Improvement of DFIG-based WECS Performance
Using SMES unit
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Abstract—Doubly Fed Induction Generators (DFIGS)
are widely used in variable speed wind turbine owing to
its superior advantages that include ability to extract
more energy from turbine, capability to control active
and reactive power independently and the usage of
reduced converter rating that reduces its overall cost.
The application of DFIG in large wind energy
conversion systems (WECS) has reached 55% of the
worldwide total wind capacity during the year 2012. On
the other side fluctuating output power, weak fault ride
through capability and high sensitivity to grid
disturbances are the main issues that affect DFIG
performance. In this paper, superconducting magnetic
energy storage (SMES) unit is proposed to improve the
overall performance of a DFIG-based WECS during
voltage sag disturbance in the grid side. A new control
approach for SMES wunit using hysteresis current
controller (HCC) along with proportional integral (PI)
controller is introduced. Simulations results reveal the
effectiveness of the proposed SMES controller in
improving the overall performance of the WECS
system under study.

Index Terms— DFIG, WECS, SMES

1. INTRODUCTION

Due to the degradation and cost increase of
conventional fossil fuel along with the global trend to
decrease the greenhouse effect, clean energy
production from renewable sources has been given a
great concern during the last few decades. Among
those, wind energy conversion system (WECS) has
received a remarkable attraction during last ten years.
The global installed capacity = worldwide
significantly increased from 7.272 GW at the end of
the year 2002 to 44.799 GW by the end of the year
2012 [1]. In 2008, wind power produced over 1% of
global electricity generation and by the year 2020, it
is estimated to produce about 10% of the global
electricity [2]. With the fast growth of power
electronics technology, the concept of a variable-speed
wind turbine equipped with a doubly fed induction
generator (DFIG) is receiving more attention because
of its advantages over other wind turbine generator
concepts. The typical configuration of DFIG is shown
in Fig. 1 where the stator winding of the generator is
directly coupled to the grid at a point of common
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coupling (PCC) through a coupling transformer
whereas the rotor winding is fed via a partially rated
(25%-30% of the DFIG rated power) variable
frequency AC-DC-AC converter. The AC/DC/AC
converters include a rotor-side converter (RSC) and
a grid-side converter (GSC) linked by DC link
capacitor [3, 4].
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Fig.1 The typical configuration of DFIG

At early stages of its implementation, it was allowed to
disconnect the wind turbines during various grid faults
to protect it from being damaged. Nowadays, and due
to the significant portion of load that wind farms
contribute, transmission line operators (TLOs) require
the wind turbine to remain connected to support the
grid during grid disturbance events. This has led to the
establishment of strict grid codes that wind turbine
generator must meet to maintain its connection to the
grid. While many papers can be found in the literature
investigating various approaches to compensate WECS

reactive power during fault events by mainly
connecting a flexible AC transmission system
(FACTS) device such as static synchronous

compensator (STATCOM) to the PCC [4-6], a few
publications considered the compensation of active
power as well [7, 8].

Superconducting magnetic energy storage (SMES) unit
is a FACTS device that can compensate both active
and reactive power smoothly, independently and
rapidly in four quadrant operation [9]. Application of
superconducting magnetic energy storage (SMES) unit
to smooth the output power of fixed speed-based
WECS during wind speed fluctuation and its
applications to improve the dynamic performance of



variable speed-based WECS have been investigated in
the literature [10-19].

This paper presents an application for SMES unit to
improve the overall performance of a DFIG based
WECS during voltage sag at the grid side. A new
SMES control system, which is efficient, simple, and
easy to implement, is proposed. Simulation is carried
out using Simulink/Matlab software.

II. SYSTEM UNDER STUDY

Fig. 2 shows the system under study that consists of
six 1.5-MW DFIGs connected to the ac grid at the
PCC. The grid that is represented by an ideal three-
phase voltage source of constant frequency is
connected to the wind turbines via a 30-km
transmission line and step-up transformer. The
reactive power produced by the wind turbines is
regulated at zero MVar under normal operating
conditions to maintain unity power factor connection.
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Fig. 2 system under study

For an average wind speed of 15 m/s, which is used
in this study, the turbine output power is 1.0 pu, and
the rotor shaft speed is 1.2 pu. The SMES unit is
linked to the 25-kV bus through a step up Y-A
transformer and is assumed to be fully charged [15].

III. CONTROL SYSTEM OF SMES UNIT

Fig. 3 shows the typical configuration of the
proposed SMES unit, which consists of a Wye-Delta
transformer, a six-pulse width modulation (PWM)
rectifier/inverter using insulated gate Dbipolar
transistor (IGBT), a two-quadrant dc-dc chopper
using IGBT, and a superconducting coil.
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Fig. 3 Typical configuration of SMES unit
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The PWM converter and the de-dc chopper are linked
by a dc link capacitor [20]. This configuration makes
SMES highly efficient in storing electricity with
typical efficiency in the range of 95%-98% [14].
Other advantages of the SMES unit include very
quick response and possibilities for high-power
applications [21]. The stored energy in the SMES
coil can be calculated as [20]

1
Esms = ElszmsLsms (1)
where E,, L., and [, are the stored energy,
superconductor inductance, and the dc current
through the SMES coil respectively.

