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Resonance Assessment of Large-scale Wind
Park Connected to Primary Distribution Network

Andrés Argiiello, Member, IEEE, Ricardo Torquato, Member, IEEE, and
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Abstract—On-shore wind parks are typically connected to the
high-voltage (HV) transmission system through a bulk trans-
former. However, wind generators may be connected directly at
a medium-voltage (MV) level, such as a utility-owned primary
distribution network, if the network is capable of sustaining the
power flow and ensuring adequate power quality for its users.
This paper presents the findings of a comprehensive study on
the management of resonance in a utility-owned wind park in
Costa Rica. The wind park is connected directly to the MV pri-
mary distribution network and has no shunt capacitor for pow-
er factor correction. The results demonstrate that such configu-
ration has a higher immunity to resonances, as the total grid
equivalent impedance perceived by the wind park is typically
dominated by the absent HV/MYV transformer and shunt capaci-
tor bank. Moreover, the capacitance provided by the under-
ground feeders of the wind park did not result in natural oscil-
lation frequencies in the range of typical harmonic distortions
observed in MV distribution networks that violated power qual-
ity standards.

Index Terms—Impedance, power distribution, resonance as-
sessment, wind power generation, medium-voltage level.

1. INTRODUCTION

IND power generation has become one of the most

popular alternatives on a worldwide scale to tradition-
al fossil fuel based generation [1]. With the increasing partic-
ipation of these new technologies at both transmission and
distribution levels, utilities have become more aware of the
associated technical challenges, such as the robust planning
to account for the intermittency of renewable energy resourc-
es, and the reduction of overall system inertia [2]. In addi-
tion to other challenges associated with the case of distribut-
ed energy resources, utilities are obliged to adhere to power
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quality standards in order to guarantee an adequate voltage
supply to their customers. Consequently, there is a need to
manage the new potential resonances that may arise from
the capacitances introduced by underground cables, filters,
and capacitor banks, as well as the negative damping ob-
served in certain bandwidths of wind power generation proj-
ects.

From the stability [3]-[5] and the harmonic distortion [6]-
[8] perspective, there have been significant advances in re-
cent years in the analysis of resonance phenomena in wind
generators. The majority of studies have been conducted on
large-scale wind parks, which are fed by dedicated medium-
voltage (MV) feeders and connected to the high-voltage
(HV) transmission system by bulk transformers. Some of
these projects employ series capacitors to compensate for the
impedance of long transmission lines and improve their pow-
er transfer capability, or shunt capacitors for local reactive
power support and power factor correction. However, there
are instances in which utilities interconnect wind generators
directly with the existing MV primary distribution network
without a bulk HV/MV transformer or any type of external
capacitive compensation.

From a frequency domain perspective, the absence of
transformer and capacitor banks has a significant impact on
the driving point impedance of the system, which describes
its natural oscillation frequencies. It is therefore of interest
to examine the characteristics of the resonances that arise
from wind power generation projects connected to MV pri-
mary distribution networks.

The harmonic resonance and instability are frequently
identified as significant challenges in the literature. This pa-
per presents the results of a comprehensive study conducted
on a real Type III wind park in Costa Rica. The park is con-
nected directly to the primary distribution network, which
has a lower short-circuit capacity than transmission systems.
Additionally, the park does not have a main transformer nor
a shunt capacitor bank. This latter point is noteworthy as it
is a common topology in Costa Rica and has not been re-
viewed in the literature. Under practical field conditions, this
topology has been observed to exhibit significantly lower
risk of problematic resonances, i.e., a higher immunity of
this topology to harmonic resonance and greater stability in
control-to-grid interactions, compared with the typical topolo-
gy employed for on-shore large-scale projects connected to
the transmission system via bulk transformers. It is anticipat-
ed that the findings of this study will inform the develop-
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ment of electric power quality policy in Costa Rica.

The studies were done with impedance equivalents as they
are scalable, precise, and less computationally intensive than
the time-domain simulation alternative. Harmonic modal
analysis [9] was used to detect the location and frequency of
resonances, the conditions to avoid equipment overload due
to harmonic resonance [8], as well as the conditions to avoid
violations of power quality standards at the point of com-
mon connection (PCC) with the grid [7]. Furthermore, the
potential for unstable resonances was also discussed.

The rest of this paper is organized as follows. Section II
presents a technical comparison between wind parks connect-
ed to distribution systems and those connected to transmis-
sion systems. Section III presents the modeling approach to
studying resonance in a wind park connected to the primary
distribution network. Section IV presents a brief discussion
on the natural oscillations and stability at resonance, and
Section V presents the results of the harmonic resonance
analysis due to forced oscillations, as it is the more concern-
ing problem for this specific wind park. The paper is con-
cluded in Section VI.

II. TECHNICAL COMPARISON BETWEEN WIND PARKS
CONNECTED TO DISTRIBUTION SYSTEMS AND THOSE
CONNECTED TO TRANSMISSION SYSTEMS

A. Concern with Resonance

Modern generators such as Type III and Type IV wind
generators feature power electronics converter bridges and
controllers acting at multiple bandwidths. The switching of
the converters has the potential to generate undesirable har-
monic currents. Furthermore, the controllers can be config-
ured to provide negative damping at certain frequencies,
which may have implications for the stability of the genera-
tors. Simultaneously, wind parks have circuits with capaci-
tances (although modern wind parks typically do not require
capacitor banks for reactive compensation) due to the inclu-
sion of filters and underground feeders, which contribute a
notable capacitive component. Each capacitance in the cir-
cuit, in conjunction with the equivalent inductance observed
at its terminals, is associated with a natural oscillation fre-
quency.

