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Abstract-- There is an increased international interest in
electrical simulation models of wind turbines for stability
analysis and interconnection studies. So-called “generic” mod-
els, with a model structure that is publicly available, have been
required in the USA by many utilities. A working group of the
Western Electricity Coordinating Council (WECC) and IEEE
has developed models for different types of generators, among
others for wind turbines using doubly fed induction generators
(DFIG) and full size converters (FSC). Those models were so
far mainly used in the USA, and the models were able to repre-
sent wind turbines with respect to common US grid code re-
quirements.

Due to an increased international interest in generic models,
there is a need for updating existing models in order to (1)
improve the representation of specific grid code requirements
like reactive power contribution during grid faults, (2) to take
into account ongoing technological developments (especially of
DFIG) and (3) to improve the accuracy of the model since
validation requirements in many countries now require a com-
parison with measurements.

The generic generator model presented in this paper allows
an improvement of existing WECC/IEEE type 3 (DFIG) and
type 4 (FSC) models especially during grid faults and during
voltage recovery. The model is designed to represent both
modern DFIG and different types of full size converter wind
turbines.

The results of simulations using the proposed generator
model are compared to measurements of voltage dips.

The new generic generator model will be proposed as exten-
sion for the WECC/IEEE generator models as well as basis for
the draft of the IEC TC88 working group 27 (61400-27) on
modeling and model validation.

Index Terms—Wind Energy, Standards,
Control

Measurement,

. INTRODUCTION

eneric simulation models for wind turbines based on an
disclosed model structure gain increasing international
acceptance. A set of models for different wind turbine types
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has been developed by a working group of the Western
Electricity Coordinating Council (WECC), the further de-
velopment is now coordinated within IEEE.

A generator model for DFIG and FSC based wind tur-
bines has been proposed by WECC [1], (DFIG is described
as “type 3” by WECC, FSC as “type 4’). Simulation results
of the DFIG were compared to simulations with a more
detailed model in [2]. Those models were so far mainly used
in the USA, and the models were able to represent wind
turbines with respect to common US grid code require-
ments.

One goal of generic models is to keep the handling sim-
ple by simplifying the model structure and reducing the
number of parameters required. This inevitably leads to the
some loss of some accuracy. One of the key tasks is there-
fore to find a good balance between model accuracy and
model complexity.

European grid code requirements often have specific re-
quirements on reactive power delivery during and following
grid faults [3][4][5]. New regulations in Germany [6],[7]
and Spain [8] require the validation of wind turbine simula-
tion models with measurements of voltage dips.

An evaluation of the existing WECC type 3 generator
models showed that it lacks the capability to control reactive
power during grid faults. Other reduced order models that
allow a very good representation of the DFIG [9] are very
complex. Therefore, a new generic generator model is
needed that offers both a satisfying accuracy during grid
faults and a relatively simple modeling approach.

The comparison of simulations and measurements of
modern DFIG and FSC based wind turbines shows that
there are only limited differences between both technologies
with respect to active and reactive currents during and fol-
lowing grid faults. Therefore, a modular approach has been
chosen that allows the model to be used both for DFIG and
FSC model simulation using different parameters.

Il. MODEL OF THE DFIG

The DFIG is the most commonly used device for wind
power generation. As is generally known, the rotor termi-
nals are fed with a symmetrical three-phase voltage of vari-
able frequency and amplitude. This voltage is provided by a
voltage source converter usually equipped with IGBT based
power electronics circuitry. The basic structure is shown in
Fig. 1.
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Fig. 1. Key components of DFIG system

A. Limitations of older DFIG designs

In older DFIG designs, protection against over-currents
and undesirably high DC voltage was provided by the crow-
bar (CR) placed on the rotor side of the machine side con-
verter (MSC). Very high rotor current following voltage
dips could cause the DC voltage to exceeded the upper
threshold allowed. The CB thyristor switches were then
activated and the rotor terminals short-circuited through the
CB resistance.

As a result, the DFIG then operated as a conventional
slip-ring induction machine without any control capability
left for the MSC and the line side converter (LSC).

An improved design allowed for faster control of the DC
- link voltage, so at least the LSC could remain in operation
while the crowbar was active and compensate some of the
reactive power requirements of the generator during the
fault.

IGBT-based crowbar designs of some manufacturers al-
lowed for a shorter activation time of the crowbar, thereby
reducing the time the MSC had to be deactivated.

