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Control Choices to Allow the Parallel Operation of
Grid-Forming Type-III Wind Turbines

Adrian Gonzdlez-Cajigas
Javier Roldén-Pérez

Abstract—Grid codes are now requesting grid forming capa-
bility to renewable energy sources. The provision of this service
is being thoroughly investigated for type-IV wind turbines (full
electronic interface) with the virtual synchronous machine (VSM)
control technique. However, this issue has been barely addressed
for type-III wind turbines. In this turbine topology, it is of special
interest to keep the current controller of the rotor-side converter
(RSC) unaltered since many functions that are required for the safe
operation of the machine and to comply with grid codes depend on
it. In this article, two control alternatives to implement a VSM
without modifying the structure of the inner current controller of
type-11I wind turbines are proposed. The first one is based on a
current controller plus a novel flux-based virtual inductance, while
the second one has a more traditional structure based on a current
controller, a voltage controller, and a virtual impedance. Results
show that a vector voltage controller is not an essential requirement
to provide grid-forming capability. In addition, the operation of
a wind farm consisting of six parallel-connected type-III wind
turbines is studied analytically for both alternatives. The parallel
operation of the wind turbines is verified by using real-time simula-
tions performed in OPAL-RT. Finally, the control alternatives were
experimentally validated in a real doubly fed induction generator
rated at 28 kVA.

Index Terms—Island operation, type-III wind turbine,
virtual impedance, virtual synchronous machine (VSM), voltage
controller.

I. INTRODUCTION
A. Motivation

N RECENT years, wind power generation has experienced
I a great growth and has become one of the most important
power resources in the world. However, the massive integration
of wind energy plants is leading to significant side effects related
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to stability and interaction among generators. To cope with the
increasing number of interactions, transmission system opera-
tors are requesting grid-forming capability and advance control
features to renewable generators [1]. Photovoltaic generators
have a very limited capacity to inject additional active power
since they do not have energy storage elements [2]. On the con-
trary, wind generators are more suitable for this, since they have
kinetic energy stored in their shafts [3]. Type-III wind turbines
represent a significant portion of wind power generation. Even
though the electrical machine is far more complex than in other
alternatives, the power converters are smaller and, therefore,
their cost and efficiency are higher [4]. However, grid-forming
controllers are different compared with those in which the out-
put is purely electronic. This increases the complexity of the
grid-forming control strategy [5]. In type-III wind turbines, it
is of interest to keep the inner current control unaltered when
implementing grid-forming features. This facilitates to comply
with the rest of grid-code requirements. This field has not been
studied in depth and it is of interest from both the scientific and
industrial points of view.

B. Literature Review

The virtual synchronous machine (VSM) control technique
was developed many years ago and was well known in the
microgrid community [6]. However, it has now emerged as a
relevant candidate for the seamless integration of renewables in
power systems [7]. With this control technique, the converter
emulates the main characteristics of traditional synchronous
generators. Therefore, the renewable generator can work either
connected or disconnected from the main grid without substan-
tial modifications in the control system [8].

The VSM control technique has been thoroughly studied in
literature [9]. Many of these works focus on the selection of
the VSM control parameters [10], [11], [12] while some others
propose modifications to the fundamental structure of the VSM
to improve the transient response [13]. Many stability analyses
have been carried out, mainly by using small-signal analysis
techniques [14], [15]. The vast majority of these works is focused
on full-electronic interfaces. This means that it can be applied,
among others, to photovoltaic generators and type-IV wind
turbines. The implementation of the VSM control technique for
type-III wind turbines has substantial differences compared with
the standard VSM and has been less studied in the literature. As
the main difference, the grid interface is not purely electronic
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and the grid “sees” an equivalent system that is a mix between a
machine and a power converter. Therefore, the VSM controller
has to be adapted accordingly. In particular, Wang et al. [5]
presented a VSM control for doubly fed induction generators
(DFIGs) and compare it with an inertial control implemented
on top of a vector control. The results show that the VSM
alternative presents better stability margins in weak grids and
provides a better frequency support. Shao et al. [16] proposed a
combination of a VSM for the rotor-side converter (RSC) and an
inertial control for the grid-side converter (GSC). The controller
is compared with other ones, and it is shown that it has a better
transient response. However, neither of these alternatives include
an internal current controller. The absence of this loop represents
an important limitation to guarantee the safe operation of the
wind turbine during transient events. Grid codes usually request
the injection of specific current and/or power profiles during
these events, and the VSM without internal current controllers
is not well suited for this [17]. This is particularly relevant for
DFIGs, as they are very sensitive to grid disturbances [18]. For
this reason, the VSM has to be replaced by a regular vector
current control (grid-following mode) in these cases [19], [20].
A method to avoid switching between grid-forming and grid-
following control modes is to use a virtual resistance. In this
case, the current flowing through the converter is limited by
emulating a resistance with the control system. In [21], a virtual
resistance is proposed to reduce the current during transients
while keeping the reactive power injection constant. Nian Jiao
[22] proposed a VSM controller for improving the response of
a DFIG in these scenarios. The solution comes in the form of
feedforward terms and a virtual resistance that speeds up the
decay of transient components and limits the rotor current. The
same issue is addressed by Wang et al. [23], where adaptive
feedforward terms are applied and the influence of virtual re-
sistance is studied. All these works have shown that the virtual
resistance improves the VSM robustness during transient events.
However, a virtual resistance would be probably insufficient to
fulfill all the requirements imposed by grid codes. The virtual
impedance is an important tool for VSMs. It is used to modify
the dynamic response of grid-tied converters working either in
grid-following or grid-forming mode. However, the functional-
ity of the virtual impedance varies depending on the grid strength
and the type of controller. In weak grids, the virtual impedance
can be used to enhance the stability properties of grid-following
converters [24]. In contrast, for grid-forming converters, the
virtual impedance usually helps in the case of stiff grids [25].
Alternatively, some authors have proposed to adapt the virtual
impedance according to the grid conditions [26].

