is the frequency of the mechanical

Fig. 1: Experimental filed measurements of output power and
rotor slip over 60 seconds on a 850 kW Type 3 WT.
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Fig. 2: Schematic diagram of frequency components flow and measurement points in different parts of a Type 3 WT.

speed and ”p” is the number of pole-pairs. However, the
experimental demonistrations and validations for Type 3 WTs
have been based on the field measurements mostly [16]-[19].
The field measurements can have several uncertainties such
as effects of rotor speed changes, emissions from neighboring
converters and WTs, averaging effects on power bins, vari-
ations of fundamental frequency and wind speed, and so on
[12]-[13], [18].

Fig. 1 illustrates the experimental field measurements of
output power and rotor slip simultaneously over 60 seconds
from an 850kW Type 3 WT as the DTU Research WT in-
stalled in Risø campus, 4000 Roskilde, Denmark. Accordingly,
five different slips are observed for Pwt = 0.6pu within
the time range of t=30s-60s. Therefore, the Type 3 WTs
are capable of producing identical power for different rotor
speeds. In addition, the variations on the power would not be
considered in the 10-minutes period measurements for power
bins. Therefore, analysis of the slip-dependent emissions only
based on output power and field measurements can add
uncertainties to the results, and using grid emulators for such
investigations is more efficient. Besides, the state-of-the-art
multi-frequency models are developed in stationary-frame (i.e.,
sequence-domain or α-frame) or rotating-frame (or dq-frame)
to address non-linearity and asymmetries in REGs [20]-[23].
The rotor-speed-dependent frequency components are charac-
teristic emissions of Type 3 WTs and should be considered in
the power quality measurements and the harmonic models for
the analytical studies and network system design.

This paper provides a sequence-domain experimental anal-
ysis for the emissions of a Type 3 WT using a grid emulator
equipped with high precision measurement instruments in
different parts. Accordingly, the root causes of frequency
components are analyzed and identified for harmonic studies.
In this way, a theory for root causes of emissions in sequence-
domain is proposed in Part II. The experimental verification
of the proposed theory is demonstrated for a 2.2 MVA Type
3 WT in Part III.

II. EMISSIONS FLOW IN TYPE 3 WTS

A typical example of a Type 3 WT structure using Grid
Side Converter (GSC) and Rotor Side Converter (RSC) is

illustrated in Fig. 2. The circulation of frequency components
into different parts of a Type 3 WT can be analyzed in two
parts as follows:

A. Frequency component transformation concepts

1) Frequency component transition through the generator
air-gap between stator and rotor sides: Due to the mechanical
rotation of the generator’s rotor, a frequency shift occurs
during the induction of frequency components between stator
and rotor sides. As shown in Fig. 2, the frequency shift
for positive and negative sequence components (fh(p), fh(n))
between stator and rotor sides can be expressed as follows:

fsh(p) = frh(p) + (1− s)f0
fsh(n) = frh(n) − (1− s)f0

(3)

Accordingly, the emissions from RSC can be induced into
the stator side and vice versa.

2) Frequency component transition through the converters
between AC and DC sides: As shown in Fig. 2, the frequency
components that are presented at the terminal of converters can
be rectified into the DC-link by the operational frequency of
converters [24]. Note that the operational frequency of RSC is
”sf0”. Thus, the frequency components in the DC-link can be
originated from GSC (fdc(gsc)) and RSC (fdc(rsc)) as follows:

fdc(gsc) = fh(gsc) ∓ f0 (4)
fdc(rsc) = fh(rsc) ∓ sf0 (5)

where fh(gsc) and fh(rsc) refer to the frequency components
at the AC side of GSC and RSC. Note that the sign ”∓” for the
frequency shift is negative for positive sequence components
and is positive for negative sequence components.

B. Frequency component emissions

1) Grid-side converter emissions: The harmonic emissions
resulting from the Grid-Side Converter (GSC) are mainly due
to the PWM switching in the converter with the frequency
spectra as follows [11], [16]-[17]:
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Root-cause Stator-side pattern Rotor-side pattern DC-link pattern
GSC fsgsc(p) = mfswg + (±n+ 1)f0 frgsc(p) = mfswg + (±n+ 2)f0 − sf0 mfswg ± nf0

fsgsc(n) = mfswg + (±n− 1)f0 frgsc(n) = mfswg + (±n− 2)f0 + sf0

RSC fsrsc(p) = mfswr + (1± ns)f0 frrsc(p) = mfswr + (±n+ 1)(sf0) mfswr ± nsf0
fsrsc(n) = mfswr+[(2±n)s−1]f0 frrsc(n) = mfswr + (±n− 1)(sf0)

MMF space fsind(p) = [(6k + 1)− 6ks]f0 frind(p) = [(6k)− (6k − 1)s]f0 6k(1-s)f0
fsind(n) = [(6k − 1)− 6ks]f0 frind(n) = [(6k)− (6k + 1)s]f0

TABLE I: Summary of emissions flow in Type 3 WTs in sequence-domain.

fgsc = f0 + [mfsw ± nf0] (6)

where m=1, 2,. . . and n=0,1, 2,. . . . In addition, f0 refers to
the fundamental frequency of power grid and fswg is the
switching frequency of the GSC. Therefore, the switching
harmonics are mostly presented in high frequencies. However,
low-frequency harmonics would be observed due to non-ideal
switching operation [11], [17], [24]. If the fswg was integer
multiple of f0, the resulting emissions can be harmonics of
f0. The emissions in (6) can be divided into positive (fgsc(p))
and negative (fgsc(n)) sequence forms as:

fsgsc(p) = mfswg + (±n+ 1)f0

fsgsc(n) = mfswg + (±n− 1)f0
(7)

Note that there is frequency difference of (2f0) between
the sequences. Later on, according to (4), the high amplitude
harmonics in (7) can flow into the DC-link as follows:

fdcg = mfswg ± nf0 (8)

Besides, using (3) and (7), the frequency components of
GSC emissions in the rotor-side can be calculated as follows:

frgsc(p) = mfswg + (±n+ 2)f0 − sf0
frgsc(n) = mfswg + (±n− 2)f0 + sf0

(9)

2) Rotor-side converter emissions: The reference frequency
of the rotor side depends on the slip of the generator (s).
Typically, the ”s” is within the range of ”-0.2 to 0.3” [17].
Similar to the GSC emissions, the frequency spectra of the
RSC in the rotor-side can be expressed as follows [16]-[17]:

frrsc = sf0 + (mfswr ± nsf0) (10)

where fswr depicts the switching frequency of the RSC. In
the cases that fswr is integer multiple of sf0, the emissions in
equation (11) become harmonics of sf0. The sequence-domain
illustration of frequency components in equation (11) can be
presented as follows:

frrsc(p) = mfswr + (±n+ 1)(sf0)

frrsc(n) = mfswr + (±n− 1)(sf0)
(11)

According to (5), the RSC emissions with considerable
amplitudes can be rectified into the DC-link and originate a
group of DC-link components as follows:

fdcr = mfswr ± n(sf0) (12)

Substitution of (12) in (3) provides the frequency spectra of
RSC in the stator-side as follows:

fsrsc(p) = mfswr + (1± ns)f0
fsrsc(n) = mfswr + [(2± n)s− 1]f0

(13)

Note that there is ”2(1-s)f0 or 2pfm” frequency shift
between the RSC emission sequences in the stator-side.

3) MMF space emissions: A group of frequency compo-
nents can be induced into the stator-side due to non-ideal
winding in the stator and rotor of the WT generator [7],
[16]-[17]. Consequently, Magneto-Motive Force (MMF) space
inter-harmonics would be presented in the air gap flux and the
consequent stator currents with the frequencies of finds as
follows [16]-[17]:

fsmmf = |6k(1− s)± 1| × f0 (14)

where k=0,1, 2,. . . . Therefore, the rotor-speed dependent
emissions would be expected from Type 3 WTs. The equation
(14) can be rephrased in positive and negative sequences as
follows:

fsmmf(p) = [(6k + 1)− 6ks]f0

fsmmf(n) = [(6k − 1)− 6ks]f0
(15)

Based on (3), the MMF space emissions in the stator-side
can transfer to the rotor-side with frequency shifts as follows:

frmmf(p) = [(6k)− (6k − 1)s]f0

frmmf(n) = [(6k)− (6k + 1)s]f0
(16)
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(a) Vst(p) (b) Ist(p)

(c) Vst(n) (d) Ist(n)

Fig. 3: Experimental illustration of sequence-domain voltage and current measured at the stator side for different rotor slips.

Considering equation (5), the consequent frequency compo-
nents of find through the RSC into the DC-link would be in
the form of:

frdcm = 6k(1− s)f0 (17)

The overall flow of the frequency components in different
parts of a Type 3 WT is summarized in Table I. Accordingly,
the RSC and MMF space components are the main root
causes of rotor-speed dependent emissions. In the next part, the
experimental verification of the emissions flow is demonstrated
in detail.

III. EXPERIMENTAL VERIFICATION OF ROTOR-SPEED
DEPENDENT EMISSIONS FLOW

The experimental tests are performed by a 15 MVA/ 13.2
kV grid emulator at Fraunhofer Institution for Wind Energy
Systems (Fraunhofer IWES), Bremerhaven, Germany [12],
[25]. The test bench consists of a 9 MVA drive-train as a
mechanical torque simulator and a 15MVA grid simulator as
an AC grid [25]-[26]. The tests are performed on a 2.2 MVA
Type 3 WT with the capability of a vast slip operation of ”-
0.2 to 0.4”. The calculations are conducted on instantaneous
time-series measurement data from the stator side, GSC side,
RSC side, and DC-link voltage, as illustrated in Fig. 2. The
tests consist of power quality measurements for different rotor
speeds or slip set-points. The Class I measurement instruments
have been equipped in the test bench according to IEC 61000-
4-7 [27]. The three-phase voltage and currents are measured

using data acquisition modules with 50 kS/s speed and 18
bits resolution at RSC, GSC, and DC-link. While the data
acquisition modules installed at the Point Of Connection
(POC) on the medium voltage side (13.2 kV) have 14 bits
resolution [25]. The frequency spectrum of the measured data
is calculated as the Discrete Fourier Transform (DFT) with a
1-second DFT window to achieve 1Hz resolution according to
IEC 61000-4-7 standard [27]. In addition, the illustrated results
are focused on 1Hz up to 3kHz to cover the main frequency
range of multi-frequency emissions.

A. Emissions flow in AC voltage and current measurements
The AC voltage and current measurements from different

parts of a 2.2 MVA Type 3 WT are demonstrated in Fig. 3
to Fig. 7. As depicted in Fig. 2, the AC measurement points
are POC, stator, GSC, and RSC sides. The DFT of voltages
and currents is calculated for different rotor speed set-points
or slips. In Fig. 3 to Fig. 7, the Y-axis illustrates the rotor
slip, and X-axis depicts the frequency of DFT components
up to 3kHz. The amplitudes of frequency components are
displayed by color-bars. Main Patterns of the rotor-speed (or
slip)-dependent frequency components are highlighted by two-
sided arrows on the plots and summarized in Table II. The
observations are explained as follows:

1) Measurements at the stator and GSC sides (Vst, Ist, Vgsc
and Igsc): According to Fig. 3 and Fig. 4, similar emission
patterns are observed in the stator and GSC sides. Accordingly,
there are ”100Hz” (2f0) frequency shifts between the patterns
of positive and negative sequences. Since stator and GSC sides
are electrically parallel, it is expected that similar voltage
emissions to be observed on both sides.
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(a) Vgsc(p) (b) Igsc(p)

(c) Vgsc(n) (d) Igsc(n)

Fig. 4: Experimental illustration of sequence-domain voltage and current measured at the GSC side for different rotor slips.

(a) Vrsc(p) (b) Irsc(p)

(c) Vrsc(n) (d) Irsc(n)

Fig. 5: Experimental illustration of sequence-domain voltage and current measured at the RSC side for different rotor slips.

Besides, the patterns caused by the MMF space are observed
as {350-300s, 650-600s, 2150-2100s} in positive sequences,
and {250-300s, 550-600s, 2050-2100s} in negative sequences.
This finding verifies the validity of equation (15). Furthermore,

the highlighted patterns in the forms of {2550± 150s} in the
positive sequence and {2450±150s} in the negative sequence
plots are due to the PWM switching and can be explained
by equation (13). Therefore, the slip-dependent emissions in
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(a) Vpoc(p) (b) Ipoc(p)

(c) Vpoc(n) (d) Ipoc(n)

Fig. 6: Experimental illustration of sequence-domain voltage and current measured at the POC for different rotor slips.

Fig. 7: Experimental illustration of frequency components at
the DC-link voltage (Vdc) for different rotor slips.

the range of switching frequency originate from the RSC
converter’s PWM operation and are induced to the stator and
GSC sides.

2) Measurements at the RSC side (Vrsc, Irsc): The emis-
sions of the RSC side are summarized in Table II and shown in
Fig. 5. The patterns observed in the rotor side of the generator
verify the validity of equation (3).

3) Measurements at the POC (Vpoc, Ipoc): Since the POC
is electrically a parallel point with the GSC and stator sides,
similar voltage patterns are expected at the POC. However,
considerable patterns are not visible in the POC voltage (Fig.
6-a and Fig. 6-c). This can be due to the low resolution (14
bits) of the data acquisition modules on the medium voltage
side. In addition, the output transformer of WT can attenuate
the frequency components of the emissions generated on the

low voltage side. However, the patterns are observed in the
current spectrum shown in Fig. 6-b and Fig. 6-d. Moreover,
the patterns as {50±300s} are generated by rectification of the
MMF space emissions into the DC-link as (17) and interfering
with PWM operation. Therefore, such patterns are the results
of the interaction of the first-stage emissions and converters’
switching.

B. Emissions flow into the DC-link voltage (Vdc)

The main patterns observed in the DC-link voltage are
illustrated in Fig. 7. The rotor-slip dependent patterns as
{300 − 300s, 2500 ± 150s} verify the validity of equations
(5), (12), (17) as summarized in Table I and Table II. Note
that due to the equivalent filtering in the DC-link and low
amplitudes of emissions in most frequencies, only a limited
number of emission patterns are visible and considerable, as
summarized in Table II.

