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Abstract—In 2017, three sub-synchronous resonance (SSR)
events were reported in the transmission system of Electric
Reliability Council of Texas (ERCOT). These three events with
different consequences are due to the same cause, i.e., Type-3
wind farms radially connected to a series compensated transmis-
sion line. The objectives of this paper are (i) to build a testbed
to replicate these real-world events and investigate what causes
the different consequences, (ii) to find out the impact of wind
penetration level and wind speed on SSR, and (iii) to investigate
how to mitigate SSR. The replication testbed is built in MAT-
LAB/Simpowersystems with each wind farm represented by a
single aggregated wind turbine with full dynamics. The challenge
of replication is the limited information about those three events,
the ERCOT system, and the wind farms. Nevertheless, relying
on simplification and assumptions, we are able to replicate the
three events. Our contributions include the configured testbed for
Type-3 wind farm SSR studies, diagnosis of impacting factors on
SSR, and the confirmation of an SSR mitigation strategy through
grid-side converter ac voltage command signal modulation.

Index Terms—Sub-synchronous resonance, DFIG-based wind
farm, modeling and control.

I. INTRODUCTION

MORE and more wind farms are built in recent years and
they are usually located in remote areas and rely on

long distance transmission for power delivery. Series compen-
sation are commonly used in long-distance transmission lines
to reduce electricity distance and increase transfer capacity.
On the other hand, subsynchronous resonance (SSR) is a
challenging issue in type-3 wind farms connected to the series
compensated networks [1]–[3].

From August 2017 to October 2017, three SSR events were
recorded by Electric Reliability Council of Texas (ERCOT)
[4]. These three events happened in the same transmission sys-
tem as shown in Fig. 1. The voltage level of main transmission
lines is 345 kV. Six wind plants are integrated at three stations:
Cenizo, Del Sol, and Pomelo. The series compensation line is
employed to connect Cenizo station and Del Sol station. Two
end stations, San Miguel and N Edinburg, are connected to
the main grid. The voltage and current of each event were
recorded and presented in [4].

All of three SSR events were caused by Type-3 wind farms
radially connected to the series compensated transmission line
after transmission line outages.

• Event 1: On August 24th, Del Sol - Pomelo line was
tripped. This line outage left Plants 3 & 4 being radially
connected to the Cenizo-Del Sol series compensated line.
25.6 Hz SSR was observed in instantaneous currents
in abc-frame until Plants 3 and 4 were tripped by the
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Fig. 1: System topology [4].

protection devices. The currents and the corresponding
frequency spectrum are shown in Fig. 10a.

• Event 2: On September 27th, Lobo - Cenizo line was
tripped. This line outage left Plants 1 & 2 being radially
connected to the Cenizo-Del Sol series compensated line.
22.5 Hz SSR was observed which led to the tripping of
wind plants 1 & 2. The currents and the corresponding
frequency spectrum are shown in Fig. 10b.

• Event 3: On October 27th, Del Sol - Pomelo line was
tripped. 26.5 Hz SSR was observed. This event did not
trigger the protection device and Plants 3 &4 were not
tripped. The currents and the corresponding frequency
spectrum are shown in Fig. 10c.

It is understandable that for Event 1 and Event 2, the re-
sulting systems have different equivalent compensation levels
and hence there is difference in SSR frequency. On the other
hand, it is puzzling to see Event 1 and Event 3, with the same
line tripped, led to one case that SSR is severe enough being
detected by the protection device and the other case that is
less severe. We also noticed that in Event 3, more wind power
was generated compared to that in Event 1. Yet the system is
more stable in Event 3 compared to that in Event 1.