All these designs are highly nonlinear and usually require
detailed EMT - models to exactly represent the DC-currents
that lead to the triggering of the crowbar. In [10] a model
approach was presented that allowed a detailed simulation
even with RMS models. Still, a rather detailed model is
needed.

B. Improved protection of modern DFIG

New DFIG designs use a higher rating of the MSC and
passive or active DC-link elements. One common approach
is using an IGBT switched resistor connected to the DC-
link, referred to as “chopper” that limits the voltage in case
the currents fed into the DC-link are higher than the currents
the LSC can feed into the grid. As a result, an activation of
the crowbar following grid faults is not necessary any more
and MSC and LSC remain controllable during the whole
fault period.

C. DFIG model representations

The DFIG voltage and flux equations yield
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The reduced order model (ROM) described in [10] for
the positive sequence system is derived by setting the stator
flux derivate to zero

dy
dt

Then for Eq. (1) can be written after some algebraic ma-
nipulation and by using (3) and (4)
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as the corresponding transient driving Thévenin voltage
source. Fig. 2 shows the corresponding Thévenin and Nor-
ton equivalents of the reduced order DFIG model.
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Fig. 2. Thévenin and Norton equivalent for coupling with the grid
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D. Block diagram representation of DFIG
Replacing i in (2) with (4) yields the differential equa-

tion for the rotor flux in (11)
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Equation (11) describes the dynamic change of the rotor
flux which forms the Thévenin resp. Norton source shown
in Fig. 2. The model (11) including the Norton equivalent
can also be described in the form of a block diagram shown
in Fig. 3
vy T, | Y| i@k
=00 - ;

I_ 1+S7; z

erRi ]Aw

| —»%
IU}N.

Fig. 3. Block diagram of machine equations



The following substitutions are introduced:

T, r (12) and Adw= (a)o —wp ) (13)
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A detailed description of the MSC control design is been
given in [10]. Using a representation with complex vari-
ables, the rotor control loop is presented in Fig. 4:
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Fig. 4. Rotor Current Control

By aggregating the machine model of Fig. 3 and the con-
trol model of Fig. 4 we come up with the detailed structure
presented in Fig. 5 for the entire model of DFIG control and
machine.
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Fig. 5. Detailed model of machine and rotor current control

Based on this description, an aggregated model of DFIG
control and machine in Fig. 6 can be deduced with
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Fig. 6. Aggregated model of machine and rotor current control

the following simplifications:
e the coupling of the rotor flux components through
JAaw is neglected

e the cross coupling terms in control are not consid-

ered
Furthermore, the following aggregations are assumed:

e the rotor current is replaced by the stator current.
that means the magnetizing current is not considered
explicitly

e the feedback of stator current on rotor flux and the
rotor current control are modeled by a single Pl sta-
tor current controller

e the grid side converter is not considered separately
but the effect is taken into account

As a consequence of this approach, the direct calculation

of the parameters of the simplified model is not possible any
more. An identification based on results of detailed simula-
tion or measurements is necessary (see Fig. 7). By compar-

ing the simulation results of the simplified models and using
a heuristic optimization, the error of the model can be mini-
mized. At the end of the iteration one gets the identified
parameters for the model.
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Fig. 7. Parameter Identification Procedure
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I1l. MoDEL oF THE FSC

The FSC has been used in wind turbines for more than
two decades. A wide variety of generators exist at the mo-
ment, using synchronous wound rotors, permanent magnet
synchronous machines or asynchronous machines, with
gearbox, with a higher number of poles an a reduced gear-
box and without gearbox. A typical structure is shown in
Fig. 8. But from a grid connection point of view, the selec-
tion of the generator and the machine side converter does
not influence the behavior towards the grid if MSC and LSC
are decoupled by a DC link as it is usually the case in mod-
ern wind turbine designs. The generator and MSC are there-
fore represented as controllable current source only.
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Fig. 8. Key components of FSC system

A. FSC model representation

As an approximation, the FSC can be seen as a fast acting
voltage source (Thévenin equivalent) with a small delay
described as first order lag. The impedance z (correspond-

ing with the transient impedance z’ of DFIG based system)

can be defined as
z=zc+zy (14)

with

z. = converter choke impedance

z,, = transformer impedance

Using a Norton equivalent for describing the FSC (see



Fig. 9), the current source is described by

EJSC = _Zc (15)
Z
with
v, . Voltage injected by the converter
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Fig. 9 Norton source representation