C. Contributions

In this article, two control alternatives for implementing the
VSM control technique in type-III wind turbines are proposed
and analyzed. A traditional vector current controller is used in
both alternatives so that the internal current control structure is
not modified. Therefore, the type-III wind turbine can provide
grid-forming capability while maintaining all the functionali-
ties of conventional current controllers. In addition, a novel
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flux-based virtual inductance is proposed and included in one
of the control alternatives. Then, the operation of a wind farm
formed by six DFIGs connected in parallel is analyzed for both
control alternatives. In particular, the stability of the wind farm
is studied for variations of the system parameters by using
small-signal tools. Grid-connected and island operation modes
are explored. Also, some design recommendations are provided
for the virtual impedance in order to improve the system ro-
bustness. The operation of the wind farm is verified by using
real-time simulations performed in OPAL-RT. Finally, the VSM
controllers are verified in a laboratory setup with a real 28k VA
DFIG. The contents of this article have been applied in a PTC
patent before its publication [27].

D. Organization

The rest of this article is organized as follows. In Section 1II,
the application and the modeling strategy are described. In
Section III, the control alternatives are presented. In Section IV,
the two control alternatives are applied in the context of a wind
farm. The wind farm operation is validated in Section IV-D by
using real-time simulations. Experimental results are presented
in Section V. Finally, Section VI concludes this article.

II. SYSTEM OVERVIEW

A. Application Description

Fig. 1 shows the electrical and control diagram of one wind
turbine while Fig. 2 shows the electrical diagram of the system
under study. It consists of a wind farm formed by six type-III
wind turbines connected in parallel. The coupling transformer
and the electrical line of each wind turbine are modeled with
an RL circuit. The wind farm can work either connected or
disconnected from the main grid, forming an electrical island.
Each wind turbine consists of a DFIG. The stator is directly
connected to the grid and the rotor is fed by a back-to-back (BTB)
converter. The other side of the BTB converter is connected to
grid viaan L oran L filter, depending on the control alternative.

Fig. 1 shows the control diagram of one wind turbine. The
controller is divided in two parts: the RSC controller and the
GSC controller. The RSC is controlled as a VSM so that the wind
turbine is able to form grids. The VSM consists of an external
active-power controller that generates the virtual-shaft angle (65)
and a reactive-power controller that generates the module of the
virtual flux (¢/,,). The RSC also has internal controllers and their
configuration depends on the control alternative. The description
of the active and reactive power controllers, the parameters Jy/,
D,, Kg,and D, and the rest of signals involved is not included
here for brevity (it can be found in [12]).