The immediate and first objective of this paper is to build
an electromagnetic transient (EMT) testbed, replicate these
real-world events, and understand what causes the different
consequences. The second objective is to predict the system’s
SSR stability with higher wind penetration. Influence of wind
speeds on SSR stability will also be examined. Finally, the
third objective is to investigate how to mitigate SSR. In the
authors’ 2012 research paper [5], an SSR mitigation strategy
was proposed and tested in an analytical model with simplifi-
cation, e.g., phase-locked-loop (PLL) dynamics ignored. With
this real-world replication testbed ready, this strategy can be
further confirmed.

a) Literature Survey: Real-world type-3 wind farm SSR
events in Texas have been studied in many papers since 2012,
e.g., [3], [6]–[11]. In all the cited papers, detailed parameters
of the testbeds are not given, which result in testbeds not
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Fig. 2: Simpowersystems testbed.

replicable. Meanwhile, none of those testbeds focuses on
the south region of Texas studied in this paper. The Texas
transmission system keeps evolving. We have used most recent
public information to have many new transmission projects
considered.

A survey of [3], [6]–[11] is as follows. To analyze type-3
wind farm SSR events in Texas using frequency scanning,
authors of [6] built two PSCAD/EMTDC testbeds for the
Silverton substation and Rio Hondo substation respectively. On
the other hand, detailed parameters of the test systems are not
given. [7] investigated type-3 wind farm SSR by comparing
the real records and EMT simulation results. The testbed was
designed based on a simple and non-proprietary system. [3],
[8]–[10] presented EMT simulation results to investigate type-
3 wind farm SSR phenomena. The papers indicate that the
testbeds are built based on the particular sections of the Texas
grid. Though the topologies of the test systems are presented,
detailed parameters, e.g., line impedance and parameters of
wind turbines, are not given. Finally, [11] uses the relevant
portion of the Texas grid model to test the reactance scan
and the paper presents the impedance of transmission lines
and transformers. Parameters relevant to wind farms are not
presented. In addition, the testbed focuses a different portion
of the Texas transmission system.

b) Challenges: The testbed will be built in MAT-
LAB/Simpowersystems. It is not possible nor necessary to
model an entire ERCOT transmission grid to replicate these
three events. The foremost challenge is to come up with a
simplified yet adequate system topology. Here the focus is the
San Miguel to N. Edinburg transmission system and the six
wind plants located at Cenizo, Del Sol, and Pomelo. Hence,
we make the main assumption of the testbed topology to treat
the rest ERCOT system as one voltage source behind San
Miguel 345 kV substation and another behind N. Ediburg 345
kV substation.

The second challenge is that the information about these
events and the transmission system is very limited. None of
the system information, e.g., line lengths, compensation level,
wind plant parameters such as size, number of wind turbines,
is available in [4]. To configure the testbed, we rely on public

information only. Based on the public transmission project
information, length of transmission lines, compensation level,
and the names of wind farms can be determined. Typical 345
kV transmission line per unit length resistance and reactance
are used. With the names of wind farms identified, we further
found the type of wind turbines and the capacity of the wind
farms also through public information.

Nonetheless, detailed information of wind turbines, e.g.,
converter control structure, control parameter, are confidential
to wind manufacturers. For this part, we adopt the 1.5 MW
doubly-fed induction generator (DFIG) example in MAT-
LAB/Simpowersystems as the building block. Detailed rotor-
side converter structure and grid-side converter structure can
be found from MATLAB/Simpowersystems demo Wind Farm
- DFIG Average Model.

Two other important parameters are unknown: the number
of online wind turbines and the wind speed. Their values need
to be fine tuned because their effect on system stability is
significant. Hence, sensitivity analysis is conducted to examine
the effect of number of online wind turbine and wind speed’s
influence on SSR.

Based on the sensitivity analysis, the testbed is tuned to
match the simulation results with the data records presented
in [4]. We also identified that wind speed at Event 3 is higher
compared to that at Event 1. The system is more stable at
Event 3 compared to that at Event 1 due to higher wind speed.
This observation aligns with the remarks made in [1] through
analysis.

Finally, SSR mitigation is investigated using the testbed.
There are two types of existing methods. The first type is
using additional FACTS devices [12], [13]. The second type
is to add control loops on top of rotor-side converter (RSC)
and/or grid-side converter (GSC) controllers, e.g., [5], [14].
The second type method can be implemented with less cost.

