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Wind turbine harmonic current emissions are a well-known power quality problem. These emissions flow
through wind park impedances, leading to grid voltage distortion. Parallel resonance may worsen the
problem because it increases voltage distortion around the resonance frequency. Hence, it is interesting
to analyze the parallel resonance phenomenon. The paper explores this phenomenon in wind parks and
provides analytical expressions to determine parallel resonances.
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1. Introduction

Wind parks (WPs) comprising high power wind turbines (WTs)
are increasing in number worldwide [ 1]. This leads to power quality
problems such as WP and main grid current and voltage wave-
form distortion due to harmonic emissions of WTs equipped with
power electronics [1-10]. Several studies have been conducted on
these emissions based on actual measurement [1,3-6,8], and prob-
abilistic procedures because WT behavior varies stochastically with
time [1-3]. They conclude that dominant WT emissions belong to
low-order harmonics (below 1kHz). Moreover, a high-order har-
monic pattern is recognized in the current spectrum between 1.0
and 7.5 kHz due to WT power electronic converter switching fre-
quencies [7]. Recent studies show that WT harmonic emissions are
also rich in interharmonics, which are measured and statistically
characterized [8,9].

The impact of WT voltage and current emissions on WPs and
the main grid can be increased by series and parallel resonances in
the collection grid, respectively. Most research works model con-
verters as harmonic current sources and analyze the influence of
WP parameters on parallel resonance [1,7,8,11-18]. These studies
are mainly based on frequency scan simulations which allow the
frequency range and peak impedance values of parallel resonances
to be established. Some studies point out analytical expressions
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to determine the frequency of the first parallel resonance, which
can be close to low- and high-order harmonic emissions of WT
power electronic converters [13,15]. Studies [7,13] also present
a summary of the most important WP harmonic and resonance
issues. Recent studies analyze resonance influence on stability of
WT power converter control [17,18]. The variables affecting reso-
nances are discussed in most of the previous studies but their
influence is not analyzed in depth. In order to investigate this influ-
ence further, it is necessary to examine WP resonance frequencies
in depth and provide analytical expressions for determining res-
onance frequencies close to the WT harmonic emission spectrum
as a function of WP parameters. Some works also point out that
the WT harmonic model as an ideal current source traditionally
used to perform frequency scan studies could be inappropriate
and provide misleading results because of the possible impact of
converter control on resonance [7,17,18]. According to this, WT
frequency-dependent models such as Norton equivalent sources
are claimed to be used in WP resonance studies. These models
would allow considering the influence of WT control on resonance
frequencies.

This paper presents analytical expressions to calculate par-
allel resonance frequencies in onshore WPs and offshore WPs
close to shore and thus detect power quality concerns due to
WT current emissions. These expressions are obtained from Mat-
lab/Simulink simulations [19] of a generic WP modeling WT
behavior as ideal current sources. They are validated by several WP
studies where parallel resonances are numerically and analytically
identified. These studies also analyze WP parameter influence on
resonance.
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Nomenclature
fi fundamental frequency of the grid supply voltage
fik frequency and harmonic

So1s fp2, kp1, kpp  frequencies and harmonics of the first and

second parallel resonances

HV/LV (x=H) and MV/LV (x=L) transformer

impedances

Rr, X1, Xc MV cable longitudinal and transversal impedances

Rip, Xip, Xcp MV cable per-unit length longitudinal and
transversal impedances

RTx- XTx

XcB capacitor bank reactance

1N, Bn. coefficients of the second parallel resonance
expression

AFyp; amplification factor at the resonance frequency

Zg, kpis chkpi impedances with and without capacitors at

the resonance frequency

Rp1, Ry Resistance values at the fundamental and other fre-
quencies
o, ¢ MV cable and transformer skin-effect exponents

2. Wind parks

Fig. 1(a) shows a generic WP layout where WTs are supplied
through low voltage (LV) underground cables and medium to
low voltage (MV/LV) transformers and are interconnected with an
N; x N¢ collection grid of medium voltage (MV) underground cables
from the MV collector bus [7,8,11-13,15-17]. Capacitor banks in
onshore WPs can also be connected to this bus and harmonic filters
are usually installed on the line side of WT converters to mitigate
frequency switching harmonics [7,8]. The MV collector bus is con-
nected to the main grid with a high to medium voltage (HV/MV)
transformer and a high voltage (HV) overhead line or underground
cable in onshore or offshore WPs, respectively.