IV. CONCLUSION

A group of frequency components in the emissions from
Type 3 WTs depends on the rotor speed or slip. Such emissions
should be addressed in the multi-frequency models and power
quality studies for Type 3 WTs. This paper proposed emissions
patterns of the rotor-speed-dependent components in different
parts of a Type 3 WT, including stator side, RSC output,
GSC output, POC, and DC-link. The proposed theory for the
emissions flow is verified by full-scale experiments on a 2.2
MVA Type 3 WT tested by a 15 MVA grid simulator. A torque
emulator provided different rotor-speed set-points, and the
power quality measurements were demonstrated from different
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Measured
Point

Patterns in Positive Sequence

POC 50+300s, 350-300s, 650-600s,

2150-2100s, 2550±150s

ST 50+300s, 350-300s, 650-600s,

2150-2100s, 2550±150s

GSC 350-300s, 650-600s,

2150-2100s, 2550±150s

RSC 300-250s, 2500-100s, 2500+200s

DC-link 300-300s, 2500±150s

TABLE II: Summary of observed rotor-slip dependent emis-
sions in positive sequence voltages and currents..

parts of the WT. According to the results, a limited number of
rotor-speed-dependent frequency patterns are observed from
different parts. At the first stage, the MMF space emissions
and RSC switching operation are the main root causes of
the rotor-speed-dependent emissions. At the second stage, the
generated emissions can be rectified into the DC-link and
cause new patterns. The observed emissions are in the range
of ”0.001 pu to 0.01 pu”. Accurate detection of such patterns
requires high precision data acquisition modules (e.g., 18bits).
The rotor-speed-dependent emissions can introduce variable
inter-harmonics and harmonics into AC grids and increase
difficulties to the power quality and harmonic stability studies.
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[18] Ö. Göksu, M. Altin, J. Fortmann and P. E. Sørensen, ”Field Validation
of IEC 61400-27-1 Wind Generation Type 3 Model With Plant Power
Factor Controller,” in IEEE Transactions on Energy Conversion, vol. 31,
no. 3, pp. 1170-1178, Sept. 2016, doi: 10.1109/TEC.2016.2540006
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Abstract—The trustworthiness of multi-frequency models de-
pends on their capability in reflecting the potential non-linearities
in converter-based systems, especially frequency and sequence
couplings. However, addressing all forms of the couplings through
optimized matrices is still an ongoing challenge for averaged
multi-frequency models. The generic multi-frequency modelling
method has been proposed to fill this gap for converter-connected
renewable energy generators. This paper proposes to extend
the generic multi-frequency modelling method for Type 3 Wind
Turbines (WT). In this way, a theory for patterns of the couplings
in Type 3 WTs is proposed. Accordingly, a group of emissions and
couplings can be dependent on the WTs’ rotor speed. The Rotor-
Speed-Dependent (RSD) emissions and couplings are particular
characteristics of Type 3 WTs, which should be addressed in the
generic multi-frequency models. The proposed theory is verified
by experimental perturbation tests on a 2MVA Type 3 WT
using a 7MVA grid emulator. Accordingly, a limited number
of RSD couplings are observed in the test results, mainly in low
frequencies (below 1kHz). Therefore, addressing the rotor-speed
dependent frequency components in the multi-frequency models
is necessary and practical to improve harmonic stability studies
and power quality assessment of Type 3 WTs.

I. INTRODUCTION

MULTI-FREQUENCY (or harmonic) interaction is an
increasing challenge along with more and more pene-

tration of converter-based systems, mainly HVDC systems and
Renewable Energy Generators (REG),i. e. Type 3 and Type 4
Wind Turbines (WT) and Photo-Voltaic (PV) converters [].

To conduct harmonic stability studies on converter-based
systems, averaged multi-frequency models are introduced
and developed rigorously []. The effectiveness of the multi-
frequency models depend on their ability in addressing im-
portant non-linearity of the converter-based systems such as
REGs. In this way, the multi-frequency models are devel-
oped to address the root causes of harmonic interaction such
as Phase-Locked-Loop (PLL) [], DC-link dynamics [], and
frequency and sequence couplings []. However, such models
are linearized representatives of converter-based systems and
detailed information is required to achieve trustworthy re-
sults. Recently, we have proposed the generic multi-frequency
modelling method to address the non-linearities by adopting
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Wind Energy, Technical University of Denmark, 4000 Roskilde, Denmark.
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Fourier analysis on an REG responses against perturbation
tests in []. This way, main couplings and non-linearities can
be identified and addressed in general forms of ”±mfi±kf0”
(k=0,1,2,..., and m=0,1,2,...). The generic multi-frequency
modelling method has been verified for converter-connected
REGs (i. g. Type 4 WTs and PV inverters) in sequence-domain
Norton equivalent as follows []:

Ip(fi+f0) = Ip0(fi+f0) +

k∑

j=1

Ypp(fi,fj)Vp(fj+f0)+

k∑

j=1

Ypn(fi,fj)Vn(fj−f0)

(1)

In(fi−f0) = In0(fi−f0) +

k∑

j=1

Ynp(fi,fj)Vp(fj+f0)+

k∑

j=1

Ynn(fi,fj)Vn(fj−f0)

(2)

where f0 refers to the fundamental frequency. The positive
sequence currents and voltages are derived from positive
sequence perturbations at ”fi +f0” and the negative sequence
components are calculated from negative sequence perturba-
tions at ”fi − f0” []. Note that there are ”2f0” frequency
shift between positive and negative sequences appreciating
the Mirror Frequency Coupling (MFC) concept among all
coupling patterns which we called ”Corresponding MFC” [].

However, the unique structure of Type 3 WTs with double
grid connections, through grid-side converter and stator of
generator, has been overlooked in the generic multi-frequency
modelling method. Nevertheless, there have been a few at-
tempts to develop spesific averaged multi-frequency models
for Type 3 WTs rigorously []. A sequence-domain model for
Type 3 WTs is proposed in [] and refined in [] considering
the DC bus dynamics and sequence couplings. The origins of
emissions and characteristic harmonics in Type 3 WTs have
been studied in []. Accordingly, even a ”healthy” Type 3 WT
in a balanced condition, a group of generator slip (s) dependent
frequency components can be induced to the stator (fs

ind) due
to non-ideal winding. Consequently, Magneto-Motive Force
(MMF) space frequency components would be presented in
the air gap flux and induced into the stator of generator with
the following frequency patterns []:
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Fig. 1: Schematic diagram of a Type 3 WT with dq-frame control system in connection to a voltage perturbation source.

fs
ind = |6k(1− s)± 1|f0 (3)

s =
f0 − pfm

f0
(4)

where k=1,2,. . . , and fm is the frequency of the mechanical
speed and ”p” is the number of pole-pairs.

The hypothesis of this paper is that the Rotor-Speed-
Dependent (RSD) emissions can generate RSD couplings
in response to perturbations. Therefore, the RSD emissions
are important for both harmonic stability and power quality
studies. In this way, a theory for frequency couplings in a
typical example of Type 3 WTs is proposed in Part II. The
generic multi-frequency modelling method in (1) is extended
for Type 3 WTs by including the RSD couplings and emissions
in Part III. The experimental verification of the proposed
theory is demonstrated for a 2MVA Type 3 WT in Part IV.

II. ROTOR-SPEED-DEPENDENT EMISSIONS IN TYPE 3
WTS

In a balanced three-phase system, frequency and sequence
couplings in converters are originated by modulation of non-
ideal control reference with non-ideal DC-link []. In three-
phase systems with fundamental frequency of f0, the inter-
action of fdc component in the DC-link voltage with fhr
component in the modulation reference can generate the base-
band components as []-[]:

fdc ~ fhr = {fhr, f0, fhr ± fdc, f0 ± fdc} (5)

where the sign ”~” depicts the convolution operation of
modulation. In single-phase systems, the fdc itself can be
generated in the AC-side as well [].

Typical example of a Type 3 WT structure along with dq-
frame control systems for Grid-Side Converter (GSC) and
Rotor-Side Converter (RSC) is illustrated in Fig. 1. Consid-
ering a small-signal perturbation at the Point Of Connection
(POC) of the WT, the interactions and resulting couplings can
be explained as follows:

A. Frequency components in DC-link

For a Type 3 WT using 6-pulse back-to-back converters, the
characteristic frequency components in DC-link voltage are as
follows []:

fdc(ch) = {6kf0, 6ksf0, 6mf0 ± 6nsf0} (6)

where k,m,n=0,1,2,. . . . Accordingly, the characteristic fre-
quency components in DC-link originated by harmonics of
GSC, harmonics of RSC (with fundamental frequency of sf0)
and MMF emissions, respectively. Furthermore, as indicated
in Fig. 1-(a), positive or negative sequence perturbations with
frequency of fp can flow into the DC-link and originate the
small-signal frequency components as []:

fdc(ss) = {fp ∓ f0} (7)

where the ”-” sign is for positive sequence perturbation and
the sign ”+” is valid for negative sequence perturbation [].
Depending on the bandwidth of electrical and digital filtering
in the converters, the frequency components can be observed
in a frequency range and can be eliminated in high frequencies.

B. Frequency components in control reference

The small-signal perturbation can flow into the control sys-
tem through the voltage and current feed-backs and interfere
with different parts such as reference frame transformations,
PLL, PI control blocks, limiters and Pulse-Width Modulation
(PWM) operation []. Such effects can reshape the equivalent
impedance of converters and generate couplings in the AC
side. At the first stage, the small-signal perturbation can be
presented in the control reference signals of RSC and GSC
mainly with the same frequency (fp) []. Later on, the new
produced couplings can flow into the control system. The
repetitive production of couplings is limited to the power of
the first stage perturbation and any potential amplification by
the converters [].
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C. Frequency couplings patterns

Modulation of the DC-link components in (5)-(6) with the
perturbation signal in the control reference (fp) can generate
couplings by GSC and RSC. The couplings can be categorized
as small-signal couplings (Fss) and couplings with character-
istic harmonics (Fch). Therefore, the first group of couplings
originated by GSC can be expressed as follows:

Fss(gsc)1 = {fp ∓ f0, 2f0 ∓ fp, 2fp ∓ f0} (8)
Fch(gsc)1 = {fp ± fdc(ch), f0 ± fdc(ch)} =

{fp ∓ 6kf0, fp ∓ 6ksf0, fp ∓ (6mf0 ± 6nsf0),

(6k ∓ 1)f0, (6ks∓ 1)f0, (6mf0 ± 6nsf0)∓ f0} (9)

Note that the last two patterns in (9) express the RSD
emissions where the last pattern (i.e., (6mf0 ± 6nsf0) ∓ f0)
is general form of the MMF emissions in (3). Similar patterns
can be expressed for RSC side. Note that the fundamental
frequency for RSC side should be considered as ”sf0”. There-
fore, the frequency couplings of RSC in the rotor side can be
expressed as:

F r
ss(rsc)1 = {fp ∓ sf0, (1 + s)f0 ∓ fp, 2fp ∓ sf0} (10)

F r
ch(rsc)1 = {fp ± fdc(ch), sf0 ± fdc(ch)} =

{fp ∓ 6kf0, fp ∓ 6ksf0, fp ∓ (6mf0 ± 6nsf0),

sf0 ∓ 6kf0, sf0 ∓ 6ksf0, sf0 ∓ (6mf0 ± 6nsf0)} (11)

As shown in f:1, the RSC couplings can be transferred to
the stator side through the air-gap with ”±(1−s)f0” frequency
shift as follows:

F s
ss(rsc)1 = {fp ∓ f0, 2f0 ∓ fp, 2fp ∓ f0} (12)

F s
ch(rsc)1 = {fp ± fdc(ch) ± (1− s)f0, sf0 ± fdc(ch) ± (1

−s)f0} = {fp ∓ 6kf0, fp ∓ 6ksf0, fp ∓ (6mf0 ± 6nsf0),

(6k ∓ 1)f0, (6ks∓ 1)f0, (6mf0 ± 6nsf0)∓ f0} (13)

Note that the patterns in the stator side ( i.e., F s
ss(rsc)1 and

F s
ch(rsc)1) are similar to (8)-(9) ( i.e., Fss(gsc)1 and Fch(gsc)1).

According to (9)-(13), the RSD couplings can be generated
by the interactions of the perturbation frequency with char-
acteristic frequency components of DC-link voltage in Type
3 WTs. The production of new couplings can be a repetitive
process with interaction of couplings in one stage to generate
new patterns in the next stage as explained extensively in [].

III. EXTENSION OF THE GENERIC MULTI-FREQUENCY
MODEL FOR TYPE 3 WTS

We have proposed the generic multi-frequency modelling
methodology for the converter-connected REGs in []. Based
on the explanations in Part II, the RSD emissions and coupling
patterns are specific characteristics of Type 3 WTs, which

should be included in the models. Note that the generic multi-
frequency model in (1) can cover the RSD couplings for Type
3 WTs. Consequently, in the coupling identification stage, the
frequencies related to the RSD couplings should be included
in the models. Accordingly, the generic model for Type 3 WTs
can be expressed as:

Ip(f+f0) = Ip0(f+f0) + YppVp(f+f0) + YpnVn(f−f0) (14)
In(f−f0) = In0(f−f0) + YnpVp(f+f0) + YnnVn(f−f0) (15)

Couplings =

{
±mfi ± kf0, if is not RSD
±mfi ± (kf0 ± zsf0), if is RSD

(16)

where z=1,2,... for (Rotor-Speed-Dependent) RSD couplings.
The components in (14)-(15) are in matrix forms for a range of
frequencies and the number of arrays depend on the number of
considerable couplings in a Type 3 WT. Therefore, Ip0 and In0
indicate the initial current emission matrices. Furthermore, Ypp

represents the equivalent positive sequence admittance matrix
among positive sequence voltages and currents, which consist
of self admittance (Y i

pp
i) as well as coupling admittance in

positive sequence (Y i
pp

j , i 6= j). Ynp refers to the coupling
admittance among positive sequence currents and negative
sequence voltages, which includes the corresponding MFCs
of the couplings in Ypp. Note that the corresponding MFC
couplings are considered to be valid for the RSD couplings
as well. Accordingly, there is ”2f0” frequency shift between
positive and negative sequence couplings. Similarly, Ynn in-
dicate the couplings in negative sequence, where Y i

nn
i depicts

the MFC admittance in the negative sequence and Y i
nn

j(i 6= j)
are the rest of the potential couplings in the negative sequence.
Ynp include the corresponding MFCs of the couplings in
Y i
nn

j(i 6= j).
The generic model parameters can be derived using single-

tone positive and negative sequence perturbation tests as
explained in []-[]. Furthermore, the proposed coupling patterns
in (8)-(13) and minimum noise levels can be used to identify
the main couplings [].