SSR control was proposed in the authors’ prior work [5] for
Type-3 wind using supplementary control of GSC. Compared
with many other SSR mitigation strategies proposed after [5],
e.g., [14], the control in [5] is a simple feedback control strat-
egy with a single input (series capacitor voltage) and single
output (supplementary signal to GSC’s ac voltage command).



0885-8977 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2019.2931838, IEEE
Transactions on Power Delivery

3

On the other hand, strategy in [14] requires multiple inputs
and multiple outputs. Simple single-input single-output (SISO)
control is preferred. The tests conducted in this paper give
further validation of the SISO control.

The work on SSR mitigation in the paper extends the prior
work in [5]. Control implementation details and control block
design details, including capacitor voltage estimation using
local signals and high-pass filter implementation, are investi-
gated. The details of the improvement is presented in Section
V. Moreover, in [5], the supplementary control was tested on
an analytical model based on dq-frames with simplification
(e.g. PLL ignored). In this paper, the supplementary control is
tested in a practical EMT testbed with full dynamics.

c) Organization: The rest of the paper is organized as
follows. Section II presents the testbed topology and the
parameter setting procedure based on known information. In
Section III, sensitivity analysis of online wind turbine number
and wind speed is conducted. Based on the analysis, Section
IV explains how these two factors are tuned to match the
real-world data records. The replication results are compared
with the data records. In Section V, the supplementary SSR
control is implemented and its performance on SSR mitigation
is examined. Section VI concludes the paper.

II. TESTBED PARAMETER CONFIGURATION

A. Transmission line parameters

The testbed is built in MATLAB/Simpowersystems and its
topology is shown in Fig. 2. The testbed has six 345 kV
stations and three of them are interconnected with the wind
farms. Two end stations of this transmission system are San
Miguel and N Eidinburg which are connected to the main grids
represented by infinite buses.

Transmission line information was collected based on the
public project reports from Electric Transmission Texas (EET).
According to the report of Rio Grande Valley projects [15],
the transmission line is 156 miles from ETT’s Lobo sta-
tion to AEP’s North Edinburg station. The report of Lower
Rio Grande Valley Projects [16] provides the map of this
transmission line shown in Fig. 5. Based on the map, the
lengths between two stations are stimated. The length from
Lobo station to Cenizo station is around 39 miles while the
length from Del Sol station to N Edinburg station is 49
miles. The length from Cenizo station to Del Sol station
is 68 miles. Because the portions between Del Sol station
and N Edinburg are not provided, it is assumed that Pomelo
station is at the middle point (L3 = L4). The additional line
from San Miguel station to Lobo station is found to be 42
miles and it is not shown in Fig. 5. The power base is 100
MVA and the voltage base is 345 kV. The per-unit values of
line impedance are calculated based on the transmission line
parameters used in MATLAB/Simpowersystems Wind Farm-
DFIG Average Model. The per unit length resistance and
reactance are 0.047×10−3 pu/mile and 0.532×10−3 pu/mile.

B. Compensation level

The total reactance of two series capacitors is 48 Ω and
they are installed between Cenizo and Del sol stations [15].

The compensation level of this line (Lobo to N Edinburg) is
around 49%.

R5 and L5 are determined by trial and error of Event 2
simulation to match the ratio of the SSR component at 22.5
Hz versus the fundamental component at 60 Hz (320A

230A ).
The per-unit values and real values for the transmission

system are summarized in Table I including the transmission
lines and the transformers. Notice: XT1 and RT1 indicate the
total impedance of T1 for each whole wind farm.

New ETT 345-kV lines begin delivering power to LRGV 

Two new extra-high voltage transmission lines stretching more than 200 miles and recently 
finished by Electric Transmission Texas (ETT) began streaming much needed power to AEP 
customers in the Lower Rio Grande Valley before the summer peak.  

“We encountered about everything during this job, from heavy rains to drilling into solid rock,” 
said Rich Haley, project manager of the Laredo-North Edinburg portion of the project. 

