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Abstract—The integration of wind power plants introduces new
dynamics into power systems, forcing reconsiderations of how they
are studied, planned, and operated. High quality models are essen-
tial to these studies. Manufacturer-specific electromagnetic tran-
sient (EMT) wind turbine models are usually available only as
black-boxes, which hinders analysis and research. To overcome
this issue, this paper proposes a generic EMT-type model for a
specific type-1V wind turbine system, which is validated against
field measurements from a wind turbine of the same type. More
precisely, it proposes a wind turbine model based on an externally
excited synchronous generator system connected to a full converter
composed of a six-pulse diode rectifier, a dc—dc boost stage and a
two-level voltage source converter. The required control features
and internal protection schemes are considered and described. Two
different fault ride-through control strategies, in line with existing
grid codes, are implemented. A corresponding EMT-type hybrid
model representation is also developed based on newly proposed
switched equivalent circuits and average models for the considered
hardware, control, and power electronics stages. It allows for the
use of larger simulation time steps, hence considerably improving
computation times.

Index Terms—Full Converter Wind Turbine, Wind Power
Plants, Power system, Hybrid model, Average model, Switching
function model, Real-time application, Field measurements.
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|. INTRODUCTION

PERATORS of modern power systems have been inte-

grating inverter-based technologies at afast pace, spurred
onrecently by theintegration of wind turbines[1]. Theincreased
complexity and new dynamics added by this new equipment are
forcing reconsiderations in the way power systems are studied,
planned and operated, thus yielding the need for more advanced
modeling and analysis methods.

As one consequence, the provision of manufacturer-specific
electromagnetic transient (EMT) models has already become
a requirement for the connection of new generating units in
some grid areas [2]. However, due to confidentiaity issues,
these models are often provided as black-boxes, thus hindering
the access to internal control systems and hardware parameters
and, therefore, the use of specific analysis techniques.

To overcome some of these difficulties in specific cases,
generic transient stability type models (in phasor domain) have
been proposed for different types of wind turbine systems
[3]-6]. Nevertheless, theintrinsic limited frequency bandwidth
consideration of these models, as well as typical assumptions
for grid model equationsin phasor domain, limit the application
range of such models.

The present work aims at the development of generic
EMT-type models. Severa types of studies require the use
of EMT models. The EMT-type models are circuit-based and
can represent multiphase systems with accurate transmission
line models, component nonlinearities, real controller blocks
with high-bandwidth components, among others. Reference
[7] addresses the need for EMT-type simulations to support
the massive integration of wind power plants. Moreover, it also
suggests a typical list of EMT-type power system studies to be
performed in this context.

In the specific case of wind turbine systems, some previ-
ous studies have introduced generic EMT models to represent
different types of wind turbines. References [8]-{12] proposed
detailed models for type-I1l (doubly-fed induction generator
based) wind turbine systems. Vauable insights into specific
full converter systems can also be obtained from references
[13]{17]. Notably, generic EMT-type model representations
of types II, Il and 1V wind turbine systems were addressed
in [7], athough not to the same level of modeling detail pre-
sented in this paper. For example, protection systems and Fault
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Ride-Through (FRT) strategies were not considered in [ 7], con-
sequently limiting the applicability of these models in the con-
text of EM T-type power systems studies.

Thispaper proposesageneric EM T-typedetailed model (DM)
for a specific type-1V wind turbine hardware topology, illus-
trated in Fig. 1. It focuses on a system based on a directly-
coupled (gearless) externally-excited synchronous generator,
which is connected to a three-stage full converter system con-
sisting of asix-pulse diode rectifier, adc-dc boost converter and
an |GBT-based two-level voltage source converter (VSC).

The wind turbine controller is developed and explained. To
make the model more generic and facilitate usage, the controls
were developed by means of the per-unit system. Hardware
and control protection schemes are considered. Additionally, in
contrast to the aforementioned previous works [8]-{17], two
FRT control strategies were also implemented in the model,
which are in line with existing European and North and South
American Grid Code requirements ([2], [18]{21]).

Furthermore, an EM T-type hybrid model (HM) is developed
for the same wind turbine system by combining average-value
models (AVM) and switched equivalent circuits for the power
electronics stages. The HM allows for much larger simulation
time-steps under some acceptable assumptions. As a result,
faster computation times are achieved, making the HM also
suitable for real-time applications.

Finally, field tests were conducted in a real wind turbine of
similar type to validate the implemented FRT-strategies and to
demonstratethat the proposed generic EM T-type model contains
the required level of details to provide sufficiently accurate and
adequate performance.