IV. EXPERIMENTAL VERIFICATION OF THE GENERIC
MULTI-FREQUENCY MODELLING FOR TYPE 3 WTS

The experimental single-tone voltage perturbation tests are
performed by a 7MW/ 13.8kV/ 60Hz grid emulator at National
Renewable Energy Laboratory (NREL) test site, Golden, USA
[28]. The perturbation tests are performed in positive and
negative sequences (with 0.01pu amplitudes) on a 2MW Type
3 WT and the WT response are measured at the POC (i.e.,
Vpoc, Ipoc in Fig. 1-a) in steady-state conditions. The rotor
slip is fixed around ”s=0.207” by a torque emulator. The
three-phase voltage and currents are measured using data
acquisition modules with 50kS/s speed and 18bit resolution
[]. The frequency spectrum of the measured data is calculated
by Discrete Fourier Transform (DFT) with a 1-second frame-
window to achieve 1Hz resolution according to IEC 61400-4-7
[]. The DFT results are illustrated for up to 5kHz and up to
1kHz frequency ranges to assess both high frequency and low
frequency couplings as follows:
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(a) Vp(p) (b) Ip(p)

(c) Vn(p) (d) In(p)

(e) Vp(n) (f) Ip(n)

(g) Vn(n) (h) In(n)

Fig. 2: DFT spectrum of voltages and currents (up to 5kHz) for experimental positive and negative sequence voltage
perturbations on a 2MVA Type 3 WT (Voltage components above 30× 10−6 and current components above 60× 10−6).

A. General illustration of the DFT spectrum up to 5kHz for
positive and negative perturbations

In this case study, a group of single-tone perturbation tests
is performed for the positive and negative sequences from 3Hz
up to 1kHz. The DFT of the experimental results is given in
Fig. 2. The frequency components in currents with amplitudes

below 60×10−6 and in voltages below 30×10−6 are omit-
ted to focus on the considerable components. Accordingly,
the fp-axis determines the frequency of single-tone voltage
perturbations, fh-axis illustrates the frequency of the resulting
frequency components at the POC. Furthermore, the amplitude
of the corresponding DFT calculations are demonstrated with
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(a) Vp(p) (b) Ip(p)

(c) Vn(p) (d) In(p)

(e) Vp(n) (f) Ip(n)

(g) Vn(n) (h) In(n)

Fig. 3: Detailed DFT spectrum (up to 1kHz) for experimental perturbations below 180Hz on a 2MVA Type 3 WT.

a color-bar. {Vp(p), Ip(p), Vn(p), In(p)} (Fig. 2-a,b,c,d) refer to
the DFT calculations for positive sequence voltage perturba-
tion tests, and {Vp(n), Ip(n), Vn(n), In(n)} (Fig. 2-e,f,g,h) stand
for the results of negative sequence voltage perturbations.
Note that the perturbations have been performed for a limited
number of frequencies in the range of 3Hz to 1kHz. Thus, the
fp-axis is discrete in the illustrated plots.

In Fig. 2, the parallel lines with fp-axis represent the
group of frequency components that are independent of the
perturbation frequency. Therefore, these lines depict the initial
emissions resulting from non-ideal converter switching and
generator wingdings. The rest of the lines and frequency com-
ponents reveal the frequency and sequence couplings in the
overall WT due to perturbations. The considerable couplings
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Couplings Ip(p), Vp(p) In(n), Vn(n)

RSD couplings 1067-fp, 339− fp, 261− fp, fp + 219 1730-fp, 1420−fp, fp+141

RSD emissions 954, 507, 279, 201, 147 Hz 834, 442, 387, 159, 27 Hz

Harmonic
couplings

2fp, 2f0−fp(forfp < 2f0), f0−fp(forfp < f0), fp+f0, fp+
6f0, 8f0− fp, fp + 11f0, 15f0− fp, fp + 17f0, 19f0− fp, fp +
55f0, 57f0 − fp, 69f0 − fp, fp + 73f0, 75f0 − fp

2fp, 11f0 − fp, 17f0 −
fp, fp + 55f0, 61f0 −
fp, fp + 67f0, 71f0 −
fp, fp + 73f0, 77f0 − fp

TABLE I: Summary of the observed couplings with the positive and negative perturbations in currents (f0 = 60Hz).

are highlighted using a double-edge arrows and the emissions
and coupling patterns are depicted on the plots. Accordingly, a
group of coupling patterns are observed in currents within the
range of converters’ switching frequency (3.3kHz to 4.5kHz),
which are summarized in Table I. Note that the couplings are
observed around the considerable emissions. This is because
the root cause of the couplings is the interaction of the
considerable emissions with perturbations. These couplings are
mostly similar to our studies on a PV converter in []. In Fig. 2-
(e), the only visible RSD coupling pattern is ”fh = 1730−fi”.
This pattern is predicted in (9) as ”fh = −(fi − 6ksf0)”,
where f0 = 60Hz, k=23 and s=0.208. The negative sign is
because fp < 1730Hz. Note that the DFT is calculated with
1Hz resolution, thus the non-integer frequencies are presented
with accuracy of 1Hz.

The considerable initial emission lines, including harmonics
(i.e., integer multiples of fundamental frequency) and inter-
harmonics (i.e., non-integer multiples of fundamental fre-
quency), are depicted in Fig. 2. The inter-harmonics refer
to the RSD emissions with the patterns given in (9). For
instance, in Fig.2-(a), the RSD emissions comply with pattern
”(6ks+1)f0” where s=0.207, and k=6 for 507Hz and k=12 for
954Hz. Furthermore, the 387Hz and 834Hz inter-harmonics
are ”-120Hz” shifted corresponding emissions of 507Hz and
954Hz respectively. Such inter-harmonics can be interpreted as
harmonics of ”sf0” along with their corresponding emissions
which is called ”corresponding Mirror Frequency Emissions
(MFE)” in this paper.

Details of the couplings for low frequency range are not
visible in Fig. 2. Therefore, more detailed plots are provided
in the next.

B. Detailed demonstration of DFT spectrum up to 1kHz for
perturbations in low frequency range

The DFT spectrum of the positive and negative sequence
perturbations below 180Hz are illustrated in Fig. 3. Accord-
ingly, the DFT calculations are given for up to 1kHz. Similar to
Fig. 2, fp-axis refers to the voltage perturbation frequency and
fi-axis gives the DFT of the WT response at POC (voltage or
current) with 1Hz resolution. To emphasis on the considerable
components, the frequency components in currents with am-
plitudes below 60×10−6 and in voltages below 30×10−6 are
neglected. The observed couplings, RSD couplings and RSD
emissions for positive sequence perturbations are summarized
in Table I. The plots in Fig. 3 can be explained as follows:

1) Vp(p),Ip(p): According to Fig. 3.(a)-(b), the self-
frequency excitation components have relatively high am-
plitudes (fh = fp lines). As shown in Fig. 3-(b), sev-
eral RSD couplings are detected in the positive sequence
output current as Fch(rsd) = {1067 − fp, 339 − fp, fp +
219, 261−fp}, and their root cause emissions are Fem(rsd) =
{1007Hz, 279Hz, 279Hz, 201Hz} respectively.

Furthermore, the patterns of couplings with integer harmon-
ics are observed as: Fch(h) = {900 − fp, 480 − fp, fp +
660, fp + 420, fp + 360}. Besides, the pattern ”fh = 2fp”
in low frequency range for current response has not been
predicted in (8)-(9), and can be considered as a design specific
coupling.

2) Vn(p),In(p): In Fig. 3-(d), the RSD coupling pattern
”fh = 219 − fp” is highlighted which is the corresponding
MFC of ”fh = 339−fp” in Fig. 3-(b). Moreover, the harmonic
coupling are depicted with double-arrow lines and included in
Table I as: Fch(h) = {720 ∓ fp, fp + 660, fp + 600, 360 −
fp, fp + 240, fp − 120, fp − 60}. Note that ”fh = fp − 120”
in negative sequence is the main MFC pattern for ”fh = fp”
in positive sequence. The corresponding MFC concept is valid
among couplings in positive (e.g., fh = 900−fp) and negative
(e.g., fh = 720− fp) sequences.

3) Vp(n),Ip(n): Fig. 3-(e)-(f)-(g)-(h) demonstrates the re-
sults for negative sequence perturbations. The frequency of
negative sequence perturbations have ”−2f0” shift from the
positive sequence perturbations. As explained in [], the mirror
frequency perturbations for fh < 120Hz are realized in the
positive sequence, and for fh > 120Hz the experiments are
conducted in the negative sequence. As shown in Fig. 3-(f),
an RSD coupling is observed in the current response in the
form of Fch(rsd) = {fp + 207}. Note that the fh = fp + 120
in positive sequence is the MFC caused by negative sequence
perturbation.

4) Vn(n),In(n): The self-frequency excitation lines (fh =
fp) are illustrated in Fig. 3.(g)-(h). In addition, an RSD
coupling is visible in the current response in the form of
Fch(rsd) = {fp+141}. Besides, similar to Fig 3-(b), the design
specific pattern fh = 2fp is visible in Fig. 3-(h). Note that
the couplings observed for negative perturbations should be
merged with the couplings for positive sequence perturbations
as the patterns are similar with ”2f0” frequency shift.

C. Summary of the findings
1) The amplitude of the current response can be up to 0.05

pu for 0.01pu perturbations below 200Hz, while it is small for
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higher frequencies.
2) Using minimum noise levels of 60×10−6 for currents

and 30×10−6 for voltages has been effective in detection of
important couplings and emissions.

3) The observed harmonic couplings, RSD couplings and
the corresponding MFCs for positive sequence perturbations
are summarized in Table I. Accordingly, the identified RSD
coupling patterns mostly have been predicted in (8)-(9), while
there are a few couplings that can be considered as design
specific couplings.

The RSD couplings are mostly observed in the limited
range of perturbation frequencies (fp < 180Hz) and response
frequencies (fh < 1kHz). Besides, a group of harmonic
couplings are detected within the switching frequency of
converters (i.e., 3.5kHz to 4.5kHz). To address the couplings in
a generic model as (14)-(15), the considerable patterns should
be reformulated based on fp as:

fp(p) = {fh, f0 − fh, fh − f0, fh/2, fh − 6f0, 8f0 − fh,

15f0 − fh, 17f0 + fh, 57f0 − fh, fh + 55f0,

75f0 − fh, fh + 73f0, fh − 3sf0, 3sf0 − fh} (17)
fp(n) = {fh, fh + f0, 2fh + 3f0, (fh − 3f0)/2, fh − 4f0,

6f0 − fh, fh − 10f0, 12f0 − fh} (18)

Later on, using (8)-(9) and (14)-(16), the generic multi-
frequency model for the tested PV converter can be defined:

[
∆Ip(fi+f0)

∆In(fi−f0)

]
=

[
Ypp Ypn

Ynp Ynn

]




∆Vp(fi+f0)

∆Vp(fi)

∆Vp((fi+2f0)/2)

∆Vp((fi−4f0)/2)

∆Vp(fi−5f0)

∆Vp(7f0−fi)

∆Vp(fi−11f0)

∆Vp(13f0−fi)

∆Vn(fi+3f0)

∆Vn(fi+2f0)

∆Vn((fi+4f0)/2)

∆Vn((fi−2f0)/2)

∆Vn(fi−3f0)

∆Vn(5f0−fi)

∆Vn(fi−9f0)

∆Vn(11f0−fi)




(19)

4) Note that the couplings observed for negative pertur-
bations are merged with the couplings for positive sequence
perturbations as the patterns are similar with ”2f0” frequency
shift. Therefore, in a balanced system, the coupling patterns
can be detected only using positive sequence perturbations.
However, the negative sequence perturbations are required for
the quantification of the patterns.

5) According to Table I, the RSD couplings in the positive
sequence have ”-2f0” frequency shift with the RSD couplings
in the negative sequence. This finding proves that correspond-
ing MFC concept is valid for RSD couplings as well.

6) There is no considerable sequence coupling in the obser-
vations. This fact confirms that the tests are performed on a
balanced system.

V. CONCLUSION

Despite the effectiveness of the impedance-based analysis
for harmonic interaction studies, state-of-the-art models are not
able to address all of the non-linearities such as frequency and
sequence couplings. This defect can lead to miscalculations
and inaccurate models for converters. Furthermore, the same
defect can be claimed for model validation results. Therefore,
this paper proposed a measurement based method to model
the converters as a black-box model and detect the strong
couplings. The proposed model detects and addresses the main
frequency and sequence couplings in converters which are
necessary for a precise and trustworthy model. The proposed
multi-frequency modeling method derives the model using
single-tone perturbation tests. Therefore, the method can be
used for the validation of available models as well. The
experimental validation of an industrial converter proves the
simplicity and practical application of the proposed method.
According to the experimental test results, the number of
strong couplings is limited and the inclusion of the detected
couplings in the multi-frequency model for the converter is
practical.
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Abstract

Providing trustworthy and accurate multi-frequency (or harmonic) models for renewable
energy generators (REG) is an ongoing challenge for harmonic studies. There have been
effective attempts to propose and design a test device to validate the harmonic models,
mainly based on shunt current perturbations. However, using additional devices for per-
turbations is costly for converter-based test sites. This paper provides the test specifications
to extend the application of the grid emulators for voltage perturbations and appropriate
harmonic model validation. Besides, the effects of the sequence couplings, initial emissions,
and power set-points on the test results have been overlooked in the literature. Consider-
ing these effects, this paper proposes a generic test methodology to obtain more accurate
models in the sequence domain. The experimental verification of the proposed method-
ology is demonstrated using a 7 MVA grid emulator for testing of a 2 MVA photo-voltaic
converter and a 2 MVA Type 3 wind turbine. This way, the test challenges, specifications,
and recommendations are presented using the MW-scale experiments on different REGs.
Furthermore, the effects of sequence couplings and initial emissions on the calculation
results are investigated and compared. The proposed methodology is applicable for har-
monic model validation as well as empirical modelling.

1 INTRODUCTION

Multi-frequency (or harmonic) interaction is an increasing chal-
lenge in converter-dominated power systems, especially in
renewable power generation units. To date, several resonance,
and harmonic amplification issues have been reported from
renewable energy generators (REG), such as wind and photo-
voltaic (PV) generations, as well as transmission systems in the
literature [1–5].

Consequently, frequency-domain and time-domain studies
have been conducted for stability and steady-state analysis of
REGs and power systems concerning harmonics [5–11]. In this
way, the impedance-based modelling and analysis are introduced
and developed for grid-connected power converters to identify
and mitigate the potential harmonic issues [6–11]. Furthermore,
several international standards and technical recommendations
have been issued to harmonise the international academic and
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industrial efforts on harmonic stability studies and modelling of
power systems [12–15].

