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Abstract—This paper addresses the control requirements of hy-
brid wind farms, comprising a relatively large number of conven-
tional induction machines (IMs) along with one or very few per-
manent magnet synchronous machines (PMSMs), capable of com-
pensating the reactive power demanded by the IMs during faulty
conditions as well as attenuating the active power variations due to
wind gusts. Based on the superposition theorem and the feedback
linearization technique, a controller is designed to independently
regulate the positive and negative sequence currents of the PMSM
voltage source converters (VSCs), overcoming several drawbacks
of existing approaches in the presence of unbalanced voltages. In
the proposed scheme, the grid-side VSC currents are controlled in
order to improve the ride-through capability of IMs, so that the
whole wind farm can fulfill demanding grid codes in the absence
of extra equipment, such as static compensators. As shown by the
test results, combining IM-based wind farms with PMSMs accom-
plishes several relevant goals: delivering the reactive power con-
sumption of the IMs, increasing the rated active power of the in-
stallation, and smoothing mechanical power oscillations.

Index Terms—Feedback linearization, grid codes, permanent
magnet synchronous machines (PMSMs), unbalanced faults,
voltage source converter (VSC), wind energy conversion system.

NOMENCLATURE

Variables and parameters:

-axis machine-side voltage source converter
(VSC) currents.

-axis grid-side VSC currents.

-axis bus voltages.

DC-link voltage.
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VSC instantaneous active power.

VSC instantaneous reactive power.

Induction machine (IM) instantaneous active
power (all frequency spectrum).

High frequencies of the IM active power.

IM instantaneous reactive power.

Active power from the permanent magnet
synchronous machine (PMSM) speed governor.

Turbine and PMSM rotor speeds.

Network angular frequency.

Angle between turbine and PMSM rotor.

control inputs of grid-side VSC.

Mechanical torque generated by the wind.

Electromagnetic torque.

PMSM magnetic flux.

PMSM stator resistance.

PMSM stator self inductance.

Equivalent PMSM and grid-side VSC resistances.

PMSM and grid-side VSC coupling inductances.

IM stator and rotor resistances.

IM mutual inductance.

IM stator and rotor leakage inductances.

DC-link capacitance.

Gearbox ratio.

Number of PM rotor pair of poles.

Turbine and PMSM rotor inertia constants.

Shaft stiffness.

Shaft mutual damping.

Turbine and PMSM rotor mechanical dampings.

Eigenvalue associated with the multimass turbine
system.

Superscripts:

Positive and negative sequence.

Desired reference value.
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Subscripts:

- and -axis component.

- and -axis component.

I. INTRODUCTION

T HE increasingly widespread use of wind generation in
power networks imposes the requirement for wind farms

to be capable of contributing to network support and operation,
much in the same way as conventional synchronous generators
are [1].

One of the most difficult requirements to meet for wind tur-
bine generators is the capability to ride through a fault [2]–[4].
Traditionally, wind turbine generators were tripped once the
voltage at their terminals reduced below 80%; that was accept-
able because their impact on the grid was low. However, with
ever-increasing penetration of wind energy, grid codes now gen-
erally demand higher performance of connected plants with re-
spect to fault ride-through and power control capability [5], at
voltages of 15% or less.

Fixed-speed IM-based wind energy conversion systems (IM-
WECS) were common in the 1980s and 1990s when the wind
energy production was almost negligible. These machines are
not capable of controlling their reactive power consumption and
have a very low ride-through capability. Therefore, they are be-
coming obsolete in power systems like the Spanish one, where
grid codes are very restrictive. However, as roughly between
20% and 30% of wind energy in Spain still comes from IMs,
technical solutions must be devised in order to assure that cur-
rent wind farms agree with grid codes for their entire lifetime.
The most frequent approach is based on shunt STATic COM-
pensators (STATCOM) [6] or series dynamic voltage restorers
(DVRs) [7]. But this sort of solution, apart from taking advan-
tage of the required investment only during a fault, does not in-
crease the steady-state active power capacity of the wind farm.