The GSC controller includes a standard vector current con-
troller and a dc-link voltage controller. The current controller
decouples the control of the active and the reactive power ex-
changed between the converter and the grid. The dc-link voltage
controller calculates the active power required to maintain the
de-bus voltage (uqc ) constant while the reactive power command
can be set freely (in this article, it will always be set to zero for
simplicity). The current references (?}) are obtained by inverting
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Fig. 2.  Electrical diagram of the application studied in this work.

the power expressions, as it is common in the literature [28]. The
angle of the VSM is used to perform the Park’s transformations
of the GSC controller as this makes the system more robust in
weak grids. In the rest of this article, an arrow over a variable
name indicates a space vector in a dq reference frame (e.g.,

i =iga+Jifg):

B. State-Space Modeling

Each DFIG is modeled on a synchronous reference frame
(SRF) (dgy,), which is synchronized with the d-axis of the virtual
flux generated by its own VSM (@Z;m) and, therefore, has the
rotation speed of its virtual shaft. All the models are combined in
acommon reference frame (D () by using a rotation matrix. The
SRF of the grid voltage is used as the reference in grid-connected
mode [29]. In island mode, the SRF of the first DFIG is used as
the reference [30]. Fig. 3 shows this concept, graphically. The

angle used for the rotations is
6n - en - 9C0m (1)

where 4., is the angular difference between the SRF of the nth
DFIG (6,,) and the common reference frame (0o, ).

Electrical and control diagram of one wind generator. (a) General overview. Alternatives (b) I and (c) II for the control of the RSC.

Fig. 3. Rotating reference frames used to model the wind farm.

III. CONTROL ALTERNATIVES FOR THE RSC

A. Alternative I: Current Control With Novel Flux-Based
Virtual Inductance

Fig. 1(b) shows the control diagram of this alternative. It in-
cludes a current controller and the set of equations for calculating
the current reference. In these equations, the reference of the
rotor current () is linked with the virtual flux of the VSM.
This allows to replicate the effect of a virtual inductance by
using the line current (;l) The detailed procedure is explained
in the following paragraph.

Fig. 4(a) shows an equivalent electrical circuit of the DFIG
including the iron losses, where all the variables are referred to
the stator [4]. According to this equivalent circuit, the stator flux
can be calculated as follows:

wé—Lzé—&—L ( —Zfe) )

where L,, is the magnetizing inductance, L is the stator induc-
tance (Ls = Lys + L), and L, is the leakage inductance.
The variable ¢, models the iron losses and it can be calculated
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Fig. 4. Model of a DFIG in a dq reference frame (a) without and (b) with the

flux-based virtual inductance.

as follows [31]:

- LW, -
e = ]F(wb - Lo’szs) (3)

fe

where Ry, is the equivalent “iron resistance.” Iron losses are
commonly neglected in high-power DFIGs. However, losses
might be significant in low-power machines. Therefore, if (2)
is used to estimate the stator flux, the literature recommends
considering them [4].

The virtual inductance will be implemented by adding a term
to the stator flux in (2), resulting the “virtual stator flux”:

77[;31; - Ls;s + Lm(;r - Zfe) + Lv;l (4)

Fig. 4(b) shows the modified equivalent circuit of the induction
generator when the virtual inductance is included. There is
a current source (ng), which accounts for the effect of the
grid-side converter current. The aim of the grid-side converter
is to maintain the dc voltage constant. Therefore, the effect
over the machine dynamics is commonly neglected and it can
be considered that L, is in series with L,,. It can be seen
that increasing L, has the same effect as increasing L. For
the implementation, as the current controller regulates 5;, the
reference for that current should be calculated by using (4),
yielding

o 1121311 - Lvil - Lsis + Lmifc

i o 5)

For calculating (5), the value of the stator virtual flux is required.
To simplify the developments, it was made equal and aligned
with the virtual flux of the VSM. Therefore,

—

Q/Jsv = wv- (6)
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The proposed flux-based virtual inductance is a novel contribu-
tion of this work and it is part of a PTC patent [27].

B. Alternative II: Voltage Controller, Current Controller, and
Virtual Impedance

Fig. 1(c) shows the block diagram of this control alternative.
A voltage controller is added on top of the current controller to
regulate the stator voltage. A capacitor was added to the GSC
filter so that the voltage is easier to control [28]. The voltage
controller consists of a PI controller plus the feedforward terms
applied to iz and fgs. Alow-pass filterand a gain (0 < Ky < 1)
was used in the feedforwards to avoid high-frequency interac-
tions. The “minus” in the output of the voltage controller is used
to be consistent with the sign criterion of the rest of the control
system. The reference for the voltage controller is calculated
by multiplying 1, and ws [12]. The structure of the current
controller and the reference of the rotor current are kept as in
Alternative 1. However, in this case, the stator current (Zs) is
replaced by the reference calculated by the voltage controller
(i*). Therefore, a low-pass filter is not needed.

The virtual impedance is a useful tool since it simplifies
the parallel interconnection of power converters. Here, it is
implemented by adding a term (i, ) to the original reference
generated by the VSM (¢€) [32]. Virtual resistance can also be
added.

