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The increase in wind power penetration, at 456GW as of June 2016, has resulted inmore stringent grid codes which specify that the
wind energy conversion systems (WECS)must remain connected to the system during and after a grid fault and, furthermore, must
offer grid support by providing reactive currents. The doubly fed induction generator (DFIG) WECS is a well-proven technology,
having been in use in wind power generation for many years and having a large world market share due to its many merits. Newer
technologies such as the direct drive gearless permanent magnet synchronous generator have come up to challenge its market
share, but the large number of installed machines ensures that it remains of interest in the wind industry. This paper presents a
concise introduction of the DFIGWECS covering its construction, operation, merits, demerits, modelling, control types, levels and
strategies, faults and their proposed solutions, and, finally, simulation. Qualities for the optimal control strategy are then proposed.
The paper is intended to cover major issues related to the DFIG WECS that are a must for an overview of the system and hence
serve as an introduction especially for new entrants into this area of study.

1. Introduction

Wind power was expected to supply 5% of electrical power
worldwide when it hit 500GW at the end of 2016 up from
456GW at end of June 2016. By the end of 2020, the total
installed capacity is projected to be 1900GW [1]. Among the
applied wind energy conversion systems (WECS) configura-
tions, the four most common ones are designated types A to
D. Type A utilizes a fixed speed turbine connected to a squir-
rel cage induction generator (SCIG) through a gearbox. Type
B is a variable speed turbine connected through a gearbox to
a wound rotor induction generator (WRIG) whose rotor is
connected to a variable resistance. Both types A and B utilize
a soft starter to smoothen connection to the grid during start-
up operations and a capacitor bank for reactive power supply.
Type C is also a variable speed turbine connected through
a gearbox to a WRIG. However, the rotor output is fed to
the grid through a partially rated frequency converter.This is
also referred to as the doubly fed induction generator (DFIG).
Type D involves a variable speed turbine connected either
directly or through a gearbox to a WRIG, a wound rotor

synchronous generator (WRSG), or a permanent magnet
synchronous generator (PMSG) which connects to the grid
through a fully rated frequency converter.The gearless typeD
WECS are direct driven large diameter multipole generators.
Their large size and associated weight, in addition to the
higher cost of the fully rated converter, erode the advantage
of reduced cost and maintenance afforded by eliminating the
gearbox [2]. The merits of the DFIG make it one of the most
widely used generators for WECS. The DFIG WECS have
been in use in wind power generation for many years now
and have a large share of the world market. Whereas newer
technologies such as the direct drive gearless PMSG have
come up to challenge its market share, the large number of
installed machines ensures that it remains of interest in the
wind industry.

The DFIG WECS is a mix of aerodynamic, mechanical,
electromagnetic, and electronic systems, and as such, control
of the various subsystems in both steady and transient states
is quite complex, especially since the increase in wind power
penetration has resulted in more stringent grid codes which
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Figure 1: Components of a wind turbine [5]. (1) Service crane. (2) Generator. (3) Cooling system. (4) Top control unit. (5) Gearbox. (6) Main
shaft with two bearings. (7) Rotor lock system. (8) Blade. (9) Hub. (10) Hub cover. (11) Blade bearing. (12) Bed frame. (13) Hydraulic unit. (14)
Shock absorbers. (15) Yaw ring. (16) Brake. (17) Tower. (18) Yaw gears. (19) Transmission high speed shaft.

specify that the WECS must remain connected to the system
even when a fault occurs and, furthermore, must provide
reactive currents to support the grid voltages. This is made
more difficult by the intermittent and uncertain nature of the
primemover, the wind [3, 4]. Many works have been done on
various aspects of the DFIGWECS, such as the aerodynamic
energy conversion, the electromechanical energy conversion,
control underbalanced and imbalanced grid voltages, power
electronic converters and their modulation schemes, and
power evacuation to the grid.These lay emphasize on a single
aspect at a time, but none has, to the authors’ knowledge,
tackled the complete operation of the system. This paper
seeks to bridge these works for a complete picture into this
multifaceted system.

This paper is divided into ten sections. Starting with
an introduction in Section 1, Section 2 covers construction
while Section 3 gives insight into the operation of the system.
Section 4 presents the merits and demerits of the DFIG
WECS. Section 5 gives modelling of the wind turbine and the
DFIG while Section 6 covers grid connection requirements,
control types, levels, and strategies. Section 7 covers possible
faults and proposed solutions while simulation is handled in
Section 8. Finally, discussion and conclusion are carried out
in Sections 9 and 10, respectively.

2. Construction

The DFIG WECS consists of a wind turbine (WT) system
connected to a DFIG through a gearbox for the purpose
of extracting mechanical power from the air flows and
converting it into electrical power. The wind turbine power
output increases as to the cube of wind speed. Wind speed
increases with increase in height; hence, horizontal axis wind
turbines are mounted on a tower.The generator, gearbox, and
associated control equipment are housed in a nacelle at the

top of the tower. Some designs have some control equipment
housed within the base of the tower. Figure 1 shows the
components of a wind turbine.

The DFIG WECS utilizes three bladed horizontal axis
wind turbines with active blade pitch capability. The gearbox
consists of two helical and one planetary gear stages with
the low speed shaft from the turbine rotor connected to the
planetary stage and the high speed generator rotor shaft to the
last helical stage as shown in Figure 2 [5, 17, 18].

The DFIG has a wound stator which consists of three
copper windings with a 120∘ spatial offset in generators with
two poles while those with four poles have six windings at 60∘
offset [19]. The stator is connected, either directly or through
a transformer depending on the level of its output voltage in
relation to the grid voltage, to the grid bus. It also has awound
rotor which is brought out through slip rings and carbon
brushes for connection to a power electronic converter (PEC)
and then either directly or through a transformer, to the stator
terminals.

The components in the rotor circuit include the following
[14, 20–22].