If the natural oscillation frequencies of the system match
the harmonic distortions present in the grid, or those injected
by the generators, they can result in the phenomenon of reso-
nance.

Resonance refers to the amplification of such distortions
to higher magnitudes of voltage or current throughout the
system, which can lead to undesired protection tripping, ab-
normal vibrations, and heating, reducing the lifespan of wind
park and grid components, and even cause instantaneous
damage. Resonances can also result in violations of power
quality standards, which could ultimately lead to financial
penalties imposed on the wind park operator or the utility by
regulatory authorities [10].

B. Relevance of PCC of a Wind Park to Grid

Consider a 64 MVA wind park at different voltage levels,
shown in Fig. 1. The grid equivalent in both circuits at the
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PCC between the wind park and the rest of the grid has a
short-circuit capacity of 320 MVA at 60 Hz fundamental fre-
quency and the impedance of the main transformer (Tx) is
15%.

ffffffff >

HV/MV Tx . Restof the
@—:}—’—@—’% wind park
Background PCC 1
HV grid
(2)
| | " Restof the
@—: | | : wind park
Background PCC }
MV grid ‘
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Fig. 1. 64 MVA wind park at different voltage levels. (a) At transmission
level. (b) At primary distribution level.

By monitoring the amplification of harmonic distortions
from the background grid at PCC resulting from the connec-
tion of a wind park to the circuit, it is possible to ascertain
the compliance with power quality compatibility stan-
dards [10].

The amplification profile of harmonic distortions in the
frequency domain can be calculated as a simple voltage di-
vider if we consider the wind park and its generators to be
represented by an equivalent impedance [11] and if we fur-
ther assume that the grid can be modeled by a Thevenin
equivalent at the frequencies of study. If the grid distortions
have positive sequence, the amplification profile at the PCC
of the 64 MVA wind park without capacitor bank at different
voltage levels is shown in Fig. 2. The parameters of the
wind park that was used are available in [12].
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Fig. 2. Amplification profile of positive-sequence harmonic distortions at

PCC of 64 MVA wind park without capacitor bank at different voltage lev-
els.

The absence of the HV/MV transformer leads to a consid-
erable difference on the amplification profiles. For example,
when the wind park is connected at the transmission level of
230 kV through a bulk transformer, the most visible reso-
nance frequency (which is associated with the filters of the
generators) is observed to be approximately 540 Hz. In con-
trast, when the wind park is connected at the primary distri-
bution level of 34.5 kV, the resonance frequency is observed
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to be approximately 620 Hz. Such difference is close to 80
Hz. Overall, the absence of the main transformer causes a
shift in the resonances to higher frequencies, resulting from
the reduction in inductance within the circuit. The wind park
is capable of reaching resonance frequencies with amplifica-
tion levels above 2, even in the absence of capacitor banks,
due to its sufficient capacitance.

As illustrated in Fig. 3, a similar behavior occurs when a
shunt capacitor bank is connected at the bus denoting the
rest of the wind park in Fig. 1. The presence of this compo-
nent results in a significant change of the amplification pro-
file when compared with the case without the capacitor
bank. The resonance frequency undergoes a shift, moving
from 620 Hz to 386 Hz, representing a difference of 234
Hz. Moreover, the amplification level also increases signifi-
cantly in the case with the capacitor bank.
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Fig. 3.  Ammplification profile of positive-sequence harmonic distortions at
PCC of 64 MVA wind park connected at primary distribution level.

As most of the existing studies in the literature are based
on the topology of wind parks connected to the transmission
system or the impact of capacitor banks, this paper presents
a case study of a real wind park in Costa Rica connected at
the primary distribution level without capacitor banks.

C. Los Santos Wind Park

Coopesantos is a distribution system operator located in
the southern region of San Jos¢, Costa Rica. Coopesantos
owns the sixth wind power generation project that was com-
missioned in Costa Rica, named Los Santos wind park,
which began operating in 2011. It is a complex that has a to-
tal capacity of 12.75 MW and comprises 15 wind genera-
tors. The aerial view and single-line diagram of the wind
park are shown in Fig. 4. It is built with a central overhead
feeder and 6 underground feeders, which traverse 7 plots of
land (46 hectares) collectively designated as “Fincas” by the
utility. Most of the circuit is radial except for Finca 4 that
hosts a ring configuration to improve the reliability in case
of the outage of a cable section. The energy provided by the
wind park covers approximately 30% of Coopesantos cus-
tomers’ total electrical demand.

The 15 wind generators are connected to the MV grid
through individual 1 MVA, 34.5 kV/0.69 kV transformers.
The generators are of the Siemens Gamesa Type III, G52
model, each with a capacity of 850 kVA at 0.69 kV. The
towers stand at a height of 44 m; the blades have a diameter
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of 44 m; and the generators operate within wind speeds rang-
ing from 4 m/s to 25 m/s, reaching their rated power at 13
m/s. Expression (1) describes the power-wind characteristic,
as derived from the data in [13]. Coopesantos reports that
the average wind speed v, at the wind park is 10 m/s, which
results in a relatively high capacity factor of 65.8% for a
wind power generation project.