The new generation of WECS based on permanent magnet
synchronous machines (PMSMs) or double fed induction ma-
chines (DFIMs) are capable of controlling its active and reactive
power outputs rapidly, as well as supporting nearby induction
generators [8]. As the VSCs of PMSM-WECS, unlike those of
DFIMs, are fully rated, in this work a PMSM-WECS is consid-
ered for compensating the IM-WECS reactive power consump-
tion and averaging the active power variations due to wind gusts.
This alternative can be profitable because, in addition to those
transient functions, the required investment is used in steady
state to increase the total injected energy.

At least two situations in which a hybridization between IMs
and PMSMs could be of interest for WECS can be identified,
namely:

1) Existing IM-based WECS, that must be uprated and/or up-
graded to cope with more exigent grid codes. This is cur-
rently the case of Spain, where existing IM-WECS have to
be either preserved by adding STATCOMs, DVRs, etc., or
sold off to countries with less demanding grid-codes. Our
proposal resorts to a strategy that can help in this situation
in order to maintain, whenever possible, the current gener-
ation of IM-WECS.

2) New wind farm installations. The IM-WECS are simpler
and cheaper than their variable speed counterparts because
they do not involve power electronics. With the proposed
hybridization, it would be possible to develop new wind
farm designs based on a mix of IMs and PMSMs. Our
tests below show that, with a PMSM-to-IM power ratio of
around 2, it is possible to fully compensate the entire wind
farm without demanding considerable over-currents from
the PMSM converters. If an overload is transiently allowed
(as commonly advertised by converter manufacturers), it is
possible to have even a smaller power ratio.

In order to investigate the feasibility of improving the
ride-through capability and the active power smoothness of
IM-WECS by incorporating a PMSM-WECS, the control
strategy is focused on the grid-side VSC, which is exposed to
both balanced and unbalanced electric network faults. Most
of the VSC controllers under unbalanced conditions can be
classified in two categories. The first one, based on a dual se-
quence control (DSC) scheme [9]–[14], independently controls
the positive and negative sequences using two reference frames
rotating at synchronous speed, but in opposite directions. The
second category of methods uses Proportional plus Resonant
(PR) controllers [15]–[18], which allow tracking, without
steady-state error, constant and sinusoidal current references
arising in synchronous frames under unbalanced conditions.
In several PMSM-WECS control approaches [19]–[24], the
unbalanced conditions in the electric network are not taken into
account. In order to improve the performance of PMSM-WECS
applications, in [25] and [26], the same strategies are presented,
considering that the grid-side VSC is connected to an unbal-
anced voltage. However, these works deal only with the dc-link
voltage control and an arbitrary injection of power to the grid.

In this paper, a thorough analysis is presented related to how
an IM-WECS can meet the grid code requirements through the
inclusion of a PMSM-WECS. The active and reactive power ref-
erences to be injected by the grid-side VSC are designed so that
the whole wind farm, composed of both sorts of machines, can
meet the current grid codes. Besides, the grid-side VSC control
for tracking these power references is tailored for overcoming
balanced and unbalanced faults which can arise in the electric
network. To this end, the DSC scheme is chosen in the grid-side
VSC controller design. The inclusion of the PMSM, along with
its back-to-back converter, can enlarge the active power capacity
of existing farms while providing the reactive power support
during network faults and smoothing the active power output
when wind gusts occurs.

The rest of the paper is organized as follows: Section II
presents the PMSM and VSC models; the control strategy and
the proposed operation philosophy are described in Sections III
and IV, while performance tests, discussions, and results
are shown in Section V. Finally, conclusions are given in
Section VI.

II. PMSM-WECS MODEL

The PMSM-WECS considered in this work is schematically
represented in Fig. 1. It comprises a wind turbine connected
through a nonrigid shaft to the generator rotor. Other major
components are the back-to-back VSCs through which the full
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Fig. 1. PMSM-based wind energy system.

power of the PMSM-WECS is evacuated to the grid. Each de-
vice in this system will be explained in more detail below.

A. Electrical PMSM Model

In a synchronously rotating reference frame, the equations in
p.u. describing the PMSM stator are [20] as follows:

(1)

(2)

B. Wind Turbine Mechanical System

The aim of this work is to control the active and reactive
powers provided by the WECS from a transient point of view,
for which it is important to model the mechanical subsystem.
A two-mass lumped model is used to represent the mechanical
dynamics (see Fig. 2), as proposed in [27] and [28]

(3)

(4)

(5)

where

(6)

C. PMSM-Side VSC Model

The machine-side converter is a two-level VSC connected
through a filter to the PMSM stator. This converter controls the
stator currents and the dc-link voltage, as described in the con-
trol strategy section below.