2.1. dv/dt Filter. It is a resistance in parallel with an induc-
tance that is connected between the rotor windings terminals
and the rotor side converter (RSC) terminals to protect the
rotor windings against harmful effects from the RSC which
include bearing currents, capacitive leakage currents, and
degradation of insulation due to polarization effect by the
resultant capacitive displacement current from sudden rise in
voltage.

2.2. Power Electronic Converter. It includes the following:

(a) RSC.This is a voltage source converter (VSC) type, chosen
over current source type due to its faster response to system
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Figure 3: Two-level back-to-back voltage source converter [7].

changes and lower losses in the DC-link. It is composed of
a rectifier bridge utilizing insulated gate bipolar transistors
(IGBT) and diodes. It supplies magnetization current to the
rotor. It also controls active and reactive generator power
output by injecting currents of varying amplitude and fre-
quency into the rotor windings. Slip power is also sent to the
DC-link. The IGBTs switching is controlled by pulses which
are generated by either sinusoidal pulse width modulation
(SPWM) or space vector modulation (SVM) techniques.

(b) DC-Link. It links the RSC to theGSC as shown in Figure 3.
It is composed of an energy storage capacitor or combination
of several capacitors that try to maintain constant voltage at
their terminals. A VSC is characterized by a high value of
capacitance in the DC-link.

(c) Grid Side Converter (GSC). The GSC is a bidirectional
rectifier bridge, utilizing IGBTs as the switching device,
responsible formaintaining theDCbus voltagewithin certain
limits by transferring the power from the rotor, which is
stored in the DC-link capacitor, to the grid. It also exchanges
reactive power with the grid by either absorbing reactive
power from the grid or exporting reactive power to the grid

as per the set value. Usually, its power factor is set at unity to
minimize current flowing in it.

As DFIG WECS increase in individual size, the high
power ratings have resulted in different converter config-
urations to accommodate the high currents and voltages
with existing semiconductor device ratings.These include the
following [7, 8, 14, 23].

(a) Two-Level Back-to-Back VSC. This is the most established
solution with a simple structure and few components. Bulky
filters are required to limit the high dv/dt stresses on generator
and transformer due to the only two voltage levels and to
reduce the total harmonic distortion (THD) of grid voltages
and currents.

(b) Parallel Connection of Two-Level Back-to-Back VSCs. This
is as shown in Figure 4. It has the advantage of redundancy
and hence increases reliability of the converter.

(c) Multilevel Topology. This is classified into the following:

(i) Three-level neutral point diode clamped (NPC) struc-
ture

(ii) Four-level flying capacitor clamped structure

(iii) Five-level cascadeH-bridge (CHB) connectionwhich
is bulky and complex as it requires many isolated DC
sources

(d) Matrix Converters. A matrix converter, also called a
cycloconverter, transfers AC supply directly into an AC
load of a different frequency. It does not utilize a DC-link
capacitor. It has lower harmonics and lower switching losses.



4 Journal of Engineering

Filter

Filter

Filter

Filter

Converter 1 Converter 3 

Converter 2 Converter 4 

C1
V＞＝

C2

Figure 4: Two-level back-to-back VSC in parallel connection [8].

It however has higher conduction losses, limitation on output
voltage, and poor protection during faults [2].

(e) Resonant Converters. The main topology, the natural
clamped converter, consists of two two-level back-to-back
VSCs with a circuit to provide resonance in between them.

(f) Tandem Converters. These consist of a two-level back-to-
back current source converter (CSC), designated the primary
converter, in parallel with a two-level back-to-back VSC, and
designated the secondary converter.

2.3. Harmonic Filter. TheVSC produces harmonics, inmulti-
ples of the switching frequency, which cause distortion of the
grid voltages and currents. The harmonics can be reduced by
use of filters, either active, passive, or hybrid, and by control
that utilizes RSC or GSC capacity [21, 24].

2.4. Electromagnetic Compatibility (EMC) Filter. The switch-
ing on and off of IGBTs causes interference over a wide
signal spectrum. The interference signals can be transmitted
or received by electrical connections through impedances
between the emitting source and the susceptible equipment,
through magnetic and electric fields causing capacitive and
inductive connections, and by radiation. The EMC filter
reduces these emissions to a level where other electrical
devices can be operated in the vicinity without problems.
The PEC itself must also not be affected by low levels of
external interference to avoid giving rise to cases of dangerous
operating states [19].

2.5. Converter Control Unit (CCU). It carries out the control
of the various elements in the rotor circuit for coordinated,
reliable, and accurate operation.The CCU is a programmable

electronic device with various inputs from its own measure-
ments and the WECS controller, and it sends out output
signals to the elements to be controlled. It also has commu-
nication channels for remote sensing and control. Controls
for the RSC and GSC under both normal conditions and grid
disturbance conditions must ensure that predetermined set-
points are met.

3. Operation

The DFIG WECS is a variable speed wind turbine (VSWT)
and is operated at varying speeds corresponding to the
varying wind speeds from the cut-in speed (Point A) through
the rated wind speed (Point C) to the cut-out speed (Point
E) as shown on the turbine torque characteristic curves in
Figure 5.

Below cut-in speed (Point A), the machine is at stand-
still as the wind speed is too low for efficient and economical
operation. Once sufficient wind is available, the turbine starts
rotating and the machine starts generating power.The power
coefficient is maintained constant at its maximum between
points B and C to maximize power output as the wind speed
increases. This is done by applying a maximum power point
tracking (MPPT) strategy by which the turbine rotor speed
is adjusted relative to the prevailing wind speed. During this
period, the blade pitch angle is fixed at 0∘. Beyond point
D, power regulation is introduced to ensure output power
does not exceed rated power as wind speed continues rising.
The power coefficient is lowered by pitching the rotor blades,
hence reducing the speed of turbine rotation. At point E, the
cut-out speed, the machine is stopped by pitching the turbine
blades out of the wind and applying the emergency brake to
avoid structural damage due to high wind speeds. Running at
high speeds can also result in high noise emission [4, 14].
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Figure 5: Turbine torque characteristics [9].