It is important to note that the model development process
outlined in the next sections aimed at a 2 MW wind turbine
to match the system against which it has been validated with
field measurement data. In the context of power system studies,
it may be, however, necessary to use this model to represent a
wind farm and not a single unit. To achieve this, an additional
parameter corresponding to the number of lumped wind turbine
models is made available for the model user. This parameter
basically explicitly defines the number of equal wind turbines
to be considered in aggregated manner.

This paper is structured as follows. Section Il deals with the
mechanical system representation and its control. Section 111
addresses the grid-side converter controller. In Section 1V, em-
phasisisgiven to the specific current control type used and to the
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design of the LCL-output filter. Two different FRT strategiesare
presented and implemented in Section V. In Section VI, the HM
is developed. Finally, Section VII covers the validation of the
proposed system against specific field measurements performed
at awind turbine of similar type. All hardware and control pa-
rameters proposed for the generic EM T-typewind turbine model
can be found in the Appendix.

Il. AERODYNAMIC REPRESENTATION, MECHANICAL SYSTEM
AND CONTROL OF THE SYNCHRONOUS MACHINE

The aerodynamic model for the turbine of this paper is based
on [22] and uses well-known equations for power extraction
from the wind. An analytical expression is used to represent
the power coefficient of the turbine, which is a function of the
tip-speed ratio and the blade pitch angle.

The wind turbine rotor is assumed to be directly coupled (no
gearbox) to therotor of the synchronous machine (SM). Further-
more, the blade system and the machine rotor are assumed tolie
on the same plane, allowing a single-mass type of mechanical
system representation. Additionally, the three-phase stator sys-
tem of the SM is directly connected to a six-pulse diode bridge
rectifier, asillustrated in Fig. 1.

It is worth mentioning here that, in the context of industrial
applications of wind turbines, the directly-coupled nature of
the turbine-generator system yields some specific requirements
for these components. Some of these affect, for example, the
electrical and mechanical design of the synchronous machine
resulting in the use of alarge number of pole pairs and unusual
proportions. As a result, electrical parameters may differ from
typical valuesin other applications.

From a control perspective, different controllers could be
conceived for the electromechanical system described above,
depending on the primary objectives, pre-defined control re-
quirements and existing hardware constraints. For the purposes
of this work, a maximum power tracking requirement is as-
sumed. This means, given a certain wind speed, the system is
expected to extract the maximum power possible from the wind
and operate at an optimal condition.

Due to the directly-coupled nature of the wind turbine sys-
tem, the optimal SM rotor rotational speed w, is the one that
maximizes the turbine mechanical power extraction from wind
Py, turp- In other words, for each wind speed vying there is an
optimal w, value for the SM. Fig. 2 illustratesthis.

Since a six-pulse diode bridge rectifier is connected to the
stator side of the SM, this work assumes that the SM excitation
isused to control therotor speed w,.. To reduce controller efforts,
the optimal rotor speed reference w; .. ¢ is first filtered. The
error between the filtered reference and the measured rotational
speeds, w, _cs_pire aNA w,_meas respectively, is sent as input to
the excitation controller, which is of proportional integration
(P1)-type with dynamic limitations and anti-windup capability.
The upper and lower limiters are used to represent the real
voltage constraints imposed by the dc-link voltage Vp e, to
which the buck-converter is connected. A PWM-generator is
used to convert the controller output into gating signals, which
are then applied to the buck-converter to generate the required
SM excitation voltage.
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Fig.2.  Mechanical power vs. rotation speed for different wind speeds (in steps
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Additionally, it is important to note that the rectified dc-link
voltage can be understood as a further degree of freedom for
the system considered above (synchronous machine connected
to adiode rectifier). In that sense, it is further used to help the
system comply with the maximal power tracking requirements
and is used in this work for power losses minimization in the
turbine-generator system. In other words, for each w, thereis
an optimal combination of excitation voltage Vs fic1q4 and rec-
tified voltage V1 . For the proposed model, this characteristic
was extracted through simulation-based scanning and the result
isillustrated in bluein Fig. 3. It isassumed, as further explained
in Section 11, that the grid-side converter controls Vp ¢, the
second dc-link voltage, to a constant value of 1250 V.

The characteristic illustrated in Fig. 3 is used as the base
for the boost-converter controller. For itsimplementation in the
model, an approximated function was obtained through poly-
nomial fitting. The resulting function is also illustrated in red
in Fig. 3. It is then further used to generate the boost-converter
duty-cycle dpoog given the measured rotor speed.

