
 
Abstract—Wind energy is seen as one of the main pillars 

of renewable energy. However, the intermittent nature of 
these sources still poses as a major challenge. Moreover, 
sensitivity to grid faults and response to load changes are 
also main concerns. 
Superconducting devices have been introduced to solve 
grid faults and energy storage problems associated with 
renewable energy sources. Nevertheless, the cost of 
superconducting materials was still a major drawback for 
their application in power grids.  
    In this paper, a novel power electronics circuit is used to 
connect the superconducting magnetic energy storage 
(SMES) to a DC system based on a doubly fed induction 
generator wind turbine. The proposed system merges 
energy storage function and the fault current limiting 
function into one device which is referred to as SMES-FCL 
in this paper. 

The role played by the SMES-FCL is studied under 
various scenarios that may affect the whole system. The 
study of the system is carried in MATLAB/SIMULINK where 
the system is simulated in standalone and grid-connected 
modes. In the end, the proposed SMES-FCL control circuit 
is tested in a small-scale DC system experimentally.  

Index Terms—DFIG wind turbines, fault current 
limitation, DC systems, Superconducting, energy storage. 

I. INTRODUCTION

     The DFIG based wind turbines have many advantages over 
other wind turbine generators. They offer decoupled control of 
the active and reactive power and have partial rated converters 
which reduce cost and losses compared to other wind turbines 
[1], [2]. They can be used effectively to supply loads in remote 
areas as a standalone generator [3]. DFIGs have been used 
widely in AC systems with about 85 % of the total market share 
in 2008 [4]. 
 Due to these outstanding features, DFIG wind turbines have 
been started to be connected to DC grids [5], [6]. The most 
common topology used to connect the DFIG to a DC bus is 
through an uncontrolled power converter. This is done by 
connecting the stator to the DC bus while connecting the rotor 
to the same bus using the rotor side converter [7]. This topology 

benefits from having full control over the voltage and frequency 
of the generator. The main drawback of this topology is that it 
has high torque ripples and that the harmonics in stator currents 
appear due to the commutation of the stator diode rectifier. 
These problems have been solved by various control 
techniques. For example, in [8] a new control scheme is tested 
based on resonant and proportional-integrals controllers to 
reduce the torque ripples. In [9], another solution was offered 
to count these problems. Controlling sinusoidal stator currents 
directly without using voltage sensors have been used and 
tested experimentally to reduce the current harmonics. 
     Despite the outstanding advantages of the DFIG based wind 
turbines, during system disturbances the high currents induced 
in the stator and rotor may damage the converter. Trying to 
solve this problem by disconnecting the generator is not 
applicable for standalone microgrids, as it can interrupt the 
power delivery to critical loads. Also, losing high power 
generation in normal grids will affect system stability. 
   Generally, faults in DC systems are more severe than in AC 
systems. The DC fault amplitude depends on the type and 
location of the fault. As the resistance of the DC line is small 
and the fault can be fed from both the sources and capacitors, 
the fault currents might be catastrophic [10], [11]. With regards 
protection devices, normal circuit breakers which depends on 
the zero-crossing trip can’t be used in DC grids. Instead, it uses 
fuses and special type circuit breakers like moulded-case, 
isolated-case which are typically in low voltage DC grids [12] 
or hybrid DC circuit breakers in HVDC systems [13]. 
Superconducting devices are considered to be promising 
candidates for solving many power grids problems. As an 
energy storage device, superconducting magnetic energy 
storage (SMES) devices have a high-power density, fast 
response time, high charging and discharging efficiency [14], 
[15] which makes it perfect for smoothing the output from wind
power generation units [16], [17]. In addition to that, SFCL can
be used in DFIG wind turbines- a switch type fault current
limiter (STFCL) is connected in series with the DFIG stator side
to limit fault currents in [18]. While in [19], a switchable
resistive-type fault current limiter (SRFCL) was proposed and
connected to the DC link of the DFIG unit to limit the rotor
transient overcurrent. A single-phase bridge type FCL (BFCL)
in [20] was compared to the series dynamic braking resistors in
improving the transient stability of the DFIG during grid faults.
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The idea of integrating fault current limitation function into a 
SMES has been proposed recently for applications in AC grids 
[21], [22], [23]. The superconducting coil (SC) can be 
connected in parallel or series to the DC-link capacitor of a 
DFIG converter. This type of connection can affect the system 
performance during faults because of the large inductance 
inserted and the SMES might lose its stored energy during the 
fault periods. In addition, connecting the SC into the rotor side 
converter or DC link requires one SC per each wind turbine, 
which will not be a very economically feasible solution with 
wind farms consisting of many wind turbine units. 