Whereas DFIG WECS have been utilized in stand-alone
applications, the most common use is to supply power to the
grid. The stator of the DFIG draws a reactive magnetizing
current which is supplied either by the grid or the GSC. Since
the DFIG is an asynchronous generator, its electromagnetic
torque is developed when currents induced in the rotor
windings set up a magnetic field which interacts with the
stator field. These currents in the rotor are induced by both
the voltage induced by the rotating stator field and the voltage
supplied by the RSC.The stator field is of constant frequency
set by the grid frequency. The rotor field, on the other hand,
is of varying frequency which is dependent on the slip [2, 14].

The variable speed operation of the DFIG is possible due
to use of the PEC.The bidirectional power transfer in the PEC
enables two modes of operation [14]:

(i) Subsynchronous mode or partial load mode at below
rated speeds: the stator of the DFIG supplies power to
the grid and slip power to the rotor via the converters
and slip rings.

(ii) Supersynchronous mode or nominal load range at
above rated speed: both the stator output power and
the rotor slip power are fed to the grid.

4. Merits and Demerits

The DFIGWECS has the following advantages [25–27]:

(i) Higher efficiency even at low wind speeds
(ii) Decoupled control of active (𝑃) and reactive (𝑄)

powers, hence beingmore responsive to system needs
(iii) Reduced acoustic noise making the system more

environmentally acceptable
(iv) Reduced mechanical stresses which reduces mainte-

nance costs and prolongs system lifetime
(v) Contributing to system power quality improvement

without using external reactive compensation devices
(vi) Less cost as PEC is rated for lower power levels,

usually 30%

And it has the following disadvantages [3, 14, 28]:

(i) The direct connection of the stator to the grid leaves
the machine more vulnerable to system disturbances
such as voltage dips and swells as the partially rated
VSC is limited in its ability to withstand over currents
and over voltages induced in it by stator fault currents
due to the magnetic coupling between the stator and
the rotor.

(ii) The VSC is a source of harmonics due to switching
actions.

(iii) Use of PEC, gearbox, and slip rings introduces
increased costs and maintenance needs, increased
losses, and decreased reliability as they increase the
number of components that can fail.

5. Modelling

TheDFIGWECS has two main subsystems.The first handles
harnessing of energy in the airflows and the subsequent
conversion into rotational mechanical power.This subsystem
includes the turbine rotors, the hub, the low speed shaft,
the gearbox, and the high speed shaft that is connected to
the generator rotor. The second subsystem carries out the
conversion of the mechanical power into electrical power.
This is handled by the generator and the PEC.

5.1.TheWind TurbineModel. Themechanical power extract-
ed from the wind is given by [11, 29]

𝑃𝑚 =
1
2
𝐴𝜌𝑉3𝐶𝑝 (𝜆, 𝛽) , (1)

where𝑃𝑚 ismechanical power (W),𝐴 is area swept by turbine
rotor (m2),𝑉 is wind speed (m/s),𝐶𝑝 is the power coefficient,
𝜌 is air density (kg/m3), 𝜆 is tip speed ratio (TSR) given as
(𝜔𝑚∗𝑅/𝑉),𝛽 is blade pitch angle (degrees), and𝜔𝑚 is angular
speed of wind turbine (rad/s) given as (𝑝Ω𝑚/2), where 𝑝 is
number of poles andΩ𝑚 is rotor mechanical rotational speed
(rad/s).

And the mechanical torque developed by the wind tur-
bine shaft is given as

𝑇𝑚 =
𝑃𝑚
𝜔𝑚

= 1
2
𝐴𝜌𝑉2𝐶𝑝 (𝜆, 𝛽)

𝑅
𝜆
, (2)

where 𝑇𝑚 is mechanical torque (N⋅m) and 𝑅 is radius of
turbine rotor (m). The power coefficient is given by

𝐶𝑝 (𝜆, 𝛽) = 0.5 (Γ − 0.02𝛽2 − 5.6) 𝑒−0.17Γ, (3)

where

Γ = 𝑅
𝜆
(3600)
(1609)

. (4)

5.2. The DFIG Model. The DFIG park model in the 𝑑-𝑞
reference frame, assuming sinusoidal flux, constant winding
resistance, and neglecting magnetic saturation, is given in
Figure 6.
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The equations relating the DFIG park model stator and
rotor voltages and fluxes are

V𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 − 𝜔𝑠𝜑𝑞𝑠 +
𝑑𝜑𝑑𝑠
𝑑𝑡

V𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 + 𝜔𝑠𝜑𝑑𝑠 +
𝑑𝜑𝑞𝑠
𝑑𝑡

V𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 − 𝜔𝜑𝑞𝑟 +
𝑑𝜑𝑑𝑟
𝑑𝑡

V𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 + 𝜔𝜑𝑑𝑟 +
𝑑𝜑𝑞𝑟
𝑑𝑡

,

(5)

where V are voltages (V), 𝑖 are currents (A), 𝑅 are resistances
(Ω), and 𝜑 are flux linkages (V⋅s). Indices 𝑑 and 𝑞 indicate
direct and quadrature axis components, respectively, while 𝑠
and 𝑟 indicate stator and rotor quantities, respectively, and 𝜔𝑠
is grid electrical angular speed, 𝜔𝑟 is rotor electrical angular
speed and slip speed, and 𝜔 is given by 𝜔𝑠 − 𝜔𝑟.

The direct and quadrature stator and rotor flux compo-
nents are decoupled magnetically and are given by

𝜑𝑑𝑠 = 𝐿 𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟
𝜑𝑞𝑠 = 𝐿 𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟

𝜑𝑑𝑟 = 𝐿𝑟𝑖𝑑𝑟 + 𝐿𝑚𝑖𝑑𝑠
𝜑𝑞𝑟 = 𝐿𝑟𝑖𝑞𝑟 + 𝐿𝑚𝑖𝑞𝑠,

(6)

where 𝐿 𝑠 = 𝐿 𝑙𝑠 + 𝐿𝑚 and 𝐿𝑟 = 𝐿 𝑙𝑟 + 𝐿𝑚, 𝐿 𝑙𝑠 and 𝐿 𝑙𝑟 are
stator leakage and rotor self-inductances, and 𝐿𝑚 is mutual
inductance (H).

