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Cooperative Control of SFCL and SMES for
Enhancing Fault Ride Through Capability and

Smoothing Power Fluctuation of DFIG Wind Farm
Issarachai Ngamroo and Tanapon Karaipoom

Abstract—This paper deals with a cooperative control of a
resistive type superconducting fault current limiter (SFCL) and a
superconducting magnetic energy storage (SMES) for enhancing
fault ride through (FRT) capability and smoothing power fluctu-
ation of the doubly fed induction generator (DFIG)-based wind
farm. When the system faults occur, the SFCL is used to limit the
fault current, alleviate the terminal voltage drop, and transient
power fluctuation so that the DFIG can ride through the fault.
Subsequently, the remaining power fluctuation is suppressed by
the SMES. The resistive value of the SFCL as well as the supercon-
ducting coil inductance of the SMES are simultaneously optimized
so that a sudden increase in the kinetic energy in the DFIG rotor
during faults, an initial stored energy in the SMES coil, an energy
loss of the SFCL, and an output power fluctuation of the DFIG
are minimum. The superior control effect of the cooperative SFCL
and SMES over the individual device is confirmed by simulation
study.

Index Terms—Doubly fed induction generator (DFIG) wind tur-
bine, optimization, superconducting fault current limiter (SFCL),
superconducting magnetic energy storage (SMES).

I. INTRODUCTION

R ECENTLY, the doubly fed induction generator (DFIG)-
based wind farms have been paid attentions extensively

due to low cost of installation, controllable power output etc.
[1]. Nevertheless, the DFIG faces two unavoidable problems,
i.e., output power fluctuation and fault ride through (FRT) ca-
pability. The power fluctuation due to intermittent wind speeds
may deteriorate power quality and system stability. Besides, the
DFIG is vulnerable to the low voltage situation due to system
faults. To protect the damage of the DFIG, the DFIG will be
tripped from the system. The tripping of large wind farms may
cause the system instability.

To overcome both problems, the superconducting magnetic
energy storage (SMES) has been applied [2]–[4]. Since the
SMES has no any effect on the fault current limitation, the en-
hancement of the FRT capability by the SMES may be degraded
when severe faults are adjacent to the SMES location. On the
other hand, the resistive type superconducting fault current
limiter (SFCL) has been used to enhance the FRT capability
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Fig. 1. DFIG wind turbine system with SFCL and SMES.

Fig. 2. Characteristic of resistive type SFCL.

of the DFIG wind turbine [5], [6]. Study results show that the
higher the value of SFCL resistance, the better improvement
of the FRT capability can be achieved. Nevertheless, the high
resistance results in the high energy loss during the period of
fault current limitation. Additionally, the resistance value of the
SFCL in these works is selected based on trial-and-error which
cannot guarantee the optimal value. The problems of the high
energy loss and the optimal value of the resistance should be
taken into account in the selection of the SFCL resistance.

To tackle all shortcomings above, the new optimization tech-
nique of the cooperative SFCL and SMES is proposed in this
paper. SFCL and SMES models, optimization, and simulation
results are described.

II. STUDY SYSTEM AND MODELING

A. Study System

Fig. 1 shows the grid connected-DFIG wind turbine that is
used as the study system [7]. The SMES and the resistive type
SFCL are installed at the DFIG terminal bus 1.

B. Resistive Type SFCL Model

Fig. 2 depicts the characteristic of the resistive type SFCL
which can be represented by a time-variant resistance [5], [8].
First, the SFCL is in a superconducting (S) state and the SFCL
resistance is zero. At time t = t0, the quenching (Q) state starts,
the resistance of the SFCL increases exponentially by

Rsc1(t) = Rm1 (1− exp(−t/τ1)) , (1)
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Fig. 3. SFCL model developed in MATLAB/SimPowerSystems.

Fig. 4. SMES circuit and control system.

where Rsc1(t) is the resistance of the SFCL from the super-
conducting state to the quenching state, Rm1 is the maximum
resistance, and τ1 is the time constant of the quenching period.
Subsequently, at t = tc, the recovery (R) state starts and the
SFCL resistance decreases exponentially by

Rsc2(t) = Rm2 (1− exp(−t/τ2)) , (2)

where Rsc2(t) is the value of SFCL resistance from the quench-
ing state to the superconducting state, Rm2 is the maximum
resistance, and τ2 is the time constant of the recovery period.
Here, τ1 and τ2 are set at 1 ms and 50 ms, respectively. Since
the quenching period and the recovery period are very short,
this study assumes that Rm1 = Rm2 = Rm.

