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Abstract

The use of doubly fed induction generators (DFIGs) in wind turbines has become quite common
over the last few years. DFIG wind turbine is an integrated part of distributed generation system. This
paper presents a Fuzzy based controller SMES unit in DFIG for improving the ac output on grid side. The
excitation system is composed of the rotor-side converter, the grid-side converter, the dc chopper and the
superconducting magnet. The superconducting magnet is connected with the dc side of the two
converters, which can handle the active power transfer with the rotor of DFIG and the power grid
independently, even thou Sutton small fluctuations are occur in active power on AC side. For smoothening
the AC output power waveform a Fuzzy based controller is introduced in SMES controller unit, which
implemented using simulation developed in MATLAB/ SIMULINK 7.2 version. The model of the FUZZY
controlled SMES based excitation system for DFIG is established, and the simulation tests are performed
to evaluate the system performance.

Keywords: Doubly-fed induction generator (DFIG), superconducting magnet energy storage (SMES), wind
power generation, FUZZY controller

1. Introduction
The Figure 1 shows the main components of a wind power system [1].
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Figure 1. A Wind Power System and its Main Components

The main components of this system are the wind turbine, the mechanical drive train, the
generator, the power grid, and the controller. The wind turbine converts the kinetic energy of the
wind into mechanical energy [2-5]. The generator converts the mechanical energy into electrical
energy. The controller is the “brain” of the system. It ensures that the whole system works as
expected.

The mechanical power Py is extracted from the wind. The following formula
describes P ech

Prmecn = 0.5 pTR?’C,(A,0) (1)

where
Pmech is the mechanical power p is the air density,

Received November 30, 2014; Revised December 29, 2014, Accepted January 10, 2015



Bulletin of EEI ISSN: 2089-3191 44

R is the turbine’s radius v is the wind speed,
C, is the power coefficient A is the tip speed ratio and © is the pitch angle.
A is defined as:

A=wn RNV (2)

where Wy, is the turbine rotation speed,

R is the turbine’s radius,

v is the wind speed.

The extracted mechanical power P is proportional to the cube of the wind speed v.
The power coefficient C,, affect Pnecn- Cp is a function of the tip speed ratio A and of the pitch
angle ©. A describes the ratio between the system rotational speed w,, and v. © is the angle
between the wind flow direction and the turbine blade. Increasing © moves the blades out of the
wind, thereby reducing the effective wind area [6-7].

In this Figure 2, the blue lines are the power coefficients depending on © and A.
Physically, the greater the pitch angle, the smaller the effective wind area. On figure 2 you can
see that as a consequence, the greater the pitch angle, the smaller the power coefficient. For
one particular pitch angle, there exists an optimal tip speed ratio that maximizes the power
coefficient C,. The red dot in figure 2 corresponds to the optimal wind energy utilization point.
To better utilize wind energy it is desirable to operate the turbine at its most efficient point. In the
previous figure, the red circle represents the point at which the turbine operates most efficiently.
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Figure 2. C, as a Function of the Pitch Angle © and of the Tip Speed Ratio A

2. Doubly-FED Induction Generator Based Wind Turbine System and SMES Unit
The DFIG-based wind turbine system is one of the main variable-speed wind power

systems. Nowadays, variable speed wind turbines with a DFIG directly connected to the grid are
widely used in the field. For the dynamic feature, the DFIG becomes the most popular generator
for wind power generation system. Firstly, DFIG can supply power to the grid at constant
voltage and constant frequency while the rotor can operate at sub-synchronous mode or super-
synchronous mode. Secondly, the rating of the power converter is only about 30% of the rated
power of the wind turbine [8-10]. At third, the generated active and reactive power can be
controlled independently with wind speed variation. Figure 3 displays its system diagram. In
Figure 3:

- Pmecn is the extracted mechanical power

- Putal is the total generated electrical power

- Psis the power from the stator to the grid

- P, is the power from the rotor to the grid

- Wy is the rotor rotational speed

- Ws is the synchronous speed
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Figure 3. System Diagram of a DFIG-Based Wind Turbine System

One characteristic of the DFIG-based wind turbine system is the bidirectional power
flow of the rotor. When w, >ws, the power flows from the rotor to the power grid. When w, <ws,
the rotor absorbs the energy from the power grid. Similar to a traditional power system, the
stator of the generator directly connects to the power grid. Unlike in the traditional power
system, the rotor of the generator connects to the power grid through power electronic
converters. So in this system, the energy is delivered to the power grid not only by the stator,
but also by the rotor. Hence, this system is called “doubly-fed”. These power electronic
converters adjust the frequency and amplitude of the rotor voltage. The control of the rotor
voltage allows this system to operate at a variable-speed while still producing constant
frequency electricity [11-13].