D. Grid-Side VSC Model

The grid-side converter is a three-level neutral-point-clamped
VSC [29] connected through a step-up transformer to the grid.

Fig. 2. Mechanical subsystem of the WECS consisting of two lumped masses
(the wind turbine and the electric rotor) connected through a nonrigid shaft.

As a majority of faults in the electrical network are asymmet-
rical, it is necessary to develop models and controllers capable
of facing the VSC connection to unbalanced voltages, as de-
scribed below. The VSC model in the stationary reference
frame is given by [30]

(7)

(8)

where the VSC internal voltages have been defined as

(9)

(10)

The equations describing the VSC are nonlinear owing to the
presence of products like . The change of variables (9)
and (10) leads to the linear system (7), (8). Therefore, assuming
identical parameters for each phase, the superposition theorem
can be applied [31].

Next, two transformations are defined. One of them, ,
rotates at the network angular speed in the same direction as
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Fig. 3. Block diagram of the grid-side VSC control strategy.

the positive sequence components. The other, , also ro-
tates at the network angular speed but in the opposite direction.
Therefore, for a generic vector , it can be written

(11)

(12)

where and

(13)

These transformations define two reference frames, and
, in which rotating components of positive and negative

sequence, respectively, are seen as constant signals. This way,
it is possible to implement two independent control loops, one
for each sequence in the respective reference frame, which can
be easily tuned.

Finally, applying the transformations (11) and (12) to the
VSC model (7), (8), in the and stationary reference
frames, yields [32]

(14)

(15)

(16)

(17)

The above equations will be used in Section III in order to de-
velop the control strategy under unbalanced conditions.

III. CONTROL STRATEGY

The control strategy can be divided in two blocks. On the one
hand, the management of the active and reactive power injected
by the PMSM is achieved by the grid-side VSC. On the other
hand, the stator current control of the PMSM along with the
dc-link regulation are accomplished by the machine-side VSC.

A. Grid-Side VSC Control

The dynamic model (14)–(17) obtained in the above section
for the grid-side VSC can be split in two subsystems, namely
(14), (15) and (16), (17), in the and reference

frames, respectively. As both subsystems are decoupled, inde-
pendent control strategies can be designed for each one. This
idea is known in the literature as dual sequence control (DSC).
A block diagram of the whole grid-side VSC control strategy
is shown in Fig. 3, the details of which are provided in the
Appendix.

B. Machine-Side VSC Control

The control applied to the machine-side VSC is syn-
chronized with the -axis (aligned with the PMSM magnetic
flux). Therefore, the reference current is set to zero in order
to avoid demagnetization, while the current is used to reg-
ulate the dc-link voltage. This approach is different from the
more common one, where the grid-side VSC is used to control
the dc-link voltage. With the proposed strategy a more accurate
control of grid injected powers can be achieved, allowing the
grid-side VSC to control its active and reactive powers in order
to comply with the grid code requirements in a better way. A
feedforward term from the active power injected by the grid-side
VSC is included to minimize the dc voltage variations when ac-
tive power transients occur [33].

Fig. 4 provides the block diagram of the PMSM-side VSC
control strategy. In the first stage, the active power is calculated
via a PI controller from the dc-link voltage regulator. The
second stage introduces the feedforward term and transforms
the power signals into current references. In the last stage, the
current control loop and the space-vector modulation deter-
mines the PMSM-side VSC gate signals.

IV. PROPOSED OPERATION PHILOSOPHY

The inclusion of a PMSM within a conventional IM-based
farm provides several advantages for both the farm itself and
the electrical network. Some of them are:

1) compensating the reactive power demanded by an
IM-WECS during three-phase and unbalanced faults;

2) averaging active power variations due to wind gusts;
3) improving the low voltage ride-through capability of

nearby IM-WECS;
4) allowing the kinetic energy stored by rotational masses to

be transiently released in order to provide earlier frequency
support;
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Fig. 4. Block diagram of the PMSM-side VSC control strategy.