La Lucha substation

' |

I | — I
Fincas 5 and 6

6

Finca 2 .
Finca 7

. Finca 4
- Finca 3 -

Finca 1
o

© Generator; — Overhead feeder;—— Underground feeder

(b)

Fig. 4. Aerial view and single-line diagram of Los Santos wind park. (a)
Aerial view. (b) Single-line diagram.

P=—0.1383v* +3.2641v° — 17.4981% +49.78v, — 69.838 (1)

Finally, Los Santos wind park does not use capacitor
banks for shunt reactive power compensation, nor it has se-
ries capacitor banks for line impedance compensation.

III. MODELING APPROACH OF RESONANCE

Type I wind generators exhibit a frequency response that
depends on their topology and control parameters. Conse-
quently, they are capable of influencing the natural oscilla-
tion frequencies of the system [14]. These oscillations have
been documented through various events worldwide and can
manifest in two distinct ways: as either stable (harmonic res-
onance, amplification of distortions present in the grid) or
unstable (unstable resonance, due to natural system oscilla-
tion modes with negative damping introduced by wind gener-
ators) [3].

Instead of conducting time-domain simulations with de-
tailed electromagnetic transient models to analyze the reso-
nance phenomenon, it was decided to apply the impedance-
based techniques developed in [9] and [12] to analyze the
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resonance phenomenon in a simplified and more scalable
fashion.

A. Grid Equivalent

The grid equivalent, as observed from the perspective of
Los Santos wind park, is situated at the La Lucha substation,
as shown in Fig. 4. Coopesantos indicated that the three-
phase short-circuit current is /., =1826 A. If the rated
voltage at this point is V,,;,=34.5 kV, the three-phase short-
circuit capacity is approximately Sg.,,,=109.11 MVA, as cal-
culated with (2). It is important to highlight that such equiva-
lent incorporates the transmission system, the substation
equipment, and the rest of the distribution system connected
to the secondary of La Lucha substation, which collectively
constitute the load.

SSC, 3ph = \/g VMV] SC.3ph 2

The grid equivalent is modeled in frequency domain as a
voltage source in series with an RL branch. To calculate pa-
rameters of the RL branch, it is normally assumed that the
impedance of the equivalent circuit is predominantly induc-
tive, so a ratio X/R=50 is selected, and the resistance and in-
ductance can be calculated using (3)-(5). SCR is the short-
circuit ratio with respect to the rated capacity of the wind
partk §,,=12.75 MVA, and the fundamental frequency
fi=60 Hz or w,=2nf;=377 rad/s. For this circuit,
SCR=28.56, so that the resistance R¢.=0.2181 Q and the in-
ductance Ly =28.9294 mH.

SCR:SSC.}ph/SWP 3)
VZ
Lyc= “ @)
@®,Syp-SCR- \/1+(X/R)™
Rse=w, Lsc/(X/R) 5

For a conservative harmonic distortion scenario at La Lu-
cha substation, the harmonic voltages are set to the spectrum
in Table I, containing the most common harmonic frequen-
cies in MV and HV systems, where f is the frequency, 4 is
the corresponding harmonic, and ¥, is the voltage magnitude
of the harmonic. Only the fundamental frequency and the
5% 7% 11" and 13™ harmonics are used. The 1", 7" and
13" harmonics have positive sequence, whereas the 5" and
11" harmonics have negative sequence.

TABLE I
GRID EQUIVALENT SPECTRUM OF VOLTAGE (BASIS OF 34.5 kV AND 60 Hz)

S (Hz) h v, (pu.)
60 1 1.00
{300, 420, 660, 780} e{5,7,11, 13} 0.03
¢ {60, 300, 420, 660, 780} ¢{1,5,7,11,13} 0

The maximum allowable voltage magnitude for individual
harmonics in systems with a voltage exceeding 1 kV to 69
kV is 0.03 according to the IEEE Standard 519-2014 [10]
and the Costa Rican technical standard AR-NT-SUCAL [15]
for monitoring the quality of electric supply in low-voltage
(LV) and MV systems. The angles of the harmonic voltages

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 1, January 2025

are set to be 0. This allows to model the most conservative
operating condition (critical scenario) in the absence of data.
Bus 1 is assigned to the grid equivalent. For harmonic res-
onance studies, the Thevenin equivalent is transformed into
a Norton equivalent, so that the equivalent impedance re-
mains the same, and the current injected into bus 1 is given

by:

- V
[h . h1

= 6
" Ryetjo,hLg ©)

where 7, | is the voltage phasor of the A" harmonic at bus 1.

B. Step-up Transformers

The model for 34.5 kV/0.69 kV transformers is a simple
RL series branch. The parameters are determined by the
short-circuit impedance of the transformer. Skin effect and
the parallel branch for magnetization and core iron losses
were neglected. According to the data provided by Coopesan-
tos, each wind generator has a 1 MVA transformer, with a
short-circuit impedance of Z,=5.5%. Assuming the ratio
X/R=50 for the transformer, similar to the grid equivalent
with (4) and (5), the reflected short-circuit resistance of the
transformer on the high-voltage side is R;,=1.3093 Q, and
its inductance is L, =173.64 mH.