Fig. 3 shows the SFCL model developed in MATLAB/
SimPowerSystems [9]. For the operation of this model, first
three phase currents (Ia,b ,c ) are measured and used to cal-
culate the RMS current. Subsequently, the RMS current is
compared with the fault current reference (Ifault-ref). If the
RMS current is greater than Ifault-ref , the signal “1” is sent
to the SFCL characteristic block. As a result, the SFCL starts
to operate. After that, the equivalent voltage drop across the
resistance is calculated and sent to the controlled voltage source
block. This equivalent voltage is injected to the AC line and
shows the fault current limiting effect of the SFCL.

C. SMES Model

Fig. 4 shows the SMES circuit with the voltage source
converter (VSC) control system. The SMES circuit is composed
of capacitor, DC chopper, and superconducting coil with induc-
tance (LSC). Using the phase lock loop (PLL), the angle of the
voltage transformation from three phase voltages (Va, Vb, Vc)
to d− q axis voltages can be obtained. The VSC can be
controlled by four proportional integral (PI) controllers. The
first PI controller (PI-1) is used to generate the reference value
of the direct axis current (Id-ref) from the difference between

the actual dc link voltage (Vdc) and the reference value of the
dc link voltage (Vdc-ref). By comparing Id-ref and the actual
current Id, the obtained result is used as an input signal of the
second PI controller (PI-2). After that, the reference value of the
direct axis voltage (Vd-ref) is obtained from the output signal
of PI-2.

In the same way, the reference value of the quadrature axis
current (Iq-ref) is generated by the third PI controller (PI-3)
which uses the difference between the actual voltage at bus 1
(VBus1) and the reference voltage at bus 1 (VBus1-ref) as an
input signal. Subsequently, an input signal of the forth PI con-
troller (PI-4) is obtained by the difference between Iq-ref and
the actual quadrature current (Iq). Consequently, the reference
signal of the quadrature axis voltage (Vq-ref) is achieved as
the output signal of PI-4. Both Vd-ref and Vq-ref are converted
to three phase voltage references (VA,B,C-ref). Comparing
VA,B,C-ref with a triangular carrier waveform with 1980 Hz
provides the gate drive signal of controlled switches in the VSC.

The PI-5 controller of DC chopper is used to control the
exchange energy between the superconducting coil and the
power system. The power error signal which is calculated from
the difference between the actual power flow at bus 2 (PBus2)
and the reference active power flow at bus 2 (PBus2-ref) is used
as the input of PI-5. The output of the PI-5 is a duty cycle
deviation (ΔD) which is added to the reference value (+0.5)
to get the duty cycle (D). The electrical energy is charged from
the system to the SMES coil when D is greater than 0.5. The
energy is discharged from the SMES coil to the system when D
is less than 0.5.

In this study, Rm, LSC , and ten PI parameters are simultane-
ously optimized.

III. PROPOSED OPTIMIZATION

A. Optimization of SFCL

The SFCL optimization is conducted based on the suppres-
sion of the abrupt increase in the kinetic energy in the DFIG
rotor during faults and the energy loss of the SFCL. As a
result, not only the limitation of the fault current, but also the
alleviation of the decrease in the terminal voltage and the power
output can be obtained. The FRT capability enhancement of the
DFIG can be expected.

As mentioned in [10], the first swings of the rotor angle and
the rotor speed are minimum when the kinetic energy stored in
the rotor during faults is minimized. The stored kinetic energy
when the fault is cleared (Ef

K), can be expressed by

Ef
K = A(tf − t0)

2, (3)

where

A = Mα2/2, (4)

where M is the inertia constant of DFIG rotor, t0 is the time
of the fault occurrence, tf is the fault clearing time, α is the
acceleration of the rotor during faults. The value of α can be
approximated by

α = (Pm − Pef )/M, (5)

where Pm and Pef are the mechanical power input and the elec-
trical power output of DFIG at the time of the fault occurrence,
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respectively. Here, instead of minimizing Ef
K , the minimization

of A is carried out.
In addition, the energy loss of the SFCL during quenching

state (ESFCL) which is minimized, can be calculated by

ESFCL =

tf∫

t0

i2(t)Rm dt, (6)

where i(t) is the current flow through SFCL.

B. Optimization of SMES

After the operation of the SFCL, the SMES is used to
eliminate the unbalanced kinetic energy so that the remaining
power fluctuation can be suppressed. Besides, during normal
operation, the SMES is used to alleviate the output power
fluctuation of the DFIG. Here, the minimization of the integral
absolute error (IAE) of the power deviation at bus 2 (ΔPBus2)
is considered by

IAE =

ts∫

ti

|ΔPBus2| dt, (7)

where ti and ts are the initial time and the final time of
simulation.

The initial stored energy of the SMES is determined by

ESC0 = LSCI
2
SC0/2, (8)

where ESC0 is the initial stored energy of SMES, and ISC0

is the initial coil current. Here, LSC and ISC0 are optimized
so that the initial stored energy is sufficient for achieving all
objectives.