The trustworthiness and accuracy of the provided models
are crucial to achieving correct study results. Ref. [16] intro-
duces a validation approach based on analysing power quality
measurements and providing validation margins for each
harmonic. In [17–25], impedance measurement test topolo-
gies have been proposed using small-signal perturbations via
converter-based devices. A perturbation can be either a voltage
source in series or a current source parallel with the AC grid
[18–23], as illustrated in Figure 1. The perturbation tests are
based on the harmonic linearisation concept [17]. Accordingly,
it is assumed that the presence of one single frequency (or
single-tone) perturbation at the terminal of a device under
test (DUT) would excite the same frequency and all related
couplings in the DUT response [6, 17–19]. Another option
for perturbation is multi-tone, which is a combination of a

IET Renew. Power Gener. 2021;1–13. wileyonlinelibrary.com/iet-rpg 1
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FIGURE 1 Schematic illustration of (a) current and (b) voltage
perturbation test topologies in test sites

group of single-tone perturbations with limited amplitudes
[20]. However, the couplings and interactions among different
frequencies in converters would impose additional uncertainties
on the results of multi-tone perturbations [7–9, 20].

In [18–24], the experimental implementation of current per-
turbation (Ipert( fh )) using an additional shunt device is explained
and demonstrated, as shown in Figure 1(a). Accordingly, the
series-connected impedance (Zcl) is used to divert the pertur-
bation current flow towards the DUT [22]. The design aspects
of a test device for the realisation of current perturbations
in low voltage (LV), medium voltage (MV), and high voltage
(HV) levels are explained in [23]. Besides, series voltage per-
turbation (Vpert( fh )) is another method for impedance mea-
surement test, as illustrated in Figure 1(b). However, using an
additional series-connected device is not an efficient approach
since it should be over-designed to withstand the DUT’s nom-
inal current [18]. Providing pure single-tone current or volt-
age perturbations in the MV and HV levels is challenging and
costly [18, 20, 23]. In addition, the effects of the sequence
couplings, initial emissions, and power set-points have been
overlooked in the impedance measurement procedures [18, 20,
21, 23, 24]. The frequency and sequence couplings are most
likely for converter-based systems due to the potential non-
linear control systems and three-phase asymmetry, respectively
[19, 25].

Nowadays, state-of-the-art test benches are established using
back-to-back converters to emulate a flexible and isolated AC
grid for grid code compliance testing of REGs [26, 27]. In
[8, 29–31], it is attempted to utilise the grid emulator system for
voltage perturbations without additional devices. Accordingly,
the voltage perturbation concept (Figure 1(b)) can be realised
only by adjusting the control system of the grid emulators

FIGURE 2 Admittance/impedance measurement test methodology for
REGs using a test bench

[29, 30]. However, to the best of our knowledge, there is no
specification for a reliable test and validation procedure in the
literature. Securing proper test conditions, selecting appropriate
amplitude and frequency range for perturbations, and accurate
model calculations are essential factors for the trustworthiness
of the results.

This paper proposes a practical test methodology along with
technical specifications based on small-signal perturbations in
the sequence domain. Furthermore, the effects of the sequence
couplings and initial emissions on the test results are inves-
tigated. The proposed methodology is applicable for multi-
frequency model validation and empirical modelling of REGs.
In this way, the proposed test methodology is described in Part
2. The potential constraints and technical recommendations for
reliable test results are introduced, and solutions are provided
in Part 3. The experimental verification of the method using
a 7 MVA grid emulator is demonstrated and summarised in
Part 4.

2 PROPOSED TEST METHODOLOGY
FOR HARMONIC MODEL VALIDATION
AND EMPIRICAL MODELLING

This part illustrates the proposed test methodology for model
validation as well as empirical modelling. The flowchart of the
proposed test methodology is illustrated in Figure 2. Accord-
ingly, the test methodology is described as follows:
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2.1 Test plan

Schematic diagram of voltage perturbation tests is illustrated
in Figure1(a). Vpert( fi ) depicts the voltage perturbation refer-
ence at frequency of ” fi”. The response of the device under test
(DUT) is measured at the point of connection (i.e. Vabc , Iabc ).
The first spet towards the impedance measurement tests is to
schedule a proper test plan. The test plan includes perturba-
tion amplitude and frequency ranges, power set-points for the
DUT. Furthermore, there could be additional set-points for
the DUT such as rotor speed, protection scheme, number of
involving modules in the test, and switching commands for con-
trol systems and breakers. The perturbations can be performed
through an automatic test schedule and the set-points would be
defined before initiating the tests [29–32].

2.2 Single-tone perturbations

According to [8] and [19], two different single-tone perturba-
tions are required to determine the DUT model out of the mea-
surement data. Since there could be potential asymmetry and
couplings in the DUT control system, it is recommended to per-
form one perturbation in the positive sequence and the other
one in the negative sequence separately. In this way, the mea-
sured data from positive sequence test at frequency of “ f p =
fi + f0” (Vabc (p), Iabc (p)) and negative sequence test at frequency
of “ fn = fi − f0” (Vabc (n), Iabc (n)) are used for sequence-domain
admittance or impedance calculations at frequency of “ fi” [8]
and [19]. f0 stands for the fundamental frequency of the test
system. Besides, the normal operation condition without any
perturbation (Vabc (0), Iabc (0)) should be used to eliminate effects
of the initial harmonic emissions from DUT or grid emulator
on the test results. The initial emissions nay not be important
for harmonic stability and resonance studies, but it is neces-
sary for accurate model validation purposes. This fact has been
neglected in most of the test and validation procedures in the lit-
erature such as [10, 19], and [30]. However, since the harmonic
emissions are limited and exist only in a few frequencies, the
validation test results would be affected only in a few frequen-
cies. Further investigations are demonstrated in Part 4 of this
paper.

2.3 Discrete Fourier transform

The discrete Fourier transform (DFT) calculation method for
assessing the DUT harmonic emissions is provided in IEC
61000-4-7 standard [33]. Accordingly, 0.2 s DFT window (10
cycles in 50 Hz systems and 12 cycles in 60 Hz system) can
be used for the harmonic spectrum with 5Hz resolution. How-
ever, this paper recommends using 1 s DFT window for precise
harmonic stability studies obtaining 1 Hz frequency resolution.
Using 1 s DFT window can perform additional averaging on
the DUT response and reduce noise effects on the result too.
Besides, for perturbation frequencies that are not integer mul-

tiples of 5 Hz, it is necessary to have a higher DFT window
to calculate the accurate harmonic spectrum for the injected
perturbation frequencies. Therefore, this paper applies 1 s DFT
window in calculations.

2.4 Sequence-domain calculation

Admittance or impedance calculations for REGs and convert-
ers have been proposed in DQ-frame (or rotating-frame), 𝛼𝛽-
frame (or stationary-frame), and sequence-domain in the litera-
ture [5–12]. Using sequence-domain models facilitate the har-
monic stability studies for networked converters and power
systems [6–8]. This is due to the fact that the sequence-
domain models are not tied to any local reference frame.
Furthermore, different electrical components of a power sys-
tem have equivalent models in the sequence-domain. There-
fore, the sequence-domain models can be easily combined with
the rest of a power system for harmonic stability studies [6–
8]. Positive and negative sequence models include any poten-
tial asymmetry and couplings in the DUT response as well.
Therefore, this paper recommends calculation of the sequence-
domain models using the DFT values from the previous step as
follows:

⎛
⎜⎜⎜⎝
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n
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⎞
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= 1
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⎞
⎟⎟⎟⎠

(1)

Where, 𝛼 = 1∠1200. Note that the zero sequence compo-
nent (V0) can be neglected in the case of three-phase three-wire
systems. Similar calculations can be used for currents.

2.5 Norton model calculation

The grid emulator injects voltage perturbations to the terminal
of DUT. Consequently, the voltage perturbation (V i ) is consid-
ered as input, and the current response (I i ) is reflected as out-
put of the DUT system. Simplified conventional equations have
been used for admittance calculations in the literature as follows
[8, 10, 19], and [30]:

Y i
pp = I i1

p(p)

V i1
p(p)

, Y i
pn = I i1

p(n)

V i2
n(n)

Y i
nn = I i2

n(n)

V i2
n(n)

, Y i
np = I i2

n(p)

V i1
p(p)

(2)

Where V i1
p and I i1

p are the positive sequence perturbation

data at frequency of “ fi + f0”, and V i2
n and I i2

n are the negative
sequence perturbation data at frequency of “ fi − f0” respec-
tively. Note that the negative sequence component has “−2 f0”
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frequency shift from the positive sequence, which is called “mir-
ror frequency coupling (MFC)” [7–10, 19]. In addition, Y i

pp

and Y i
nn are self admittances at positive and negative sequences,

and Y i
np and Y i

pn are coupling admittances between positive
and negative sequences at “ fi”. However, the effects of the
initial emissions and sequence couplings have been neglected
in Equation (2). This section provides more accurate equa-
tions for the admittance calculations considering the couplings
and initial emissions in a test environment. According to IEC
61400-21-3 [14], the multi-frequency model of the DUT at
frequency of “ fi” can be regarded as a Norton equivalent as
follows:

I i1
p = Y i

ppV
i1

p +Y i
pnV

i2
n + I i1

p0

I i2
n = Y i

npV
i1

p +Y i
nnV

i2
n + I i2

n0

(3)

Accordingly, using pure single-tone voltage perturbations for
positive and negative sequences, measured data can be illus-
trated for the ith frequency as follows:
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V i1
p(n) V i2

n(n) 1

⎞⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎝

Y i
np

Y i
nn

I i
n0

⎞
⎟⎟⎟⎠
= ⎛⎜⎜⎜⎜⎝

I i2
n(0)

I i2
n(p)

I i2
n(n)

⎞⎟⎟⎟⎟⎠

(4)

Where (0) suffixes indicate the measurement data at a nor-
mal operation without any perturbation. Moreover, (p) suf-
fixes indicate the data for positive sequence perturbation, and
(n) suffixes depict the data for negative sequence perturbation
for each ith frequency. The Equation (4) can be simplified by
subtracting all rows by the normal operation data (0), which
leads to:

(
V i1

p(p) −V i1
p(0) V i2

n(p) −V i2
n(0)

V i1
p(n) −V i1

p(0) V i2
n(n) −V i2

n(0)

)(
Y i

pp

Y i
pn

) = (
I i1

p(p) − I i1
p(0)

I i1
p(n) − I i1

p(0)

)

(
V i1

p(p) −V i1
p(0) V i2

n(p) −V i2
n(0)

V i1
p(n) −V i1

p(0) V i2
n(n) −V i2

n(0)

)(
Y i

np

Y i
nn

) = (
I i2
n(p) − I i2

n(0)

I i2
n(n) − I i2

n(0)

)

(5)

This way, the effects of the initial harmonic emissions on the
calculation results can be eliminated. The emissions in the nor-
mal operation could be generated by the DUT or the grid emu-
lator and are neglected in the literature [10, 19], and [30]. Solving

Equation (5) leads to admittance calculations as follows:

Y i
pp = ΔI i1

p(p)ΔV i1
p(p)

(1 − ΔI i1
p(n)ΔI i1
p(p)

ΔV i2
n(p)ΔV i2
n(n)

)

(1 − ΔV i1
p(n)ΔV i1
p(p)

ΔV i2
n(p)ΔV i2
n(n)

)

Y i
pn = ΔI i1

p(n)ΔV i2
n(n)

(1 − ΔI i1
p(p)ΔI i1
p(n)

ΔV i1
p(n)ΔV i1
p(p)

)

(1 − ΔV i1
p(n)ΔV i1
p(p)

ΔV i2
n(p)ΔV i2
n(n)

)

Y i
nn = ΔI i2

n(n)ΔV i2
n(n)

(1 − ΔI i2
n(p)ΔI i2
n(n)

ΔV i1
p(n)ΔV i1
p(p)

)

(1 − ΔV i1
p(n)ΔV i1
p(p)

ΔV i2
n(p)ΔV i2
n(n)

)

Y i
np = ΔI i2

n(p)ΔV i1
p(p)

(1 − ΔI i2
n(n)ΔI i2
n(p)

ΔV i2
n(p)ΔV i2
n(n)

)

(1 − ΔV i1
p(n)ΔV i1
p(p)

ΔV i2
n(p)ΔV i2
n(n)

)

I i1
p0 = I i1

p(0) −Y i
ppV

i1
p(0) −Y i

pnV
i2

n(0)

I i2
n0 = I i2

n(0) −Y i
npV

i1
p(0) −Y i

nnV
i2

n(0)

(6)

Where ΔV i1
p(p), ΔV i2

n(n), ΔV i1
p(p), and ΔV i2

n(n) refer to the
changes caused by positive and negative sequence single-tone
voltage perturbations respectively. In addition, ΔV i1

p(n), ΔV i2
n(p),ΔI i1

p(n), and ΔI i2
n(p) represent the sequence coupling effects on

the opposite sequence voltages and currents. Note that i1-index
refers to the positive sequence perturbations at frequency of
“ fi + f0”, and i2-index implies the negative sequence perturba-
tions at frequency of “ fi − f0” respectively.

Further approximation have been used by neglecting the
effect of the sequence couplings in voltage (i.e. ΔV i1

p(n) ≈ 0,ΔV i2
n(p) ≈ 0) and simplifying Equation (6) to Equation (7) [8–10,

19–21, 30]:

Y i
pp = ΔI i1

p(p)ΔV i1
p(p)

, Y i
pn = ΔI i1

p(n)ΔV i2
n(n)

Y i
nn = ΔI i2

n(n)ΔV i2
n(n)

, Y i
np = ΔI i2

n(p)ΔV i1
p(p)

(7)

This way, the admittance matrices indicate the DUT
response’s sensitivity to the presence of harmonic voltages at
the terminal of the DUT. Note that the sensitivity level depends
on the DUT’s electrical components and control system [19–21,
26].
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2.6 Thevenin impedance derivation

It is important to note that using voltage perturbation tests; the
impedances should be derived from the admittance matrices. In
this way, let’s consider that the Norton equivalent in Equation
(1) has a dual Thevenin equivalent as Equation (8)[14]:

V i1
p = Z i

ppI i1
p + Z i

pnI i2
n +V i1

p0

V i2
n = Z i

npI i1
p + Z i

nnI i2
n +V i2

n0

(8)

Hence, the impedance can be derived from the admittance
matrices as follows:

Z i
pp = Y i

nn

Y i
ppY

i
nn −Y i

pnY
i

np

Z i
pn = −Y i

pn

Y i
ppY

i
nn −Y i

pnY
i

np

Z i
nn = Y i

pp

Y i
ppY

i
nn −Y i

pnY
i

np

Z i
np = −Y i

np

Y i
ppY

i
nn −Y i

pnY
i

np

(9)

Furthermore, by neglecting the sequence couplings in current
components (i. g. ΔI i1

p(n) ≈ 0, ΔI i2
n(p) ≈ 0), the impedances would

be calculated directly from the voltage perturbations as follows:

Z i
pp = 1

Y i
pp

= ΔV i1
p(p)ΔI i1

p(p)

, Z i
pn ≈ 0

Z i
nn = 1

Y i
nn

= ΔV i2
n(n)ΔI i2

n(n)

, Z i
np ≈ 0

(10)

However, omitting the current sequence couplings could add
considerable inaccuracy to the test results, especially in the case
of unbalanced systems [26]. This fact has been ignored in the
previous impedance measurement procedures [8–10, 19–22],
and [30].