The equivalent circuit for the grid side converter connec-
tion to the grid is given in Figure 7.

The voltage across the inductor is given, in the 𝑑-𝑞
reference frame, by

V𝑔𝑑 = 𝑅𝑔𝑖𝑔𝑑 + 𝐿𝑔
𝑑𝑖𝑔𝑑
𝑑𝑡

− 𝜔𝑠𝐿𝑔𝑖𝑔𝑑 + V𝑔𝑐𝑑

V𝑔𝑞 = 𝑅𝑔𝑖𝑔𝑞 + 𝐿𝑔
𝑑𝑖𝑔𝑞
𝑑𝑡

+ 𝜔𝑠𝐿𝑔𝑖𝑔𝑞 + V𝑔𝑐𝑞,

(7)

where 𝑉𝑔𝑐𝑑 and 𝑉𝑔𝑐𝑞 are voltages at GSC output terminals
while 𝑉𝑔𝑑 and 𝑉𝑔𝑞 are voltages at the grid.

6. Control

6.1. Grid Utility Operator’s Specifications. Control for DFIG
WECS is aimed at power production that meets the grid
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utility operator’s specifications. These usually vary as to the
operator, based on the complexity of the grid system. IEEE
standard 1549 defines the basic requirements for integrating
distributed generation units including wind power to the
utility grids. Common grid connection requirements include
[2, 19, 27, 30–34] the following.

(a) Fault Ride-Through (FRT). DFIG WECS are impacted by
faults from the grid. These include frequency fluctuations,
voltage sags, and voltage swells. FRT capability is critical
system requirements for wind farms as disconnection of the
wind farm on occurrence of a fault is no longer an option
since the sudden loss of a large source of active power can
result in cascade trip of other plants due to undervoltage
and/or underfrequency due to power-load mismatch in the
system. Thus, the main aim of FRT requirement is the
instantaneous resumption of active power as soon as the
fault is cleared [3]. IEEE std. 1159/95 defines voltage sag as a
reduction of between 0.1 to 0.9 p.u. of the voltage and current
(on an rms basis) at the power frequency for any duration
ranging from 0.5 cycles to 1 minute. The amplitude is the
remaining voltage value during the sag. On the other hand,
IEC defines a voltage dip as a sudden voltage reduction at
any point in the electrical system lasting from anywhere
between half a cycle to a few seconds [35]. Figure 8 shows
the waveform of a voltage sag.

Voltage swell as defined by IEEE 1159/95 is the increase
in the RMS voltage level to 1.1 p.u–1.8 p.u. of nominal, at the
power frequency, for durations of 0.5 cycles to 1 minute.
Figure 9 shows the waveform of a voltage swell.

There are two subtypes of FRT.

(i) Low-Voltage Ride-Through (LVRT). Some grid codes also
include zero-voltage ride-through (ZVRT), where the nom-
inal voltage drops to zero, under LVRT. Voltage sags result
from sudden loss of large generating units, switching in
of large loads such as induction motors, and energizing of
transformers and system faults such as short circuits and
faults to ground [23, 36, 37]. On occurrence of voltage sag,
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theWECSmust remain connected for a given set time before
disconnecting. In some cases, the WECS must help support
grid voltage during the fault. LVRT curves for four countries
are given in Figure 10.

(ii) High-Voltage Ride-Through (HVRT). Voltage swells result
from single-phase short-term interruptions, reactive power
overcompensation from capacitor banks, lightning strikes, or
switching off of large loads such as in response to voltage sag
[23, 38, 39]. When voltage goes above its upper limit, usually
at 1.1% though being set at 1.3% for Spain and Australia [15],
the WECS must stay connected for a given period of time
before disconnecting.

Since voltage sags are more frequent than swells, LVRT is
given greater focus than HVRT.

(b) Active Power (P) Control. The WECS must provide active
power control to ensure stable system frequency and avoid
overloading of transmission lines. The ramp rate should also
be within the set range.

(c) Reactive Power (Q) Control. Dynamic reactive power
control capability is required as the power factor and reactive
power balance must be maintained in the desired range.

(d) Voltage Regulation. The voltage at each WECS terminal
must be maintained at a constant value.

(e) Voltage Operating Ranges.TheWECSmust operate within
typical grid voltage limits.

(f) Frequency Control. This entails frequency regulation
capability so as to maintain desired grid frequency.

(g) Frequency Operating Ranges. The WECS must operate
within typical grid frequency limits.

(h) Power Quality. The WECS outputs in terms of voltage
fluctuations which could result in flicker and voltage/current
harmonics are limited to within set ranges.
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(i) Stability. The WECS must be able to ride out transient
disturbances that result from short circuits and faults causing
momentary power imbalances. This is because if WECS
disconnect at such times, they worsen the situation with the
loss of power production causing system instability. However,
the generator responsemust go beyond just securingmachine
operation during the fault. Instead, the response must assist
in maintaining and even improving the system stability.
In Germany, the transmission operator E.oN has an LVRT
requirement that, for voltages below 0.5 p.u, the wind turbine
must supply, within 20mS, 100% of its rated current as
reactive current to help support the grid [40, 41]. This is
shown in Figure 11.

(j)Wind FarmModelling and Verification. Models and system
data of the WECS are used to carry out simulations to
investigate interactions between the wind farm and the grid.
Monitoring equipment must also be set up to verify actual
behaviour during faults.

(k) Communication and External Control. The WECS must
provide certain parameters to the grid operator for proper
operation of the power system. Remote connection and
disconnection must also be possible.

6.2. DFIG WECS Control Types and Levels. The control and
supervision of a wind turbine are automated so as to realize
benefits such as reduced cost of operation, increased staff
safety, and increased energy yield. It is handled by three
different systems: supervision, control, and safety [4, 14, 19,
42].