C. Formulation of Optimization Problem of SFCL and SMES

Combining (4), (6), (7), and (8), the optimization problem of
SFCL and SMES can be formulated by

Minimize A+ ESFCL + IAE + ESC0

Subject to

(a) 0.01 ≤ Rm ≤ 2 Ω (range of SFCL resistance)

(b) 0.001 ≤ LSC ≤ 5 H (range of SMES coil inductance)

(c) 0.1 ≤ ISC0 ≤ 5 kA (range of SMES initial coil current)

(d) 0.0001 ≤ KP1,KP2,KP3,KP4,KP5

≤ 5 (range of KP gains)

(e) 0.0001 ≤ KI1,KI2,KI3,KI4,KI5

≤ 10 (range of KI gains). (9)

The control effect of the optimized SFCL and SMES is
compared with the optimized SFCL or the optimized SMES.

The optimized parameters of the SFCL is conducted by

Minimize A+ ESFCL

Subject to constraints (a). (10)

The optimized parameters of the SMES is carried out by

Minimize IAE + ESC0

Subject to constraints (b), (c), (d), and (e). (11)

Fig. 5. Wind speed patterns.

Fig. 6. Convergence curves of IAE, ESC0,ISC0, and LSC .

Fig. 7. Convergence curves of A, Rm, and ESFCL.

The particle swarm optimization [11] is used to achieve all
optimal parameters.

IV. SIMULATION STUDY

The optimization is carried out under the wind speed pattern
A as shown in Fig. 5 and a temporary three phase fault at bus 3
at t = 3 s for 150 ms. After the optimization, Figs. 6 and 7
show the convergence curves of IAE, ESC0, ISC0, and LSC as
well as those of A, Rm, and ESFCL, respectively. The optimized
parameters of all devices are given in Table I. It can be observed
that the resistance and the energy loss of the SFCL in case of
the SFCL and SMES are lower than those in case of the SFCL.
Additionally, the inductance and the initial stored energy of the
SMES in case of the SFCL and SMES are lower than those in
case of the SMES.

First, the power smoothing effect of the SMES is evaluated
under three patterns of the wind speed in Fig. 5. Fig. 8 shows
the active power output of the DFIG in case the wind speed A.
Fig. 9 depicts the IAE of the power output deviation at bus 2
with respect to three wind patterns. Without any device, the
power at bus 2 drastically fluctuates. It can be seen that the
SFCL has no any effect on the alleviation of power fluctuation
because the SFCL is not able to exchange the energy with the
power systems. On the other hand, the SFCL and SMES as
well as the SMES are able to alleviate the power fluctuation
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TABLE I
OPTIMIZED PARAMETERS OF SFCL AND SMES

Fig. 8. Active power flow at bus 2 (Wind speed A).

Fig. 9. IAE of power deviation at bus 2.

Fig. 10. Terminal voltage of DFIG at bus 1.

effectively. The IAE in case of the SFCL and SMES is almost
the same as that in case of the SMES.

Next, the time simulation under a temporary three phase fault
at bus 3 at t = 3 s for 150 ms is conducted to evaluate the
improvement of the FRT capability by the SFCL and SMES.
According to the grid code of USA AWEA, the wind turbine
must withstand 15% of voltage dip at the connection point with
duration of up to 625 ms [12]. Fig. 10 shows the terminal
voltage of the DFIG at bus 1. The voltage dips in case of
without any device as well as with the SMES are lower than the
minimum acceptable voltage of the grid code. This indicates
that the DFIG cannot ride through the fault. On the other hand,
in case of the SFCL as well as the SFCL and SMES, the
voltage dips are still in the acceptable range of the grid code.

TABLE II
NECESSARY MW AND MJ CAPACITIES OF SMES

Nevertheless, the SFCL and SMES provide better control effect
than the SFCL. The cooperative control of SFCL and SMES
not only suppresses the transient voltage effectively, but also
eliminates the following voltage fluctuation entirely.

Table II shows the comparison results of necessary MW and
MJ capacities of the SMES under the applied fault. The MW
capacity is calculated from the maximum power output of the
SMES. The MJ capacity is determined from the difference
between the maximum and the minimum energy outputs of
theSMES. With the contribution of the SFCL, necessary MW
and MJ capacities of SMES are less than those in case of the
only SMES.

V. CONCLUSION

The cooperative control of SFCL and SMES for augmenting
FRT capability and suppressing power fluctuation of the DFIG
wind turbine is proposed. The parameters optimization of SFCL
and SMES is automatically conducted to achieve the desired
objectives. Study results confirm that the cooperative SFCL and
SMES not only provide superior control effect than the individ-
ual device, but also reduce the power and energy capacities of
SMES.
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