A 156-mile, 345-kV line 
between Lobo Station near Laredo and North Edinburg Station went into service in late May (red 
line on map), a few days before completion of a companion line from North Edinburg Station 
south to the Hidalgo-Cameron county line (blue line), dubbed the Valley Loop. ETT built the 
northern half of the 100-mile Valley Loop with Sharyland Utilities taking the line downstream to 
Loma Alta Station (green line), owned by the Brownsville Public Utilities Board. 

If you build it, they will come 
Construction on the lines started in October 2014. Building the northern section involved 
acquiring more than 350 easements from 500 landowners with 190 easements and 140 permits 
required for the 50-mile southern portion.  ETT picked up more jobs along the way. Last year it 
strung 28 miles of 345-kV conductor (energized at 138-kV) on the vacant side of towers already 
built for the 345-kV project between Lobo Station and AEP Texas’ new Molina Station. The 
work completed a 138-kV transmission loop that bolstered service for Laredo.    

Meanwhile, wind farms between Lobo and North Edinburg stations have requested connections 
to the new single-circuit 345-kV line. The AEP affiliate is investing $14 million to deliver power 
from Javelina Wind Farm to the new Cenizo Station, south of Laredo; and $21 million and $20 
million, respectively, for lines from the Duke Energy Renewables-owned Los Vientos III and IV 
wind farms (producing 400 megawatts) to the new Del Sol Station, near Rio Grande City. 

Fig. 5: The map of Lower Rio Grade Valley projects [16].

TABLE I: Parameters of transmission system

Parameter Value (SI) Per-unit (pu)
Sbase 100 MW
Vbase 34.5 kV

LT1(XT1), RT1 31.6 µH, 1.2 mΩ 0.002, 0.0002
Vbase 345 kV

LT2(XT2), RT2 3.16 mH, 0.12 Ω 0.002, 0.0002
L(XL), R, C(XC) 114 mH, 4.76 Ω, 55 µF 0.0362, 0.004, 0.041

L1(X1), R1 69 mH, 2.26 Ω 0.022, 0.0019
L2(X2), R2 66 mH, 2.26 Ω 0.021, 0.0019
L3(X3), R3 41 mH, 1.43 Ω 0.013, 0.0012
L4(X4), R4 41 mH, 1.43 Ω 0.013, 0.0012
L5(X5), R5 79 mH, 2.63 Ω 0.025, 0.0022

C. Wind farm parameters

The name of each wind plant can be found from the
public project reports of utilities. The public wind power
database also gives detailed information about each wind plant,
including capacity, the number of wind turbines, and types.

According to [16], two wind plants, Javelina I and II,
are interconnected to Cenizo station and their total capacity
is 450 MW. Two wind plants, Los Vientos III and IV, are
interconnected to Del Sol station and their total capacity is
400 MW. According to [17], wind plants Los Mirasoles are
interconnected to Pomelo station and their total capacity is
250 MW. In all of six wind plants, the type of wind turbine is
Type-3 DFIG and their rated wind speeds are around 11 ∼ 12
m/s.

In the testbed, the wind plants integrated at the same bus
are aggregated as one DFIG wind farm. Each wind farm is
represented by one DFIG wind turbine module from MATLAB
demo, Wind Farm - DFIG Average Model. This demo is built
based on the GE 1.5 MW wind turbine-generators. Dynamic
modeling of this DFIG was reported in [18]. The demo uses
the realistic control systems, control parameters, and machine
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Fig. 3: Effect of # of online wind turbines in WF2. (3a) 10 wind
turbines; (3b) 50 wind turbines; (3c) 100 wind turbines; (3d) 200
wind turbines.
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Fig. 4: Effect of wind speed. (4a) 6 m/s; (4b) 8 m/s; (4c) 10 m/s;
(4d) 11 m/s (rated).

parameters. The parameters of the wind turbine are listed in
Table III in Appendix. In testbed building, we assume that
each wind turbine is 1.5 MW. Hence the total numbers of
wind turbines at the three wind farms are computed to be
267, 300, and 167 respectively.