6.2.1. The Supervisory System. The management or supervi-
sory system provides up-to-date desired system values and
reacts to medium and long-term variations in ranges from
minutes to years. It carries out tasks such as monitoring
wind and other loading conditions, sending information to
the control system, monitoring operation for safe conditions,
monitoring grid conditions, actuating emergency systems,
and switching between operating states that facilitate connec-
tion and disconnection to the grid.

The supervisory system operates in two modes:

(i) Continuous fault monitoring: to facilitate preventive
maintenance and planned system service

(ii) Emergency shutdown: for cases where there are high
winds, catastrophic failure, and other emergencies

It also incorporates a failsafe system so that in case of
power failure to either the controls, the control logic, or
the sensors, the turbine can be safely brought to a stop or
shutdown state.

Except in emergency situations, management system
decisions are always transferred to the final component
under control through the control system. The management
system is thus hierarchically above the control system, acting
only when necessary to direct the turbine operations both
collectively in case of a wind farm and individually. For
wind farms, the management system monitors the overall
operation of the farm as well as that of specific machines and
is called a supervisory control and data acquisition system
(SCADA).

6.2.2. The Control System. The control system acts under the
supervision of a management system. It deals with direct
intervention measures on the turbine, the gearbox, the drive
shaft, and the generator, collectively referred to as the power
drive train, to create adjustments that result in the output
meeting the set limits on a point by point basis. The control
system operates with regard to functionality and integration
of the turbine, taking into consideration the characteristics
of each component and its reaction to external effects as well
as adjustment efforts. It thus handles the internal conditions
of the system by maintaining values specified for the turbine
by the management system. It acts continuously as it has to
react to fast changes in wind speed and generator load for
as long as the system dynamics are within limits set by the
management system. The control system operation is aimed
at regulating the turbine power in high winds and optimizing
it in low speed winds.
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Figure 12: Conceptual diagram for DFIG wind turbine with partial scale power converter showing control strategy levels [14].

Thefivemajor processes to be controlled in awind turbine
are as follows:

(i) Development of aerodynamic torque: which is at the
rotor blades and hence includes control of blade pitch
and rotor orientation

(ii) Development of generator torque: by controlling
mechanical inputs to the generator such as by change
of shaft speed and controlling the air-gap rotating
magnetic field

(iii) Conversion of electrical current into motion: which
involves use of electrical signals to effect actions such
as blade pitch angle change, rotor/yaw orientation
control, or applying brakes (brake torque control)

(iv) Conversion of electrical power: the conversion of
power generated to desired voltage, frequency, and
power factor by use of PEC

(v) Conversion of wind energy to electrical power: which
is the overall process, incorporating all the above 4
processes but, in addition, involving the management
system inputs

6.2.3. The Safety System. Due to the high cost of WECS
installations, as well as for grid system and personnel safety,

a safety system that is independent of themain control system
is essential. It functions to bring the turbine to a safe condition
in the event of a serious problem by bringing the turbine to
a stop or slow idling speed with the blades feathered and the
generator switched off. It acts as a backup system when the
main control system fails or when activated by an operator-
controlled emergency stop button.

Control strategy for DFIG WECS is on three interlinked
levels as shown in Figure 12 [25].

(a) Level I. This controls power flow from the DFIG, both
from stator and from rotor, to the grid using the PEC.
The converter control is divided into RSC control and GSC
control [43].

(i) RSC control: RSC has decoupled control of stator
active power (electromechanical torque) and the
stator reactive power. It has a two-stage controller,
oriented on either stator flux or grid/stator voltage
reference frame. It has a faster inner current control
loop and a slower outer power control loop.

(ii) GSC control: it aims at maintaining the DC-link
capacitor voltage at a set value in addition to main-
taining the desired converter power factor. It has a
two-stage controller on grid/stator voltage oriented
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reference frame where the 𝑑-axis current component
controls the active power and hence the DC-link
voltage on the outer slower loop while the 𝑞-axis
current component controls the reactive power on the
faster inner loop.

(b) Level II.This handles control of conversion of wind energy
in the airflows into mechanical energy by the turbine rotor,
always aiming at maximum power production except when a
reserve capacity is ordered by Level III control. It receives its
set-points from Level III control and sends control set-points
to Level I control.

(c) Level III. This is the highest level of control as it controls
integration with the grid and provides control related to
the grid voltage, power factor, and frequency as well as
responding to grid operator requirements in terms of active
and reactive power demands. It is similar to the wind farm
control system but deals only with individual WECS values.

6.3. DFIG WECS Control Strategies. Many control strategies
are proposed and they include the following.

6.3.1. Vector Oriented Control (VOC). This has the VSC being
either voltage controlled (VC-VSC) or current controlled
(CC-VSC) and being based on either of the following refer-
ence frames.

(i) Grid/stator voltage oriented frame [44]: in stator
voltage oriented (SVO) control, the 𝑑-axis of the synchronous
frame is fixed on the stator voltage vector. Thus, 𝑉𝑠 = 𝑉𝑑𝑠 and
𝑉𝑞𝑠 = 0. Stator active and reactive powers are derived as

𝑃𝑠 = V𝑑𝑠𝑖𝑑𝑠 =
V𝑑𝑠 (𝜑𝑑𝑠 − 𝐿𝑚𝑖𝑑𝑟)

𝐿 𝑠

𝑄𝑠 = −V𝑑𝑠𝑖𝑞𝑠 = −
V𝑑𝑠 (𝜑𝑞𝑠 − 𝐿𝑚𝑖𝑞𝑟)

𝐿 𝑠
.

(8)

Hence, the active power is controlled by adjusting 𝑖𝑑𝑟 and
reactive power by adjusting 𝑖𝑞𝑟, respectively. This is possible
through control of 𝑉𝑑𝑟 and 𝑉𝑞𝑟. In the GSC, the 𝑑-axis
current controls the active power and so indirectly the DC-
link voltage, whereas the 𝑞-axis current controls the reactive
power.

