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Field validation of generic wind park models using fault records

Aboutaleb HADDADI!, Ilhan KOCAR! @, Thomas KAUFFMANN!,

.

Ulas KARAAGAC?, Evangelos FARANTATOS?, Jean MAHSEREDJIAN!

Abstract A challenge faced by protection and planning
engineers is the development and validation of accurate
wind turbine generator (WTG) models to study the impact
of increased wind integration on system protection. This
paper is on the experimental validation of a generic elec-
tromagnetic transient-type (EMT-type) model of aggre-
gated WTGs or wind parks suitable for transient studies.
The phasor domain equivalent of the generic model, suit-
able for protection tools based on steady-state solvers, is
also considered. The model has been validated using two
sets of actual relay records for the fault response of two
wind parks consisting of Type-IIT WTGs and connected to
115 kV and 230 kV transmission systems. The objective is
to show that the generic model can reproduce the actual
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fault response in simulations, and protection engineers can
obtain accurate models of wind parks using fault records. A
distinctive characteristic of a WTG is its substantially
different negative sequence fault current contribution
compared to a synchronous generator. The paper shows
that the generic model provides enough options to repro-
duce the negative sequence behavior and hence is suit-
able for fault studies involving negative sequence-based
protection.

Keywords Renewable generation, Wind turbine generator,
Doubly-fed induction generator, Short-circuit analysis,
Electromagnetic transient-type model, Phasor domain
model

1 Introduction

A challenge faced by protection and planning engineers
is to study the impact of increased renewable penetration
on system protection [1-4]. The reason is that short-circuit
models of conventional generators are not adequately
representative of the substantially different, and in some
cases complex, fault response of renewables. Power elec-
tronics associated with renewable generators produce cur-
rent waveform signatures that are substantially different
and in some cases more complex than those of conven-
tional synchronous or asynchronous generators. To study
the impact on protection, it is necessary to use sufficiently
accurate models of renewables.

In previous papers, the authors have presented generic
electromagnetic transient-type (EMT-type) models of
aggregated wind turbine generators (WTGs) or wind parks
suitable for transient studies for Type-III (doubly-fed
induction generator, DFIG) and Type-IV (full-size
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converter, FSC) WTGs [5, 6]. These EMT-type models can
emulate the time-domain fault response of an actual WTG.
Taking these detailed models as references, phasor domain
models were developed and an iterative algorithm to
integrate these models into protection tools based on
steady-state solvers was proposed [7-9]. The phasor
models reproduce the steady-state short circuit behavior of
detailed models.

This paper validates the Type-III generic model and its
phasor equivalents using actual fault records of two wind
parks consisting of Type-III WTGs and connected to 115
kV and 230 kV transmission systems. The objective is to
show qualitatively that the generic model and its phasor
equivalent can reproduce the actual fault response in sim-
ulations. A simplified phasor model requiring less input is
also proposed and validated.

A distinctive characteristic of a WTG is its substantially
different negative sequence fault current contribution
compared to a synchronous generator [1, 10], and it is
necessary for a WTG model to account for the negative
sequence behavior. The paper shows that the generic model
can reproduce the negative sequence behavior and can be
used for fault studies involving negative sequence-based
protection.

This paper shows that it is possible to match the actual
fault recordings using generic models once the pre-fault
conditions are taken into account, and model parameters
are properly set considering wind park controller and fault
ride through (FRT) schemes. Therefore, it is possible for
protection engineers to obtain precise models of their wind
generation fleet by tuning generic models using fault
records.

2 Generic type-1IT WTG model

References [5-9] have presented the generic Type-III
WTG model used in this paper. This section presents a
summary of the main features of the model.