Finally, an overview of the buck- and boost-converter con-
troller structures, which lead to the generation of the pulse sig-
nals, is depicted in the next Fig. 4.

At this stage it is important reinforce that the model de-
velopment process aimed at a 2 MW wind turbine to match
the system against which it has been validated with field mea-
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surement data. Although the controller development and the
hardware parameters are made available in the per-unit system,
changesin theturbinerating resulting from adirect downscaling
or upscaling of the system parts are prone to yield non-realistic
components and/or operating conditions. This is mostly due to
the directly-coupled and variable-speed nature of the turbine-
generator system. To exemplify one of the possible issues, it
suffices to observe that larger wind turbines, with larger rotor
diameters, tend to have lower rotational speeds to reduce me-
chanical stress. For the wind turbine system considered here,
depicted in Fig. 1, lower rotational speeds are likely to yield
some modifications in the turbine-generator system, such as
different blade profiles and the number of generator pole pairs,
that are not inherently changed through an upscaling by means
of asimple definition of new ratingsin the per-unit system. For
the specific case in which larger generating units are needed for
power system studies, it is advisable to use the model parameter
discussed in Section [, sinceit explicitly address alumped (i.e.,
aggregated) representation of wind turbine models.

I1l. GRID-SIDE CONVERTER CONTROL

The use of full converter systems offers several advantages
[22]24]. Its application in wind turbines allows for fast sepa-
rate control of active and reactive currents, among others. Such
capabilities are very valuable when it comes to grid support
services [25]-{28].

In the proposed wind turbine system, the output active and
reactive current components of the grid converter are used to
control the second dc-link voltage V) o2 and the reactive power
being injected into the grid, respectively.

Theactive current component iscontrolled by thedc-link con-
troller, which is designed to maintain V¢ at a constant value
of 1250 V. Thisvalue was chosen to meet the main performance
reguirements considering a phase-to-phase ac output terminal
voltage of 690 V and imposed by the chosen current control type
(see Section 1V). A controller of PI-type with dynamic limita-
tions and anti-windup capability is used. The negative error
between thereferencevalue Vp c2_,. ; and thefiltered measured
valueof Vpco, further referredto as Vp ca_rirt, IS used asinpuit.
During normal operation, the upper controller limit is defined
by the maximal acceptable converter current (imax), Which isa
model parameter and should take hardware constraints into ac-
count. In case of FRT operation, however, the upper limit value
can change depending on the FRT strategy in use and its settings
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(see Section 1V). Thelower limitissimply defined aszero, since
it is assumed that the active power flow is always towards the
grid.

The reactive current component is controlled to follow are-
active power reference @), ;. Again, acontroller of Pl-typewith
dynamic limitationsand anti-windup capability isused. Itsinput
isthe error between thefiltered value of @), and the measured
reactive power at the turbine terminals Q. .., referred to as
Qrey_pie A Queas_pine, respectively. During normal opera-
tion, priority is given to the active current component and the
upper and lower controller limitsare dynamically calcul ated un-
der the consideration of the active current reference, iq_..r, and
maximal acceptable converter current 7,,,,. Consequently, the
reactive current component might be limited to meet the maxi-
mal current constraint imposed by i, ... Finally, it isimportant
to note again that this can change during FRT-operation, since,
depending on the chosen FRT-Strategy, priority can be given to
the reactive current. If thisis the case, it is the active current
component that can be limited so to comply with the maximal
acceptable converter current i,,,,, (see Section V). Thetopolo-
giesfor the dc-link and reactive power controllersareillustrated
inFig. 5.

IV. CURRENT CONTROL AND OQUTPUT FILTER DESIGN

A two-level IGBT/Diode based topology was considered for
the VSC system. Moreover, a hysteresis-band current control
(HCC) type is assumed. This choice was mostly based on the
robustness and high speed of response of the HCC and becauseit
isageneric model, which also allowed for acceptable resultsin
the comparison with field tests (discussed later in Section V11).
However, it isimportant to emphasize here that a model-based
design approach was applied to the devel opment of the proposed
EMT-type wind turbine model in this work and, therefore, if
required, the HCC could be replaced by another type of current
controller, e.g., a proportional resonant (PR) controller or a Pl
current controller with decoupling of the d and g axis and feed-
forward of filter voltages. Nevertheless, if modifications are
made, itisadvisabletoinvestigatefor further required changesto
properly accommodate the new controllers (output filter design,
second dc-link voltage control, among others).
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Fig. 6 depicts an overview of the HCC. The dq refer-
ence currents sent by the grid-side converter controllers (see
Section 111) are transformed into the abc-frame by using a
dg/abc-transformation with the reference angle 6 extracted from
themeasured voltages v, ;. cqs @ theturbineterminal sthrough
aphase-locked loop (PLL) system, as used in [13].