To control the power exchange between SMES unit
and the grid, hysteresis current control (HCC) is
chosen based on its advantages including simplicity,
fast dynamic response, maximum current limit and
insensitivity to load parameter variations [22]. As can
be seen in the Fig. 4, the basic implementation of the
HCC is based on deriving the converter switching
signals from the comparison of the actual phase
currents with a fixed tolerance band around the
reference current associated with that phase. The
HCC is comparing the three-phase line currents (/;5.)
with the reference currents (I};.), which is dictated
by the I; and I references. The values of I; and I
are generated through conventional PI controllers
based on the error values of Vg, and V. The value of
Iz and Ijis converted through Park transformation
(dg0 — abc) to produce the reference current (I3;,.)
[15].
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Fig. 4 Control system of SMES unit

The superconducting coil is charged or discharged by
adjusting the average voltage, Vo 41, across the coil
which is determined by the duty cycle (D) of the two
quadrant DC-DC chopper. To determine the value of
the duty cycle of the DC-DC chopper, the power
generation is used as input to a proportional integral
(PI) controller. Based on this concept, the control
system of a DC-DC chopper is constructed as shown
in Fig. 4. Under normal operating condition, duty
cycle is equal to 0.5 and there is no power exchange
between the SMES unit and the grid. During grid
disturbance events that call for power support such as
voltage dips, the PI controller acts to adapt the duty
cycle to be in the range of 0 to 0.5 and the stored
energy in the coil will be transferred to the grid
(Discharging mode). The charging mode of the
SMES coil takes place when duty cycle is within the



range of 0.5 to 1. The relation between Vs and
Vac sms can be written as [23, 24]

Voms_av = [1- ZD]Vdc_av (2)
where Vs 4, isthe average voltage across the
SMES coil, D is duty cycle, and Vg, gns is the
average voltage across the dc-link capacitor of the
SMES configuration.

IvV. SIMULATION RESULTS

To assess the effectiveness of the proposed SMES
controller, a voltage sag of 0.3 pu is applied from ¢ =
3s to +=4s at the grid side of the system shown in Fig.
2. Figs. 5-11 show the performance of the studied
system without and with the proposed SMES
controller during such event. The voltage profile at
the PCC is shown in Fig. 5, where without SMES,
voltage will drop to 0.2 pu. By connecting the SMES
unit, voltage drop at the PCC will be raised to 0.65
pu due to reactive power support by the SMES.
Compared with the fault ride through of Spain,
Denmark and Germany, the voltage at the PCC
violates the low voltage ride through (LVRT) of all
of the mentioned grid codes when the SMES unit is
not connected as shown in Fig. 6 which calls for the
disconnection of the wind turbine from the grid. By
connecting the SMES unit to the PCC bus, the
amount of voltage drop decreases and reaches a safe
level of the grids requirement (Fig. 6) and therefore
the wind turbine connection to the grid is maintained.
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Fig. 5 PCC voltage profile
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Fig. 6 PCC voltage compliance with various grid codes
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Fig. 7 PCC active power
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Fig. 8 PCC reactive power
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Fig. 9 DFIG speed
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Fig. 10 Mechanical torque

Due to the fault and without the connection of the
SMES unit, the active power at the PCC will drop to
0.25 pu, and it reaches a maximum overshooting of
75% during the clearance of the fault, as shown in
Fig. 7. When the SMES is connected to the system,
the active power at the PCC will be compensated to
reach its nominal level during the fault as shown in
Fig. 7. Fig. 8 shows the reactive power at the PCC
without and with the connection of the SMES unit.
Without SMES, more reactive power will be
withdrawn from the DFIG while with the support of
SMES unit; less reactive power will be needed from
the DFIG. The DFIG power drop causes the
generator speed to be accelerated to compensate for
the power imbalance. As can be observed in Fig. 9,
the generator speed will accelerate and oscillate
without the SMES unit; however, with the SMES
connected to the system, the power drop is reduced,
the settling time of the generator speed is
substantially reduced, and the overshooting level is
significantly decreased. Same trend can be observed
in the shaft mechanical torque shown in Fig. 10. Fig.
11 shows the voltage across the DFIG dc link
capacitor which experiences a sever overshooting
during fault clearance. With the SMES unit
connected to the system, this maximum shooting is
substantially reduced.
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Fig. 11 Voltage at the dc-link of the DFIG
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The SMES unit behaviour during voltage sag event
can be investigated through Figs. 12-15 which
respectively show the duty cycle, the voltage across
the coil, SMES current, and SMES coil stored
energy. Before the fault application and during
normal operating conditions, the duty cycle is
maintained at 0.5 level and the voltage across the
SMES coil is maintained at zero level which is
corresponding to maximum coil current and rated
energy stored. Upon the occurrence of voltage sag,
the PI controller acts to reduce the duty cycle to a
level less than 0.5 that creates a negative voltage
across the coil and the current will be reduced
accordingly allowing portion of its stored energy to
be delivered to the grid. When the fault is cleared the
PI controller acts to retain the duty cycle level to 0.5
again.
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Fig. 12 . Duty cycle
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Fig. 15 Stored energy of SMES unit

V. SMES UNIT COST

The SMES system is still expensive due to the
cryogenic system equipped with liquid helium that is
required to maintain the SMES coil within the
superconducting state. However, with the recent
development of high-temperature superconductors
equipped with less expensive liquid nitrogen as a
cryogenic medium, the cost of SMES is becoming
commercially affordable [9, 14, 21].

VI. CONCLUSION

A simple SMES control approach to improve the
overall performance of a DFIG-based WECS is
proposed. The approach is realized through simple
HC and PI controllers. Simulation results show that
the SMES unit based HCC and PI controller is very
effective in improving the dynamic performance of
the DFIG during voltage sag at the grid side and can
bring the voltage profile at the PCC to a safe level
that comply with various LVRT grid codes. The
proposed control algorithm of the SMES unit is
simple and easy to implement.

APPENDIX
PARAMETERS OF PI CONTROLLER
PI-1| PI-2| PI-3
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PARAMETERS OF SMES UNIT

SC inductor 02H
Rating current 2 KA
DC link capacitor 18000 pF
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