The excitation system is composed of the rotor-side converter, the grid-side converter,
the dc chopper and the superconducting magnet. The superconducting magnet is connected
with the dc side of the two converters, which can handle the active power transfer with the rotor
of DFIG and the power grid independently. Utilizing the characteristic of high efficient energy
storage and quick response of super conducting magnet, the system can be utilized to level the
wind power fluctuation, alleviate the influence on power quality, and improve fault ride-through
capability for the grid-connected wind farms. According to the system control objective, the
system can contribute to the stability and reliability of the wind power grid-connected system [2,
14].

The DFIG is equipped with a back-to-back power electronic converter, which can adjust
the generator speed with the variety of wind speed. The converter is connected to the rotor
windings, which acts as AC excitation system. The converter is much cheaper, as the rating is
typically 25% of total system power, while the speed range of the generator is 33% around the
synchronous speed. Although the DFIG have good performance, there are some issues should
be concerned when the wind farms with DFIGs are widely connected to the power grid. The first
issue is the power quality induced by the fluctuant power. Taking into account the amplification
factor of the inverse slip ratio of the doubly-fed machine, the regulation capability of the DFIG is
limited, especially in the condition of frequent wind speed variation [5].

The second issue is the operation of DFIG during grid faults. Faults in the power
system, even far away from the location of the turbine, can cause a voltage dip at the
connection point of the wind turbine. The dip in the grid voltage will result in an increase of the
current in the stator windings of the DFIG, which will induce the over current in the rotor circuit
and the power electronic converter. With the increasing of grid-connected wind farms, the fault
ride-through capability is demanded for DFIG to decrease the adverse effect on the stability of
power system. To solve the above problems, the energy storage unit is a preferred way to
handle the energy transfer caused by power fluctuation or grid fault. An integrated power
generation and energy storage system for doubly-fed induction generator based wind turbine
systems is proposed. Superconducting magnetic energy storage (SMES), which is
characterized by its highly efficient energy storage, quick response, and power controllability, is
introduced to the DC link of the back-to-back power converters of the DFIG through a bi-
directional DC/DC power electronic converter [13-14]. The SMES is controlled to level the wind
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power fluctuation alleviate the influence on power quality, and improve fault ride-through
capability for the grid-connected wind farms. Using MATLAB SIMULINK, the model of the SMES
based excitation system for DFIG is established as Table 1, and the simulation tests are
performed to evaluate the system performance.

a) Superconducting Magnetic Energy Storage (SMES)

The combination of the three fundamental principles (current with no restrictive losses;
magnetic fields; and energy storage in a magnetic field) provides the potential for the highly
efficient storage of electrical energy in a superconducting coil. Operationally SMES is different
from other storage technologies in that a continuously circulating current within the
superconducting coil produces the stored energy. In addition, the only conversion process in the
SMES system is from AC to DC. As a result, there are none of the inherent thermodynamic
losses associated with conversion of one type of energy to another (EPRI, 2002).

SMES systems have the following parts - superconducting coil, power conditioning
system, cryogenically cooled refrigerator, cryostatic vacuum vessel. In an SMES system,
because the electrical current has zero resistance, the magnetic field once created will almost
never be weakened unless the system breaks itself. So, compared to other systems, it loses the
least amount of energy during storage making them very efficient. They are also highly reliable
because major components in SMES are motionless. The most important feature of SMES is
that the time it takes to charge and discharge is very short. Right now, SMES systems are
mainly used to improve power quality.

The individual, trailer-mounted Distributed-SMES units consist of a magnet that
contains 3 MJ of stored energy as Figure 4.

TABLE 1
DESIGN PARAMETERS rs“m“ !
coils
Ttein Parameters
Rating power 75 kW . tiom -
Rating voltage \ov wal -
DFIG Stator leakage reactance 4 mH
Rotor leakage reactance XZmH
mutual inductance 69.31 mH TEraFisien wased]
Rotor-side rating power 25kvVa
converter Switching frequency 5 kHz Figure 4. Is an illustration of a commercially
rating power 43 kVA produced SMES pI'OdUCt
(Eind-s.ldu Filter inductor L & mH
comverler
Switching frequency 5 kH=z
faung power 20 kVA
Switching frequency 10 kHz
DC chopper
DC link capacitor 9400 uF
13C rauing voltage LAY