The harmonic current emissions of WT converters are gener-
ally low, and therefore voltage distortion usually remains below
standard limits [2,3,10,20,21]. However, the presence of parallel
resonance in the WP collection grid may increase voltage distor-
tion above these limits and also affect WP harmonic emissions to
the main grid [7,8]. Several works analyze the resonance problem
at WT terminals by the frequency scan method and a few points
out expressions to calculate the first parallel resonance. In the
next Sections, WP harmonic behavior is studied to find analytical
expressions for identifying the parallel resonance frequencies clos-
est to the WT harmonic emission spectrum. Although a frequency
scan provides more accurate results, it requires high computa-
tional effort to simulate different WP configurations with system
modeling software and plotting of results obtained [7]. On the
other hand, analytical expressions can be a fast, simple and use-
ful engineering tool to analyze resonance frequencies prior to WP
design.

3. Wind park harmonic analysis

For harmonic steady-state studies, WPs are modeled by their
equivalent circuit (Fig. 1(b)), and the harmonic behavior of the pas-
sive set observed from the WTs is studied to identify resonance
frequencies. The models of the main grid, HV/MV transformer,
MV/LV transformer, MV underground cables and capacitor bank
harmonic impedances in Fig. 1(b) (i.e., Zs x, Zruk» ZrLk» ZLk» Zcx and
Zcp k- respectively) are as follows [8,12,18]:
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where k=f,/f; (with fi and f; being the harmonic and fundamen-
tal frequencies, respectively) and, according to Fig. 1(a), Ug, Ss and
tan ¢sc. are the main grid open-circuit voltage, short-circuit power
and Xs/Rs ratio at the point of coupling.

® Un,y/UN.M» STHN» ETHee and tan ¢gyec are the HV/MV transformer
rated voltages and power, per-unit short-circuit impedance and
XTH/RTH ratio.

® Un,m/UN,L, STIN, €TLce and tan@ricc are the MV/LV transformer
rated voltages and power, per-unit short-circuit impedance and
X1L/RrL ratio.

® R p, Xp.p and X¢p are the MV cable per-unit-length longitudinal
and parallel impedances and D is the MV cable length.

® Qc is the capacitor bank reactive power consumption (i.e., the
capacitor bank size).

Note that the following assumptions are made to develop the
study from Fig. 1(b):

e Although, in order to consider the influence of WT control on
consumed harmonic currents, WTs are better characterized as
Norton equivalent sources [ 7], the typical WT harmonic model as
ideal current source is used in the study because it is commonly
chosen to perform frequency scan studies and it offers a useful
insight into parallel resonance analysis [1,8,11-14,16]. However,
further research is required to analyze the impact of WT control
on this resonance.

e A distributed parameter model of the cables could be required

for more accurate WP resonance analysis [7,16,17], but a con-

centrated parameter model is assumed because it provides good
insights into the resonance problem and is commonly used in WP
resonance studies [1,7,8,13,15].

Only onshore WPs and offshore WPs close to shore (i.e., connected

to the main grid through a short length underground cable of

a few kilometers [1]) are considered in the study because the

transversal impedance of the HV overhead line and underground

cable is not considered (the longitudinal impedance is included
in the impedances of the main grid and HV/MV transformer).

LV underground cables are omitted because they are short, and

therefore the capacitance values are very small and their longitu-

dinal impedance can be included in the impedance of the MV/LV

transformer.

e WT harmonic filters are not considered because they are only
rated about 50 kvar per WT, and therefore only aggregation of
filters for many WTs would shift the natural resonance of the WP
[7]. Nevertheless, their possible influence on resonance frequen-
cies is discussed in Section 6.3.

Frequency scan analysis makes it possible to numerically deter-
mine resonances observed from any wind turbine [7]. As an
example, Fig. 2(a) shows, labeled as Simulation no. 1, the
frequency response of the system equivalent impedance with-
out capacitor banks (i.e., Qc=0, and therefore Xcg=00) at bus
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