The structure of the  FSC model using a simple PI-
control for the LSC [8] with its components controller, con-
verter and Norton source is shown in Fig. 10.
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Fig. 10. Block diagram of current controller, converter and Norton source

By moving the impedance z from the Norton source into

the controller, we obtain the following slightly modified
structure (see Fig. 11)
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Fig. 11. Modified block diagram of current controller, converter and Norton
source

The structure shown above can be approximated as follows
with new values for the gain K, and the time constant T,
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Fig. 12. Approximated model structure of FSC

The time constant T represents the delay of the con-

verter which is very fast. Due to this fact the model can be
further simplified as shown in Fig. 13.
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Fig. 13. Aggregated model structure of FSC

This representation corresponds with the generic model
developed for DFIG wind turbines with the assumption of

an infinite impedance z' (see Fig. 6).

IV. MODEL STRUCTURE

The model aggregation for the DFIG in Fig. 6 represents
an aggregated model for generator and converter hardware
and control. The model aggregation for the FSC in Fig. 13
represents the equivalent model for the converter hardware
and control, the generator itself is represented as a control-
lable current source only.

The block diagram in Fig. 14 shows an implementation
of the generator models using active and reactive current
and turbine voltage as input and real and imaginary parts of
the current (in grid coordinates) as output. Note that the PI-
loop of the model is operating in grid coordinates and the
transient impedance is considered by the transient reactance

only.
Turbine voltage angle o WT
Vim
! terminali
v T
I,

.ref -ref* .r
re

1+sT

grid coordinates

Transformation into

iref

i
K[l+ij im 1
sT 1+sT

T
i
|
! Grid oriented synchronous
-

reference frame
Fig. 14. Core of aggregated generator model of machine and current control
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This is a representation of the core functions, but key
elements for a practical implementation have to be added.
Wind turbine control offers a large number of control capa-
bilities to limit active or reactive power output. In this pro-
posal, it is assumed that the generator model contains func-
tions common to all generator (and converter) systems.
Functions that represent specific, possibly manufacturer
specific functions are assumed to be part of a separate elec-
trical control block. That block should contain the reference
calculation for active and reactive currents.

This approach does not exactly represent the configura-
tion in real turbines where functionality may be imple-
mented either in the wind plant control, the turbine control
or the converter. But it allows for a modular model design.
Typical functions part of the electrical control block would
be the calculation of the active current reference as function
of external power reference, rotor speed and frequency and
reactive current reference calculation as function of power
factor, reactive power or voltage.

A. Current Limitation
The output current limitation of the generator model is



described in the current limitation block in Fig. 15.

(1) physical limits

(2) control limits

(3) dynamic limits

Short term thermal current limitations define physical
limits for the maximum current the system can feed into the
grid. These current limits of the DFIG and FSC are always
defined by the converter that has far shorter time constants
than the generator. Commonly, an active current priority is
used during steady state operation while a reactive current
priority may be used during very low or high voltage condi-
tions. Depending on priority setting therefore the maximum
allowed active or reactive current can be defined by (15).

. _ 2 2 . _ .2 _~2
lp_max _Vlmax _lq or lq_max _\/lmax lp

Active and reactive current output may be further limited
as function of the voltage. Although the actual implementa-
tion may be different, a good approximation can usually be
achieved by defining a table that limits active and reactive
current as function of voltage. In the case of active current
limitations, the main reasons would be (a) reactive current
priority during grid faults, (b) active current limitation to
fulfill specific grid codes (c) active power limitation outside
the standard voltage operating range and (d) grid stability
limits at weak grid connection points [11]. Reasons for
reactive current limitations as function of voltage are mainly
(a) limiting the reactive power during normal operation
(active power priority), (b) allow for increased reactive
currents only during grid faults.
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Fig. 15. Current limitation block

Dynamic control limits are needed to allow for an im-
proved representation of active power recovery after grid
faults. General ramp rate limitations are already imple-
mented through the PT1 - block in Fig. 14. After grid faults,
a slower recovery of active power may be implemented.
Common reasons are (a) limiting shaft and gearbox loads
(b) limiting DC-link voltage variations due to very fast ac-
tive power changes. Depending on the manufacturer this
function may be implemented as first order lag or as linear
rate ramp limitation. Therefore a model should preferably

allow for both methods.