Figure 1 shows a typical configuration for a Type-III
WTG. The stator of the DFIG is directly connected to the

Wind
turbine

Stator power
> I Grid |

Transformer
Chopper

J@ I iL;L
TJ Rotor power

RSC GSC

Crowbar

Fig. 1 Type-IIl WTG configuration
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grid, and the wound rotor is connected to the grid through a
back-to-back converter system. The back-to-back converter
system consists of two three-phase pulse-width modulated
(PWM) converters, one rotor-side converter (RSC) and one
grid-side converter (GSC) connected by a DC bus. A line
inductor and an AC filter are used at the GSC to improve
the power quality. A crowbar is used to protect the RSC
against over-currents and the DC capacitors against over-
voltages. During crowbar ignition, the RSC is blocked, and
the machine behaves like a squirrel cage induction machine
(consuming reactive power). Therefore, the DC resistive
chopper is widely used to limit the DC voltage and avoid
the crowbar ignition during AC faults.

The Type-III control is achieved by controlling the RSC
and the GSC through vector control techniques. The RSC
controls the active and reactive powers delivered to the grid
and follows a tracking characteristic to adjust the generator
speed for optimal power generation depending on the wind
speed. On the other hand, the GSC is used to maintain the
DC bus voltage at nominal value and regulate the positive
sequence voltage at the medium-voltage side of wind tur-
bine transformer. This objective is commonly achieved
through a cascaded control structure consisting of an outer
loop which regulates the DC and positive sequence voltage
and an inner current loop which regulates the GSC current.
The GSC has two control modes: coupled and decoupled
sequences. In coupled sequence control mode, the objec-
tive is to fully eliminate the negative-sequence current
which requires the converter to inject balanced three-phase
currents even during unbalanced loading conditions or
faults. To achieve this objective, the setpoints of the neg-
ative sequence d-axis and g-axis currents are set at zero
while the set points of the positive-sequence d-axis and g-
axis currents are determined based on the terminal voltage
and reference power. The coupled sequence control results
in second harmonic power oscillations in GSC power
output under unbalanced loading conditions or faults which
translates into second harmonic oscillations on the DC
voltage and harmonic currents. To eliminate these oscil-
lations, the decoupled sequence control injects a negative
sequence current whose amplitude is proportional to the
negative sequence terminal voltage. Thus, in contrast to
coupled sequence control, under decoupled sequence con-
trol the converter must deliver negative-sequence current.
For validation studies coupled sequence control mode is
selected.

It should be noted that, it is possible to use the GSC to
support the grid with reactive power during faults. Further,
the same reactive power/AC voltage and power factor
control schemes in the GSC control of Type-IV exist in the
RSC of Type-III, and in the same way, these control modes
are done on positive sequence parameters. For the two
converters of one Type-IIl, the active power flow can be
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bidirectional. All the settings of the wind parks used for
validation studies are provided in the Appendix A.

3 Validation

Two sets of actual relay recordings are available for the
fault response of two wind parks consisting of Type-III
WTGs and connected to 230 kV and 115 kV North-
American transmission systems. Hereinafter in this paper,
these two data sets are referred to as Fault 1 (230 kV
system) and Fault 2 (115 kV system). The objective is to
show that the detailed generic model can reproduce the
fault recordings in simulations. The equivalent phasor
domain model has been validated by showing that it mat-
ches the detailed model in steady state. Simulation tests
have been carried on a model of the actual system
including WTGs developed in EMTP [11].

3.1 Fault 1

Fault 1 is a fault in a 230 kV transmission system close
to a wind park. Figure 2 shows the system and the wind
park which embeds 66x1.5 MW Type-IIl WTGs con-
nected to a collector substation through three 34.5 kV
collector circuits and a Y-A-Y type 34.5 kV/230 kV step-
up transformer. An 18.7 km tie-line connects the collector
substation to a 230 kV point of interconnection (POI)
substation. The fault is phase B to phase C occurring on the
tie-line 3.5 km from the POI substation. Prior to the fault,
all 66 WTGs were connected to the system, the park was
delivering 25.69 MW and absorbing 1.35 Mvar from the
230 kV system at the collector substation, and the wind
speed was 6.5 m/s. The fault event was recorded by the line
relays on the 230 kV tie-line. The current differential relay
systems that are applied to this line recorded the currents at
both terminals in each relay.