(ii) Stator flux oriented frame [11, 45]: in stator flux
orientation, the reference frame rotates synchronously with
respect to the stator flux such that the reference frame has
its 𝑑-axis simultaneously overlapping the axis of the stator
winding flux. Hence, 𝜔 = 𝜔𝑠 and 𝜑𝑞𝑠 = 0. The dynamic
equations then change to

V𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 +
𝑑𝜑𝑑𝑠
𝑑𝑡

V𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 + 𝜔𝑠𝜑𝑑𝑠

𝜑𝑑𝑠 = 𝐿 𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟
𝜑𝑞𝑠 = 0 = 𝐿 𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟.

(9)

The electromagnetic torque and stator active power are
obtained as below where p is number of poles:

𝑇𝑒 =
3
2
𝑝
2
𝜑𝑑𝑠𝑖𝑞𝑟

𝑃𝑠 =
3
2
𝑝
2
𝜔𝑠𝜑𝑑𝑠𝑖𝑞𝑟.

(10)

But DFIG stator flux is restricted by the constant magnitude
and frequency of the stator voltage; hence, torque control
and thus active power can be achieved by controlling iqr.
Also, with stator flux remaining unchanged, reactive power
is derived as

𝑄𝑠 =
3
2
𝑝
2
𝜔𝑠𝜑𝑑𝑠𝑖𝑑𝑠. (11)

Regardless of magnitude and direction of rotor power, the
GSCkeeps theDC-link voltage constant.TheDC-link voltage
balance equation is thus

𝐶𝑉dc
𝑑𝑉dc
𝑑𝑡

= 𝑃𝑟 − 𝑃𝑔, (12)

where 𝐶 is the DC-link capacitance (F), 𝑃𝑟 is active power
from rotor into RSC (W), and 𝑃𝑔 is active power flow into the
grid from the GSC (W). The capacitor current is

𝑖dc = 𝐶𝑑𝑉dc
𝑑𝑡

= 3
4
𝑚𝑖𝑔𝑐𝑑 − 𝑖dc𝑟, (13)

where 𝑖𝑔𝑐𝑑 is 𝑑-axis current flowing between the grid and the
GSC (A), 𝑖dc𝑟 is the rotor side DC current (A), and 𝑚 is the
pulse width modulation index of GSC. The reactive power
flow into the grid from the GSC is given by

𝑄𝑔 =
3
2
𝑉𝑔𝑖𝑔𝑐𝑞, (14)

where 𝑉𝑔 is magnitude of grid phase voltage (V) and 𝑖𝑔𝑐𝑞 is
𝑞-axis current of GSC (A). As such, DC-link voltage can be
controlled by adjusting 𝑖𝑔𝑐𝑑 while reactive power fromGSC is
controlled by adjusting 𝑖𝑔𝑐𝑞.

(iii) Combination where the RSC is under stator flux
orientation while the GSC is under stator voltage
oriented frame [46]

(iv) Rotor flux oriented reference frame [47, 48]

6.3.2. Direct Torque Control (DTC) [49]. Since the electro-
magnetic torque is related to the stator flux, the converter
switch state is obtained from a look-up table based on the
position of stator flux vector. It has a simple control structure
and good dynamic response and greatly reduces machine
torque oscillations.

6.3.3. Direct Power Control (DPC). The error between cal-
culated instantaneous active and reactive power and their
estimated values is used to select, from a switching table,
the converter switching state. This has a simple control
structure, good dynamic response, and improved robustness
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to machine parameter variations. It however requires a
high frequency sampling for satisfactory performance and
has variable switching frequency. The variable switching
frequency makes design of appropriate filters difficult. It can
be grid/stator voltage oriented or stator flux oriented [31, 50,
51].

It is noted that VOC is achieved using proportional-
integral (PI) controllers while proportional-integral plus
resonant (PI + R) controllers give improved performance.
VOC relies heavily on machine parameters and hence is not
robust to machine variations. VOC introduces lower THD
with satisfactory steady state performance but the direct
methods are faster in dynamic response. DPC however has
high power losses. Also, estimation of stator voltage space
vector is easier than that of stator flux space vector [25, 52].

6.3.4. Sliding Mode Control (SMC) [53]. SMC is a nonlinear
control technique derived from variable structure control. It
includes several different continuous functions for mapping
plant state to a control surface. The switching between the
different functions is determined by plant states represented
by a switching function and so can change at any time during
system operation unlike in feedback control.

The steps of SMC design are as follows:

(i) Selecting a sliding surface that models the desired
closed loop performance

(ii) Designing a control law such that the system state
trajectory is forced towards the sliding surface [54]

(iii) Designing a boundary layer of the switching function
such that the control of the state variables is as follows:

(a) Outside of the boundary layer: being con-
strained to keep discontinuous switching

(b) Inside of boundary layer: the locus of state
variables being restricted by a linear constraint

The thicker the boundary layer, the better the control. This
however increases the control gain and reduces the inhibitory
effect on chattering. It could also result in steady state error
[55].

For a nonlinear system [37],

�̇� (𝑡) = 𝑓 (𝑥, 𝑡) + 𝐵 (𝑥, 𝑡) ∗ 𝑈 (𝑥, 𝑡) , (15)

where𝑋 is the state vector and 𝑈 is the control vector.
The control law can then be defined as

𝑈𝑑𝑞 = 𝑈eq + 𝑈𝑛, (16)

where the Signum function is defined by 𝑈𝑛 = −𝐾𝑓 ∗
sign(𝑆(𝑥, 𝑡)) given that 𝑈𝑑𝑞 is the control vector, 𝑈eq is the
equivalent control vector which is valid only in the sliding
surface, 𝑈𝑛 is the switching part of control (the correction
vector), and 𝐾𝑓 is the controller gain.

SMC is superior to PI controllers used in VOC in that it
[53, 54, 56, 57]

(i) improves performance of the system against unmod-
eled dynamics,

(ii) reduces overshoot and transient time,

(iii) is robust to external disturbances and machine
parameter changes due to generator temperature rise,
magnetic saturation, and skin effect, among others;
this is because the control signals only depend on the
selected switching variables states,

(iv) has simple implementation as it does not require the
decomposition of the voltage and current sequences
in the VSC or use of a phase locked loop (PLL)
to obtain the grid voltage positive sequence; this
avoids time consuming computations as well as the
challenges of the PLL losing synchronismwith system
frequency following a fault [40, 58, 59],

(v) has better reference tracking.