In addition, there may be a delay after the voltage starts
rising again until the active power increases. This can be
due to control delays in the converter, a settling time needed
by the PLL to synchronize again after voltage dips to very
low voltages and as result of phase angle jumps after fault
clearance. Generally, this delay is more relevant for very
deep voltage dips.

The first order lag in Fig. 16 allows for a voltage dip de-
pendant time delay. The recovery time can be varied by
changing the time T, the delay until recovery by changing
gain k. The rate limiter offers an additional parameter if a
faster linear ramp rate is implemented.
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Fig. 16. Dynamic limitation block for defining a voltage dip dependant
delay and ramp rate control after voltage dips.

B. Wind turbine transformer

The objective of a generic model representation is to
achieve a reasonable approximation of reality using a sim-
plified model structure. Currently different topologies exist
on the market, controlling active an reactive power either on
the gird side or on the turbine side of the transformer. If
active power only is considered, the representation of a
transformer would not be necessary. Also in the case of
control on the grid side of a transformer, (up to date all
commercial turbine connecting to the MV system have ei-
ther a built-in or an external transformer) a transformer does
not have to be modeled. But in the case active and reactive
power are controlled on the turbine side of a transformer, it
does have considerable impact to the reactive output both
under normal operation conditions, but especially during
grid faults. One reason is that in this case the current limita-
tions are implemented on the low voltage side, so the maxi-
mum reactive power that can be achieved on the medium
voltage side depends on the active power.

One possibility would be to add a separate transformer
model in the case of turbine side control. But this would
make it far more difficult to use this generator model as part
of an aggregated wind plant. The transformer has impact
both on the magnitude of the voltage as on the phase angle
(18).

U, =u, _(rrr +ijr)Zl (18)

By adding an equation with two parameters (18), a sim-
ple transformer model allows to include the transformer in
the case of low voltage control or - by setting the two pa-
rameters to zero, to take out the transformer in the simula-
tion model.

C. DC-link energy absorber for FSC
In the case of grid faults, the energy that can be trans-



ferred into the grid is limited both for physical reasons as
due to the limited current capability of converters. Since the
energy provided by the wind does not change necessarily, a
grid fault with voltages below 90% rated voltage at rated
power will lead to an increase of the rotor speed. By chang-
ing the blade pitch angle, the power input form the wind can
be reduced, but the time constants of the pitch system are
long compared to the duration of grid faults. Unless addi-
tional measures are taken, a turbine with FSC reacts compa-
rable to a turbine with DFIG.

Some FSC technologies use an additional device to ab-
sorb the energy provided by the generator in the case of grid
faults. A common implementation is a controllable resistor
in the DC-link that absorbs the energy that can not be trans-
ferred to the grid in the case of grid faults. As a result the

mechanical power p, . and the electrical power p, are not

the same during grid faults.
This function can be included in the model by adding (a)
a reference power calculation, (b) a selector that decides

whether to output the p,, or the calculated reference power
P.... 8 mechanical output and (c) a decision logic. The
logic could be based on two criteria, it is set if the voltage
drops below a defined limit and is reset when p,, is close to

D @0ain following voltage recovery.

D. Resulting generator model

The resulting generator model including current limita-
tion, transformer and DC-link energy absorber is shown in
Fig. 17.
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V. VALIDATION RESULTS

A. Measurement setup
According to [6] and [7], FRT - tests should be per-

formed using the measurement setup described in Fig. 18. A
PGU is connected to the grid through a testing device. The
testing device is designed to reduce the voltage at the PGU
to a specified level within a very short period of time. Dur-
ing normal operation, switch S1 is closed and switch S2 is
open. In order to reduce the impact of activating impedance
Z2 on the grid, in a first step switch S1 is opened. This con-
nects a serial impedance Z1 in line with the PGU. After the
transients have decayed, switch S2 is closed and the short
circuit impedance Z2 is connected in parallel to the PGU.
This causes a voltage dip at the PGU. After 150ms..2000 ms
depending on the tests required, switch S2 is opened again.
The voltage at the PGU then recovers. A short time later,
switch S1 is closed, and normal operation is resumed.

S1
ZG e
) ° p—-- - —| PGU
MP1 71 MP2 - MP3
UG L 72 Transformer
(optional)
S2 I
Grid Testing device PGU

Fig. 18. Setup to measure the effect of voltage dips on a power generation
unit, for example a wind turbine.