The buses for the transformers in the wind park are
shown in Table II, where MV bus corresponds to the 34.5
kV winding, and LV bus corresponds to the 0.69 kV wind-
ing. The parallel branches for magnetization and iron core
losses are not included in this paper, as their effect is not rel-
evant for harmonic frequencies, where they practically be-
come an open circuit.

TABLE I
BUSES FOR TRANSFORMERS IN WIND PARK

MYV bus LV bus MYV bus LV bus
14 32 24 40
15 33 25 41
16 34 26 )
17 35 27 43
18 36 29 44
20 37 30 45
21 38 31 46
23 39
C. Feeders

The feeder segments of the wind park were modeled us-
ing OpenDSS [16] to incorporate the effect of line geome-
tries into the calculation of per-unit-length resistance, induc-
tance, and capacitance. Such geometries are shown in Fig. 5.
Note that the geometry of the overhead feeders is asymmetri-
cal and the lines are not transposed. The phase conductors of
the overhead feeders are AAAC 394.5 MCM, while the neu-
tral conductors are AAAC 1/0 AWG. Furthermore, the under-
ground feeder segments are composed of 1/0 AWG 19 STR
XLPE copper cables, featuring concentric neutrals and a 15
kV insulation voltage. The resistance, inductance, and capaci-
tance matrices are exported from OpenDSS and are trans-
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formed using the Fortescue transform to determine the pa-
rameters for positive, negative, and zero sequences.

—e | & e

4m

4 e

| B 77

71m |02m I'm;

—~ o o o

RETRNTY
(a) (b)

Fig. 5. Line geometries of feeder segments in Los Santos wind park. (a)
Overhead feeder. (b) Underground feeder.

Neglecting sequence couplings, it is possible to set the
positive- and negative-sequence parameters of the feeders us-
ing the data from Table III. S, is the maximum apparent
power with the voltage basis of 34.5 kV; and 7, /, and ¢ are
the per-unit-length resistance, inductance, and capacitance of
wind park feeders, respectively. These parameters are used
to model the frequency-dependent impedance profile of the
feeders, where each segment is modeled with the lumped-pa-
rameter pi-line equivalent. The lengths of wind park feeders
and the topology is specified in Table IV.

TABLE III
PARAMETERS OF WIND PARK FEEDERS

Feeder type Amf{i;“y (151"%) r(Qkm) ! l((‘;]){/ ¢ (nF/km)
Overhead 530 32 0.1673  1.0138 11.7376
Underground 230 14 0.4510  0.6704  207.3235
TABLE IV
LENGTHS OF WIND PARK FEEDERS AND TOPOLOGY
Bl;.s B?S Feeder type Le(l:f;h BI;S Bjs Feeder type Le(lrlg)th
1 2 Overhead 3623.7 17 18  Underground 105.0
2 3 Overhead 791.1 10 19 Underground 12.0
3 4 Overhead 2540.4 19 20  Underground 96.0
4 5 Overhead 1140.0 20 21  Underground 125.0
5 6 Overhead 1233.3 11 22 Underground 10.0
2 7 Overhead 62.8 22 23 Underground  130.0
2 8 Overhead 44.8 23 24 Underground  360.0
3 9 Overhead 137.3 24 25  Underground 110.0
4 10 Overhead 522 25 26  Underground  200.0
5 11 Overhead 270.2 26 27  Underground  330.0
6 12 Overhead 193.1 27 22 Underground 146.0
7 13 Underground 18.0 12 28  Underground 25.0
13 14 Underground 105.0 28 29  Underground 25.0
13 15 Underground 25.0 29 30  Underground 140.0
8 16 Underground 36.0 30 31  Underground 210.0
9 17 Underground 26.0

293

D. Generators

The 850 kVA, 0.69 kV Type III wind generators are mod-
eled as a Norton equivalent at varying frequencies, wherein
their impedance is contingent upon the topology and control
parameters. The literature converges to a typical generator to-
pology and parameter range such as the one in [14]. The
model shown in Fig. 6 is used in this paper, with a compre-
hensive description provided in [12]. In Fig. 6, GSC stands
for grid-side converter; and RSC stands for rotor-side con-
verter. Such model is expressed as a descriptor state space
form by means of an average converter model and subse-
quently processed in order to obtain the positive- and nega-
tive-sequence impedance profiles at its PCC.

Induction
; Turbine ref | H
_ machine Vabe.g—1 F>Vabeg
ggee — >
I 'pcc
i
. gdc
Filter
viﬂ' Machine _‘LF i
R < Yhrde
Vares GSC| == |RSC Varr control
[ [ v — .
GSC RSC Vabe,— 1 > Vabe.r
control control 7 e
(a) (b)

Fig. 6. Summary of Type III wind generator model. (a) Type III wind gen-
erator topology. (b) Converter bridge. (¢c) Converter current control loop.

The impedance profile results for Norton equivalent of
Type III wind generator are shown in Fig. 7, where X, and
R,., are the resistance and reactance of the generator imped-
ance, respectively. These profiles were obtained at 10 m/s
wind speed and unity power factor, however, these operating
point characteristics are primarily significant for the opera-
tional setpoint of power electronics at subsynchronous fre-
quencies or frequencies close to the fundamental frequency
in weak grids [4], [17].

