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Abstract

The number of wind turbines connected to the grid is steadily increasing in recent years. This
situation forced the revision of the electric utilities grid codes requirements, to remain connected during
grid faults, i.e., to ride through the faults, especially for those with power electronic converters, such as
DFIGs. In fault condition, the voltage at the Point of Common Coupling (PCC) drops immediately and The
grid voltage dips imposed at the connection point of the DFIG to the grid induce large voltages in the rotor
windings, resulting in high rotor current, which can damage the rotor-side converter and disconnect from
grid. In this paper, resistive and inductive superconducting fault current limiter (SFCL) is used to improve
the fault ride- through (FRT) of wind turbine generation system (WTGS). The WTGS is considered as a
variable-speed system, equipped with a DFIG. The analytical and simulation studies of the resistive SFCL
for improving FRT capability are presented and compared with the inductive SFCL.
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1. Introduction

Due to growing environmental concerns and demand for electricity, the capacity of
electricity generation from renewable energy generation system (REGS) has increased. The
wind farms (WFs) are one of the representative renewable energy sources, which are integrated
in power system all around the world [1-3].

The large penetration of wind power to existing power systems, have created new
challenges such as follows:

a) Increasing short circuit current and,

b) Fault ride through (FRT) capability of wind farms during fault

Different countries have established new grid codes for integration of wind farms to grid,
which WFs requires to remain in operation during fault. Such requirements are known as FRT
capability [2-3]. There are three most commonly used wind turbines (WTs) in existing wind
power industry as follows [2-4]:

a) Fixed speed wind turbine (FSWT),

b) Variable wind turbine (VSWT) based on double fed induction generator (DFIG)

c) VSWT based on permanent magnet synchronous generator (PMSG)

Since, existing WTs have different structure and technology; they have different
response to grid fault and requirements to improve FRT capability.

DFIG based WTs widely used because of notable advantages such as: independent
control on active and reactive power, operation over a wide range of rotor speed and high
efficiency. Several solutions have been proposed to improve FRT capability of DFIG based WTs
during fault. Application of crowbar system is widely used to protect the rotor side converter
(RSC) and improve FRT [4-5]. The crowbar system consists of a set of resistors connected to
rotor side in order to bypass RSC during fault. Although the crowbar system improve the FRT
capability of DFIG based WTs, but it absorbs the large amount of reactive power from grid d,
which might lead to decrease grid voltage during fault. Many authors have been proposed the
application of STATCOM to improve FRT capability of DFIG by reactive power compensation
[6-7]. Application of STATACOM is able only to improve voltage recovery after fault clearing. In
this paper, the SFCL is proposed to improve FRT capability of DFIG based on WTs, limit the
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rotor and stator fault current, and decrease the voltage sag during fault. Various types of SFCL
have been developed, which generally are classified as resistive and inductive SFCL. The
analytical and simulation studies of the resistive and inductive SFCL for improving FRT
capability are presented and compared together. The simulations are carried out by
PSCAD/EMTDC software.

2. Superconducting Fault Current Limiter (SFCL)

Superconducting Fault Current Limiter (SFCL) offers a solution to reduce the short
circuit level with many significant advantages such as, lossless operation during normal
operation and limiting first peak of fault current within sub cycle. Additionally, they can improve
reliability and transient stability of power systems by reducing the fault current. There are
various types of SFCLs, which generally are classified as resistive and inductive SFCL [8-11].

2.1.Resistive SFCL

A resistive SFCL has advantages such as simpler structure, smaller size, and lower
capital cost than other types of SFCL. During normal operation mode, the superconducting
element is in its superconducting state, the impedance and power losses are very low. In the
case of a short circuit, the SFCL will produce a certain value of impedance within a few
milliseconds due to the loss of superconductivity, and insert it into the line for limiting currents in
determined value. Many SFCL models have been proposed in order to model the transient
behavior of the resistive SFCL during fault. In this paper, a resistive model SFCL is developed
in electromagnetic transient program (PSCAD/EMTDC) based on [9-10]. Equation (1) and (2)
describe the behavior of resistive SFCL during and after fault. The Eq. 2 describes the
resistance generation curve of the SFCL during fault and the Equation (2) expresses the
recovery curve of the SFCL after fault. The recovery curve of the SFCL has been modeled with
two slopes as reported in [9-10].

Ry (t) =R, <1 — exp (— %)) tr<t<ty (1)
_(ay(t—=t) + by t, <t<t,
Rse(t) = {az(t —t,)+b, t>t, (2)

Where R,, Tr and t, represent the convergence resistance, time constant and quench starting
time, respectively. ay, a,, by, byand f;, t; in the Equation (2), represent the recovery slope, the
recovery starting resistance and the recovery starting time, respectively. The characteristic of
the resistive SFCL used for analysis is shown in Figure 1.
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Figure 1. The Characteristic of the Resistive SFCL
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2.2.Inductive SFCL

The transformer-type SFCL is shown in Figure 2. This type of FCL basically consists of
a transformer in series with the line and a resistive superconducting current limiting device
connected to the secondary winding of the series transformer (T) [11-12].

Therefore, the current passing through the SC device is below the critical current and
the secondary of the transformer is short-circuited. As a result, the impedance seen by the
primary side of the coupling transformer is very low. The resistance of SC devise has to be
designed to have larger impedance than magnetizing reactance of transformer.