SMC has a problem with chattering, the high frequency
oscillation of system state trajectory around the sliding
surface. Chattering results in undesirable mechanical stresses
[60]. This is caused by idealized modelling of the system,
time delay of actual switching, and the discretization of digital
control [55]. It can be reduced by using a finite gain 𝐾𝑓 with
a small boundary [54].

There are many different subtypes of SMC which aim
at reducing the shortcomings of SMC while amplifying its
advantages to various degrees of success. These include
discrete time SMC, terminal SMC, back stepping terminal
SMC, integral terminal SMC, nonsingular SMC, fast terminal
SMC, and super twisting SMC.

Various combinations of the four control strategies above
are also utilizedwith the aim of taking advantage of the strong
points of each of the control strategies in the combination
while minimizing their shortcomings. Other control strate-
gies for the whole converter or just either the RSC or GSC
are proposed for use in conjunction with the methods stated
above. These include the following.

(a) Fuzzy logic control (FLC): it is used for control
of nonlinear, uncertain, and adaptive systems with
parameter variation. It does not strictly require a
mathematical model of the plant. Its control rule is
qualitatively expressed on the basis of logic-language
variation [56]. A fuzzy logic controller can be used
to measure power and rotational speed and then
optimally increment the operating speed to attain
the required power output change. This avoids use
of a wind speed sensor with its associated cost and
implementation difficulty. This allows optimal rotor
speed reference tracking [60]. FLC can be used in
conjunction with the SMC to generate the value of the
gain 𝐾𝑓

(b) Predictive direct current control (PDCC) [52]

(c) Internal model control (IMC) [61]

(d) Artificial neural networks (ANN) [57]

(e) Genetic algorithm (GA) [62]

(f) Particle swarm optimization (PSO) [63]
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Table 1: DFIGWECS internal faults, their effects, and proposed solutions.

Component
affected Effect Causes Risk Solutions

Turbine

Blade fracture Excessive loading from
wind gusts or icing

Blade pieces and
dislodged ice flying
off risking damage to
other turbines and
personnel

Emergency shutdown in high gust or
ice situations
Deicing systems incorporated in rotor
blades

Lightning strike Strikes by lightning Fire Lightning earthing system
incorporated in rotor blade

Hydraulic failure

Control system
malfunction,
environmental
degradation

Loss of timely control
Fire from leaking oil Timely preventive maintenance

Gearbox Gearbox failure Insufficient lubrication
Worn or fractured
gears,
fire

Use of sufficient and correct high
quality lubricants
Sufficient lubricant cooling system

Generator

Windings open
circuit,
winding insulation
failure

High operating
temperatures,
transient voltages and
currents

Reduced or stoppage
of power production

Regulation of voltages and currents to
ensure stable operating temperatures

PEC

Semiconductor device
failure
Failure of bond wire
connection

Thermal cycling Output power
fluctuations

Control that reduces thermal
variations

DC-link capacitor
failures

Voltage fluctuations,
harmonic currents

Reduced output
power,
increased fluctuations
in output currents

Control that reduces voltage variations
across the capacitor

7. Faults

The main challenge in operation of the DFIG WECS is
continued operation under fault conditions. Faults could
originate internally from the machine or externally from the
grid. Table 1 gives a summary of the internal faults, their
effects, and solutions proposed [6, 7, 19, 64–73].

Over 50% of internal faults are attributed to the PEC with
30% being from the DC-link capacitor. While the gearbox
accounts for only 5% of failures, they are usually more costly,
at times requiring complete gearbox replacements, and hence
result in more downtime.

For external faults, voltage swells cause high tempera-
tures in the generator windings. This results in insulation
degradation and eventual failure leading to inter-turn short
circuits. High voltages can also interfere with the control
system [13]. Voltage sag results in high stator currents which
in turn induce high rotor currents and reduced capability of
the WECS to export power as to the square of the voltage
drop.The latter leads to generator speed increase and increase
in DC-link voltage.The two approaches to deal with effects of
system faults are given in Table 2 [3, 15, 21, 34, 46, 50, 74–90].

Some approaches utilize combinations of the solutions
outlined above in a bid to cover the effects of severe faults.
Examples include use of braking chopper with SRC [3] or
with antiparallel thyristors [28]. Figure 13 shows application
of a SMES for compensation.

8. Simulation

The DFIG WECS performance under different operating
conditions is explored using simulations. Different com-
puter tools are utilized and include power system computer
aided design and electromagnetic transient including DC
(PSCAD/EMTDC) [3], MATLAB/Simulink [91], power sys-
tem simulation for engineering (PSS/E) [25], and electromag-
netic transient program (EMTP-RV) [92]. Use of MATLAB-
PSIM cosimulation [93] and DigSILENT power factory [94,
95] has also been reported in earlier works. Programs such as
PSS/E are particularly suited for large power system analysis
while PSCAD/EMTDC and EMTP-RV are applicable in large
power system transient studies. The modelling is done to
different levels of detail, with more detailed models taking
more time to run. While high order models can be used,
the 5th-order model is sufficient for detailed dynamic rep-
resentation of the DFIG WECS while 3rd-order model can
be obtained by neglecting stator flux transients. This limits
its accuracy in modelling rotor current transient behaviour;
however, the reduced complexity makes it best suited for
large-scale wind farm simulations. The electromagnetic sub-
system has very short time constants in comparison with
the electromechanical subsystems which are modelled with
the turbine and generator shaft masses, inertia, and damping
either lumped (single-mass) or apart (two-mass). However,
two-mass models are required for power system transient
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Table 2: DFIGWECS proposed solutions to faults from grid system.