Furthermore, an L CL-type output filter is employed. The de-
tailed filter topology can be extracted from Fig. 1. It isdesigned
to comply both with a maximum switching frequency and with
some pre-defined power quality requirements. An additional RL
parallel damping circuit, as presented in[29], isa so considered.
Valuable insights and important filter design considerations can
be extracted aswell from [30] and [31]. The filter was designed
to haveitsresonancefrequency at 2 kHz, fromwhich an attenua-
tion rate of —60 dB/dec is expected. Itsfrequency characteristic
isillustrated in the bode diagram presented in Fig. 7.

V. FRT-CONTROL STRATEGIES AND PROTECTION

Two different FRT control strategies were implemented in
the proposed model, based on existing grid-code requirements
indifferent countries ([2], [18]—{21]). Their main characteristics
areillustrated in Fig. 8.

FRT-Mode 1 is to be used when grid support in form of
additional reactive current injection during under-voltage ride-
through (UVRT) and overvoltage ride-through (OVRT) events
isrequired. In this case, an additional reactive current setpoint
proportional to the voltage deviation is sent to the grid-side
converter. More precisely, thisadditional current, defined in per
unit, is calculated by the multiplication of the voltage deviation,
alsoinper unit, with apre-specified proportional factor timesthe
converter rated current. Different proportional factors k-, and
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koyrt Can be set for UVRT and OVRT, respectively. Moreover,
FRT-Mode 1 gives priority to the reactive current component so
that, depending on the severity of the fault and on the values
set for k., and k,,,;, the active current component might
be limited, or even reduced, to allow for the required reactive
current injection while not exceeding the maximum current limit
imaz Provided for the VSC system. This explains the dlightly
reduction observed in the active power for the FRT-Mode 1
illustrated in Fig. 8.

FRT-Mode 2 differs from the previous one in the sense that,
once an FRT event is detected, the wind turbine stops its active
and reactive power injection and remains connected to the grid.
Thisisdone by forcing the active and reactive current set points
to zero. Once the turbine detects that the voltage has recovered,
it ramps back its current reference values respecting separate
pre-defined ramp rates for both active and reactive components.
Furthermore, time delays can be set separately for the initial-
ization of the ramps. Among other applications, thislast feature
can be used to allow for afirst stabilization of voltage after fault
clearance through reactive current injection, before reinjection
of active current into the grid.

A braking-chopper system is connected in parallel to the sec-
ond dc-link to avoid overvoltages, reduce the stress on hardware
components and, therefore, protect the equipment during faults.
Independent of the FRT-mode used, amaximal FRT-timeisto be
set in the model to account for real hardware constraints. If this
time is exceeded, an opening signal is sent to the three-phase
breaker connected at the turbine terminals, as shown in Fig. 1,
disconnecting it from the grid.

A secondary protection level is aso implemented in the
model. It accounts for the maximum and minimal acceptable
values for voltage and frequency for the hardware system. Each
of thesetriggersisto be set with arespective actiontimedelay to
alow for the compliance of different Grid Code requirements.
Voltages and frequency are, therefore, constantly monitored by
the wind turbine control system. Whenever one of the voltage
or frequency protection conditions is met for its corresponding
action time delay, an opening signa is sent to a three-phase
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breaker at the turbine terminals, consequently separating the
wind turbine from the grid.

VI. HYBRID MODEL IMPLEMENTATION

Simulations with the DM representation require a small nu-
merical integration time-step to allow for proper solution of the
switching characteristics of the power electronics devices. Nev-
ertheless, depending on the focus of the required studies, the
use of average models and switched equivalent circuits, based
on switching functions [24], can be very powerful, since they
can allow for the use of larger simulation time-steps, conse-
quently improving computation times of simulations. This can
be very useful, for example, for simulation of large-scale power
systems aswell asfor real-time applications. The hybrid model
(HM) representation developed in this work aimed at the use of
asimulation time-steps as large as 50 ps.