During fault condition, the SC device generates resistance quickly. As a result, the
resistance of SFCL is increased and fault current limited by magnetizing reactance, which is
purely inductive. In this case, the impedance of the transformer- type SFCL is expressed as
follows:

2( 2 _ :
7, = w?(M2-L1Ly)+jwRscLq 3)
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Figure 2. Transformer-type SFCL

3. Modeling of WECS Based DFIG

The basic configuration of a DFIG is shown in Figure 3. It includes a wounded rotor
induction generator (WRIG), which the stator windings of the WRIG are directly connected to
the grid. The rotor windings of the WRIG are fed to the same grid through a rotor side converter
(RSC) and a grid side converter (GSC) connected by a common DC link capacitor. The rotor of
the DFIG is mechanically coupled to the shaft of a DFIG through a mechanical drive train
system which consists of a high-speed shaft, a gearbox (GB), and a low-speed shaft. The wind
speed model, the model of wind turbine, the mechanical model of the drive-train and induction
generator is described in the following sections.
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Figur 3. Schematic Diagram of Typical DFIG
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3.1.DFIG MODEL

In the synchronous reference frame fixed to the stator flux, the stator and rotor voltages
and fluxes can be described as follows:

alg L .

V9=RSIS+LSE+LmE+]wblIIS (1
oIy ol . .

Vr=Rr1r+Lrg+Lma—f+st‘1’r (2)

Yo=Llg+Lyl, ,¥Y.=L.I.+L, I (3)

Where, |5 and |, are the stator and rotor currents, L, L, and L, are the stator, rotor and
magnetizing inductances, respectively, Rs and R, are the stator and rotor resistances, and wy
and wyg;p are the stator and slip angular frequencies, respectively. From the mathematical model
of DFIG [13], the active power and reactive power generated are:

3. Lm

PS=EV;IIrq (4)
_3( V¢ _ Vslmlra

QS—Z(wSLS Ls ) (5)

3.2.Wind Speed Model

As shown in Figure 4, wind speed is modeled as the sum of following component: Base
wind speed, Gust wind speed, Ramp wind speed and Noise wind speed [14].

The Steady wind speed to the turbine [m/s] is 15m/s.
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Figure 4. Wind Speed Model

3.3.Shaft Model/Drive Train System
In order to study the FRT capability of DFIG two mass model systems is used for the

shaft system and mechanical dynamics as shown in Figure 5. Two-mass model is defined by
[14-15] as follows:
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Where T; is the mechanical torque referred to the generator side, T, is is the
electromagnetic torque, J; is the equivalent turbine-blade inertia referred to the generator side,
Jg is the generator inertia, w; is the turbine’s rotational speed, wy is the generator’s rotational
speed, Ks is the shaft stiffness and 65 is the angular displacement between the ends of the
shaft.
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Figure 5. Two Mass Model of Wind Turbine Train

3.4.Wind Turbine Model
The mechanical power generated by wind turbine follows the equation below [14-15]:

P, =§Amcp(/1,e)v; 7)

Therefore, the mechanical power extracted from the wind (P, depends on the air
density (o), (vy) is the wind speed, (Cp) is the performance coefficient or power coefficient, A is
the tip speed ration, (A = mR? is the area covered by the wind turbine rotor, R is the radius of
the tip speed ration and (A) is defined, as follows:

R o (8)

The relation between Cp and A for different pitch angles of § is shown in Figure 6.
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Figure 6. Cp- A Curves for Different Pitch Angles
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4. Simulation Results

A single line diagram of the simulated power system with FCL is shown in Figure 7. The
parameters of this system are listed in appendix A. A three phase short circuit fault is simulated
on the middle of line 2 (L2), which starts at t=10s. After 0.3 s, the circuit breaker isolated the
faulted line. The simulations have been carried out in three states as follow:

a) State 1: Without using FCL (No_FCL)

b) State 2: With resistive SFCL and (R_Type)

c) State 3: With inductive SFCL (L_Type)

Figure 7. Simulated Power System

Figure 8 shows the PCC voltage in three states during fault. It can be observed that not
using STATCOM and FCL will lead to the PCC voltage decreases to zero approximately, but
can be restored to the normal level. By using resistive and inductive SFCL the PCC voltage not
only decreases the voltage sag to 0.7pu and 0.5pu respectively, but also the voltage at PCC
can be restored quickly after the fault comparing without FCL.
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Figure 8. PCC Voltage during Fault in Three Figure 9. Rotor Speed during Fault in Three
States States

Figure 9 shows the rotor speed of the induction generator during fault. As shown in
Figure 9, the generator rotor speed swings are reduced in state 2 effectively. These results
show that the resistive SFCL can provide an effective damping to the post-fault oscillations
comparing states 2 and 3.

Figure 10 and Figure 11 show the total active power generated by the IG and the total
reactive power exchange between the 1G and the grid, respectively. During the fault the active
power generated by the IG is reduced to zero. By using the resistive and inductive SFCL active
power generated can be restored quickly after the fault comparing without FCL, which helps to
avoid other problems such as voltage collapse and recovery process.
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Figure 10. Active Power during Fault in Three Figure 11. Reactive Power during Fault in
States Three States

Figure 12, Figure 13 and Figure 14 show the rotor current |G for three states,
respectively. In both figures (Figure 13 and Figure 14), the amplitude of rotor currents is

reduced. However, the rotor current transients are significantly reduced in fault instant and after
fault clearing in states 2 and 3.
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Figure 12. Rotor Current during Fault without Figure 13. Rotor Current during Fault with
using any FCL using Resistive SFCL
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Figure 14. Rotor Current during Fault with using Inductive SFCL

5. Conclusion

In this paper, the application of the resistive and inductive SFCL has been proposed for
improving the FRT capability of DFIG and limiting the fault current. The simulation results show
that the resistive and inductive SFCL not only limits the fault current but also suppresses the
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voltage drop and improves generator stability. Also, the oscillation of active and reactive
powers, stator and rotor currents are reduced effectively during fault.
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