III. SENSITIVITY ANALYSIS

The parameters of transmission lines and wind farm capac-
ities can be found in public domain, information of number
of online wind turbines and wind speed during each event can
only be guessed. On the other hand, the two factors (online
wind turbines and wind speed) have significant impact on SSR
stability. In this section, sensitivity analysis is conducted to
examine the influence of these two factors. The sensitivity
of each factor is analyzed. Event 1 (Del Sol to Pomelo line
tripping) is considered for the testbed simulation. Parameters
of Event 1 are used and they were listed in Table I and Table
II. Based on the sensitivity analysis, the number of online wind
turbines and wind speed will be fine tuned for each of SSR
event in next section.

A. Number of Online Wind Turbines

Due to the line tripping, WF2 is radially connected to
the RLC circuit and SSR occurs. In sensitivity analysis, the
number of online wind turbines of WF2 is varied from 10 to
300 to create various scenarios. The wind speed is kept as 7.5
m/s. The simulation results for four scenarios are presented in
Fig. 3. When 10 wind turbines is online, the magnitude of SSR
is smaller than that of the nominal component. However, the
SSR magnitude is three times larger than that of the nominal
component when 50 or 100 wind turbines were online. This

study shows that with more online wind turbines, the system
becomes less stable.

Fig. 6a lists the corresponding SSR frequencies under seven
scenarios. It is found that the SSR frequency varies from 6.7
Hz to 26 Hz. More online wind turbines will lead to increase
in the frequency of SSR and an less stable system.
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Fig. 6: Effect of wind turbine number and wind speed on SSR
frequency. (6a) number of online wind turbines; (6b) wind speed.

For Event 1, WF2 is radially connected to the RLC circuit.
An analytical model is built in MATLAB/Simulink to repre-
sent WF2 radially connected to an equivalent RLC circuit. Fig.
7 presents the eigenvalue loci with the number of wind turbines
varying. Fig. 7b shows that the oscillation frequency is reduced
from 53.5 to 34 Hz in dq frame when the number of online
wind turbines is increased from 10 to 300. This indicates that
the oscillation frequency increases from 6.5 Hz to 26 Hz in
abc frame. The eigenvalue analysis results corroborate with
the EMT testbed simulation results.

B. Wind Speed
Wind speed affects the power penetrated into the grids.

Higher wind speed corresponds to more wind power injection
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Fig. 7: Eigenvalue loci with the number of online wind turbines
varying from 10 to 300. (7a) The entire eigenvalue loci. (7b) Zoom-
in section of the dominate eigenvalues.

into the grid. On the other hand, higher wind speed means
better SSR stability, a fact indicated based on small-signal
analysis in [1] and observed in real world North China Type-
3 wind farms [2]. In this sensitivity analysis, wind speed is
varied from 6 m/s to 12 m/s for all of three wind farms.

The simulation results were summarized in Fig. 4. FFT plots
in Fig. 4 shows that the nominal component becomes larger
and the SSR component becomes smaller with wind speed
increasing. The dynamic responses of the current confirm that
higher wind speed leads to better SSR stability. We use this
fact to project that the different consequences of Event 1 and
Event 3 are mainly due to different wind speed.

Fig. 6b presents the SSR frequencies under different wind
speed conditions. The frequency of SSR increases from 23.7
Hz to 30 Hz with wind speed increasing.

Fig. 8 shows the eigenvalue loci with the wind speed
changing from 6 m/s to 12 m/s. The dominant eigenvalue loci
in Fig. 8b indicate that the oscillation frequency in the dq
frame is changed from 37 Hz to 30 Hz. This indicates that the
SSR frequency is in the range of 23 to 30 Hz in the abc-frame.
Therefore, the eigenvalue loci is validated by the bar plot in
Fig. 6b.
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Fig. 8: Eigenvalue loci with the wind speed changing from 6 m/s to
12 m/s. (8a) The entire eigenvalue loci; (8b) zoom-in of the dominant
eigenvalues.

IV. REPLICATION BY FINE TUNING

One challenge of replication is a lot of information is
unknown. For example, how many wind turbines online at
each event is unknown. The wind speed at each event is also

unknown. On the other hand, both factors affect the generated
wind power and SSR stability.