A model of the system of Fault 1 has been developed in
EMTP. The model represents the wind park by the generic
aggregated model [5], the tie-line by a PI section, and the

21x1.5 MW
vhalal sl akal > Typell
sk (LT wie
YAY 22x1.5 MW
i “BB ol al sl aL aL > Typelll
v Y Y Y

Collector
substation

L ad als
®6"d

Fault location vloak ol aL aL aL > Type IlI
N\ R 8 S5 S

POI substation
K g
L/ﬁ_\n./_

Fig. 2 Fault 1 in 230 kV system

o Circuit breaker
—~- Disconnector

rest of the transmission grid by an ideal-source behind an
impedance. The fault has been simulated by connecting
phases B and C of the PI section 3.5 km from the POI. The
parameters of the actual wind park were not available.
Therefore, the parameters of the generic model have been
set to achieve maximum consistency between simulation
results and fault recordings. Appendix A Table Al pre-
sents the parameters of WTG model.

Figures 3, 4, 5, 6, 7 and 8 compare the actual response
of the wind park recorded by the relays (dashed line)
against the simulation results (solid line). The results are
scaled so that the root-mean-square (RMS) magnitudes of
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Fig. 3 Unfiltered phase currents from wind park measured at
collector substation under Fault 1
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Fig. 4 Filtered phase currents from wind park measured at collector
substation under Fault 1
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Fig. 5 Sequence currents from wind park measured at collector
substation under Fault 1
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Fig. 6 Unfiltered phase voltages on line side of collector substation
under Fault 1

the waveforms are displayed as peak values. The fault
occurs 3.8 cycles into the simulation and is cleared within 3
cycles. The dashed line waveforms are recorded by the POI
substation relay; they are sampled and processed by the
wind park collector substation relay and transmitted to the
POI substation relay. The tie-line is protected by a digital
line current differential relay system, so the currents from
both relays are recorded in either relay fault record.
Figure 3 illustrates the unfiltered phase currents from
the wind park measured at the collector substation. Fig. 4
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Fig. 7 Filtered phase voltages on line side of collector substation
under Fault 1
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Fig. 8 Sequence voltages on line side of collector substation under
Fault 1

presents the filtered phase current (60 Hz) from the wind
park measured at the collector substation. Fig. 5 depicts the
sequence currents (based on the 60 Hz component) from
wind park measured at the collector substation. Fig. 6
shows the unfiltered phase voltages on the line side of the
collector substation. Fig. 7 presents the filtered phase
voltages (60 Hz) on the line side of the collector substation.
Fig. 8 depicts the sequence voltages on the line side of the
collector substation. As shown, the simulation results
match closely the actual recordings. There are some
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differences particularly in the first cycle after the fault
where high-frequency oscillations observed in simulations
do not appear in the recorded data. The reason for this
difference is that the sampling rate of the recordings is 16
samples per-cycle which is too low to capture these high-
frequency oscillations. By contrast, the simulation sam-
pling rate is 167 samples per cycle in EMTP and hence, the
high-frequency oscillations manifest themselves in the
simulation. Furthermore, some differences exist in the pre-
fault current waveforms as the recorded currents are
unbalanced while the simulated currents are balanced. The
reason is that these imbalances were not modeled in the
EMTP simulation model.

To validate the phasor domain equivalent model, Fault 1
has been simulated in phasor domain using the phasor
domain model and the results have been compared to those
of the generic EMT-type model. The simulation scenario is
the same except that the fault is assumed to be permanent
to enable comparison between the EMT-type and phasor
domain results. The parameters of the phasor domain
equivalent model are based on Appendix A Table Al.