5) enhancing the ability of the whole wind farm to fulfill in-
creasingly demanding grid codes;

6) improving the WECS dynamic response (for example,
power oscillation damping [34], [35], voltage stability
[36], etc.);

7) enhancing the nominal active power capacity of the whole
wind farm.

Some of these issues are discussed below, along with the pro-
posed operation philosophy in order to calculate the grid-side
VSC currents.

As mentioned at the introduction, grid codes now generally
demand continued operation when the voltage drops to 15% of
its rated value, or even lower. In Fig. 5, the grid code require-
ments imposed by some European countries are shown. The plot
shows general shapes of voltage tolerance that most grid oper-
ators demand. Tripping is not allowed during and after a fault
causing a voltage drop with a magnitude and duration above
the curve. As can be observed, there is no harmonization in the
grid codes, even among countries of the European Union. In this
work, the voltage sag considered is a mix between that imposed
by Germany and Spain, by far the largest wind energy producers
in Europe. The voltage sag considered in Germany comprises
an interval of 150 ms with 0 pu voltage. This requires the use
of quick measurement and synchronization systems, capable of
recovering their synchronism after the 0 pu condition. Further-
more, with null voltage, it is impossible to inject active power,
which causes an important acceleration of all machines. On the
other hand, the Spanish grid code considers a 20% voltage level
lasting for 500 ms. This interval is long enough to make the
IM-WECS slip over 7%, in spite of fast pitch angle controllers
being used. Therefore, the considered voltage sag basically has a
150-ms interval with 0 pu voltage followed by another interval
of 350 ms with 0.2 pu. The rest of the sag profile is shown in
Fig. 6(a).

Also, a reactive current in proportion to the voltage drop may
have to be provided, during and immediately after the fault, for

Fig. 5. Typical shape of fault ride-through capability, taken from [2].

Fig. 6. Voltage sag profile and grid code requirement for reactive network sup-
port.

the purpose of voltage support and to enable coordination with
the protection system [37]. The injected reactive current versus
the PCC voltage level is shown in Fig. 6(b). The area outside the
shaded polygon indicates the allowable operation area where
the WECS has to work during voltage sags, according to the
Spanish grid code [38].

In the steady state, the grid-side VSC regulates the PMSM
rotor speed through the active power control. This regulation is
quite slow, as it depends on mechanical time constants. There-
fore, during a fast electrical transient, like a fault, the speed reg-
ulation can be momentarily neglected and both the active and
reactive powers can be changed rather arbitrarily for other pur-
poses, for example to support the grid during a voltage sag.

When a fault occurs, the grid-side VSC can transiently in-
ject its nominal reactive power in order to support the reactive
power requirements of nearby IM-WECS. At the same time, a
momentary increase in the PMSM rotor speed takes place. As
shown below, this support may be sufficient to guarantee that
both kinds of WECS, when considered as a whole, satisfy the
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Fig. 7. Simplified scheme of grid-side VSC reference current calculation.

strong requirement currently demanded by the network oper-
ator.

Finally, when a sudden wind gust hits an IM-WECS, a tran-
sient variation in both the active and reactive power injected to
the grid occurs. In order for the electrical network to receive a
power as constant as possible, the kinetic energy stored by rota-
tional masses of the PMSM-WECS can be used to smooth the
active power injected to the grid by the whole wind farm.

Based on the above considerations, a control strategy is pro-
posed to determine the current references to be injected by the
grid-side VSC in order for the whole wind farm to improve its
performance and fulfill the current grid codes. Fig. 7 shows a
simplified diagram of the proposed reference current calculation
method, composed of three blocks. In the first stage, the reactive
current component is obtained by using the WECS al-
lowable operation area (see the bottom subplot of Fig. 6). Then,
the reactive current absorbed by the IM-WECS is added
to the grid-side VSC current. In this way, the reactive power con-
sumed by the IM is not seen at the PCC. In the second stage, the
sudden variations of the IM-WECS active power are extracted,
using a high-pass filter designed to keep only the higher fre-
quencies components. The resulting time-varying signal
is added with opposite sign to the grid-side VSC reference, in
order to minimize the effect of wind gusts. This stage also takes
into account the slower active power loop from the PMSM speed
governor, which is denoted as . The speed governor tracks
the optimal turbine speed which is obtained from the max-
imum power point tracking (MPPT) algorithm. A description
of this technique is presented in [39]–[41]. Then, the reference
currents are limited for the sake of switching power devices pro-
tection. Finally, in the third stage, the above active and reactive

components are transformed into the correct current refer-
ence frame by using the instantaneous power theory [42].