As another option, the Thevenin impedance can be calculated
using current perturbation tests via an additional shunt current
source device in the test bench [18–25]. The impedance calcu-
lation procedure for current perturbation tests is given in the
Appendix A of this paper.

2.7 Model validation or empirical modelling
applications

After finalising the perturbation tests for the chosen frequency
range and the model calculation procedure, the results can be
compared with the vendor models or simulation models. This

FIGURE 3 Example of voltage perturbation structure by a grid emulator

TABLE 1 Proposed specifications for small-signal perturbation tests

Specification fh < f0 f0 ≤ fh < 2 f0 2 f0 ≤ fh < fh(max)

Vh range 0.4%–0.6% 0.8%–1.2% 1.5%–2.5%

Ih range 5%–8% 3%–5% 1%–3%

Min. frequency 9Hz f0+1 2 f0

Max. f step 2Hz 2Hz 2Hz

Power ref. (pu) 0.1, 0.5, 1.0 0.1, 0.5, 1.0 0.1, 0.5, 1.0

Test period (s) 3–11 3–11 3–11

way, the accuracy of the simulation models can be evaluated and
corrections can be applied [9].

Another application of the test results can be extracting the
empirical models. The empirical modelling refers to the model
calculation of black-box systems only based on the tests and
measurements. Therefore, it is assumed that there is no specific
information about the system (e.g. control or simulation model)
[9–11, 34]. In such cases, the aim of the tests is to derive the
multi-frequency model of the converter system for a reasonable
step-size (i.e. resolution) and frequency range [34]. The con-
verter model would be estimated for the frequencies between
the test steps to gain a higher resolution model.

3 TECHNICAL RECOMMENDATIONS
FOR TRUSTWORTHY TEST RESULTS

Example structure of voltage perturbation tests using a grid
emulator is illustrated in Figure 3. Accordingly, the perturba-
tion voltage is added to the control reference signal of the grid
emulator converter to be emulated at the terminal of the DUT
[29–31]. In this part, the impacts of a grid emulator, DUT,
and measurement equipment on the test results are explained.
Accordingly, the perturbation test specifications are proposed
in Table 1. Note that the quantified specifications are verified
by the experimental test results demonstrated in Part IV.

3.1 Impacts of the grid emulator on the test
results

3.1.1 Control system of the grid emulator

In the test structure shown in Figure 3, the grid emulator can
be counted as a controlled voltage source interconnected with
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FIGURE 4 Small-signal equivalence of the interconnection between the
DUT and the grid emulator

the DUT converter. The equivalent small-signal representation
of the interconnection between the DUT and the grid emulator
is illustrated in Figure 4. Accordingly, the grid emulator is repre-
sented by a Thevenin model, and a Norton equivalence depicts
the DUT at the frequency of fi . Note that Z

igs
pp and Z

igs
nn are pos-

itive and negative sequence impedances, respectively. Z
igs
pn and

Z
igs
np refer to the couplings between the sequences. In addition,ΔV

igs

p0(p) and ΔV
gs

n0(n) depict the equivalent perturbation ampli-

tudes. Note that ΔV
igs

p0(p) is only non-zero during the positive

sequence perturbation and ΔV
igs

n0(n) is non-zero only during the
negative sequence perturbations.

As shown in Figure 4, the grid emulator’s non-linear control
or hardware system can impose interactions and uncertainties
on the test results rather than an ideal voltage source. This issue
can be extended for any test device designed for perturbations.
Effects of the grid emulator impedance on perturbation test
results have been investigated in [19, 30]. Accordingly, the cou-
pling impedances in the grid emulator (Z igs

pn ≠ 0 and Z
igs
np ≠ 0)

would lead to different and inappropriate results for voltage
and current perturbation tests [19]. The frequency couplings
can exist due to non-linear control, and sequence couplings can
be generated by asymmetries in a three-phase system [26, 34].
Therefore, the grid emulator should have a linear control and
symmetrical three-phase system to avoid different and doubtful
results. A closed-loop control system can impose non-linearity
and couplings in converters of a grid emulator. Therefore, this
paper recommends adjusting open-loop voltage set-points for
perturbations, as shown in Figure 3. In this way, the coupling
impedances and unwanted control interactions can be elimi-
nated. Typically, grid emulators’ short circuit ratio is relatively
higher than DUTs [27–30]; hence, linear and low amplitude
impedance for the grid emulator can be realised using open-
loop references for the voltage (Vpert and Vgs). Note that the
feed-backs for the protection measures in the test bench should
remain activated.

3.1.2 Effect of grid emulator’s output filter

The output filter of a grid emulator is required to limit its total
harmonic distortion (THD) within an acceptable range [27–30]
and [36]. However, the output filter can affect the voltage per-
turbation tests as well [30]. Assuming an open-loop control for
a grid emulator, Z

igs
pp and Z

igs
nn can be regarded as an RLC filter

impedance with cut-off frequency of f
gs

coff. Figure 5 illustrates
an example of an RLC filter impedance seen from its output

FIGURE 5 Example of effects of a grid emulator’s RLC filter on
perturbation tests: Filter impedance seen from DUT side (Z(pu)), and voltage
gain on the perturbation voltage (Vabc /V

gs
pert)

terminal (|Z (pu)|). This impedance depicts an example of a grid
emulator’s impedance seen from the DUT side during pertur-
bation tests. Accordingly, the DUT is exposed to a frequency-
dependent impedance with low amplitudes in low frequency
range and high amplitudes in high frequency range. Therefore,
high current flow is expected for low frequency range which
should be taken into account in the perturbation test specifica-
tions. Furthermore, very high impedance can lead to very low
current responses as such to be out of the measurement res-
olution. For an accurate impedance calculation, the amplitude
of the current response should be in a measurable range. There-
fore, the amplitude of the perturbations should be adjusted over
the testing frequency range.

Besides, an example of the filter effects on its input voltage
or the perturbation voltage (|V abc∕V

gs
pert|) is shown in Figure 5.

According to the voltage gain plot, the output filter of a grid
emulator attenuates or eliminates the voltage perturbations with
frequencies higher than the cut-off frequency (i.e. f

gs

coff). This
fact limits the application of the grid emulator to the frequen-
cies less than f

gs

coff. Furthermore, there could be voltage ampli-
fication effects in the frequencies around f

gs

coff [30]. In [30] it is
recommended to measure the grid emulator’s impedance before
connecting to the DUT and modify the perturbation ampli-
tudes accordingly.

It should be noted that the main interactions and non-linear
impedance of a renewable energy generator (REG) occur in
the range of its control bandwidth [11]. Typically, the control
bandwidth of REGs is designed in the range of ( f dut

bw
< f dut

sw ∕5)
[6–11]. Therefore, the perturbation frequency limitation of a
grid emulator can be neglected as long as it is able to inject up
to fh(max) ( f dut

bw
< fh(max) < f dut

sw ∕2). Besides, re-tuning the grid
emulator’s filter configuration ( f

gs

coff) can be a solution for per-
turbations in high frequencies.

3.1.3 Background harmonic emissions from
grid emulator

Harmonic emissions from a grid emulator’s converters can
cause an additional error in the test results [30]. Hence, it is
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essential to include the initial emissions (or the initial condi-
tion without perturbation) in calculations, as suggested in Equa-
tions (4–6). In [37], a method is proposed to determine and
separate the emissions of the grid emulators for the extreme
conditions.

3.2 Impacts of the DUT system

3.2.1 Response current and voltage amplitudes

A perturbation may inevitably excite a resonance frequency or
near resonance frequency of a DUT system. In such cases, the
excessive voltage or current could present in the DUT response
[29, 30, 32]. On the other hand, the parallel impedance branch
of transformers and impedance of inductive components have
small amplitudes in low frequencies. Thus, the voltage perturba-
tion tests in very low frequencies would lead to high amplitudes
of current responses. The amplitude of the perturbation volt-
age should be kept in a standard permissible range. Similarly,
high amplitudes of voltage responses would be expected for
current perturbation tests in high frequencies. As a suggestion,
maximum permitted harmonic amplitudes and total harmonic
distortion (THD) levels for AC grids can be derived from IEC
61000-3-6 [35]. Accordingly, the maximum levels are dependent
on the system voltage level and the frequency of harmonics. The
acceptable ranges for voltage or current perturbation are rec-
ommended in Table 1. Within the given ranges, lower values are
recommended for high voltage test systems (Vabc > 30 kV).

3.2.2 Protection measures in a DUT’s control
system

In a DUT control system, there could be potential protection
measures for over-current, over-voltage, excessive THD, exces-
sive reactive power, high RMS voltage value, and fault contin-
gencies. Inappropriate perturbation tests can force the DUT
control system into an abnormal protection scheme and lead
to an inaccurate impedance measurement. Therefore, it is nec-
essary to perform the tests within an acceptable range of ampli-
tude and duration for perturbations, which are recommended in
Table 1.

3.2.3 Effective frequency range for perturbation

In general harmonic resonance issues would be considered up
to the switching frequency of REGs (or f dut

sw ) [11]. Consider-
ing Nyquist’s theorem in pulse-width modulation (PWM) tech-
niques, the harmonics above half of a converter’s switching fre-
quency would not be constructed in its output. Therefore, a
safe margin for the maximum frequency for perturbation tests
is ( fh(max) < f dut

sw ∕2). Furthermore, the electrical and digital fil-

tering in converter systems eliminates the harmonics above the
control bandwidth [6]-[11]. Therefore, the effective range of
the control system interactions is mainly up to around the con-
trol bandwidth [6–11]. Thus, for higher frequencies, the effec-
tive part would be only the PWM emissions and electrical com-
ponents, including transformer, converter switches, filters, and
generator. In summary the maximum perturbation frequency
would be chosen in the range of ( f dut

bw
< fh(max) < f dut

sw ∕2).
The minimum voltage perturbation frequency is limited due

to the potentially high current responses, as mentioned in Part
III.A-1. According to this fact, different perturbation ranges
for sub-synchronous frequencies and minimum perturbation
frequency are given in Table 1. Besides, since most inter-
actions with phase-loop-locked (PLL) systems of converters
occur in the range of less than 2 f0 [6–11], smaller frequency
steps and amplitudes are recommended for fh < 2 f0. More-
over, in Table 1, addressing the frequency steps is intended
to provide reasonable and practical resolutions for perturba-
tion tests. According to the impedance models provided in
the literature [5–11] and [17–21], sharp changes between 2 Hz
steps are expected to be rare. However, after achieving overall
impedance plots, specific resonance case studies would be per-
formed locally with smaller steps such as 1 Hz around a poten-
tial resonance frequency. Smaller perturbation frequency steps
would be used for deriving empirical models.

3.2.4 DUT output power set-point

According to the state-of-the-art analytical models and vali-
dations in [5–10, 38, 39], the equivalent impedance of grid-
connected converters and wind turbines are dependent on its
output power (or current) references. This dependency can be
evaluated by testing in different power set-points. Therefore, it
is recommended to perform the perturbation tests at least for
two different power set-points. In Table 1, three different power
set-points are chosen to consider the effects of different opera-
tion points for REGs.

3.2.5 Stable phase angle between voltage and
current

A DUT’s response against a perturbation may consist of dynam-
ics over time, especially at the beginning of the injection due to
delays in the DUT’s control system response. Therefore, it is
recommended to consider a short settling period and use the
measurement data in the steady-state condition for admittance
and impedance calculations. A stable phase angle between volt-
age and current harmonics is a sign of the steady-state condi-
tion. Furthermore, averaging of calculations from a perturba-
tion period leads to more accurate results. In [14, 40], introduce
prevailing angle ratio (PAR) as a practical criterion for evaluat-
ing dynamics in a harmonic emission that can be used to assess
uncertainties in the DUT emission.
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3.3 Impacts of the measurement system

3.3.1 Measurement equipment resolution

In IEC 61000-4-7 standard [33], it is recommended to utilise
Class I measurement equipment for high precision applications.
Accordingly, the frequency components of current or voltage to
be measured would be in the range of “0.00002 pu up to 0.05
pu” [33]. Therefore, the accuracy of sensors and resolution of
data acquisition modules should be chosen properly to cover a
wide range of voltage and current amplitudes and frequencies.
The minimum resolution (REmin(pu)) of the measurements in
per-unit (pu) can be calculated as:

REmin(pu) = (
Xmaxd (pu)

2N (bits)

)(
Xmaxs

Xmaxt

)
(11)

where Xmaxd (pu) refers to the maximum amplitude that is
intended to be measured from a signal and N(bits) depicts the
number of bits in the data acquisition modules. Xmaxs is the
maximum analogue signal that a sensor can transfer to the data
acquisition module and Xmaxt is the actual maximum analogue
signal that the sensor is used to transmit. Note that Xmaxs is
based on the sensor data-sheet, while Xmaxt is based on the
actual application and equipment design. For instance, consider
a data acquisition module with 18-bits resolution dedicated to
measure up to 1.2 pu of a signal X, and an analogue sensor with
maximum output of 0.2 V which is used to transmit maximum
0.18 V in response to the 1.2 pu of the signal X. According to 11,
the minimum resolution would be REmin(pu) = 5 × 10−6 pu.

3.3.2 Noise level consideration

Harmonic spectrum and DFT plots can illustrate the level of
noise. In this way, the trustworthy data would be the values
that are at least 20 times higher than the minimum resolution
of measurement equipment (95% accuracy) [33]. For exam-
ple, if the minimum resolution of measurement equipment was
5 × 10−6 pu, then the values higher than 100 × 10−6 pu could
be used in the calculations with a high level of accuracy. Accord-
ing to IEC 61000-4-7 [33], Class I measurement equipment
should have a maximum error of “±0.05% pu” for voltage mea-
surements and “±0.15% pu” for current measurements in the
small-signal range. Nowadays, more precise instruments have
been used in the state-of-the-art test sites [29, 30].