Two versions of the phasor domain model have been
tested: a detailed version as outlined in [2, 8, 9] and a new
simplified version as proposed in this work. They have two
main differences: the first is the method of establishing the
dq reference frame of voltage and flux. The simplified
model assumes the phase angle difference between the
reference angle of voltage and flux dg frame to be always
90° whereas the detailed model represents this phase angle

Table 1 Positive and negative sequence currents (/; and /) and
voltages (V; and V) at the terminal of GSC under Fault 1

Model Il Vl 12 V2
EMT model 0.768 /- 0.640£12.0° 0.894/104.9° 0.3174-
36.2° 5.3°
Phasor model  0.727/- 0.653£7.5° 0.882/100.2° 0.315/-
(detailed) 52.6° 3.3°
Phasor model  0.743/- 0.658£7.4° 0.900£98.0°  0.310Z£-
(simple) 53.8° 1.9°

Table 2 Positive and negative sequence currents and voltages at
collector under Fault 1

Model I] V| [2 V2
EMT model 0.825/- 0.509/1.5° 0.858£105.8° 0.488-0.4°
39.7°
Phasor model 0.794/- 0.509£0.6° 0.845/100.8° 0.486/0.0°
(detailed) 55.3°
Phasor model 0.810Z4- 0.509£0.6° 0.862£98.4° 0.486£0.1°
(simple) 56.4°

STATE GRID

as a variable and calculates it using the parameters in
detailed EMT-type model. This difference results in a
discrepancy between the calculated d-axis and g-axis
quantities of the simplified and detailed models. The sec-
ond difference is the method of calculation of negative-
sequence current. The detailed model accurately repro-
duces the negative-sequence current of the EMT-type
model and requires many inputs, whereas the simplified
model estimates the negative sequence current using a

Table 3 Positive and negative sequence currents and voltages (RMS
values) at collector under Fault 1

Model I, (A) Vi (kV) I, (A) V, (kV)
EMT model 228 67.60 237 64.80
Phasor model (detailed) 219.3 67.58 233.3 64.53
Phasor model (simple) 223.8 67.63 238.0 64.50

Yﬁ Y 345KV —
J|_\—E:§’OI/%E;‘l"@l’A‘l’$‘J"A‘l’$‘l’11x1451\/lw

$%7878

115kV o collector Type-Ill
substation WTGs
Fault Jocation
o~ NI
Netwo.rk —3 Load
substation I S Tsubstation

Load substation

Fig. 9 Fault 2 in 115 kV system

Voltage (kV)

Cycle
Va (EMTP); ‘s (EMTP); — Vi (EMTP)
Va (recorded); --- Vg (recorded); --- Ve (recorded)

Fig. 10 Unfiltered phase voltages at network substation under Fault 2
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Fig. 11 Filtered phase voltages at network substation under Fault 2
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Fig. 12 Sequence voltages at network substation under Fault 2

simple relation that divides negative sequence voltage by
equivalent machine impedance in [12].

Tables 1, 2 and 3 compare the simulation results of the
EMT-type model and the phasor domain equivalent model
suggesting a satisfactory match between the two models.

3.2 Fault 2

Fault 2 occurs close to a wind park in a 115 kV trans-
mission system. Figure 9 shows the system which is a
portion of a 115 kV transmission system. The wind park
embeds 11x1.5 MW Type-IIl WTGs connected to a 34.5
kV collector circuit. A Y-A-Y type 34.5 kV/115 kV step-up

PLLP
K2 >
W\
EL 5
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-10000 . . . . : : .
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Cycle

Fig. 13 Unfiltered phase currents from network substation under
Fault 2
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Fig. 14 Filtered phase currents from network substation under Fault
2

transformer connects the collector circuit to a 115 kV
POl/collector substation. A 10.7 km tie-line connects the
POl/collector substation to a network substation. The fault
was a phase A to ground occurring on the line to the net-
work substation, 3.8 km from the network substation. Prior
to the fault, all 11 WTGs were connected to the system, and
the plant was supplying 17.7 MW and 3.2 Mvar into the
grid.