C. Precision of the Current Reference Calculation

The values of Lg and L,, and the iron losses are required
to calculate the current reference (i}). Commonly, these values
are obtained in a series of preliminary tests performed before
the commissioning of the wind turbine. If these values are not
correctly estimated, the control performance would be affected
in different ways. First, there would be inaccuracies in the
estimated flux, which are translated as errors in the orientation
of the reference frame. Therefore, the accuracy of the torque
control would be reduced [4]. It is worth noting that these errors
do not commonly result in instabilities, but they degrade the
overall control performance.

The impact of these inaccuracies is different depending on the
control alternative. For Alternative I, which is based on a flux-
oriented vector control, the inaccuracies in the torque control
are directly reflected in the transient response. Conversely, for
Alternative II, the orientation of the vector control relies on the
estimated voltage. This implies that the voltage controller helps
in maintaining the dq reference frame alignment. Consequently,
the inaccuracies of the torque controller are effectively compen-
sated, thereby alleviating their negative impact in the control
performance.

IV. ANALYSIS OF A WIND FARM WITH THE TWO
CONTROL ALTERNATIVES

In this section, the performance of both control alternatives is
analyzed against variations in the system parameters. The system
consists of six DFIGs that operate in parallel configuration and
can work either connected or disconnected from the grid. For
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TABLE I
ELECTRICAL PARAMETERS OF THE TEST SYSTEM

Var. Value Var. Value Var. Value
Xg 0.1 pu Ry pu Cy 100 pF
X 0.02 pu Ry pu Clac 2.25 mF
Ly 0.75 mH Ry 0.024 Q Lo 0.04 H
Lss | 1.63 mH Lor | 1.63 mH Rs 0.097 Q
R, 0.18 Q Rye 84.3 Q) Ve 700 V
fn 50 Hz Vi 400 V Sn 28.7 kVA
TABLE I

CONTROL PARAMETERS OF THE TEST SYSTEM

Var. Value Var. Value Var. Value
AT 2 mH RAT 0Q LT [ 4 mH
RAIT 0.31 Q Jy 65 Dp 300

Ko |875-10°° Do 400 WBgee | 225 Hz
WRBrce 225 Hz WRBrve | 22 Hz WRBde 11 Hz

the sake of simplicity, all the wind turbines have the same
parameters. For both alternatives, the controllers are designed
with the goal of achieving a robust design. Subsequently, the
stability properties of the alternatives is analyzed by using small-
signal analysis and admittance analysis. Finally, the results are
validated through real-time simulations.

A. Design of Controllers

In order to achieve a robust design for both control alterna-
tives, the following design steps were followed. Initially, the
controllers of the GSC were designed. The GSC controllers
are identical for both alternatives. Subsequently, the rotor cur-
rent controller was designed following traditional methods, as
described in [4]. This controller is also the same for both al-
ternatives. Then, the voltage controller for Alternative II was
designed. The bandwidth of this controller was selected ten
times less compared with the current controller. This criterion
ensures sufficient bandwidth separation between the current and
the voltage controller, and it is a common approach for designing
cascaded controllers. Then, the parameters of VSM were chosen
to meet specified settling times and damping factors [33]. Fi-
nally, the virtual impedance was selected according to the results
presented in Section IV-B3.

B. Small-Signal Analysis

1) Small-Signal Model Development: A detailed small-
signal model of the wind farm was developed for conducting
this analysis. This model was developed in continuous time. The
model includes the RSC and the GSC controllers, plus imple-
mentation details, such as time delays and an equivalent function
that models the pulsewidth modulation [34]. All hardware ele-
ments are also included. A sixth-order model was used for the
electrical machine (the iron losses were considered). The proce-
dure for deriving the small-signal model is based on the method
presented in [30]. The main hardware parameters are given in
Table I, while the control parameters are given in Table II.

The most representative eigenvalues were extracted by using
participation factors and are listed in Table III. The base designs
for Alternatives I and II were used to calculate these eigenvalues.
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TABLE III
MODES AND MOST RELEVANT STATES AFFECTING THEM
Eig. Grid-connected mode Island mode
A Wn ¢ States Wn ¢ States
1,2 432 | 035 iy 261 | 061 | if,%geed Taid
3.4 330 | 0.28 iy 190 | 0.62 Tgeeq
5.6 512 | 0.02 | G, igq | 5761 | 0.19 imd, Trecd
7.8 51 | 0.01 im 50.93 | 0.01 im
910 | 42.81 | 0.69 il 31.04 | 0.76 il
11,02 | 913 | 035 | Zpwe | 1155 | 0.42 Troe
13,14 | 846 | 035 | Zroe 84 | 0.34 Trvc
1516 | 049 | 0.69 | Os,ws | 047 | 0.67 05, ws
17 0.41 1 Yy, ws | 033 1 by
18,19 | 036 | 0.89 | O,ws | 0.73 1 ws
20 0.36 1 by 0.38 1 Py, Os

*In island mode, A19 does not exist.