b) The Principles of Superconducting Magnetic Energy Storage

Energy stored in a normal inductor will fade out rather quickly due to the ohmic
resistance in the coil when the power supply is disconnected. Obviously this will not be an
acceptable energy storage for use in a power system. The ohmic resistance has to be removed
before an inductor can work for this purpose. This is possible by lowering the temperature of the
conductors, and by this making the conductors superconducting. A superconducting wire is in a
state where the resistance in the material is zero. In this state the current in a coil can flow for

infinite time. This can also be seen from the time constant of a coil 7 = Ri Where R goes to zero

and 1 then goes to infinity. There are constraints for a superconducting wire to stay
superconducting. The conductor has to be operated below a critical temperature Tc, below a
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critical current /I, and below a critical magnetic field H,. There should also be some safety
margin between the critical values and the operating conditions.

3. Control Strategies

The control system establishes a link between power demands from the grid and power
flow to and from the SMES coil. It receives dispatch signals from the power grid and status
information from the SMES coil. The integration of the dispatch request and charge level
determines the response of the SMES unit. The control system also measures the condition of
the SMES coil, the refrigerator, and other equipment. It maintains system safety and sends
system status information to the operator. Modern SMES systems are tied to the Internet to
provide remote observation and control. The overall efficiency of SMES is in the region of 90%
to 99%. SMES has very fast discharge times, but only for very short periods of time, usually
taking less than one minute for a full discharge. The Conventional control circuit for SMES is
shown in Figure 5.
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Figure 5. MAT LAB based Conventional control circuit for SMES

a) Block Diagram of Control System in SMES based DFIG system.
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Figure 6. Control diagram of the SMES based DFIG system.
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The system control is composed of two levels. Firstly, the operation state of the wind
turbine and the grid is monitored. Based on the operation data, the power demand of the rotor-
side and grid-side can be analyzed. This function can be regarded as the system level. Then,
the other is equipment level, which includes the rotor-side converter control, the grid-side
converter control and the DC chopper control. The equipment level respond to the power
demand of the system level, and control the DFIG to fulfill different functions. The basic control
diagram is shown in Figure 6.

b) The System Level

The system level control can be divided into two conditions. In normal operation state of
the grid, the DFIG can realize the operation of VSCF based on tracking the wind speed. In the
condition of grid fault, the control objective is to reduce the adverse effect from the grid side and
improve the ride-through capability of the DFIG. This control level gives out the power demand
for the converters and the SMES, which is represented as the dash line in the Figure 6.

3. Matlab Design of Case Study and Results
The DFIG rotor side, stator side and smes side control circuits in MATLAB are shown in
sequentially
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Figure 7. Control circuits of rotor side, grid side convertors and conventional control circuit for
SMES
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The MATLAB based DFIG circuit and rotor side, stator side and SMES side output
wave farms are explained below
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Figure 8. MAT Lab based circuit of DFIG Wind Power System without SEMS
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a) Wave forms of DFIG

it 11}

mmmm L R T R Ji’

e ! /nl'vl i

i ‘.|: ‘ i il -‘ | i
.ummﬂ i lwmm;m mnq

Wit

(a) (b)

Figure 10. Stator and rotor voltage and currents; (a) stator voltage and currents, (b). rotor
voltage and currents
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Figure 11. Wave forms; (a) Wave forms of ac side current & voltage, (b) Wave forms of ac side
active power and reactive power;

b) Wind speed variation & output power on AC side
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Figure 13. Wind Speed Variation Output At Power Coupling Point With Fuzzy Controller Based
SMES

Ac side output power with SMES is not much distorted when input wind speed to the
turbine is varies see above figures first one is wind speed variation second one is output power.
If SMES is not presented distortions are more.

¢) Fuzzy controller circuit used in smes unit
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Figure 12. Fuzzy logic control

5. Conclusion

This paper proposes a study of the SMES based excitation system for DFIG used in
wind power generation. The double level controller is designed to improve the stability and
reliability of the wind power grid-connected system. To evaluate the dynamic response of the
SMES based excitation system for DFIG, simulation tests are carried out using MATLAB
SIMULINK. Smoothing the power fluctuation of DFIG when wind speed variation are observe
hear with and without fuzzy control. The simulation results show that the excitation system can
respond very quickly to the active and reactive power demands, and the power fluctuation of
DFIG can be smoothen effectively. As to the fault ride-through control method, it will be
discussed in the following work.

The wave distortions may be improved by implementing the control unit with Fuzzy-
ANN technique.
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