4 EXPERIMENTAL VERIFICATION OF
THE PROPOSED TEST METHODOLOGY

The experimental single-tone voltage perturbation tests are per-
formed by a 7 MVA grid emulator with 13.8 kV rated volt-
age at national renewable energy laboratory (NREL) Colorado,
Golden, USA [9, 29]. The structure of the test bench is shown in
Figure 3. The perturbation tests are performed on a 2 MVA PV
converter and a 2 MVA Type 3 WT with three-phase balanced

systems. Since, the structure of a Type 4 WT is similar to a PV
converter, a general specification for converter-based renew-
able energy generators (REG) could be derived. The calcula-
tions are performed on instantaneous time-series measurement
data from the terminal of WTs according to the proposed test
methodology in Figure 2. The measurement equipment consists
of 24-bits resolution and 50 k sample-per-second-per-channel
(50 k S/s/channel) sample rate [29]. The frequency spectrum
of the measured data is calculated by discrete Fourier trans-
form (DFT) with 1 s frame window to achieve 1 Hz resolu-
tion according to IEC 61000-3-6 [35]. The perturbation tests
are used for the verification of the proposed methodology by
the following steps:

4.1 Single-tone voltage perturbation tests to
verify the proposed specifications

A group of single-tone perturbation tests is performed for the
positive and negative sequences from 3 Hz up to 1 kHz. The
tests are done for a 2 MVA PV converter and a 2 MVA Type 3
WT. The discrete Fourier transforms (DFT) of the experimen-
tal tests on the PV converter are given in Figure 6. Accordingly,
Figure 6(a,b) illustrate the harmonic spectrum of normal opera-
tion condition without any perturbation (Vpv−p(0) and Ipv−n(0)).
Furthermore, Figure 5(c,d) illustrate the harmonic spectrum for
positive sequence perturbations (Vpv−p(p) and Ipv−n(p)). Note
that the current response at each frequency is given for the
same frequency of perturbation respectively and depicted by cir-
cle signs. Besides, the open-loop reference values (1% and 2%)
are shown in the voltage spectrum. Accordingly, the emission
effects around fundamental frequency are noteworthy, espe-
cially at 59 Hz with an amplitude of 5%. As mentioned in Part
3.2.3, this is mostly due to the grid emulator’s initial emissions,
which should be considered in the calculations. Moreover, in
Figure 6(c), the attenuation effect of the grid emulator’s output
filter is visible for frequencies higher than 900 Hz, as explained
in Part 3.2.2. Therefore, the grid emulator’s efficient applica-
tion with the existing filter structure would be in the range of
less than 1 kHz. Besides, high current responses are observed in
the sub-synchronous range (up to 0.085 pu for 9 Hz). Similarly,
Figure 6(e,f) demonstrate the positive and negative sequence
voltages and currents for negative sequence voltage perturba-
tion (Vpv−p(n) and Ipv−n(n)). Accordingly, the maximum current
response has occurred in 5 Hz with an amplitude of 0.086 pu
against 1% voltage perturbation.

Besides, the experimental voltage perturbation test results
for a 2 MVA Type 3 wind turbine are demonstrated in Fig-
ure 7. Accordingly, the positive and negative voltage and current
are illustrated for positive sequence perturbation tests (Vwt−p(p)
and Iwt−n(p)). The open-loop perturbation voltage references are
given along with the measured values from the point of connec-
tion (Vp(poc)) in Figure 7(a). Note that in this study case, the
voltage perturbation at 59 Hz is applied in reverse with the grid
emulator’s emission. As a result, the voltage amplitude is main-
tained near a 1% value. Similar to Figure 6(c), the attenuation
effect of the grid emulator’s filter is observed in Figure 7(a)
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FIGURE 6 Positive and negative sequence voltages and currents for experimental single-tone voltage perturbations on a 2 MVA PV-converter: (a,b) Normal
operation, (c,d) positive sequence perturbations, (e,f) negative sequence perturbations

FIGURE 7 Positive and negative sequence voltages and currents for experimental positive sequence voltage perturbations on a 2 MVA Type 3 WT
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FIGURE 8 Comparison of admittance calculations for the 2 MVA PV converter with (Equation (6)) and without (Equations (2) and (7)) considering the
sequence couplings, and with (Equations (6) and (7)) and without (Equation (2)) considering initial emissions

for frequencies higher than 900 Hz. It is noteworthy to men-
tion that in the case of Type 3 WT, an amplification effect is
observed in the range 500 to 800 Hz. This effect is caused by
the WT mostly; since it has not been observed in the tests for
the PV converter in Figure 6(c).

4.2 Comparison of different simplifications
in admittance and impedance calculation

The admittance matrices for the PV converter are calculated
using Equation (6) and compared with the simplifications in
Equations (2) and (7) in terms of couplings and initial emissions,
as demonstrated in Figure 8. The amplitude and phase angle
of admittance matrices are provided. A considerable difference
has been observed in the range of less than 60 Hz for Ypv−pp

and Ypv−nn plots. In addition, considerable errors are detected
in coupling admittance (Ypv−pn and Ypv−np) in the range of less
than 100 Hz. Thus, the couplings and initial emissions effects
should be considered in the calculations using 6.

Furthermore, the derivation of the impedance matrices using
different equations are illustrated in Figure 9. Accordingly,
Zpp(6,9) stands for calculation of the impedance using Equa-
tions (6) and (9) without simplification. Zpp(eq.7,9) implies the
calculations using Equations (7) and (9) with neglecting effects
of coupled components in admittance calculations. In addi-
tion, Zpp(eq.10) implies the impedance calculations using Equa-

tion (10) with neglecting effects of coupled components in
both admittance and impedance calculations. Thus, to achieve
the most accurate impedance values, it is necessary to include
the effects of the couplings in the calculations of admittance
and impedance, even for a balanced system due to asymmetri-
cal control.

5 CONCLUSION

Despite the effectiveness of the impedance-based analysis for
harmonic interaction studies, the necessity of a trustworthy
test methodology for impedance model validation has been
neglected in the literature. This paper proposed a general har-
monic model validation test methodology for converter-based
renewable energy generators using small-signal perturbation
in the sequence domain. Furthermore, the technical specifica-
tion (summarised in Table 1) and recommendations for trust-
worthy tests were provided. The technical recommendations
include impacts of the device under test, grid emulator, and
measurement equipment. The capability of the grid emulator
in performing the perturbation tests is regarded as the main
challenge.

The experimental verification of the test methodology is per-
formed using a 7 MVA grid emulator on a 2 MVA PV con-
verter and a 2 MVA Type 3 WT. The perturbation test speci-
fications are derived from the MW-scale experiments. This way,
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FIGURE 9 Comparison of impedance derivation for the 2MVA PV converter: Without simplification (Equations (6) and (9)); Neglecting the couplings in
admittance (Equations (7) and (9)); Neglecting the couplings in admittance and impedance (Equation (10))

the application of a converter-based grid emulator for multi-
frequency model validation purposes is verified and secured.
Besides, the effects of simplifications in the model calculations,
including effects of initial emissions and couplings, are investi-
gated. Accordingly, the frequency and sequence couplings exist
even in a balanced three-phase DUT system due to the asym-
metrical control, especially in low-frequency ranges. Further-
more, the initial emissions may not be important in the har-
monic stability studies but rather effective on the accurate cal-
culation of the small-signal models. The evaluation of multi-
tone perturbation tests and the assessment of the perturbation
tests on networked converter systems are left out for future
works.
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APPENDIX A: IMPEDANCE CALCULATION

BASED ON CURRENT PERTURBATION

TESTS

The Thevenin equivalent can be calculated based on Equa-
tion (8) and using three different measurement data, including
without perturbation, positive and negative sequence current
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perturbations as follows:
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Note that i1-index refers to the positive sequence current
perturbations at frequency of “ fi + f0”, and i2-index implies
the negative sequence current perturbations at frequency of
“ fi − f0” respectively. Δ sign refers to the changes caused by
positive and negative sequence single-tone current perturba-
tions. I i1

p(p) and I i2
n(n) refer to positive and negative sequence

single-tone current injections respectively. The Equation (A.1)
can be simplified by neglecting the effects of voltage responses
on currents in coupled frequencies (i. g. ΔI i1

p(n) ≈ 0, ΔI i2
n(p) ≈ 0)

as follows:
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Abstract—Developing an integrated pan-European energy sys-
tem based on renewable energy sources (RES) has technical
and economic benefits. In this way, harmonized rules for grid
connection of RES are required at the international level.
Wind energy is one of the most promising renewable energy
worldwide. The integration of wind energy into the power system
is overgrowing through onshore and offshore installations. The
European network codes have been drafted and regulated for
AC- and HVDC-connected power-generating modules (PGM) in
two separate international network codes. This paper presents
the main aspects of the regulated European network codes and
compares them. Accordingly, it is recommended to define the
European network codes based on RES connection type (AC
and HVDC) rather than the onshore and offshore categorization.
Also, the main requirements for HVDC-connected generations
are being regulated all around Europe. Therefore, the integration
of RES into European power systems via HVDC transmission
would be easier.

Index Terms—European network codes, renewable energy
sources, power-generating modules, HVDC-connected PGMs

I. INTRODUCTION

The integration of renewable energy sources (RES) into
the power system has been an important challenge for power
system developers and operators. The European Commission
has planned a fully renewable power grid by 2050, which
is called the pan-European super grid to ensures a reliable,
uniform and carbon-free European power grid [1-5]. In this
regard, a harmonized international rules for grid connection of
power generations should be set out to provide a clear legal
framework for interconnection of different grids and facilitate
the RES integration.

Wind energy is one of the most promising renewable energy
resources worldwide. The expected cumulative installed capac-
ity of onshore and offshore wind power plants (WPP) with an
outlook to 2022 in Europe is shown in Fig. 1. Accordingly,
the new installations of wind energy capacity at an average
rate of 16.5 GW per year is expected in Europe. The total
installed capacity would reach 253 GW with a share of 20%
from offshore WPPs [1-3].

Harmonization of network codes can improve integration of
this substantial amount of wind power along with other RES.
The European commission has asked the European network

This project has received funding from the European Unions Horizon 2020
research and innovation program under grant agreement No. 691714.

of transmission system operators for electricity (ENTSO-E) to
harmonize the network codes in Europe. In this way, European
network codes have been regulated for AC- and HVDC-
connected power plants in two exclusive codes [2-5].

This paper presents the main aspects of the latest European
network codes for the harmonization of European renewable
energy generation and interconnections. In section II, the grid
interconnections of power plants in general are introduced.
In section III, harmonization of European network codes is
discussed. Finally, the main aspects of the European network
codes are reviewed in section IV, and the main differences
and similarities between HVDC and AC connections in the
network codes are illustrated.

II. INTERCONNECTIONS OF RES

RES can be connected to the main power grid through high
voltage direct current (HVDC) or AC transmission systems.
The main applications of HVDC are the interconnection of
non-synchronous networks, long-distance transport of electri-
cal power, and submarine and underground cable transmission.
Therefore, different types of power generation units can inter-
connect through HVDC transmission systems from offshore
or onshore areas. In this regard, HVDC transmission provides
an economically viable solution for long distances, especially
in case of offshore power plants [5-8].

Currently, wind generation is predominately onshore; how-
ever, there is an increasing interest in offshore wind generation

Fig. 1. Expected cumulative installed capacity of onshore and offshore WPPs
until 2022 in Europe [3].
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due to limited onshore sites, less public opposition to offshore
and maturation of the associated technologies. Evaluation and
comparison of different types of topologies and intercon-
nections for WPPs have been done in the literature [8-12].
WTs are connected through medium voltage submarine cables
typically at voltage level of up to 33-66 kV to the Offshore AC
substation. The transformers in offshore AC substation step up
the voltage to 132-200 kV for further power transmission with
lower power loss. Offshore AC substation can be connected to
the grid at shore either directly through AC cables or HVDC
power transmission systems. Fig. 2 displays a typical structure
of HVDC-connected offshore WPPs. As it can be seen in this
figure, offshore power transmission consist of offshore and
onshore HVDC converter stations, AC and DC cables, and
offshore AC substations. Hence, the structure and behavior of
the HVDC connection are different than a conventional AC
grid connection which needs to be considered in regulations
and standards for WPPs and, in general, RESs.

III. NETWORK CODES

Power plants are required to provide a certain level of
reliability and stability. The integration of generated power
into the power system is one of the most critical challenges
in renewable energy technologies, especially wind energy.
Motivated by the power system reliability and stability issues,
grid interconnection requirements, called network codes, have
been developed by transmission system operators (TSOs) in
different countries. In response to these codes, manufacturers
provide their products with features that cope with demanded
grid connection requirements. Also, the international collab-
orations in technology and market of RES demand uniform
regulations and standards.

A. Harmonization of European Network Codes

The evolution of network codes has mostly happened at
national levels, but considering the recent trends towards an
integrated pan-European energy system, focusing on a national
level can lead to technical and economic problems in interna-
tional level. The main aspects of network code requirements
for the integration of renewable energy in European countries
at the national level have been presented in [13-16].

Fig. 2. Typical structure of HVDC-connected offshore WPPs [10].

Fig. 3. European distributed hubs concept for offshore grids in the North Sea
[4].

The pan-European super grid must facilitate the integration
of RES, and manage the power systems interconnections
caused by the pan-European electrical energy trade. In this
way, the European network of transmission system operators
for electricity (ENTSO-E) is founded as an umbrella organiza-
tion for harmonization of European TSOs. Different scenarios
for implementation of the pan-European super grid have been
offered by ENTSO-E and relevant industrial and academic
partners [2-5]. As an example, Fig. 3 shows the European
distributed hubs concept for offshore grids in the North Sea,
which is visualized in PROMOTioN’s Deliverable 12.1 [4].
This concept presents a meshed international offshore power
grid using AC and HVDC transmissions with a high level
of flexibility, reliability, and coordination among neighboring
countries; however, it demands international regulations and
framework.

In this regard, the European Commission requested ENTSO-
E to harmonize the national network and market codes for
Europe in consultation with all stakeholders. Consequently,
the European network codes are drafted by ENTSO-E with
guidance from the agency for the cooperation of energy reg-
ulators (ACER). Thus, the network code on requirements for
grid connection of generators (EU NC-631) [17], and network
codes on requirements for grid connection of HVDC systems
and DC-connected power park modules (EU NC-1447) [18]
came into force as European Commission Regulation in 2016.

The European network codes are serving as a framework
for individual TSO network codes. Many TSOs currently are
in an adaption process, to align with the European regulation.
However, the current implementation of EU network codes
is still done in national level, with some (less than before)
differences between them. In EU NC-631, the European AC
power systems have been divided into five synchronous areas
as it is shown in Fig. 4 and listed below.