Only the states with participation factors above 0.8 are shown.
Among them, Zy; is the state related to the computational delay
of the grid-side converter, Z,.,.. is the state related to integral of
the voltage controller, and Z,... and Zy.. are the states related
to the integrals of the RSC and the GSC controllers. The rest of
symbols were presented in previous sections.

2) Weak Grid Effect: The results presented here highlight
the differences between the alternatives in the case of weak
grids. Fig. 5 shows the system eigenvalues when the grid SCR
varies between (red) 10 and (green) 1. In Fig. 5(a)—(c), re-
sults for Alternative I are shown, while those for Alternative
IT are shown in Fig. 5(d)-5(f). In Fig. 5(a) and (d), there are
two pairs of complex eigenvalues in the high-frequency range
whose frequency decreases as the grid impedance increases.
This high-frequency resonance is common in system with long
transmission cables [35]. In both cases, relevant stability issues
were not found.

Fig. 5(b) shows the medium-frequency eigenvalues for Alter-
native I, where two pairs of poorly damped complex eigenvalues
can be observed in the surroundings of 50 Hz. The pair that varies
its position is related to the interaction between the DFIGs and
the grid voltage, while the one that remains constant is related to
the interaction between the DFIGs. Clearly, DFIGs are sensitive
to grid disturbances (this was already noticed in [4]).

Fig. 5(e) shows the medium-frequency eigenvalues for Al-
ternative II. Here, two additional pairs can be observed. These
appear due to the interaction between the voltage controllers
and the grid [12], [36]. As the grid becomes weaker, these
eigenvalues become better damped. Therefore, the alternative
based on the voltage controller is prone to subsynchronous
resonances in stiff grids, and for that case, a robust design of the
voltage controller and the virtual impedance is required [12].

Fig. 5(c) and (f) shows the eigenvalues related to the VSMs
dynamics. These dynamics are very similar for both alternatives.
The low-frequency oscillatory (complex) modes represent the
link between the VSMs and the grid and are related to the power-
frequency dynamics. They become slower and more damped
as the grid impedance increases. Meanwhile, the real modes
(related to the voltage dynamics) become faster. Oscillatory
modes between VSMs remain almost constant.

3) Virtual Inductance (L, ) Effect: Fig. 6(a) shows the sys-
tem medium-frequency eigenvalues when the virtual inductance
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Varying Ly in Alternative 1
3

@
o}
%
3
=
E
-
&
R
225 -3
2‘)[-)200 -150 ~ -100 -50 0 -4 -3 -2 -
Real axis [rad/s| Real axis [rad/s]
(@) (b)
Fig. 6. Low-frequency eigenvalues of the wind farm when L,, varies between

(red) 0 and (green) 4 mH for Alternative I.

value varies between (red) 0 and (green) 4 mH, for Alternative
1. There is a pair of complex eigenvalues moving away from the
imaginary axis as L,, increases. These eigenvalues are related to
the stator currents, which are the “output” variables of DFIGs
and, therefore, the source of interactions. As the lines between
the DFIGs are short (see Table I), the virtual impedance greatly
helps in avoiding interactions since it virtually increases the
electrical distance between them. In this regard, Fig. 6(b) shows
the low-frequency eigenvalues for Alternative I. As the VSMs
parameters were designed without taking into consideration any
other element in the system, the low-frequency interactions
between DFIGs modify the location of these eigenvalues. This
effect is undesirable and should be avoided. For L, > 1.6 mH,
the coupling is avoided and these eigenvalues do not significantly
change their location. In the case of the oscillatory modes

Varying Ly in Alternative II
3
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0 xxxxx>\17 XJXXXX
e

N
(=

Imaginary axis [rad/s|
(==}

-20 -1

-40 2 x

L6
60 -3
20 15 -10, -5 3 2 A
Real axis [rad/s] Real axis [rad/s|
(a) (b)

Fig.7. Low-frequency eigenvalues of the wind farm when L, varies between

(red) 0 and (green) 4 mH for Alternative II. X/R = 4 for L,,.

between the VSMs and the grid, they become less damped and
faster as L,, increases, while the real modes become slower.

