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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 multifrequency 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 frequencydomain 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, Perturbation Test, Wind Turbine, Multi-frequency Model.

I. I NTRODUCTION

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 malfunctioning 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 [67]. 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].
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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. Furthermore, Part IV presents the simulation results for perturbation
tests.
II. I MPEDANCE 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 consist of an impedance-based chopper circuit, bridge converter
(or active filter), and wound rotor induction machine [811]. Furthermore, the series voltage injection using a seriesconnected 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-toback converters to flexible and isolated AC grid and wind
torque emulation [14]. The application of these converterbased 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 gridconnected converters in [17]. Accordingly, the large-signal

Fig. 1: General topology of impedance measurement tests
using voltage or current perturbations.

19TH WIND INTEGRATION WORKSHOP, 11-12 NOVEMBER 2020

2

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]. Singletone perturbation is the injection of a single frequency component 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. Therefore, 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. F REQUENCY AND S EQUENCE COUPLINGS IN W IND
T URBINES
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 transform 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(2πf0 t) + Vh1 .cos(2πfh t + φvh1 ) + Vh2 .
cos(2πfh t + 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 amplitudes for impedance of the parallel branch, it can cause
relatively high amplitudes of currents in the range of subsynchronous 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 cutoff 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 converter. 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 DClink 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 perturbation respectively [21]. In [5], it is illustrated that a converter 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, limiters, 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):
dIabc (t)
= Cabs (t)Km (t)Vdc (t) − Vabc (t)
(3)
dt
Where, Cabs (t) depicts the PWM signal for the converter,
Km (t) refers to the overall converter delay, and Vdc (t) addresses 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
Lf

of the converter [4]. Therefore, a considerable error is expected
for low frequencies.
Most of the grid-connected converters require a Phaselocked-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 θP LL−GS and θP LL−RS [4-6]. The θP LL
oscillation depends on the characteristics of the PLL controller
HP LL (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<
fcP LL <150Hz) and high order harmonics are attenuated by
its low-pass filter and appear in the output (θP LL ) as a very
small ripple. However, in low frequency range, especially in
the case of sub-synchronous frequencies, the oscillations in
(θP LL ) 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. S IMULATION M ODELS
To study the frequency and sequence couplings, detailed
models for Type 3 and Type 4 WTs, which are publicly provided 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 calculations are performed for a 12-cycles window in steadystate 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. S IMULATION R ESULTS
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 singletone 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 {Vpp , Ipp , Vpn , Ipn } (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 {Vnp , Inp , Vnn , 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. 3d, 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. 3a (Vpp ) 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 (Vnp

and Inp ) 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 ,
Inp , and Ipn 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. C ONCLUSION
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 perturbations 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.
ACKNOWLEDGMENT
This project has received funding from the European
Union’s Horizon 2020 research and innovation program under
grant agreement No. 691714.
R EFERENCES
[1] 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, doi:
10.1109/TPEL.2018.2869781.
[2] Buchhagen, C., Rauscher, C., Menze, A., and Jung, J.: BorWin1 – First
Experiences with Harmonic Interactions in Converter Dominated Grids,
International ETG Congress, VDE VERLAG gmbh, 17–18 November
2015, Berlin, Germany, 2015.
[3] 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.
[4] M. Cespedes and J. Sun, “Impedance modeling and analysis of gridconnected voltage-source converters,” IEEE Trans. Power Electron., vol.
29, no. 3, pp. 1254–1261, Mar. 2014.
[5] M. K. Bakhshizadeh et al., “Couplings in phase domain impedance
modeling of grid-connected converters,” IEEE Trans. Power Electron.,
vol. 31, no. 10, pp. 6792–6796, Oct. 2016.
[6] S. Shah and L. Parsa, ”Impedance Modeling of Three-Phase Voltage Source Converters in DQ, Sequence, and Phasor Domains” IEEE
TRANSACTIONS ON ENERGY CONVERSION, VOL. 32, NO. 3,
SEPTEMBER 2017.

6

[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, available at:
https://webstore.iec.ch/publication/63755 (last access: 4 May 2020), 2019.
[8] G. Francis, R. Burgos, D. Boroyevich, F. Wang, and K. Karimi, “An
algorithm and implementation system for measuring impedance in the
d-q domain,” in Energy Conversion Congress and Exposition (ECCE),
2011 IEEE, Sept 2011, pp. 3221–3228.
[9] J. Huang, K. Corzine, and M. Belkhayat, “Small-signal impedance
measurement of power-electronics-based ac power systems using lineto-line current injection,” Power Electronics, IEEE Transactions on, vol.
24, no. 2, pp. 445–455, Feb 2009.
[10] 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 Power Electron., vol. 4, no. 4, pp. 1383–1396, Dec.
2016.
[11] T. Roinila, M. Vilkko, and J. Sun, “Online grid impedance measurement
using discrete-interval binary sequence injection,” Emerging and Selected
Topics in Power Electronics, IEEE Journal of, vol. 2, no. 4, pp. 985–993,
Dec 2014.
[12] Y. L. Familiant, K. A. Corzine, J. Huang, and M. Belkhayat, ”AC
Impedance Measurement Techniques,” in Electric Machines and Drives,
2005 IEEE International Conference on, 2005, pp. 1850-1857.
[13] P. Ruffing, F. Loku and et. al.: Deliverable 16.3: Overview of the
conducted tests, the results and the associated analyses with respect to the
research questions and analyses within WP3, PROMOTioN, EU Project,
available at: https://www.promotion-offshore.net/deliverables
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