V. PERFORMANCE TESTING

This section presents the most relevant results regarding the
assessment of the proposed control strategy. The PMSM, IMs,
VSCs and control strategy are implemented via realistic models
(discrete switching devices) by using the SimPowerSystems
blockset of MATLAB. The power system configuration and
parameters used in these tests are shown in Fig. 8.

A. Solid Two-Phase-to-Ground Fault Test

In order to test the behavior of the proposed controller and
the grid-side VSC under unbalanced conditions, a 500-ms
two-phase-to-ground fault is simulated at the WECS point of
common coupling (PCC). Fig. 9(a) shows the PCC bus voltage
when the asymmetrical fault begins. In Fig. 9(b), it can be seen
that, in spite of the VSC being connected to a bus with a highly
unbalanced voltage, the currents injected by the grid-side VSC
are perfectly balanced.

In Fig. 10(a), the active and reactive powers injected by the
whole WECS to the network are drawn. As can be observed, the
capacitive reactive power injected during the fault allows the
WECS to satisfy the specifications of wind farm regulations.
Finally, Fig. 10(b) shows that the dc-link voltage excursions,
including the characteristic double frequency ripple, are suffi-
ciently small, both at the beginning and the end of the fault pe-
riod.

B. Three-Phase Fault Test

Usually, the three-phase fault is the most demanding one in
a power system. The considered control strategy is tested when
the reactive power absorbed by the IM-WECS is compensated
while maintaining the correct behavior of the PMSM.

Fig. 11(a) shows the active power output of the IM-WECS in
this case. This power depends on the machine terminal voltage,
which is considerably low during the fault [see Fig. 6(a)]. The
active power contributed by the PMSM can be observed in
Fig. 11(b). As explained in Section III, the priority in most
grid codes is to follow a determined reactive power reference.
Therefore, the active power of the PMSM is set to zero during
most of the fault interval, in order to maximize the amount of
reactive power that can be injected without overloading the
involved devices. Indeed, the capability of any device to inject
active power during very low terminal voltage conditions is
quite limited. The total active power injected by both machines
at the PCC is shown in Fig. 11(c).

The IM-WECS reactive power response is given in Fig. 12(a).
As can be expected for such a long standing fault, the demanded
reactive power when the voltage starts to recover can reach
twice the nominal power. This is one of the reasons why a
2-MW PMSM is selected to compensate a 1-MW IM-WECS.
If an important overcurrent is permitted in the PMSM, larger
IM-WECSs can be considered. Fig. 12(b) shows the controlled
reactive power provided by the PMSM. The response is fast and
accurate, following the reference obtained from the algorithm
summarized in Fig. 7. Fig. 12(c) represents the total reactive
power at the PCC. As can be observed, the reactive power is
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Fig. 8. Power system configuration and parameters used in the tests.

Fig. 9. Waveforms of PCC voltages and injected current by the grid-side VSC
during the asymmetrical fault inception.

always positive (capacitive) during the fault. Immediately after
the fault, a certain level of reactive power is still injected to
the grid, as required by the grid code, since the PCC voltage
remains under 0.85 pu.

The reader is referred back to Fig. 6(a), in which the pro-
file of the PCC voltage magnitude throughout the period of in-
terest is represented with star marks. The same marks are also
added to the bottom subplot of Fig. 6, clearly showing that the
whole farm, composed of the PMSM- and the IM-WECS, re-
mains in the allowed operating area when the proposed strategy
is adopted.

Finally, Figs. 13(a) and (b) show, respectively, the PMSM and
the IM mechanical speeds, for both the turbine and the rotor.
As expected, the PMSM speed grows during the fault, since the
injected active power is null to maximize the reactive power
support. After the fault, however, the PMSM speed gradually
returns to the initial value (not shown in the figure). Also, the

Fig. 10. Active and reactive power at the PCC bus, and dc-link voltage regula-
tion during the asymmetrical fault.

dc-link voltage is depicted in Fig. 13(c), where it can be seen
that the proposed strategy provides a good regulation.