Fig. 7(a) shows the system medium-frequency eigenvalues
for Alternative II. In this case, small values of L, lead to a poor
damping of the subsynchronous resonance related to the voltage
controllers that might even lead to instability. The resonance
frequency is close to the VSM bandwidth for these values,
causing low-frequency interactions with the VSM dynamics.
This modifies the location of the VSM eigenvalues, as shown
in Fig. 7(b). The oscillatory modes between the VSMs and the
grid are similar to those of Alternative I.

Based on these results, the following recommendations are
made for choosing L,.

1) For Alternative I, L,, should be large enough to avoid slow-

frequency interactions between VSMs.
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Fig. 8.

2) For Alternative Il, L,, should be large enough to ensure that
the subsynchronous resonance is well damped. A damping
factor (£) higher than 0.25 is recommended.

3) In both cases, the value of L, should be as low as pos-
sible to avoid the practical drawbacks of large virtual
impedances.

It is worth mentioning that the bandwidth of the voltage con-
troller also plays a key role in the damping of the subsynchronous
resonance. Insufficient time-constant separation between the
VSM and the voltage controller significantly affects it (the larger
the bandwidth of the voltage controllers, the more damped the
resonance will be [12]).

4) Effect of the Number of DFIGs in Island Mode: Fig. 8
shows the system eigenvalues in island mode when the num-
ber of DFIGs varies between (red) 6 and (green) 15. In the
high-frequency range, both alternatives exhibit similar perfor-
mance. There are two pairs of complex eigenvalues that move
toward instability as the number of DFIGs increases. Although
Alternative I is slightly more sensitive to the number of DFIGs
in this frequency range, the system stability margins are not
significantly affected.

Fig. 8(b) and (e) shows the medium-frequency eigenvalues
for Alternatives I and II, respectively. There is a pair of com-
plex eigenvalues that moves away from the imaginary axis for
Alternative I, and the behavior is the opposite for Alternative
II. These eigenvalues are related to the interaction between the
DFIGs and the PCC voltage. Unlike in grid-connected operation
[see Fig. 5(b) and (e)], this resonance is well damped due to the
resistive nature of the load. For the rest of medium-frequency
dynamics, significant differences were not observed. The eigen-
values related to the VSMs dynamics [see Fig. 8(c) and (f)] are
maintained constant for Alternative I, while they slightly vary for

System eigenvalues in island mode. The number of DFIGs varies between (red) 6 and (green) 15. Alternatives (a)—(c) I and (d)—(f) II.

Alternative II. Also, arelevant change can be seen with respect to
grid-connected operation, for both Alternatives I and II. Instead
of a pair of oscillatory modes, only one real mode appears as
a result of the power—frequency interaction between the VSMs
and the PCC (as the grid is no longer there, the VSMs do not
oscillate against it).

C. Admittance Analysis of the Wind Farm

The models obtained in Section IV-B1 were adapted here to
analyze the admittance of the control alternatives. This means
that the level of detail is similar to that of the state-space
model described in the previous section. The system and control
parameters were also the same, and are listed in Tables I and II.
The input admittance of the wind farm is first derived as a real
space-vector model in a dq reference frame

Z(gi Gdd(s) qu(s) ug (7)
if ud |

Gaa(s) Ggql(s)

As the DFIG equations of the d- and g-axes are different (mainly
due to the VSM), the admittance is asymmetric. Therefore, the
method described in [37] for modeling complex asymmetric
vector systems was used. This method allows the use of single
input single output (SISO) techniques for stability analysis at
the expense of using an asymmetric complex SISO model [38].
Here, only the symmetric part has been analyzed since the
antisymmetric part was less relevant. There are other methods
available to calculate and analyze the impedance of electronic
devices. In particular, the system equations are often modeled
in the dg domain [39]. This impedance in the dq domain can be
translated to sequence domain by using matrix transformations.
The differences between these methods can be found in [40].
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Bode plots of the wind farm admittance. Alternatives (blue) I and

Fig. 9 shows the Bode plots of the wind farm input admittance
for Alternatives (blue) I and (red) II. The resonance caused
by the magnetizing inductance appears at —51 Hz. Also, the
subsynchronous resonance caused by the voltage controller in
Alternative II appears at around —7Hz. As L, was chosen to
avoid problems at this frequency, the resonance is well damped.
Alternative II is passive in the whole frequency range (i.e.,
—90° < £Y(jw) <90°), exceptin the very low-frequency range
(this cannot be avoided since it depends on the VSM). Passivity
is important for interconnected systems since it avoids instabil-
ities [41].