A model of the system of Fault 2 has been developed in
EMTP. The model represents the wind park by the generic
model [5], the tie-line by a PI section, and the rest of the
transmission grid by an ideal-source behind an impedance.
The fault has been simulated by connecting phase A of the
PI section to the ground. Table 7 presents the parameters of
the wind park model.
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Fig. 15 Sequence currents from network substation under Fault 2
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Fig. 16 Unfiltered phase voltages at POI/collector substation under
Fault 2

Figures 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 and 21
compare the actual response of the wind park recorded by
the relays (dashed line) against simulation results (solid
line). The results are scaled so that the RMS magnitudes
for the waveforms are displayed as peak values. The fault
event was recorded by the line relays at the network and the
POl/collector substations.
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Fig. 17 Filtered phase voltages at POI/collector substation under
Fault 2
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Fig. 18 Sequence voltages at POl/collector substation under Fault 2

Figures 10, 11 and 12 show the unfiltered, filtered (60
Hz), and sequence components of phase voltages on the
115 kV bus at the network substation. Figs. 13, 14 and 15
depict the unfiltered, filtered (60 Hz), and sequence com-
ponents of phase currents from network substation.
Figures 16, 17 and 18 illustrate the unfiltered, filtered (60
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Fig. 20 Filtered phase currents from POI/collector substation under
Fault 2

Hz), and sequence components of phase voltages at the
POl/collector substation. Figures 19, 20 and 21 present the
unfiltered, filtered (60 Hz), and sequence components of
phase currents from the POl/collector substation. As
shown, the simulation results match the actual fault
records.

Fault 2 has been simulated in phasor domain using the
phasor domain equivalent model and the results have been
compared to those of the EMT-type model. The simulation
scenario is the same except that the fault is assumed to be
permanent to enable comparison between the EMT-type
and phasor domain results. The parameters of the phasor
domain generic model are based on Appendix A
Table Al.

Tables 4, 5 and 6 compare the simulation results of the
EMT-type model and its phasor domain equivalent model.
The results show a satisfactory match between the generic
models.
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Cycle

Fig. 21 Sequence currents from POI/collector substation under Fault
2

Table 4 Positive and negative sequence currents and voltages at the
terminal of GSC under Fault 2

Model I Vi L Va
EMT model 0.991/- 00913/19.4° 0431/- 0.133/£174.6°
7.5° 78.4°
Phasor model  0.967/- 0.923/18.1° 0.418/- 0.136£174.5°
(detailed) 11.3° 78.7°
Phasor model 0.936/- 0.943/16.5° 0.404/- 0.139/£178.0°
(simple) 17.1° 82.2°

Table 5 Positive and negative sequence currents and voltages at
POI/collector under Fault 2

Model I Vi I, V>
EMT model 1.1094-  0.762/1.1° 0.394/- 0.242/-
18.5° 76.9° 178.0°
Phasor model 1.095/—- 0.760£0.7° 0.380/—  0.241/-
(detailed) 22.3° 77.1° 178.4°
Phasor model 1.082/- 0.762£0.6° 0.364/- 0.242/-
(simple) 28.0° 81.2° 178.3°

Table 6 Positive and negative sequence currents and voltages (RMS
values) at POI/collector under Fault 2

Model I (A) Vi(kV) L (A V, (kV)
EMT model 102.10  50.60 36.30 16.10
Phasor model (detailed) 100.80  50.46 34.98 16.03
Phasor model (simple) 99.61 50.58 33.51 16.07
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4 Conclusion

This paper is on the validation of a generic aggregated
wind park model for fault studies and its phasor domain
equivalent model through cross-examination against actual
fault records of two wind parks consisting of Type-III
WTGs. The generic model is able to reproduce the time-
domain response of the actual wind park to a fault. The
phasor model provides the steady-state short-circuit
response. A simplified phasor model is also proposed, in
which less user input is required due to assumptions and
simplifications in the model. It proved to be satisfactory
within a margin of a few percent compared to the full
phasor model.
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Appendix A

See Table Al.