C. Wind Gust Test

This test is aimed at showing the performance of the pro-
posed strategy against wind gusts and its capacity to smooth
power variations. Fig. 14(a) presents the wind gust model for
this experiment, taken from [43]. The next figures show the ac-
tive and reactive power injected to the grid during the distur-
bance, as follows: (b) by the IM-WECS only; (c) by the whole
wind farm (IM- and PMSM-WECS) when the PMSM is in-
dependently controlled in absence of the proposed controller;
(d) by the whole WECS when the proposed scheme is imple-
mented. Note that both the active and reactive powers are con-
siderably smoothed thanks to the coordinated controller pre-
sented in Figs. 3 and 7. Finally, Fig. 14(e) shows the PMSM
rotor speed when the PMSM-WECS is smoothing the active
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Fig. 11. Active power at the PCC bus during a three-phase fault.

Fig. 12. Reactive power at the PCC bus during a three-phase fault.

power. A rotor speed variation is observed due to the PMSM
conversion of wind kinetic energy into active power. However,
these speed variations are under normal operation values.

VI. CONCLUSIONS

An alternative to the classic solution based on STAT-
COMs was presented, in order to improve the performance of
IM-WECS. The idea is to complement existing IM-WECS with
PMSM-WECS and then to control the total injected current in
an appropriate and coordinated manner. The proposed control
strategy determines the current references of the grid-side VSC,
allowing the reactive power consumed by the IM to be com-
pensated in such a way that the fault ride-through requirements
of today’s exigent grid codes are fulfilled. Also, the oscillations
of active power injected to the grid, originated for instance by
wind gusts, can be significantly smoothed by resorting to the
kinetic energy stored in the PMSM mechanical system. The de-
sign of the control scheme faces both balanced and unbalanced
faults, occurring in the electrical network. Several scenarios

Fig. 13. PMSM and IM speed responses during a three-phase fault.

and disturbances, carefully chosen to provide a realistic assess-
ment, have been tested showing the adequacy of the proposed
arrangement and controllers, which can be an attractive choice
for current IM-WECS in view of the ever-increasing grid code
requirements.

APPENDIX

Taking into account (18)–(21), which are obtained from
(14)–(17), the auxiliary control inputs , , , and are
defined, allowing a direct and decoupled control of the currents
injected to the network by the grid-side VSC

(18)

(19)

(20)

(21)

From (18)–(21), the internal voltages of the grid-side VSC
are obtained as

(22)

(23)

(24)

(25)
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Fig. 14. Wind gust test to assess the controller capacity of smoothing the active
power injected at the PCC.

In this way, by applying the input transformations (22)–(25),
the transformed system becomes a decoupled linear system,
(26)–(29), the states of which are time constants

(26)

(27)

(28)

(29)

Note that the system (26)–(29) has a structure of the general
form . Since the relative degree of is one, a first-order
tracking error dynamics is chosen, , where the current
tracking error is defined as . From this error dynamic
equation the auxiliary input can be obtained as

(30)

As (30) represents a linear dynamics, linear techniques can be
applied in order to determine the constant . In this work, the
pole placement technique is used, where the pole is chosen as a
trade-off between the amplification of the PWM noise in the cur-
rent measurement and the bandwidth of the controller, yielding

.

Then, the four auxiliary control inputs , , , and
can be obtained from the general expression (30) leading to

(31)

(32)

(33)

(34)

Finally, the control inputs and are obtained from (9)
and (10), using (22)–(25), yielding

(35)

The actual driving signals for the VSC are obtained with a
pulsewidth modulator (PWM) with inputs and . The
amplitude and phase required for the space-vector modulation
(SVM) stage are calculated as [44]

(36)

(37)

The control law (35) is nonlinear because of the state variable
in the denominator. However, this allows compensating the

dc-bus voltage variations and, in this way, low order harmonics
in the grid-side VSC currents and voltages to be eliminated.
These harmonics appear when a dc-bus voltage ripple with a
frequency of exists due to unbalanced grid conditions.

The technique described in [45] is used, in order to sepa-
rate the sequence components of the voltage and current signals
needed in the control law implementation.
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