It is important to note that passivity is highly dependent on
the controller architecture, the numerical values of the control
parameters and the hardware elements. Therefore, it is not
straightforward to judge which control alternative has better
passivity properties.

D. Validation in Real-Time Simulations

The effectiveness of Alternatives I and II was tested in OPAL-
RT for six DFIG operating in parallel. The impact of the virtual
impedance value was carefully evaluated.

1) Parallel Operation With Alternative I: Fig. 10 shows the
active and reactive powers injected by the DFIG when a 10kW
step change was applied in P*, for different values of L,. For
values of L,, of 1.6 and 4 mH, the transient responses are similar.
However, when L,, = O mH, the transient becomes slower. Also,
active and reactive powers present more coupling in the latter
case. The virtual flux is slightly different in the steady state.
This happens because the virtual impedance value modifies the
voltage command of the VSM. These results are in accordance
with the theoretical analysis presented in Section IV-B3.

2) L, Effect in Alternative II: Fig. 11 shows the active
and reactive powers of the DFIGs when the voltage level is
reduced to 85% of its nominal value, for different values of
L,. The purpose of applying this small voltage variation is
to show the subsynchronous resonance. The six DFIGs were
operating in parallel and connected to the grid. For L,, = 4mH
(robust design), only the 50 Hz resonance can be observed in both
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Fig.10.  Results of the wind farm obtained with OPAL-RT. Transient responses
of one DFIG for a step change in P*, for different values of L,,. L, is set to
(blue), (red) 1.6, and (green) 4mH. (a) (Solid) Active and (dashed) reactive
power.

Ly effect in Alternative 11

R

for a variation of the grid voltage, when L, is set to (red) 1 and (blue) 4 mH.

active and reactive power transients. However, for L,, = 1mH
the subsynchronous resonance is not well damped. This causes a
transient power injection that produces overcurrents in the rotor
windings. These results are in accordance with the theoretical
analysis presented in Section IV-B3.

3) Sudden Disconnection From the Main Grid: Fig. 12
shows the transient responses of (a) the voltage module and
(b) the frequency of the PCC, for Alternatives (blue) I and
(red) II, when the connection to the grid was suddenly lost.
At that moment, each wind turbine was operating at 50% of
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Fig. 16. Experimental validation of Alternatives I and II. Transient responses
for a negative phase jump of five degrees in the grid voltage. Another phase
jump of five degrees is applied in the opposite direction, after 5s. Alternatives
(left) I and (right) II.

its rated capacity, while the load rating was 100% of the wind
farm capacity. This means that each DFIG suddenly changed
its power injection from 50% to 100% of its rated capacity.
The source of the power injected is not discussed here since
the main objective is to analyze the dynamic characteristics of
the grid-forming alternatives. The PCC voltage module drops
to 89% for Alternative I, and to 90 % for Alternative II. Both
alternatives are able to quickly restore the voltage, although
Alternative I is slightly faster. Besides, the transient responses of
the frequency exhibit an adequate performance. The frequency
drops slightly more for Alternative II because in this case the
virtual impedance is larger. Also, it can be observed that the
frequency does not return to its original value. This is expected
as the system is operating as an electrical island and the VSMs
have droop terms. It should be noted that in a real application, a
secondary controller is commonly added to restore the frequency
(e.g., a power plant controller).

V. EXPERIMENTAL VALIDATION

A. Experimental Platform

The proposed control alternatives were tested in the GEISER
research group facilities at Alcald de Henares University. Fig. 13
shows an electrical diagram of the laboratory, together with some
photographs of the main elements. The experimental prototype
consists of a 150kVA three-phase back-to-back neutral-point
clamped (NPC) VSC and a DFIG driven by a 28.7kVA squir-
rel cage induction machine, which emulates the wind turbine.
The main hardware parameters are shown in Table 1. The
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control system was implemented in a digital signal processor
(TMS320C6713) from Texas Instruments and a FPGA (SPAR-
TAN 3E) from Xilinx. The sampling and switching frequencies
were 10kHz and 5 kHz, respectively. The control parameters are
shown in Table II. See [42] for more details of the hardware and
software platforms.

B. Experimental Results

1) Step Changes in P*: Fig. 14 shows the transient response
of the DFIG when it was connected to the grid and a 10kW step
change was applied to P*. For this particular test, the values of
the virtual impedances for the two alternatives were made equal.
As a consequence, the responses to the power steps should have
a similar shape and the time responses can be easily compared.
For the rest of the tests presented in this section, the virtual
impedances obtained during the design procedure were used. It
can be seen that both alternatives provide similar results. The
initial value of the VSM frequency was 49.99 Hz. In the peak
of the response, a value of 50.016 Hz is reached in both cases.
However, in Alternative I, the effect of noise is more relevant.
This happens because the DFIG used in the laboratory is not
well aligned and this causes oscillations in the stator currents.
As Alternative I uses the stator currents for calculating the rotor
current references, this effect is amplified. It should be noted
that this effect would not happen in a DFIG with more inertia
(i.e., in a wind turbine) and a well-aligned shaft.