Table A1 Parameters of Type-III WTG model for Fault 1 and Fault
2 simulation cases
Wind park
Fault Fault 1 Fault 2
Number of wind turbine units 66 11
Frequency (Hz) 60 60
Collector grid nominal voltage (kV RMS) 34.5 34.5
Transmission grid voltage (kV RMSL) 230 115
Zig-zag transformer on collector grid

Ry 0.1265 0.1265

Lo 0.3831 0.3831
Single wind turbine parameters
Wind turbine generator type Type-111 Type-1I1
Wind turbine rated power (MVA) 1.667 1.667
Wind turbine active power (MW) 1.5 1.5
Generator nominal voltage (kV RMS) 0.575 0.575
Filter reactive power (kvar) 75 75

iq STATE GRID

Table A1 continued

Equivalent collector grid

Resistance (Q) 0.1265 0.1265
Inductance (mH) 0.3831 0.3831
Capacitance (mF) 7 7
Operating conditions

Number of WTG units in service 66 11
Operating mode Q control Q control
Orer (Q control setpoint) (p.u.) — 0.012 0.17
Wind speed (m/s) 7.19 11.55
Wind park transformer

Connection type Dynl1 Dynl1
Nominal power (MVA) 100 15
Turbine side voltage (kV RMS) 34.5 34.5
Grid side voltage (kV RMS) 230 115
Winding R (p.u.) 0.003 0.005
Winding X (p.u.) 0.12 0.18
Wind turbine transformer

Connection type Dynl1 Dynll1
Nominal power (MVA) 1.75 1.75
Turbine side voltage (kV RMS) 34.5 34.5
Converter side voltage (kV RMS) 0.575 0.575
Winding R (p.u.) 0.002 0.002
Winding X (p.u.) 0.06 0.06
DFIG

Number of poles 6 6
Stator winding resistance R, (p.u.) 0.033 0.033
Stator leakage inductance Ljs (p.u.) 0.18 0.18
Magnetizing inductance L4 (p.u.) 2.9 2.9
Magnetizing inductance Ly,q (p.u.) 29 29
Rotor resistance R, (p.u.) 0.026 0.026
Rotor leakage inductance Lj, (p.u.) 0.16 0.16
Inertia constant Hge, (S) 0.9 0.9
Wind park controller

V control K, (equals to FRT gain) 2 2

Q control K, 0 0
Q-control K; (ms) 0.15 0.15
Maximum voltage reference (p.u.) 1 1
Minimum voltage reference (p.u.) — 1 -1
Voltage reference rise time (s) 0.05 0.05
FRT pickup voltage (p.u.) 0.175 0.175
FRT reset voltage (p.u.) 0.175 0.175

Rotor side converter control

Model Converter model Average value model
V-control K, 2 2
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Table A1 continued

Rotor side converter control

P-control K, 1 1
P-control T; (ms) 0.1 0.1
Rise time (ms) 20 20
Current limit (p.u.) 1 1
g-axis current limit (p.u.) 1 1
FRT current limit (p.u.) 1.1 1.1
FRT d-axis current limit (p.u.) 1 1
Minimum FRT voltage deviation (p.u.) 0.1 0.1
FRT reset voltage deviation (p.u.) 0.075 0.075
FRT reset delay (s) 0.25 0.25
Grid side converter control
Vgc control T; (ms) 100 100
External system equivalent Ry, (€2) 8 8
External system equivalent X, (€2) 31.5 31.5
Type of control Coupled Coupled
Rise time (ms) 10 10
Current limit 0.33 0.33
(for decoupled control only) (p.u.)
FRT current limit (p.u.) 0.4 0.4
FRT g-axis current limit 0.25 0.25
(EMTP model mask) (p.u.)
FRT d-axis current limit 0.25 0.25

(phasor model mask) (p.u.)
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