The full converter system developed in the previous sections
contains different power electronics stages to be considered in
the HM development. Of all these stages, only the diode bridge
rectifier isleft initsoriginal DM representation in the HM. This
is due to the expected low frequency diode transitions resulting
from the low frequency ac stator voltages of the direct coupled
synchronous generator.

On the other hand, an AVM representation was chosen for the
buck-converter system. It was developed based on [29] and as-
sumesan averaging of the high frequency components. Thus, the
value of the rectified generator voltage V1 is multiplied with
thegiven buck duty-cycle dp .« to directly generatetheexcitation
voltage Vs _ricia, Which isoneinput of the SG model. Further-
more, to continue to still properly take into account the exci-
tation power drained from the dc-link and in accordance with
the AVM development principles in [29], the primary side of
the buck-converter is represented as a controlled current source
connected in anti-parallel to the rectified generator voltages. Its
reference value corresponds to the actual generator field current
multiplied by the duty-cycle dpyck-

In contrast to the buck converter, a so-called switching func-
tion model was preferred for the boost converter instead of
an AVM representation. There are two main reasons for this
choice. First, high frequency current dynamics through the
boost-converter reactor, which can impact the dc-link voltage
and, therefore, the fast inner loops of grid-side converter con-
troller, are considered. Secondly, the switching function repre-
sentation also allows for the consideration of the discontinuous
conduction mode of the boost converter, which is not the case
for an AVM representation. The implemented switching func-
tion model is based on [32] and is illustrated in Fig. 9. The
PWM -averaging block is explained later in this section.

To elucidate the working principle of the switching function
model of the boost-converter, two casesare considered. If there-
ceived gating signal is 1 (boost-converter IGBT isin conduction
mode), the measured boost reactor current ipgeg IS Sent as aref-
erence value to the controlled current source and is, therefore,
completely drained by it. To guarantee a zero voltage (short-
circuit) at the secondary side of the diode, the measured value
of the second dc-1ink Vpoa_meas 1S Sent to a controlled voltage
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source. If the gating signal is equal to zero (IGBT is blocked),
then both controlled sources receive zero references and can be
neglected in the circuit analysis.

Moreover, to avoid numeric algebraic loopsin the simulation
and, thus, to make the HM more suitable for real-time applica
tions (since solver iterations are avoided), the measured values
ihoogt ANd Vpoa_meas are sent to the sources through a so-called
linear predictor block. It linearly estimates the actual solution
y;, for the measured values by considering the last two simula-
tion solutions, vy, 1 and yy._», respectively. This assumption is
acceptable, since the current through the boost reactor and the
voltage over the second dc-link capacitor are neither expected
to change quickly nor have any discontinuities. The use of the
linear-predictor blocks results in negligible error in these cases
and is, therefore, more suitable than the use of first-order delay
blocks.

Itisimportant to emphasize that the proposed switching func-
tion representation for the boost-converter allows for gate firing
signals values between 0 and 1. This is due to the use of con-
trolled voltage and current sources instead of standard IGBT
models, which would inherently accept only 0 or 1 as gating
signals. One of the main advantages of this property is the fact
that gating signals values between 0 and 1 can be further used
to obtain an almost preci se representation of the switching char-
acteristics, even under the use of larger simulation time-steps.

To exemplify the issue described above related to the use of
large simulation time-steps in EMT-type simulation of power
electronics, let us assume the direct use of the desired time-
step of 50 us in conjunction with the DM representation of
a boost converter. Since the gating signals are converted from
duty-cycle values by sawtooth or triangle function based PWM
generators, the conversion precision is strongly dependent on
the integration time-step used in the simulation environment.
In the DM representation, the PWM generators have a carrier
frequency of 2 kHz. This value, combined with a simulation
time-step of 50 s, only alows for 10 simulation results within
a switching period. One direct consequence would be a duty-
cycle precision of only 10%.

To overcome this issue, a special triangle function based
PWM generator was developed and will be further referred to
as PWM-averaging. It is capable of considering the precision
error resulting from the use of alarger simulation time-step and
of automatically correcting it by the end of every switching pe-
riod by sending a gating signal with a value between 0 and 1.
This capability isillustrated in the upper diagram of Fig. 10: in
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Fig.10. Boost simulation comparison: i) blue: DM withtime-step Ts= 1 us;

ii) green: DM with Ts = 50 us; iii) red: HM with Ts = 50 us.

blue, the gating signal generated by a standard triangle-function
based PWM-generator simulated with a time-step of 1 us; in
green the gating signal for the same block, this time cal culated
with a time-step of 50 us; and, in red, the resulting gating sig-
nal characteristic from the new PWM -averaging also simulated
with a50 pstime-step.