The next step is to model the current injected by the gen-
erators in the Norton equivalent. The consensus in the litera-
ture is that modern generators inject negligible harmonic dis-
tortions and can be modeled simply as impedances [11]. Ref-
erence [18] also mentions that in the presence of grid distor-
tions, the harmonic currents injected by modern generators
become negligible. However, due to the absence of measure-
ments and to consider a more conservative scenario, it was
decided to include a current distortion profile for the harmon-
ic frequencies obtained from the simulation of the EMT
model, as shown in Fig. 8. Finally, the generators are as-
signed to the LV bus of the transformers, as indicated in Ta-
ble II. References [19] and [20] can be consulted for further
details on the generator modeling.
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Fig. 7. Impedance profiles for Norton equivalent of Type III wind genera-
tor.
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Fig. 8. Harmonic current for Norton equivalent of Type III wind generator.

IV. NATURAL OSCILLATIONS AND STABILITY AT
RESONANCE

Even though Los Santos wind park is Type III, it has no
series capacitors, so the subsynchronous resonance will not
occur [4]. The SCR is rather high (about 8 times the capaci-
ty of the wind park), so oscillations near the fundamental fre-
quency can also be discarded [21]. Finally, the instability in
the harmonic range of frequencies, though unlikely, needs to
be assessed.

A. Harmonic Modal Analysis

When the element that defines the resonance is well
known, as is the case with capacitor banks, it is more
straightforward to conduct a stability analysis by observing
the total damping at the natural oscillation frequency. How-
ever, in the case of the circuit under study, the capacitive ef-
fects are distributed throughout the system in the feeders and
generators, as the Los Santos wind park does not have shunt
capacitor banks for reactive power compensation.

A useful tool in this case is the harmonic modal analysis,
which requires to build the nodal admittance matrix Y(f) of
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the system at frequency f [9], [22]. The procedure for con-
structing it is the same as for the regular admittance matrix
at the fundamental frequency used in power flow or short-
circuit studies. In this paper, the system is modeled with N=
46 buses, so the nodal admittance matrix in (7) has a dimen-
sion of NxN. For each frequency, the impedance of the
wind park components is calculated using the models in Sec-
tion III, and the matrix is updated.

Yu i Yin
Y(f)= y:2| y:22 y?/v )
Yv Ym Vv

The natural oscillation frequencies can be obtained from
Y(f), along with the damping ratios, in order to determine
the stability of each oscillation mode. This is achieved in a
manner analogous to a traditional small disturbance analysis,
through the analysis of the state transition matrix of the lin-
earized state space model at fundamental frequency. Howev-
er, in this instance, the harmonic admittance matrix is consid-
ered at frequency f. Similarly, the participation factor can al-
so be calculated in a manner analogous to that described
above, which is a metric that allows for the observation of
the buses in the system that contribute the most to each
mode. Consequently, these factors assist in the identification
of the elements responsible for these oscillations.

This harmonic modal analysis differs from the small-sig-
nal stability analysis due to the following steps. First, the ab-
solute value of the participation factors is calculated for ev-
ery f. Then, the minimum value among them is selected,
which corresponds to a bus index denoted as c¢. The eigenval-
ue corresponding to this subscript ¢ is stored and known as
the critical eigenvalue A.(f) for every f [9]. The process is
repeated for the remaining frequencies, and a critical eigen-
value profile is built, as shown in Fig. 9 for Los Santos
wind park.
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participation factor
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Fig. 9. Critical eigenvalue profile and bus with the maximum participation
factor. (a) Critical eigenvalue profile. (b) Bus with the maximum participa-

tion factor.
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Figure 9(a) shows the magnitude of critical eigenvalues
for every frequency that was swept, where the peaks denoted
by the green dots correspond to the natural oscillation modes
of the system, and Fig. 9(b) shows the bus where the critical
eigenvalue was found for each frequency, i.c., the bus where
the resonance frequency was located. According to the bus
designation from Table II and Table IV, bus 46 and bus 25
indicate that the 750 Hz resonance is associated with the fil-
ter of the generators, and the 1950 Hz resonance is associat-
ed with the capacitance of the feeders. The damping of the
critical eigenvalues that describe the natural oscillation
modes of the system at each frequency A.(f)=a.(f)+]f.(f)
corresponds to its real part a,(f). If the damping of the ei-
genvalue is negative, the system exhibits instability at this
frequency with increasing magnitude. If it is 0, the system
exhibits a natural oscillation with constant magnitude. If it is
positive, the system is stable, and the oscillation is damp-
ened, manifesting only under transient conditions [23].

Two oscillation modes are visible in the interval of har-
monic frequencies of Fig. 9. The mode at 750 Hz is located
at the generator buses and corresponds to the capacitor of
the LCL filter of the generator, while the mode at 1950 Hz
is located at the buses of the underground ring of Finca 4,
which is attributed to the cable capacitance.

B. Stability at Resonance in Los Santos Wind Park

As vendors typically do not disclose the control and filter
topology or parameters of the wind generators, a sensitivity
analysis of the following variables was conducted to ascer-
tain whether any circuit configuration could potentially re-
sult in unstable resonance in Los Santos wind park.

1) Wind speed

The wind speed is directly linked to the active power in-
jection and the operational setpoint of the generator. This
variable was swept from 4 m/s to 13 m/s with a step of 3
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m/s.

2) AC voltage/constant reactive power factor control
modes

AC voltage control mode and constant reactive power fac-
tor control mode (set to unitary) were evaluated.