[4] presents the real-world event recorded data shown
in Fig. 10. The instantaneous current plots at 345 kV level
are available. Yet no information is provided to indicate at
which locations the currents were measured. We noted that
the currents became zero after WF2 tripped in Event 1 while
they had values in Event 2 after WF1 was tripped. In Event
1 and Event 3, WF2 were radially connected to the RLC
circuit. If the measured current is the current through the RLC
line, then the current exported from WF2, I2, is the same
as the measured current in Event 1 and Event 3. In Event
2, Lobo to Cenizo line was tripped and WF1 was initially
radially connected to Grid 2 through the RLC circuit and then
tripped. Since the current record shows nonzero values after
WF1 was tripped, the measured current should not come from
the RLC line. On the other hand, if we assume that the current
measurement is from from Del Sol to Pomelo, the current flow
should be the combination of WF1 and WF2 after the line
tripping. The FFT record in [4] shows 300 A for the 60 Hz
component magnitude, a comparable amount of WF2’s output
in Event 1. This amount appears low as the combination of
WF1 and WF2 outputs. Thus, we make assumption that the
currents recorded are all WF2’s output.

The number of online wind turbines and wind speed are then
estimated for each event using the FFT analysis results in Fig.
10 of the recorded data. It is assumed that the wind speed
is the same for all wind farms for each event. The estimated
values for each event are listed in Table II. Detailed tuning
procedure is given as follows.

TABLE II: Parameters of wind farms (1.5 MW each turbine)

Capacity
(MW)

Total Event 1 Event 2 Event 3

WF1 (#WTs) 400 267 267 110 200
WF2 (#WTs) 450 300 250 220 200
WF3 (#WTs) 250 167 167 167 167
Wind Speed (m/s) 11 7.5 7.9 10.5

In Event 1, WF2 is radially connected to the RLC circuit.
Note that the total number of the wind turbines of WF2 is 300.
We conducted experiments and found that SSR frequency has
less to do with wind speed but more to do with the number
of online wind turbines. Based on Event 1’s SSR frequency
(25.6 Hz), the number of online turbines of WF2 is tuned to
be 250 through trial and error. Then the wind speed is tuned
to be 7.5 m/s so that the magnitudes of the SSR component
and the fundamental component can match the recorded data.

The same line was tripped in Event 1 and Event 3, which
left WF2 radially connected to the RLC circuit. While the
60 Hz component of WF2 current is 340 A in Event 1, this
number is 430 A in Event 3 according to the recorded data
shown in Fig. 10. The increase in WF2 current is possibly
due to the increase in wind speed or the number of wind
turbines online. However, the system was more stable in Event
3. Small-signal analysis in [5] indicates that higher wind speed
leads to a more stable system while small-signal analysis in
[19] indicates that more online wind turbines leads to a less
stable system. Hence, we reasoned that the increase in WF2
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current is due to wind speed increase rather than online wind
turbine number increase. Once the wind speed is increased to
be 10.5 m/s, the 60 Hz component’s magnitude becomes much
higher than 430 A while the SSR component’s magnitude
becomes less than 350 A (recorded data). We then reduce the
number of online wind turbines in WF2 from 250 to 200 to
match the 60 Hz component magnitude. This reduction also
causes the SSR component magnitude getting further reduced.
On the other hand, WF1 is not radially connected the RLC
circuit. Increasing the power from WF1 will make the overall
system more stable while decreasing the power from WF1 will
make the overall system less stable. By reducing the number
of wind turbines in WF1 from 267 to 200, the SSR component
magnitude gets slightly increased to match 340 A.

In Event 2, the WF1 is radially connected to the RLC circuit
and the SSR frequency is 22.5 Hz. Our experiments indicate
that the number of online wind turbines influences the SSR
frequency. More turbines lead to higher SSR frequency. If
we assume all 267 turbines are online, the SSR frequency
is 25 Hz. Reducing the number to 110 leads to 22.5 Hz SSR
component. Further, wind speed is tuned to be 7.9 m/s to match
the SSR component magnitude (320 A). As the final step, since
the measured current is WF2 current and to match the 60 Hz
fundamental component current at 230 A, the number of online
turbines in WF2 is tuned to be 220.