As shown in Fig. 10, a sufficiently good representation of
the gating signal generation is not possible without the use
of the PWM-averaging technique if a simulation time-step of
50 psis used. Thisis due to the expected 1-to-0 IGBT-transi-
tions occurring between two simulation results and the resulting
poor duty-cycle resolution achieved with 50 psintegration time-
steps. Consequently, the poor duty-cycle resolution affects the
boost-converter reactor current, which can now be under- or
over-estimated, depending on the case. This phenomenon isil-
lustrated in the lower diagram of Fig. 10. It shows that, aside
from the correction step at the end of each switching period,
an amost perfect match can be obtained for the boost-reactor
current between the DM model ssimulated with a time-step of
1us and the HM representation (considering the PWM-
averaging technique), although a 50 times larger time-step is
used for the latter case.

The PWM-averaging technique discussed above is also used
to support the development of a switching function representa-
tion for the chopper stage. Again, a switched equivalent circuit
representation is preferred over an AVM due to the possible
consideration of higher frequency components in the chopper
current, when it operates. This is important, since the chop-
per operation has a direct impact on the second dc-link voltage
Vb2, Whichiscontrolled through the active current component
of the grid-side converter system (see Section I11). Simplifica-
tions at this stage could, therefore, affect the currents injected
into the grid.

The implementation of the switched equivalent circuit for the
chopper stage in the HM representation is done by simply re-
placing its power electronics DM circuit by acontrolled current
source connected in anti-parallel to the dc-link capacitor. The set
point value for this current source is given by the multiplication
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Fig. 11. AVM of aHCC based V SC-system.

of the chopper gating signal, coming from the PWM -averaging
block, with a current value, which is calculated by dividing the
measured dc-link voltage by the value of the chopper resistance.
It is also important to note that the chopper IGBT conduction
losses are considered by adding its equivalent resistance value
to the chopper resistance.

Finally, an AVM representation for the grid-side converter
is proposed. Due to the main characteristics of the HCC-based
V SC-system (see Section 1V), the VSC-system is further mod-
elled as two star-connected ungrounded current sources inject-
ing the reference currents into phases a and b. A third current
source feeding into the phase ¢ is not needed, since the VSC-
system is represented by a star-connected ungrounded circuit
and, therefore, only the injection of two reference currents is
required. Moreover, to continue to still take the effect of the
anti-parallel diodes of the VV SC-system into consideration, these
are further represented as connected to the output of the con-
trolled current sources, forming a diode-rectifier system leading
to a controlled voltage source. This source receives the linearly
predicted measured value of the second dc-1ink Vpoo_meas 8
set point during simulation. It isimportant to note that keeping
this diode representation form in the AVM representationisim-
portant for two reasons: i) it avoids any numerical overvoltages
at the controlled current source nodes resulting from a series
connection of these sources to the inductive elements of the
LCL output filter, transformer and grid; and ii) it can still build
apath for currents back to the second dc-link capacitor in case
of sustained overvoltages at the grid side.

To complete the AVM representation of the VSC-system,
an anti-parallel current source is connected to the secondary
dc-link capacitor. It alows for power balance maintenance in
the HM representation by considering the active power injected
into the grid and discharging the dc-link capacitor accordingly.
For this, the instantaneous active power injected into the grid
is measured and divided by the linearly predicted measured
value of Vpeoameas 1O generate the current set point for the
controlled current source. Again, the predictor block is used to
avoid the creation of numeric algebraic-loops in the smulation.
As explained above for the case of the boost-converter HM
model, the use of the predictor block avoids solver iterations,
improving computation time and, therefore, making the model
more suitable for real-time applications. The final representa-
tion of the HM representation of the HCC based V SC-system
isgiveninFig. 11.
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DM vs. HM output currents during FRT
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Fig. 12. Terminal currents: DM (Ts= 1 ps) vs. HM (Ts = 50 us).

Finally, to prove the efficiency of the proposed HM represen-
tation for the wind turbine system, its results were benchmarked
against DM simulation results. A sudden voltage drop from 1
to 0.7 pu is simulated under FRT-Mode 2 operation. The wind
turbine terminal abc-currents into the grid are compared and
illustrated in Fig. 12. It is possible to see a very good match
between DM and HM models although a 50 times larger simu-
lation time-step is used for the HM representation.