3) Topologies of front-end filters

The front-end filter of the GSC in the Type III wind gen-
erator uses a passive filter to mitigate the high-frequency dis-
tortions introduced by the switching of the power electronics
converters. The topology of front-end filters is most likely
LCL, however, an L topology was also tested.

4) Feed-forward terms of internal current control loop

The internal current control loop of the generators com-
pares the current at converter terminals with the reference
value, set by the outer control loops that manage the DC bus
voltage and generator power. However, the topology of the
feed-forward terms of the generators is commonly unknown,
and apart from the typical current feed-forward terms for dg-
domain decoupling, voltage feed-forward terms can also be
included. Both of these terms were tested.

Although the resonance frequencies from the natural oscil-
lation modes denoted by the green dots, as shown in Fig.
10, shifted with the studied variables, the critical eigenvalue
profiles remained very similar, and the only study that pro-
duced notable difference was the change in the topology of
the front-end filter. Only the positive-sequence profiles are
shown, as this type of instabilities can be studied as bal-
anced phenomena [12]. The expanded analysis for the front-
end filter is shown in Fig. 11, where it is visible that the
presence of the capacitor results in a shift in the frequency
profile, so that the oscillation modes caused by the feeder ca-
pacitors move from approximately 2 kHz to 1.7 kHz. No sig-
nificant changes were detected at subsynchronous frequen-
cies, which confirms either poor control tunings or series ca-
pacitors are required to excite the instability.
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Sensitivity results of harmonic modal analysis to determine variation in resonance frequency and stability (positive sequence). (a) Wind speed and

AC voltage or constant power factor control mode. (b) Feed-forward terms of internal current control loop. (¢) Topologies of front-end filters.

Despite the visible presence of oscillation modes in the
system across both the low- and high-frequency ranges, all
of the tested scenarios were found to be stable. This result

corroborates the information provided by Coopesantos,
which indicated the absence of documented instances of in-
stability.
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Fig. 11. Profiles of harmonic modal analysis with different topologies of

front-end filters (positive sequence).

In conclusion, the results for the present case study of Los
Santos wind park indicate that wind power generation facili-
ties connected to the primary distribution network show a
better immunity to unstable resonance than wind parks con-
nected to the transmission system. This sensitivity analysis is
not meant to be exhaustive, as control parameters such as
control delay and proportional-integral (PI) gains are able to
play an important role in stability [12].

V. RESULTS OF HARMONIC RESONANCE ANALYSIS DUE TO
FORCED OSCILLATIONS

The results of the studies in the previous section indicate
that wind parks connected to primary distribution networks
have a good immunity to unstable resonances. However,
both the grid and the wind generators can act as harmonic
distortion sources, which can be magnified if there is posi-
tive low damping at a natural oscillation frequency similar
to that of the distortion, resulting in the harmonic resonance
phenomenon.

In this paper, the effect of harmonic resonance on the sys-
tem is studied by solving (8) to obtain the bus voltages at
the harmonic frequencies, which allow to calculate indices
such as the total harmonic distortion of voltage THD,, the
root mean square (RMS) values of voltage V,, and current
1, the peak voltage V,,, and the apparent power S [8].
Note that ¥Y(f) is the same nodal admittance matrix that was
used in the previous stability study. Array of nodal voltage
phasors V(f) defines the resulting harmonic voltages, where-
as array of nodal current phasors I(f) models the current in-
jections of the generators at buses 32 to 46 and the Norton
equivalent of the grid at bus 1.

V(H=Y" NI @®)

The harmonic voltage distortions of the grid equivalent
are set to be the values in Table I, which represent the maxi-
mum permissible values for the individual distortions in MV
systems in accordance with the Costa Rican technical stan-
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dard AR-NT-SUCAL [15] that is based on IEEE Standard
519-2014 [10]. Despite the expectation that modern genera-
tors will inject negligible harmonic distortions below the
switching frequency of their converters [11], [24], the distor-
tion profile in Fig. 8 was considered for all generators.
These assumptions were made in the absence of measure-
ment campaigns and thus represent the most conservative
condition. Therefore, if the wind park is able to operate with-
out issues under such conditions, the utility should not wor-
ry about problematic harmonic resonance issues in the near
future. For example, consider the results in Fig. 12 with the
magnitude of harmonic voltages at 4 points in the grid (bus
1 at the substation, bus 46 at the farthest generator from the
substation in Finca 6, bus 4 at the center of the overhead
feeders in Finca 7, and bus 25 in the middle of the under-
ground ring of Finca 4). The voltage magnitude correspond-
ing to the 11" harmonic is the highest due to the presence of
a nearby resonance at 750 Hz, as shown in Fig. 9 (harmonic
order of 12.5). However, none of the voltage magnitudes ex-
ceed the maximum value of 0.03 (dashed red line in Fig.
12), so the wind park appears to provide sufficient damping
at the harmonic frequencies.
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Fig. 12. Magnitudes of harmonic voltages at different points in grid. (a)

Bus 1. (b) Bus 25. (a) Bus 4. (a) Bus 46.

A. Compliance with the Maximum Harmonic Distortion Lev-
els

This subsection devotes to the calculation of THD,, which
is of particular relevance at the PCC between the wind park
and the grid. This is because it is at this point that regulato-
ry authorities verify for compliance with the power quality
standard. THD, at any bus is calculated with (9), where V" is
the magnitude of the harmonic voltage. The maximum THD,
according to Costa Rican standard AR-NT-SUCAL is 5% in
MYV systems with a voltage exceeding 1 kV to 69 kV [15].