Fig. 9 shows the flowchart on how to get similar SSR
frequency and amplitude. ÎSSR and Î0 notate the amplitudes
of SSR and fundamental components respectively.

Start

Yes

Oscillation frequency 

is matched? 

Give the initial values: # of 

wind turbines and wind speed 

Reduce # of 

wind turbines

Increase # of 

wind turbines

is matched? 

No

No

Yes
Increase 

wind speed

Yes

Higher than 

record? 

Higher than 

record? 
Reduce 

wind speed

No

No

End

I0

ISSR

I0 is matched? 

Yes

Yes

Fig. 9: Flowchart of testbed parameter tuning.

A. Replication results

The replication results are produced using the same se-
quence of tripping operations in the real-world events. The
transmission line was tripped at 1s for all three events. In
Event 1, at 2 seconds, WF2 tripped. In Event 2, at 2 seconds,
WF1 tripped. Fig. 11 presents the replication results including
WF2 currents and FFT spectrum of the WF2 currents. It can be
seen that our replication results have very similar frequencies
and magnitudes of the SSR and fundamental components with
those from the recorded data.

Moreover, the replication explains why Event 1 and Event
3 lead to different outcomes. Wind speed plays an important
role in SSR stability.

Remarks: It shall be noted that the testbed and simulation
results from this paper may contain uncertainty. Operating
conditions at different events may deviate from those of the
real-world scenarios. A possible solution is to have more field
measurements available and conduct refined tuning to make
results closer to the real-world.

V. SSR MITIGATION

The improved SSR supplementary control on top of GSC
control is implemented in the testbed to mitigate the SSR. Fig.
12 shows the structure of a Type-3 wind turbine connected to
a series compensated line.

Vector control is usually employed in the GSC which
controls the DC-link voltage (Vdc) and the PCC voltage
(Vpcc). The supplementary SSR control modulates the PCC
voltage command. Analysis in [5] indicates that the voltage
over the series capacitor ∆Vc is the best input signal for
pure proportional control compared to other signals such as
machine speed and line current ∆Ic. The modulation signal
∆VSSR is generated after amplifying the input signal through
a proportional gain KV c.

This input signal ∆Vc is a remote signal for wind farm
GSC. Communication links need to be established for this SSR
control. To avoid the cost of this infrastructure, [5] suggested
to obtain ∆Vc using local measurements, i.e., the wind farm
current. This strategy is implemented in this paper. When a
wind farm is radially connected to the series compensated line,
the wind farm current is approximately same as the instanta-
neous currents through the series compensated line ic,abc. The
capacitor voltages vc,abc can be estimated by integrating the
instantaneous currents. (1) gives the relationship between the
three-phase voltages and currents in abc-frame.

C
dvc,abc
dt

= ic,abc, vc,abc =
1

C

∫
ic,abc (1)

The improved SSR control scheme is shown in Fig. 13. The
instantaneous three-phase currents at 575 V level are measured
and sent to integrators. The obtained signals then pass a high-
pass filter ( 0.1s

1+0.1s ) to get rid of dc component. The signals
are amplified with a gain K1 = 1.0757 × 10−4 to have per
unit values. The three-phase signals now emulate vc,abc. Its
magnitude Vc is computed after abc to dq transformation. To
have only the fast dynamics considered, another HPF is used
before passing Vc to KV c unit to generate the modulation
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Fig. 10: Recorded real-world data. Event 1 (11a): 25.6 Hz. Event 2 (11b): 22.5 Hz. Event 3 (11c): 26.5 Hz.
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Fig. 11: Simulation results based on the testbed. Event 1 (11a); Event 2 (11b); Event 3 (11c).
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Fig. 12: Topology of Type-3 wind connected to the series compensated line.

signal ∆VSSR. Compared with the supplementary control
proposed in [5], the improved one has two more components,
the high-pass filter (HPF) and K1.
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Fig. 13: SSR control scheme in the GSC control loop.