VIl. PERFORMANCE VALIDATION AGAINST FIELD TESTS

To benchmark the performance of the proposed generic EM T-
type wind turbine system, the model was validated against field
tests performed on a turbine of similar type.

The tests were performed in one turbine of the 365 MW
Seigneurie de Beaupré wind power plant (WPP), in Québec,
Canada. ThisWPPiscomposed of a34.5kV 60 Hz underground
collector system with 164 wind turbines. A so-called short-
circuit container, similar to the one used in [33], was connected
inserieswithan ENERCON E-82 2.3MW turbine. It allowed for
theapplication of different faultswith different residual voltages
directly at the turbine terminals.

To reduce the disturbance as seen from the grid, the short-
circuit container makes use of a bypass-breaker that automati-
cally opens around two seconds before and closes two seconds
after the fault application. By doing so, a high inductive element
is added between the fault and grid during the tests.

The grid representation has been developed based on the
short-circuit capacity and the X/R relation of 340MVA and 3.1,
respectively, provided for the terminals of the turbine without
the consideration of the short-circuit container.

Due to space limitations, only four of the performed FRT
field tests are illustrated here. The validation in this study is
based on positive sequence values for the terminal voltage Vs,
and the measured three-phase active and reactive powersfor the
fundamental frequency, P,,s and @, , respectively.

Moreover, it isimportant to note that the wind turbine model
proposed in this paper is generic and does not account for real
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FRT Mode 1: Phase-to-phase-to-ground fault
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Fig. 13. Field test (blue) vs. simulation (red) results for a phase-to-phase-to-
ground fault in FRT-Mode 1 with kv, = 3.

FRT Mode 1: Three-phase fault
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Fig. 14. Fieldtest (blue) vs. Simulation (red) resultsfor athree-phase fault in
FRT-Mode 1 with k¢ = 3.

turbine parameters and controllers. For this reason, no perfect
match between measurement and simulations is to be expected.
The goal of this validation is to demonstrate that the proposed
generic EMT-type model is sufficiently accurate and provides
adequate performance when compared to field tests of a real
wind turbine of the same rating and similar type.

FRT Mode 1 was tested with a proportional factor of k&,
equal to 3, which defines the amount of additional reactive cur-
rent during FRT operation (see Section V). Fig. 13 and Fig. 14
illustrate the comparison between the real turbine and the pro-
posed model responses to a phase-to-phase-to-ground and a
three-phase-to-ground fault, respectively.

Similar tests were performed to validate the FRT-Mode 2
strategy implementation. The real turbine and proposed model
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FRT Mode 2: Phase-to-phase-to-ground fault
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Fig. 15. Field test (blue) vs. Simulation (red) results for a phase-to-phase-to-

ground fault in FRT-Mode 2.

FRT Mode 2: Three-phase fault
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Fig. 16. Fieldtest (blue) vs. Simulation (red) resultsfor athree-phase fault in
FRT-Mode 2.

responses for two-phase-to-ground and three-phase-to-ground
faults are illustrated in Fig. 15 and Fig. 16, respectively. Also,
atime delay of 100 milliseconds was used in the start of the
active and reactive power ramps after fault clearance.
Asiillustrated in Fig. 13 to Fig. 16, although a good match
is achieved between the proposed model and the results from
field measurements, it is still possible to note some differences,
for example, at fault clearance. Part of these deviations are due
to the simplified grid representation used, which, due to lack of
availableinformation, did not account for the detailed WPP col -
lector system representation. The other part of these differences
can be attributed to the proposed wind turbine model and could
possibly still be reduced in a case-by-case tuning of generic pa-
rameters and controllers used. However, it isimportant to note
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TABLE|
WIND TURBINE ¢;, (1, 3)-CHARACTERISTIC (BASED ON [22])

C C2 C3 C4 Cs (V3 C7 Cg Co
0.2065 200 0.15 0.05 2.14 13.2 13 -0.02 -0.003
TABLEII
WIND TURBINE RATED VALUES
Parameter Name Value Unit
R_rotor Wind turbine rotor radius 42 m

lambda_opt Optimal tip-speed ratio 7.1 -

Vspeed_nom Nominal wind speed 11 m/s

Vspeed_in Cut-in wind speed 35 m/s
U_rated Phase-to-phase rated voltage 690 \Y

P_rated Rated active power 2 MW

Q _rated Rated reactive power 1.5 MVAr

i_max Maximal acceptable converter current 3180 A

f buck PWM carrier-freq. of buck converter 2000 Hz

f boot PWM carrier-freq. of boost converter 2000 Hz

f chopper PWM carrier-freq. of braking chopper 2000 Hz
Vdc_ref Vdc2 reference voltage value 1250 v

that the proposed EM T-type model is not manufacturer-specific
and, therefore, does not account for the actual wind turbine pa-
rameters and controllers. Therefore, a perfect match between
field tests and simulations results is not possible and was not
expected.