• Continental Europe
• Great Britain
• Nordic (East Denmark, Finland, Norway, and Sweden)
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• Ireland (Ireland and Northern Ireland)
• Baltic (Estonia, Latvia, and Lithuania).

In each of these synchronous areas, the power generating
modules are subdivided based on their PCC voltage level
and their generation capacity. The capacity thresholds need
to be determined at national level to consider the national
power system characteristics; however the maximum values
for lower thresholds are given in EU NC-631 as illustrated
in Table I [17]. Based on this table, the offshore power
generations can be considered as type D considering high
power capacities (P > 75MW ) and high voltage connection
points (U ≥ 110kV ).

B. Terminology of European Network Codes

Some of the terminologies used in EU regulations for
network codes are shortly described in the following to have
a better understanding of the regulations [17-18]:

• Connection point: the interface at which the power-
generating module, demand facility, distribution system

Fig. 4. Different synchronous areas (regional groups) in Europe according to
ENTSO-E [5].

TABLE I
MAXIMUM VALUES FOR LOWER THRESHOLD OF CAPACITY, WHICH POWER

PLANTS CAN BE ADDRESSED TYPE A, B, C OR D [17].

Synchronous U < 110kV U ≥ 110kV

area A B C D
Continental

Europe
0.8 KW 1 MW 50 MW 75 MW

Great Britain 0.8 KW 1 MW 50 MW 75 MW

Nordic 0.8 KW 1.5 MW 10 MW 30 MW

Ireland 0.8 KW 0.1 MW 5 MW 10 MW

Baltic 0.8 KW 0.5 MW 10 MW 15 MW

or HVDC system is connected to a transmission or
distribution system, offshore network or HVDC system.

• Power park module (PPM): a unit or a group of units gen-
erating electricity. This unit is either non-synchronously
connected to the network or connected through power
electronics which has a single connection point to a
transmission, distribution, or HVDC system.

• Offshore PPM: a PPM located offshore with an offshore
connection point.

• DC-connected PPM: a PPM connected to one or more
HVDC systems via HVDC interface points.

• Power-generating module (PGM): either a synchronous
PGM (SPGM) or a PPM.

IV. EUROPEAN NETWORK CODES FOR RES

The European network codes (EU NC) do provide a good
overview of the differences and similarities of network codes
among European countries. In EU NC-631, the requirement for
PGMs have been stated in four divisions: general requirements
for PGMs, requirements for SPGMs, requirements for PPMs,
and requirements for AC-connected offshore PPMs. How-
ever, many of these requirements are in common, especially
between requirements for PPMs and AC-connected offshore
PPMs. According to EU NC-631, the connection requirements
for offshore AC power generation units are similar to onshore
power generations, except for following two conditions [17]:
First, the relevant system operator (SO) modifies the require-
ments. Second, the connection of power plants is via an HVDC
connection or an asynchronous network.

Therefore, the network codes for AC-connected onshore
and offshore PGMs are mostly similar. In other words, the
main differences in the European network codes are between
AC- and HVDC-connected PGMs rather than onshore or
offshore. This section reviews and compares the EU network
codes for AC- and DC-connected PGMs. It should be noticed
that the European network codes propose regulations at the
international level, and the national implementations of them
will not be discussed in this paper.

A. Frequency Stability Requirements

Frequency stability refers to the ability of a power system
to maintain the frequency within a specified acceptable range
during a severe system upset [19]. PGMs should be capable
of remaining connected to the network based on frequency
stability requirements, PGMs need to remain connected to
the network for a specified time, which depends on value of
frequency deviations.

The minimum operating time in different synchronous AC
regions as well as HVDC-connected PPMs as a function of
frequency deviation are depicted in Fig. 5. The AC-connected
power plants consist of the five synchronous areas, which are
listed in section III-A. According to the European network
codes, the time duration for Nordic, Baltic and Continental
European countries are identical. Also, the values for GB
are similar to DC-connected PPMs. Apart from the required
operating time, there are two main differences in frequency
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Fig. 5. The minimum operating time in different synchronous AC regions as
well as DC-connected PPMs as a function of frequency deviation [17-18].

stability requirements of AC- and HVDC-connected power
plants as follows.

• One difference is in the rates of change of frequency
(RoCoF) of the system. In DC-connected PPMs, the value
of RoCof is specified in the associated network code (±2
Hz/s), while in AC-connected power plants individual
TSOs can specify RoCoF.

• The second difference is that the DC-connected power
plants, which connect with more than one control area,
should be capable of delivering coordinated frequency
control [18], which is not a requirement for AC-connected
power plants.

Regarding the RoCoF in DC-connected PPMs, the HVDC
converters control the frequency of the local AC grid. Conse-
quently, frequency variation is smooth and RoCoF is expected
to be way below the specified limit of 2 Hz/s.

B. Voltage Stability and Reactive Power Requirements

Power systems should be able to maintain steady voltages
at all buses in a specified range after being subjected to
a disturbance. Voltage instability occurs in the form of a
progressive fall or rise of voltages of some buses which may
lead to tripping of transmission lines and cascading outages
[19].

The minimum time duration, during which a PGM must
be capable of operating over different voltage ranges without
disconnecting, is given in Fig. 6-a and Fig. 6-b. In case of
DC-connected PPMs, the periods for a voltage range of 1.118
to 1.15 pu in a voltage range of 110kV ≤ U < 300kV
and 1.05 to 1.15 pu in range of 300kV ≤ U ≤ 400kV
should be specified by the relevant system operator. In EU
NC-631, the voltage-time duration requirement is only given
for type D PGMs and AC-connected offshore PPMs and the
specified values for them are very similar. The only difference
is that the upper voltage level of unlimited operation range for
Ireland is always 1.1 pu in case of offshore PPMs, while for
type D PGMs, it is 1.118 pu for voltages below 300 kV and

1.05 pu for higher voltages. According to Fig. 6, the voltage-
time duration requirements for DC-connected PPMs are more
demanding. In addition, the requirement for type D PGMs
in Baltic and Continental countries are more demanding than
other regions, which means they should be more robust against
voltage deviations.

Another essential option for voltage support is reactive
power (Q) capability to control the voltage locally across
a power grid [13]. The requirements for reactive power ca-
pability at active powers P ≤ Pmax are specified by P-
Q/Pmax and U-Q/Pmax profiles in the network codes for
type c and D PGMs, and AC-connected offshore PPMs. The
ratio Q/Pmax is defined as ratio of the reactive power (Q)
and the maximum capacity (Pmax). The maximum ranges
of reactive power requirements for PGMs are same as AC-
connected offshore PPMs and the only difference is that the
maximum range of Q/Pmax in GB is 0 or 0.33 pu (based on
the configuration of PPM) offshore, while onshore it is 0.66
pu [17]. Besides, concerning the injection of fast fault current
in asymmetrical (1-phase or 2-phase) fault conditions, there is
no specific requirement in EU codes, but the relevant system
operator can specify a requirement for asymmetrical current

(a) 110kV ≤ U < 300kV

(b) 300kV ≤ U ≤ 400kV

Fig. 6. The minimum required operating time as a function of voltage-
amplitude for AC- and DC-connected PPMs [17-18].
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(a) FRT profile for PGMs

(b) FRT profile for HVDC station

Fig. 7. The voltage-period profile for FRT limits of the voltage at the
connection point [17-18].

injection.

C. Robustness Requirements

The aim of robustness requirements is that in the event
of power oscillations, PGMs be able to retain steady-state
stability when operating at any operating point of the P-Q
capability diagram. Fault ride-through (FRT) capability is the
main requirement for robustness, which refers to the ability
of a PGM to remain connected to the power system during
short periods of under-voltage or over-voltage. Fig. 7-a shows
the voltage-time profile in network codes representing lower
limits of the line voltages at the connection point during a
symmetrical fault for PGMs. In addition, FRT profile of an
HVDC converter station is shown in Fig. 7-b. The HVDC
systems should be capable of finding stable operation points
during and after any change in the HVDC system or the
connected AC network.

Table II shows the specified range of parameters for FRT
profiles in European network codes. The FRT profile parame-
ters depend on PGMs and connection types. As it is introduced
in section III, PGMs are either synchronous PGM (SPGM)
or non-synchronously connected (PPM). Also, the PGMs are
distinguished by power rating which addresses the type of

generation consisting A, B, C and D according to Table I. The
given parameters by EU NCs are only for low voltage ride-
through (LVRT) capability and there is no FRT capability for
type A PGMs. Fig. 8 illustrates the most possible demanding
LVRT capability profiles for SPGMs, PPMs and HVDC station
converters. Accordingly, the LVRT capability of HVDC station
is enormously demanding. Also, it is expected that PPMs (type
B, C and D) should tolerate deep faults better than SPGMs.
In addition, the network codes for type D generation (both D
SPGM and D PPM) are more demanding rather than type B
and C; especially, since they should tolerate 100% deep faults
at least for 140 ms period.

HVDC-connected PPMs may not detect the occurrence of
faults in onshore AC grid, but it can affect the level of active
power that can be transferred to the onshore side and therefore
subject the offshore PPMs to a load rejection [20]. Also,
the individual TSOs should specify the requirement for FRT
capabilities in case of asymmetrical faults.

D. System Restoration Requirements

System restoration requirements aim to the capability of
reconnecting of PGMs to the network after an incidental
disconnection caused by a network disturbance. The system
restoration requirements for AC-connected onshore and off-
shore PGMs consist of black start, island operation, and quick
re-synchronization capabilities.

In an HVDC system with black start capability, after system
shut down, one converter station should be energized by a
storage system. Then, the HVDC system should be able to
energize the busbar of the AC substation to which another
converter station is connected. The relevant TSO determine
the time frame of the black start operation for HVDC systems
[18]. However, the interactions between the AC and DC sides
of HVDC connections have not been considered in the grid
codes yet [21-22]. According to [22], the interactions between
AC and DC grids can be defined such as AC transmission
reserve, DC transmission reserve, AC power flow control, and
DC power flow control.

Fig. 8. The most demanding LVRT capability profiles for different PGMs
and HVDC station [17-18].
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TABLE II
PARAMETERS FOR THE FRT CAPABILITY OF AC-CONNECTED PPMS AND HVDC CONVERTER STATION [17-18].

Voltage parameters [pu] Time parameters [s]
SPGM PPM HVDC SPGM PPM HVDC

Uret *D:0, **BC: 0.05∼
0.3

D:0, BC:0.05∼
0.15

0∼ 0.30 tclear 0.14∼
0.15or0.25

0.14∼
0.15or0.25

0.14∼ 0.25

Uclear D:0.25,
BC:0.7∼ 0.9

D:Uret, BC :
Uret ∼ 0.15

- trec1 tclear(D :
tclear ∼ 0.45)

tclear 1.5∼ 2.5

Urec1 D:0.5∼ 0.7, BC :
Uclear

Uclear 0.25∼ 0.85 trec2 trec1 ∼ 0.7 trec1 trec1 ∼ 10

Urec2 D: 0.85∼ 0.9, BC :
0.85 ∼ 0.9and ≥
Uclear

0.85 0.85∼ 0.90 trec3 trec2 ∼ 1.5 1.5∼ 3 -

*D: type D and, **BC: type B and C power plants.

E. General System Management Requirements

These requirements, which are common between all PGMs,
are divided into several system operation considerations con-
sisting protection and control schemes and settings, loss of
control, instrumentation, simulation models, earthing arrange-
ment, and synchronization facilities and settings. The general
system management schemes and settings should be coordi-
nated and agreed among the relevant TSO, system operator
and the power-generating facility owner.

V. CONCLUSION

The international interconnection of power systems has
many technical and economic benefits for European countries.
In this regards, the trends are towards development of an
integrated pan-European energy system. This goal demands
regulation and standards at an international level. In this
way, the network connection codes have been drafted for
generators (EU NC-631) and HVDC systems (EU NC-1447)
and regulated as European network codes in 2016. According
to EU NC-631, the network codes for AC-connected onshore
and offshore power-generating modules are mostly similar.
Therefore, the main differences in the network codes are
between AC- and HVDC-connected PGMs rather than onshore
or offshore. The European network codes leave some aspects
to be specified at national implementation level; however, it
provides an excellent framework and overview of network
codes among European countries. Accordingly, requirements
for HVDC connections are more similar and at the same
time more demanding rather than AC connection codes for
European countries, which are promising for international in-
terconnection of power systems and harmonization of HVDC-
connected PPMs, especially offshore WPPs.
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Frequency and Sequence Couplings in Type 4 and
Type 3 Wind Turbines

Behnam Nouri, Łukasz Kocewiak, and Poul Sørensen

Abstract—The multi-frequency (harmonic) interaction among
converters is an increasing challenge in converter-dominated
power grids. To study steady-state harmonics and transient
harmonic stability, it is crucial to develop accurate multi-
frequency models for converters. However, the frequency and
sequence couplings have not been addressed in the state-of-the-art
analytical models as well as model validation tests for converters.
This paper overviews the impedance measurement test methods
for converters and demonstrates the couplings in frequency-
domain based on time-domain simulations using typical Type 4
and Type 3 wind turbine models. The analysis shows significant
frequency and sequence couplings which are neglected in the
simplified analytical models.

Index Terms—Frequency Coupling, Sequence Coupling, Per-
turbation Test, Wind Turbine, Multi-frequency Model.

I. INTRODUCTION

W IND power integration into the power system is an
increasing challenge of converter-dominated power

grids. Harmonic resonances and interactions in such grids
have been one of the most important considerations, especially
in the case of Offshore Wind Power Plants (OWPP) and
HVDC systems. To date, several harmonic interactions such
as series or parallel resonances and control system malfunc-
tioning have been reported in the literature [1-3]. The main
potential problems resulting from harmonics in WPPs would
be: 1) harmonic emission from Wind Turbines (WTs), 2)
converter control interaction within harmonic frequency range,
3) harmonics generated from converters due to resonances,
and 4) amplification of harmonics propagating from point of
connection into the WPPs [1-3].

Consequently, frequency-domain and time-domain studies
have been performed for stability and steady-state analysis
of converters concerning harmonics [4-6]. Furthermore, the
multi-frequency modeling of WTs is one of the main focuses
on harmonic interaction and resonance studies in WPPs [6-
7]. Accordingly, the impedance model of WTs would be
extracted for a reasonable range of frequencies to be used
in harmonic studies. Test and validation methods for the
Thevenin harmonic model of wind turbines have been studied
in [8-11]. However, the potential non-linearity and couplings
among different frequencies in the converter control system
compromise the reliability and accuracy of harmonic modeling
tests [5] and [8].