B. Measurements and Simulations

A simulation equivalent for a RMS measurement still has
an “instantaneous” behavior, that means it also contains
higher frequency components, even if positive and negative
sequence are modeled separately. As a result, a 50 Hz filter-
ing of the simulated values is necessary in order to have an
equivalent to positive and negative sequence values of
measurements. [6]. The turbine simulation model is based
on the generic WECC/IEEE type 3 model [1], with a modi-
fied aerodynamic model according to [12] and the proposed
generator model.

A voltage dip down to 20% rated voltage of a DFIG is
shown in Fig. 19 for a 2 MW wind turbine. The reactive
current reaches 1 pu during the fault in both measurement
and simulation as required by German Grid codes.
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Fig. 19. Measurement and simulation of voltage and reactive current during
voltage dip down to 20% rated voltage for wind turbine with DFIG operat-
ing at rated power

The simulation of the reactive current does not exactly
reproduce the dynamics directly following the voltage re-
duction, but there is only a small error. During voltage re-
covery the reactive current contribution of measurement and



simulation are almost identical. The small oscillation of the
measured current at t=4.2 seconds is due to the closing of
switch S1 (see Fig. 18) and the resulting change of the volt-
age phase angle.

A comparable measurement for a FSC is shown in Fig.
20. There are only minor differences between measurement
and simulation both during the grid fault and after the volt-
age recovery.
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Fig. 20. Measurement and simulation of voltage and reactive current during
voltage dip down to 20% rated voltage for wind turbine with FSC operating
at rated power

A comparison of measurement and simulation of active
power and active current of a DFIG during a voltage dip is
shown in Fig. 21. Again the simplified model does not show
all the dynamics of the measurement at the beginning of the
fault, but as it can be seen, the average of simulation and
measurement during the first 100ms following the grid are
quite close to each other as required by [6].

The effect of the dynamic current limiter can be well ob-
served during voltage recovery at t=3.2 seconds. Due to a
phase angle shift and control actions of the inverter, the
active current is reduced directly following the voltage re-
covery and then increased again with a given ramp rate limi-
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Fig. 21. Measurement and simulation of active current and active power
during voltage dip down to 20% rated voltage for wind turbine with DFIG
operating at rated power

tation. Although not the entire dynamics are reproduced,
again a comparison of active power of measurement and
simulation shows a good correlation.

As it can be seen in diagram 2 of Fig. 21, the active

power recovery of the simulation starts slightly earlier and is
slightly slower than in measurement. But as a result, the
average of active power of both measurement and simula-
tion during voltage recovery are close to each other. The
average of the power correlates to the energy transferred,
which is relevant because of its impact on the grid fre-
quency. If the averages of both measurement and simulation
are comparable, this means that the model provides a good
representation of the impact of grid faults on frequency
deviations in system studies.

Active current and active power of a FSC during a grid
fault are shown in Fig. 22. Measurement and simulation
show a very good correlation, although not all of the dy-
namics of the measurement are represented by the model. A
different control strategy is used for the active current com-
pared to Fig 21. The active current has now been reduced
during the fault and active power recovery is not linear.
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Fig. 22. Measurement and simulation of active current and active power
during voltage dip down to 20% rated voltage for wind turbine with FSC
operating at rated power

C. Validation results

Even though the comparison of Fig. 21 and Fig. 22
shows considerable differences in the control strategy of
active power during grid faults, both approaches can be
reproduced with the proposed model. The differences in
control strategy do not depend on the technology chosen
(DFIG or FSC) but on hardware design, control philosophy
and grid code requirements.

The requirement for a generic model is to represent dif-
ferent approaches with an acceptable accuracy while keep-
ing a simple modeling approach. The proposed model offers
the possibility to configure the model response depending
on the actual (manufacturer specific) implementation while
still using a very limited number of parameters and a simple
model structure.



VI. SUMMARY

A simplified generic model for generator and inverter of
both modern DFIG and FSC based wind turbines has been
presented. The model is based on the existing generic
WECC/IEEE type 3 and type 4 models, but allows an im-
proved modeling of active and reactive currents during grid
faults and during voltage recovery following grid faults.

The results of field test measurements of DFIG and FSC
based wind turbines was compared to simulations using the
proposed model and a very good correlation could be
shown. The model will be proposed as extension to the
existing WECC/IEEE generic models.
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