Approach Aim Location of
application

Method of
application Examples Methodology

Control

Keep WECS within
operation
constraints without
additional
components or
devices

Control
system Software

Virtual
resistance/inductance

Increased resistance and inductance in
virtual rotor circuit results in decreased
rotor currents and their decay times

Supplementary rotor
current (SRC) controller

Introduces a multiplication factor 𝑘 to the
measured rotor currents effectively
reducing the control variable to within
acceptable limits

Flux
damping/demagnetization

Rotor current controlled to counteract
the stator flux negative sequence and DC
components of flux

Hardware

Maintain WECS
within operational
limits by addition
of components

Rotor
Shunt Active crowbar,

passive crowbar
High currents shunted through
dissipating resistors

Series Series dynamic braking
resistor (SDBR)

High currents passed through dissipating
resistors

DC-link Shunt

Braking chopper Charging currents passed through
dissipating resistors

Energy storage systems
(ESS), for example, battery
(BESS),
energy capacitor storage
(ECS),
superconducting magnetic
energy storage (SMES)

Excess energy stored for later release
during system deficit

Stator Series

SDBR Added resistance reduces fault currents to
within limits

Series antiparallel thyristors Provide quick disconnection of stator
circuit to interrupt stator flux oscillations

Dynamic voltage restorer
(DVR),
series grid side converter
(SGSC)

Maintain stator terminal voltage at
nominal values by injecting voltage

PCC

Series

Flexible AC transmissions
systems (FACTS) devices
such as static synchronous
series compensator (SSSC),
DVR

Maintain voltage at PCC nominal values
by injecting voltage

Shunt

FACTS devices such as
static synchronous
compensator (STATCOM),
static Var compensator
(SVC), SMES

Maintain voltage at PCC nominal values
by injecting reactive power during sags.
SMES also draws reactive power during
swells

Hybrid
FACTS devices such as
unified power flow
compensator (UPFC)

Combined action of series and shunt
connected FACTs devices as given above

studies [96]. While individual machine performance is of
interest, grid operators are more interested in the overall
performance of the wind farm and make this a prerequisite
for connection.

Figure 14 shows theMATLAB/Simulinkmodel of a 9MW
wind farm composed of 6 number 1.5MW DFIG machines,
without FRT capability, connected through a 25 kV feeder to
a grid at 120 kV [16]. Each machine has a turbine rated at
1.5MWmechanical power with turbine power characteristics
as depicted in Figure 5. The generators each have a nominal

power rating of 1.5MVAat 60Hz andutilize power converters
rated at 0.5 p.u. with a DC-link composed of a 10,000 pF
capacitor at 1200 kV. Figure 15 presents simulation results
for normal operation with a step change increase in wind
speed at 5 s where the blades are pitched at 20 s once rated
power is achieved. In Figure 16, waveforms for case with a
three-phase to ground fault applied at 25 s and removed after
150ms are given. It is seen that themachines are disconnected
due to overcurrents which go up to 1.25 p.u. In addition,
the speed increases to 1.52 p.u., forcing further pitching of
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Figure 13: Single-line diagram showing SMES connection for reactive power compensation [15].
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Figure 14: MATLAB/Simulink model of a 9MWDFIGWECS wind farm [16].

the blades to reduce it. Thus, the need for FRT capability
is clearly demonstrated. The simulations were done on a
desktop computer running MATLAB 2010b.

9. Discussion

The DFIG WECS must meet the grid connection require-
ments which are only expected to become stricter as grid
systems evolve further. For cost effectiveness, the DFIG
WECS must operate at full efficiency during both steady and
transient states while producing as much power as possible
under the prevailing wind and grid conditions. As such, the
choice of an appropriate control strategy is critical.

9.1. The Ideal Control Strategy. With the many proposed
control strategies, and taking into consideration other aspects
of the DFIG WECS such as operation with both MPPT
and curtailed production, as well as operation during fault
conditions, the qualities sought in deciding on an optimal
solution include the following:

(i) Independent of machine parameters: machine
parameter variations cannot be completely avoided
and occur from environmental changes such as
seasonal air density changes, from component
aging, or from change in operating conditions such
as loading, steady state, or transient operation. A
control system that does not rely on preset values such
as a look-up table but instead relies on instantaneous
values or has a learning ability can self-adjust for
these variations giving a more accurate response.

(ii) Low component count: additional hardware and
components introduce higher costs, increased space
requirements, increased weight, increased control
complexity and design, reduced system reliability as
there are more components that can fail, increased
maintenance, and challenges and limitations inherent
in such components such as requirements for heat
dissipation and introduction of delays and measure-
ment errors [51].
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Figure 15: Simulation results for normal operation with step change
increase in wind speed from 8m/s to 14m/s at 5-second mark.
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Figure 16: Simulation results for fault condition with a step change
increase in wind speed from 8m/s to 14m/s at 5-second mark
followed by a 150ms duration three phases to ground fault at 25-
second mark.

(iii) Good performance under both steady state and
transient/fault states: this is in terms of accuracy of
reference tracking, stability, and speed of response.

(iv) Reduced computation burden: this includes reduc-
tion or complete elimination of sequence decom-
position and reference frame transformations. This
reduces computing power andmemory requirements
and as such costs. It also reduces time delays and
errors [97].

(v) Simplicity of implementation: the control system
values such as resistor and gain values should be easily
and quickly obtained. The system should also not
introduce other problems that will require suppres-
sion or elimination.

Among the reviewed proposed control systems, the SMC
strategy, especially in combination with FLC as proposed in
[56], seems the most attractive choice as it best meets the
qualities given above.

10. Conclusion

The DFIG WECS is presented from its construction, opera-
tion, advantages and shortcomings, modelling, control solu-
tions, response to faults, and, finally, simulation. Different
control approaches used to date have been explored with
various control strategies being presented. Possible faults
expected in the operation of the DFIG WECS and ways of
tackling them have also been presented. Sample simulation
results have been presented underlining the need for FRT
capability.The paper has brought out issues to consider for an
optimal control strategy which must integrate FRT capabili-
ties so as to satisfy the ever stringent grid connection codes
as well as taking into consideration the cost implications of
its implementation.
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