B. Nouri and P. E. Sørensen are with the Department of DTU Wind Energy,
Technical University of Denmark, 4000 Roskilde, Denmark.

Ł. Kocewiak is with the Ørsted, Nesa Allé 1, 2820 Gentofte, Denmark.
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In this paper, the frequency couplings have been studied
on Type 4 and Type 3 WTs as well-known converter-based
systems. In this way, part II introduces the state-of-the-art
impedance measurement test methods. Part III studies the main
root-causes of frequency couplings in wind turbines. Further-
more, Part IV presents the simulation results for perturbation
tests.

II. IMPEDANCE MEASUREMENT TESTS

Measurement of the equivalent impedance or admittance
of a converter is a promising approach for validation of the
frequency model of the converter as well as frequency analysis
of an unknown Device Under Test (DUT). This way, the
Thevenin model of the DUT for a range of frequencies would
be calculated by its response to a small-signal perturbation at
the point of connection [8-12]. However, this is possible with
the assumption of a linear or locally linearized system that its
operation point does not change by the perturbation [8].

The perturbations can be either a voltage source in series or
current source in parallel with the main AC grid as illustrated
in Fig. 1. The main shunt current injection topologies con-
sist of an impedance-based chopper circuit, bridge converter
(or active filter), and wound rotor induction machine [8-
11]. Furthermore, the series voltage injection using a series-
connected converter has been studied in [12]. Accordingly, the
series connection does not seem to be practical, because the
perturbation setup needs to sink all fundamental frequency
current produced by the DUT [8] and [13]. To date, the
state-of-the-art test benches are established using back-to-
back converters to flexible and isolated AC grid and wind
torque emulation [14]. The application of these converter-
based test benches in impedance modeling of converters is an
on-going research and development topic, especially for WTs,
which could facilitate the harmonic related studies [13-15].
The voltage perturbation using a MW-scale converter-based
test bench has been illustrated in [15-16] and its application is
extended to large-signal impedance-based modeling of grid-
connected converters in [17]. Accordingly, the large-signal

Fig. 1: General topology of impedance measurement tests
using voltage or current perturbations.
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Fig. 2: Type 4 and Type 3 WT models with control systems in connection to AC grid and voltage perturbation source.

impedance of a DUT represents its response against different
magnitudes of perturbation in each specific frequency.

The available methods for current or voltage perturbations
are single-tone, multi-tone, and chirp injections [18]. Single-
tone perturbation is the injection of a single frequency com-
ponent in a small-signal range. Multi-tone injection consists
of a group of single-tone frequencies with limited amplitude.
Furthermore, chirp is a perturbation signal in which the
frequency increases over a period. Single-tone and multi-tone
perturbations have been preferred for multi-frequency model
validation tests for power electronic converters [18].

According to the literature, the focus has been on shunt
current injection tests over the past decades due to its lower
current ratings and higher bandwidth [8-13]. However, a higher
level of distortion, the effect of AC grid impedance, and the
DUT components compromise the accuracy of the current
injection test results. According to the analysis performed in
[8], the perturbation current flow into the DUT is problematic
in the cases that the AC grid impedance is much higher than
the DUT impedance in the perturbation frequency. There-
fore, the injection of an effective perturbation to the DUT
terminal depends on the level of perturbation as well as the
grid impedance. By the development of converter-based test
benches, the application of converters in voltage perturbation
has been a promising approach for impedance modeling and
model validation of converters.

Furthermore, the presence of exogenous disturbances in
the grid during the measurement is a common challenge for
all types of perturbation tests. These disturbances include
fundamental frequency harmonics, low-frequency modulation
effects, switching ripple, zero-crossing distortions due to the
non-ideal behavior of diodes and diode rectifier bridges in the
system, load-source interactions, and others [7-12]. Despite
the efforts to mitigate these challenges, they still could add
uncertainties and errors to the test results.

III. FREQUENCY AND SEQUENCE COUPLINGS IN WIND
TURBINES

Typical structure and control system of Type 3 and Type
4 converters are illustrated in Fig. 2. Accordingly, positive
sequence control in the DQ-reference frame (or Park trans-
form reference frame) is considered as a control system of
WTs. In this time-domain analysis, let’s consider a positive
sequence and a negative sequence voltage perturbation with
the same frequency flow into the terminal of WT. Therefore,
the consequent voltage of phase A in the low-voltage side of
the WT transformer would be considered as equation 1.

Va = Vm.cos(2πf0t) + Vh1.cos(2πfht+ φvh1) + Vh2.

cos(2πfht+ φvh2) (1)
Where, f0 and fh stand for fundamental and harmonic

frequencies. Vh1 and Vh2 depict the amplitude of positive
and negative sequence perturbation. In addition, phase angles
between the fundamental frequency are considered as φvh1
and φvh2 respectively. The interaction of different parts of the
WT control system with the emerged voltage perturbations is
investigated as follows.

A. Coupling in the electrical circuit

The first reaction to a harmonic flow into the converter
happens by the passive components of the converter including
transformer, output filter, converter switches, and DC-link
capacitors as shown in Fig. 2.

The transformer can be considered as a series and parallel
resistive-inductive branches. In case of relatively small am-
plitudes for impedance of the parallel branch, it can cause
relatively high amplitudes of currents in the range of sub-
synchronous frequencies (< f0). Besides, the bandwidth of the
transformer cores can eliminate high-frequency harmonics. In
addition, the core saturation and the second-order harmonic
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(2f0) generation in response to the DC component in the
voltage are the transformer-related resonance issues, especially
during energiazation [19].

In addition, the output filter of the converter acts as an filter
against harmonics flowing from both sides. Typically the cut-
off frequency of LCL filters (fcof ) is designed in the range of
[20]:

10f0 < fcof < fsw/2 (2)

Where fsw refers to the switching frequency of the con-
verter. In a stiff grid connection, the effective interaction of the
converter with the harmonic would be limited to the bandwidth
of the output filter, which is less than half of fsw.

A group of harmonics, that could pass through the converter
filter, would be rectified by the converter switches which
consists of IGBTs in inversed-parallel connection with diodes.
In an open-loop converter which modulates a voltage set-point
with frequency of f0, a positive sequence harmonic voltage in
equation 1 (fh) would be rectified and appeared in the DC-
link voltage with frequency of (fh-f0). Similarly, a negative
sequence harmonic flow into the converter can emerge in the
DC-link with frequency of (fh+f0) [21]. Consequently, the
main frequency couplings created in the converter terminal
would be negative sequence (fh-2f0) and positive sequence
(fh+2f0) in response to positive and negative sequence per-
turbation respectively [21]. In [5], it is illustrated that a con-
verter impedance model with the exclusion of this frequency
coupling could fail to predict resonances in a certain range of
frequencies.

Moreover, in the case of a Type 3 WT, the perturbation
can be presented at the stator-side of the doubly-fed induction
generator. The consequent current can flow into the stator of
the generator depending on the equivalent impedance seen
from the stator-side of the generator [22]. Therefore, the
response of a Type 3 WT to a perturbation has two components
including its converter and generator.

B. Coupling in the control system

Couplings of the perturbation signal with the control system
are results of its flow into the control system and passing
through the non-linear components including Phase-Locked
Loop (PLL), reference-frame transformations, saturation, lim-
iters, and Pulse-Width Modulation (PWM) [4-8] and [17].
In general, the accuracy of an analytical impedance model
depends on the level of reflection of these non-linearities in
the model. The main equation used for analytical impedance
modeling of a converter is shown in equation (3):

Lf
dIabc(t)

dt
= Cabs(t)Km(t)Vdc(t)− Vabc(t) (3)

Where, Cabs(t) depicts the PWM signal for the converter,
Km(t) refers to the overall converter delay, and Vdc(t) ad-
dresses the non-ideal DC-link voltage. In addition, Vabc(t) and
Iabc(t) refers to the converter’s three-phase output voltages and
currents, and Lf is the output filter inductance. It should be
noted that the given average model in equation (3) is valid for
frequencies higher than the bandwidth of the voltage controller

of the converter [4]. Therefore, a considerable error is expected
for low frequencies.

Most of the grid-connected converters require a Phase-
locked-loop (PLL) to synchronize with the AC grid in the point
of connection. The typical PI controller-based PLL system is
shown in Figure 2. The PLL is using Vq component to track
the phase angle of the AC grid. The Vq component would
be distorted by the perturbation and cause an oscillation on
the phase angles θPLL−GS and θPLL−RS [4-6]. The θPLL

oscillation depends on the characteristics of the PLL controller
HPLL(s) and overall filtering including a low-pass filter in
the PLL system. The effects of a voltage perturbation on
the PLL system have been studied in the literature [4-6].
Accordingly, the bandwidth of PLL systems is low (30Hz<
fcPLL<150Hz) and high order harmonics are attenuated by
its low-pass filter and appear in the output (θPLL) as a very
small ripple. However, in low frequency range, especially in
the case of sub-synchronous frequencies, the oscillations in
(θPLL) can be sensible with frequency of |fh∓f0| [4-6]. Such
oscillations can be revealed as a small-signal deviation in the
converter output current over time [4].

IV. SIMULATION MODELS

To study the frequency and sequence couplings, detailed
models for Type 3 and Type 4 WTs, which are publicly pro-
vided by GE in PSCAD software, are used as base models for
simulations [23]. The structure and control system of the WT
models are illustrated in Figure 2. The GE EMT models are
grid-following WTs with a positive sequence current control
system and consist of back-to-back converters, synchronous
generator, transformer, and mechanical pitch control [23]. The
simulation parameters are given in Table 1. The time-domain
simulations are sampled every 20 µs and transformed into
frequency-domain values using Discrete Fourier Transform
(DFT). Since the fundamental frequency is 60 Hz, the cal-
culations are performed for a 12-cycles window in steady-
state operation according to the IEC 61400-21-1 standard [24].
In order to focus on couplings resulting from the WTs, the
perturbation injections have been simulated by ideal voltage
sources in series with an ideal AC grid.

V. SIMULATION RESULTS

In this study, single-tone perturbation tests are performed
for both Type 4 and Type 3 WTs in the range of 5Hz to

TABLE I: Simulation parameters for Type 4 and Type 3 WTs.

Parameter Type 4 WT Type 3 WT
Nominal power 2 MW 2 MW

Nominal frequency 60 Hz 60 Hz

DC-Link capacitor 15 mF 7.5 mF

Output filter inductor 0.335 mH 0.192 mH

Output filter bandwidth 900 Hz 300 Hz

Transformer nominal line voltages 0.69/33kV 0.69/0.9/33kV

Maximum perturbation amplitude 0.012 pu 0.012 pu

Simulation step-time 10 µs 10 µs

Measurement sample-time 20 µs 20 µs
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Fig. 3: DFT illustration of positive and negative sequence voltage and currents (excluding the fundamental frequency) in
response to positive and negative sequence voltage perturbation tests for a Type 4 wind turbine.

1000Hz with steps of 5Hz. The simulation results are given
as three-dimensional plots (or 3D plots) in Fig. 3 and Fig. 4.
Accordingly, the Y-axis determines the frequency of single-
tone injected perturbation, the X-axis illustrates the frequency
of the DFT calculation (up to 1000Hz) of its response to the
perturbation. Furthermore, the Z-axis gives the amplitude of
the DFT calculation, where {V p

p , Ipp , V n
p , Inp } (Fig. 3-(a,b,e,f)

and Fig. 4-(a,b,e,f)) refer to the DFT calculations for positive
sequence voltage injection tests, and {V p

n , Ipn, V n
n , Inn} (Fig. 3-

(c,d,g,h) and Fig. 4-(c,d,g,h)) stand for the results for negative
sequence voltage injection tests.

According to Fig. 3 and Fig. 4, the frequency components
in the X-axis with the same frequency of perturbations in the
Y-axis represents the self-frequency response of WTs which
are shown in the main diameter line as in Fig. 3-a, Fig. 3-
d, Fig. 4-a and Fig. 4-d. Besides, the frequency component
lines, which are in parallel with Y-axis, represent the group of
frequency components that are independent of the perturbation
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Fig. 4: DFT illustration of positive and negative sequence voltage and currents (excluding the fundamental frequency) in
response to positive and negative sequence voltage perturbation tests for a Type 3 wind turbine.

frequency. Therefore, these lines depict the internal distortions
resulting from non-linear PWM and switchings. Finally, the
rest of the frequency components seen in each line in parallel
with the X-axis reveal the frequency couplings between the
specific perturbation frequency and the overall WT system. For
instance, the positive sequence voltage perturbations in Fig. 3-
a (V p

p ) have led to considerable frequency couplings in positive
sequence current Ipp in the range of (fh< 2f0=120Hz), as well
as couplings in negative sequence voltage and current (V p

n

and Ipn) in the range of (fh>2f0=120Hz). These couplings,
which are presented as diagonal lines with 120Hz shift from
the main diameter, are proving the main frequency coupling
of (fh-2f0 as mentioned in Part II.A. However, according to
the results, it is not the only frequency couplings that can
be observed from a WT response to perturbations. Especially,
considerable frequency couplings have been observed in Ipp ,
Ipn, and Inp in the range of the control system bandwidth
(fh<500Hz). Furthermore, the current responses to a similar
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voltage perturbation have higher amplitudes (more than 5
times) in the case of Type 3 WT. This high amount of
difference in the current responses proves the high contribution
of the generator in the impedance of Type 3 WT. Another
important observation is that the amplitude of currents in
response to 0.01 pu voltage perturbations could be up to 1
pu in the range of sub-synchronous frequencies. The main
reasons for such high amplitude current flow are the equivalent
parallel branch impedance of the WT transformer as well as
the generator (in the case of Type 3 WT).

VI. CONCLUSION

In this paper, the impedance measurement test methods for
converters are reviewed and single-tone voltage perturbation
tests are performed on Type 4 and Type 3 simulation models.
The simulation results have illustrated considerable frequency
couplings in the range of converter control bandwidth. To date,
researchers have aimed to propose an analytical approach for
accurate impedance modeling of converters by addressing the
main non-linearities in the system. However, the frequency
and sequence couplings have not been addressed properly
in the state-of-the-art models and model validation tests for
converters. The illustrated couplings using single-tone per-
turbations prove that the impedance measurement test results
based on multi-tone perturbations are debatable. However, the
multi-tone perturbations still can be used in a less detailed
model validation procedure. Furthermore, depending on the
converter design and control system, the frequency couplings
can undermine the trustworthiness of impedance models and
model validation test results. Therefore, it is recommended
to consider the main frequency and sequence couplings in
the impedance model of converters, especially in the range
of converters’ control bandwidth.
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