2) Response to a Variation of the Grid Voltage: Fig. 15 shows
the transient response of the DFIG when the grid voltage is
reduced, for 5s. It can be seen that the DFIG quickly reacts
to that disturbance by increasing the reactive power injection
in 10kvar. This value is similar for the two alternatives. Such
behavior demonstrates the capability of the DFIG to provide grid
voltage support. When the voltage level is restored, the reactive
power goes back to its previous value. Small transients can also
be observed in the VSM frequency (the peaks in Alternative I are
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40% larger compared with Alternative IT). This happens because
the active power slightly varies during grid voltage transients.
Also, it can be seen that these transients were less pronounced
in Alternative II. This happens because the virtual impedance is
larger for this alternative and, as a consequence, the variation in
the frequency is smaller.

3) Response to a Phase Jump: Fig. 16 shows the transient
responses of the DFIG when a negative phase jump of five
degrees was applied in the grid voltage. Another phase jump
of five degrees was applied in the opposite direction, after 5s.
It can be seen that the active power increases in response to the
negative phase jump and it decreases in response to the positive
phase jump. In addition, it can be noticed that the active power
reaches higher values in the case of Alternative I (20 and 12 kW
for Alternative I). This happens because in Alternative II the
virtual impedance value is larger compared to that of Alternative
I. As a consequence, the frequency variation for Alternative I is
larger. These results highlight the role of the virtual impedance
when DFIGs are operating in grid forming mode.

4) Rotor Current Saturation: Fig. 17 shows the transient
response of the DFIG when a 65% three-phase voltage dip is
applied to the grid voltage. For this dip depth and level of power,
the rotor current saturates. Consequently, the capability of the
DFIG to support the stator voltage is curtailed, as the generation
of reactive power is inherently linked to the rotor current. The
limitation of the rotor current acts as a protection and safeguards
the integrity of power converters. This is possible because both
alternatives have a current controller in the RSC. Also, it can be
observed that there is a 50Hz oscillation that appears after the
beginning of the transient, for both alternatives. This resonance
was analyzed in Section IV-C. It can be easily noticed that the
VSM frequency and the machine speed of the two alternatives
are different during the voltage dip (the frequency changes in
opposite directions). This difference is related to the way the
controller saturates. In particular, for Alternative I, this satura-
tion is applied directly after the VSM. However, in Alternative
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I1, the saturation comes after the output of the voltage controller.
These differences in the machine speed during the voltage dip
are directly reflected in the frequency of the rotor currents. After
the voltage dip, both the VSM frequency and the machine speed
are restored to their previous value. Based on these results, the
development of saturation strategies for the two alternatives is
of interest for further research.

VI. CONCLUSION

In this article, two control alternatives for implementing a
VSM controller without modifying the internal current con-
trollers of type-III wind turbines have been proposed. These
alternatives were tested in a wind farm consisting of six DFIGs.
Eigenvalue and impedance analyses were performed. The opera-
tion of the wind farm was verified by using real-time simulations
performed in OPAL-RT. Finally, the control alternatives were
tested in laboratory, in a 28 kVA DFIG.

For the operation as a wind farm, the two control alternatives
present differences in their eigenvalues loci. Both alternatives
guarantee adequate stability margins in island mode. However,
it is worth mentioning that Alternative I (which does not include
a voltage controller) leads to very robust results in this case. It
was shown that an adequate design of the virtual impedance is
essential for Alternative I as it guarantees that the dynamics of
DFIGs are decoupled. For the case of Alternative II, the virtual
impedance was needed to avoid subsynchronous oscillations.
From the impedance point of view, both alternatives led to
robust designs. The results obtained from the real-time simu-
lations verified the operation as a wind farm. The experimental
results obtained in the hardware platform show that both control
alternatives provided adequate results. Alternative I had more
electromagnetic noise, although the low-frequency dynamics
were similar in both cases. However, the control structure of
Alternative I is simpler and therefore easier to implement. The
developments and results presented in this article highlight the
importance of the virtual impedance for type-III wind turbines
controlled as VSMs. Also, the results presented in this work
emphasize the usefulness of the current controller of the RSC.
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