THD,=100+/V*(5) + VX(7) + V2(11) + ¥X(13)  (9)

Considering the results from Fig. 12, bus 1 has a THD,, of
4.49%, bus 4 has a THD, of 4.29%, bus 25 has a THD, of
4.28%, and bus 46 has a THD, of 3.54%. All of these val-
ues are below the allowed distortion limit.

To demonstrate that the wind conditions do not alter the
distortion levels significantly across the wind park, Fig. 13
presents a sensitivity analysis of THD, for all buses in wind
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park in terms of wind speed. It is notable that no significant
change is observed.

Y T~
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S v,=10 m/s
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% v,=13 m/s
=
©000000000000000
3 ]
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Bus No.

Fig. 13. Sensitivity analysis of THD, for all buses in wind park in terms

of wind speed.

Additionally, the highest point of distortion occurs at the
PCC (bus 1), whereas the lowest ones occur at the generator
buses (buses 32-46). This indicates that the filters of genera-
tors, in conjunction with the wind park feeder, serve to effec-
tively mitigate grid voltage distortions, which have been
identified as the predominant factor over generator current
distortions [18]. The mitigation effect can be observed in the
positive-sequence resistance of the equivalent impedance of
wind park at PCC, as shown in Fig. 14, where X and R
are the reactance and resistance of the equivalent impedance
of wind park, respectively.

20
15+
10+

2 04 06 08 1.0 1.2 14 1.6 1.8 2.0 22 24
Frequency (kHz)

(a)

Kyp (pu)

02 04 06 08 1.0 1.2 14 1.6 1.8 2.0 22 24
Frequency (kHz)
(b

—Positive sequence; — Negative sequence

Fig. 14. Equivalent impedance profiles of wind park at PCC.

The most critical variable that influences THD, is the
number of generator outages, as shown in Fig. 15. Note that
the less the generators in the grid, the higher the voltage dis-
tortion levels in the wind park. This phenomenon can be at-
tributed to the fact that the filters of the generators act as
low impedance paths for the grid distortions. Although
THD, in the scenario of 10 generator outages violates the
5% limit, THD,, set for the grid in this study is rather high,
so the utility should not be concerned with THD,, violations.

To further understand the harmonic resonance phenome-
non in wind parks with the similar topology, Fig. 16 pres-
ents a sensitivity analysis of THD), in the wind park in terms
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of different multipliers of original feeder lengths. Note that a
wind park with twice the original feeder lengths would incur
in violation of THD, at the overhead feeders. However, this
is not the case for the generator buses, where the distortions
are damped by their transformers and filters.
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Fig. 15. Sensitivity analysis of 7HD, in wind park in terms of different

generator outages.
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Fig. 16. Sensitivity analysis of THD, in wind park in terms of different
multipliers of original feeder lengths.

Other factors such as controller topologies, gains, and de-
lays, as well as filter topologies and parameters, can also im-
pact the distortion profile in the wind park. It is recommend-
ed that the methodology proposed in this paper be repro-
duced for other wind park circuits that share the characteris-
tics of connection to the primary distribution network, specif-
ically those that do not have main transformer or capacitor
bank. This will further allow for the generalization of lower
risk of problematic resonances to be explored.

B. Overload of Wind Park Components

Reference [8] presents the equations used to calculate the
additional load of wind park components under harmonic dis-
tortions. The inputs to the equations are the harmonic voltag-
es from the solution of (8) and the impedance of wind park
elements. The loadings of feeders, transformers, and genera-
tors in the base case scenario with generators operating at a
wind speed of 10 m/s and with voltage regulation at their ter-
minals are shown in Tables V, VI, and VII, respectively. The
RMS value of voltage in transformers and feeders is equal
to the maximum value observed in the corresponding two
buses.

The limits for each performance metric are obtained from
international standards and manufacturer datasheets [8]. A
summary of typical index limits of different components
used for this study is presented in Table VIII.
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TABLE V
FEEDER LOADING IN BASE CASE SCENARIO

Busi Bus (I;_'ﬁv_) E“Z) S (%)|[Bus i Bus;/ (I;f'{’f.) i%) S (%)
1 2 1.0057 2641 2653 17 18 1.0083 4.06 4.09
2 3 1.0083 21.11 21.26| 10 19 1.0093 8.11 .17
3 4 1.0092 17.58 17.72| 19 20 1.0084 8.11 8.17
4 5 1.0096 14.06 14.18| 20 21  1.0094 4.06 4.09
5 6 1.0096 527 5324 11 22 1.0096 20.25 20.42
2 7 1.0057 3.53 3.55| 22 23 1.0095 10.25 10.34
2 8 1.0058 1.77 1.77] 23 24 1.0096 620 6.25
3 9 1.0083 3.53 3.55| 24 25 1.0096 2.15 2.17
4 10 1.0093 3.52 3.55| 25 26  1.0095 190 1.92
5 11 1.0096 8.79 8.86| 26 27 1.0096 5.95 6.00
6 12 1.0048 527 529 27 22 1.0096 10.00 10.08
7 13 1.0049 8.13 .16 12 28 1.0096 12.15 12.25
13 14 1.0049 4.07 4.08] 28 29  1.0097 12.15 12.25
13 15 1.0049 4.07 4.08( 29 30 1.0097 8.10 8.17
8 16 1.0058 4.07 4.09( 30 31 1.0097 4.05 4.08
9 17 1.0083 813 8.18
TABLE VI
TRANSFORMER LOADING IN BASE CASE SCENARIO