Event 1 (Del Sol - Pomelo line tripping) is used to test
the performance of the SSR control. The line from Del Sol to
Pomelo was open at 1 second which leaves WF2 being radially

connected to the RLC circuit. WF2 is equipped with the SSR
mitigation control. The simulation results are presented in Fig.
14, including the three-phase currents in Ampere at 345 kV
level, the three-phase voltages in kV at 345 kV level, FFT
of the current, power from from WF2 in pu, PCC voltage in
pu, Vc signal of the SSR control, and the SSR modulation
signal ∆VSSR. The left column shows the dynamic responses
of the system without the SSR control while the right column
presents the system with the SSR control.

Without the SSR control (by setting KV c = 0), the SSR
aggravates over time. The oscillation is approximately 25 Hz
and has a much larger magnitude compared to that of the 60
Hz component. After applying the SSR control (KV c = 0.8),
the system is stable after the line tripping. Fig. 14b shows
that the SSR is well damped and FFT cannot detect the
SSR component. Fig. 14d shows that the system became
stable after a short transient period of about 0.1 seconds. The
modulation signal is within the limit of ±0.05 pu. This case
study demonstrates the effectiveness of the SSR mitigation
scheme proposed in [5].
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Fig. 14: Event 1. Without SSR control: (14a) and (14c); with SSR control: (14b) and (14d).

To test its performance under different conditions, the SSR
control was tested for Event 3 with the same gain KV c = 0.8.
Compared to WF2’s power output in Event 1 (less than 1 pu),
Event 3 had a higher wind power from WF2 (2 pu) due to
faster wind speed. Fig. 15 gives the comparison of without
and with SSR control for Event 3. It can be seen that the SSR
mitigation control can provide damping to SSR oscillation and
make the system more stable.

We also re-tested the SSR control under Event 1 with 300
online wind turbines in WF2. The testbed simulation results
again show SSR control can effectively mitigate SSR.

VI. CONCLUSION

In this paper, a testbed is built in Matlab/Simpowersystems
to replicate three real-world wind farm SSR events. The chal-
lenges of testbed building are (i) how to assume a simplified
yet adequate system topology, and (ii) how to configure the
testbed with very limited known information on the events. We
rely on public transmission grid information to configure the
transmission system parameters and rely on type-3 wind SSR
characteristics to tune wind farm parameters. The developed
testbed can successfully replicate the real-world events. Impact
of online wind turbine number, wind speed are examined using
the testbed. Finally, an SSR mitigation strategy relying on GSC

supplementary control is implemented in the testbed and its
effectiveness is confirmed.

APPENDIX

TABLE III: Parameters of one DFIG wind turbine

Parameter Value (SI) Per-unit (pu)
Rated power 1.5 MW 0.9

DC-link voltage 1150 V
Rated voltage 575 V 1
Nominal freq. 60 Hz 1

Wind speed at Pmax 11 m/s
Lls(Xls), Rs 94.5 µH, 5.6 mΩ 0.18, 0.023
L′
lr(X′

lr), R′
r 84.0 µH, 3.9 mΩ 0.16, 0.016

Lm(Xm) 1.5 mH 2.9
Inertial, poles 8.03 J, 6
Friction factor 0.01

Cdc 10 mF
Lc(XLc), Rc 0.16 mH, 0.59 mΩ 0.3, 0.03
C1(B1) 2.9 mF 0.267

Current control (GSC) Kpig = 0.83, Kiig = 5
DC-link control Kpdc = 8, Kidc = 400
Vac control Kpac = 8, Kiac = 400

Current control (RSC) Kpir = 0.6, Kiir = 8
Q control Kpq = 0.4, Kiq = 40

PLL KpPLL = 60
KiPLL = 1400
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Fig. 15: Event 3. Without SSR control: (15a) and (15c); with SSR control: (15b) and (15d).
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