VI1Il. CONCLUSIONS

Thiswork proposes a generic EM T-type model for a specific
type-1V wind turbine hardware topology. More specifically, the
system considersagearless externally excited synchronous gen-
erator and a three-stage full converter composed of a passive
rectifier, adc-dc converter and atwo-level VSC.

All main components and controller topologies were devel-
oped, characterized and explained. Two different FRT control
strategies were implemented, covering alarge list of Grid Code
requirements worldwide. Moreover, hardware and control pro-
tection schemes were also taken into account.

Two different EMT-type model representations were pro-
posed: a detailed model (DM) and a hybrid model (HM). The
former containsthe exact representation of all power electronics
equipment and is suitable for very detailed analyses with large
bandwidth considerations. The latter is based on new proposed
switched equivalent circuits and average model representations
for the considered equipment and controllers. It allowsfor larger
simulation time steps (up to 50 us), hence considerably reduc-
ing computation times, and addresses simulationsin which very
high frequency components can be neglected and/or averaged.
A comparison was aso made to demonstrate and confirm the
accuracy of theHM model against itsformer DM representation.

Finally, the proposed model was validated against field mea-
surements of a real wind turbine of similar type. Specific tests
were conducted with focus on the FRT-capabilities. Ingeneral, a
good match was obtained, confirming that the proposed generic
EMT-type wind turbine model containsthe required level of de-
tails to provide adequate and sufficiently accurate performance
to support EMT power system studies.
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TABLEII
WIND TURBINE SG PARAMETERS

Parameter Name Value Unit
Pgen_nom Nominal power 2 MVA
Vgen_nom Nominal stator phase-to-phase voltage 830 v
fgen_nom Nominal stator frequency 10.8 Hz
ifngen_nom Nominal excitation current 31.7 A
Rs_gen Stator resistance per phase 0.0726 pu
L1 gen Stator leakage inductance 1.3790 pu
Limd_gen Direct-axis magnetizing inductance 1.9701 pu
Limq_gen Quadrature-axis magnetizing inductance ~ 1.9701 pu
Rf gen Field resistance 0.0102 pu
LIfd_gen Field leakage inductance 0.0167 pu
Hgen_gen Inertia coefficient 6.7 s
p_gen Pole pairs 36 -
TABLE IV
WIND TURBINE FULL CONVERTER PARAMETERS
Parameter Name Value Unit
Rs Diode and IGBT’s snubber resistance 0.1 MQ
Ron Diode and IGBT’s conducting resistance 0.1 mQ
Cl Vdcl capacitance 50 mF
Rboost Boost reactor resistance 10 mQ
Lboost Boost reactor inductance 100 mH
Rchopper Chopper resistance 0.15 Q
C2 Vdc2 capacitance 300 mF
L1_filter L1 output filter inductance 150 pH
Rd_filter Damping circuit output filter resistance 0.025 Q
Ld_filter Damping circuit output filter inductance 15 mH
L2_filter L2 output filter inductance 5 pH
TABLEV
WIND TURBINE CONTROL PARAMETERS
Parameter Name Value Unit
Tau_oref Time constant of wr_ref filter 10 S
Vdcel_kp Vdcl proportional gain 0.75 -
Vdcl_ki Vdcl integrator gain 0.075 s
f cut Cut-off freq. of measurement filter 10 kHz
zeta Damping factor of measurement filter 0.7071 -
Kp_pll PLL proportional gain 0.1775 -
Ki_pll PLL integrator gain 21.3 !
Tau_Vdc2 Time constant of Vdc2 meas. filter 33.334 ms
Vde2_kp Vdc2 controller proportional gain 10 -
Vdc2_ki Vdc2 controller integrator gain 75 s
Tau_Qref Time constant of Qref-filter 33.334 ms
Tau_Qmeas Time constant of Qmeas-filter 33.334 ms
Q _kp Q-control proportional gain 0.001 -
Q ki Q-control integrator gain 0.035 s
I _band Current control tolerance band 0.017 pu

APPENDIX

The following tables contain the parameters for the proposed
and validated generic 2 MW wind turbine model.
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