Bus i Bus j V. (pu.) 1, (%) S (%)

14 32 1.0048 56.70 56.91

15 33 1.0048 56.70 56.91

16 34 1.0058 56.70 56.96

17 35 1.0058 56.64 56.90

18 36 1.0083 56.64 57.04

20 37 1.0084 56.47 56.87

21 38 1.0094 56.47 56.93

23 39 1.0095 56.40 56.87

24 40 1.0096 56.39 56.86

25 41 1.0095 56.39 56.86

26 42 1.0094 56.39 56.86

27 43 1.0096 56.40 56.88

29 44 1.0097 56.39 56.86

30 45 1.0097 56.38 56.86

31 46 1.0070 56.38 56.73

It was observed that no components were found to be
overloaded in any of the test scenarios, which include vary-
ing wind speeds, types of voltage control, and power factor.
The transformers (1 MVA, operating at only 0.85 p.u. of
their capacity when the generators operate at full capacity)
and the feeders are both oversized and possess sufficient ca-
pacity to accommodate the additional load imposed by the
harmonic frequencies. Additionally, in the previous sections,
an absence of problematic harmonic resonances was deter-
mined, thereby eliminating the possibility of overloads for
the components.

Tests were conducted with the generators operating at full
capacity (wind speed of 15 m/s) and with voltage regulation
at their terminals, which represents the most critical condi-
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tion for generator loading. However, since the generators
were designed to operate at 110% of their rated power, it
was not possible to force them into overload conditions.
Overall, it can be affirmed that the Los Santos wind park al-
so has good immunity to harmonic resonance and does not
require mitigation measures such as specialized filters.

TABLE VII
GENERATOR LOADING IN BASE CASE SCENARIO

Bus Vs (P0.) 1, (%) S (%)
32 1.0038 65.78 65.93
33 1.0038 65.78 65.93
34 1.0046 65.78 65.98
35 1.0046 65.73 65.93
36 1.0066 65.72 66.06
37 1.0066 65.58 65.92
38 1.0075 65.58 65.97
39 1.0076 65.52 65.92
40 1.0076 65.52 65.91
41 1.0076 65.51 65.91
42 1.0067 65.52 65.91
43 1.0069 65.52 65.92
44 1.0069 65.51 65.92
45 1.0070 65.51 65.92
46 1.0070 65.50 65.91
TABLE VIII

TYPICAL INDEX LIMITS OF DIFFERENT COMPONENTS

Component Vs (P-0.) I, (%) S (%)
Generator 1.1 110 110
Feeder 1.2 100 100
Transformer 1.1 105 100

VI. CONCLUSION

This paper presented the results of a case study of reso-
nance assessment in the Los Santos wind park, a wind pow-
er generation facility owned by a utility named Coopesantos
in Costa Rica.

A model was constructed for the fundamental frequency
and in frequency domain, allowing for the calculation of nat-
ural oscillation frequencies and system stability. The model
was also used to study if distortions present in the grid or in-
troduced by the generators could potentially excite natural
oscillation modes (resonances) typically associated with sys-
tem capacitances.

In contrast to previous work, this study modeled a real
wind park with asymmetric overhead and underground feed-
ers, which directly connects to the MV primary distribution
network of the utility without a coupling transformer. Fur-
thermore, the harmonic modal analysis was implemented to
assess the characteristics of the resonances of the wind park
as a whole due to the absence of capacitor banks.

As its key results, no unstable oscillation modes were de-
tected due to the absence of capacitor banks in the vicinity
of the wind park and the high short-circuit capacity at the
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PCC relative to the wind park size. Simultaneously, the har-
monic resonance studies found no violations of voltage dis-
tortion limits set by standards or vendor datasheets, and no
indications of overloading of wind park components. It is
worth noting that the circuit topology under study has a bet-
ter immunity than the traditional wind park topologies con-
nected to transmission systems. However, more studies can
be conducted with other real wind parks to generalize the re-
sults. The absence of a shunt capacitor bank does not com-
pletely eliminate the risk of problematic harmonic amplifica-
tion due to the presence of line parasitic capacitance, mainly
provided by the underground feeders. It can also be noted
that the absence of the main transformer is analogous to con-
necting the wind park to a stronger grid relative to its rated
capacity. Both of these conditions help reduce the risk of
problematic harmonic resonances and provide sufficient
damping to a prevent instability. It is important to highlight
that the aim of this paper is not to generalize the results ob-
tained for this wind park, but rather to give an insight into
how the absence of a bulk transformer and a capacitor bank,
and the connection of the wind park to a distribution net-
work, help to improve the immunity to resonances. With
these results, the utility was able to confirm the adequacy of
its power quality and, consequently, to exclude the necessity
for potential measures to mitigate distortions or unwanted os-
cillations.

This study is the first of its kind in Costa Rica, and the
methodology is expected to be applied to other existing and
future wind and solar parks. This will facilitate the imple-
mentation of measurement campaigns prior to and following
the commissioning of new projects, thereby providing valu-
able insights to assess compliance with power quality regula-
tion and code development at MV and HV systems in the na-
tional power grid.
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