A new technique proposed to limit faults in DC systems has 
been described in [24], which uses the entire SC coil in energy 
storage function under normal operating conditions and only a 
small part of the coils as a fault current limiter during fault 
conditions. In addition to using one device to perform two 
functions, this method avoids the disadvantage of the recovery 
period of the superconducting fault current limiter as it can be 
isolated from the circuit after the fault clearance, as will be 
detailed in section III. 

This paper introduces the SMES-FCL circuit to improve the 
transient stability of the DFIG-DC system during different 
operating and fault conditions. The feasibility of supporting the 
loads in case of a voltage drop at the generator terminals is 
studied in addition to the fault current limitation function under 
different fault scenarios. This study was conducted in 
MATLAB/SIMULINK. To further investigate the behaviour of 
the proposed circuit and control method, a small-scale DC 
system was built and tested in the lab. 

II. SYSTEM DESCRIPTION 
    The system under test includes a DFIG-based wind turbine 
generator. The stator of the DFIG is connected to a three-phase 
diode rectifier and then to the DC bus. The rotor of the machine 
is connected to a voltage source converter (VSC) and then to 
the DC bus. The DC-system is connected to an AC grid to 
simulate the grid-connected mode. The AC grid model is used 
from the MATLAB/ Simulink library.  
Fig 1 illustrates the circuit diagram of the system. The wind 
turbine generator has a rated power of 0.3 MW and voltage of 
575 V. The transformer is a Y/D connection with 575-1350 V 
turns ratio. A 0.1 MW AC load is connected to the AC side 

while the DC load is represented by a 10 Ω resistor connected 
to the DC line.  

To focus on the behaviour of the DFIG with the proposed 
SMES-FCL, the system is represented by the DFIG-based wind 
turbine as the only generation unit. A detailed description for 
each part with its control algorithms is stated in the following 
section. 

A. The DFIG-based wind turbine system 
 

The integration of the DFIG based wind turbines to DC grids 
have been introduced in the literature with different connection 
schemes [25], [26]. The topology used in this paper is 
connecting the stator windings to the DC bus using a three-
phase diode bridge with the rotor connected also to the DC bus 
via a voltage source converter [7], [27]. The stator voltage and 
frequency are controlled using the rotor currents.  

The voltage equations for the generator in the d-q reference 
frame are given as:  
𝑣𝑑𝑠 = 𝑅𝑠𝑖𝑑𝑠 − 𝜔𝑠𝜆𝑞𝑠 +

𝑑𝜆𝑑𝑠

𝑑𝑡
                                                (1) 

𝑣𝑞𝑠 = 𝑅𝑠𝑖𝑞𝑠 + 𝜔𝑠𝜆𝑑𝑠 +
𝑑𝜆𝑞𝑠

𝑑𝑡
                                 (2) 

𝑣𝑑𝑟 = 𝑅𝑟𝑖𝑑𝑟 − (𝜔𝑠 − 𝜔𝑟)𝜆𝑞𝑟 +
𝑑𝜆𝑑𝑟

𝑑𝑡
                                  (3) 

𝑣𝑞𝑟 = 𝑅𝑟𝑖𝑞𝑟 + (𝜔𝑠 − 𝜔𝑟)𝜆𝑑𝑟 +
𝑑𝜆𝑞𝑟

𝑑𝑡
                                  (4) 

 
where: λ is the flux linkage, ω is the angular frequency, R is 

the resistance per phase and s and r subscripts referring to stator 
and rotor. The flux linkage equations can be written as: 
λ𝑑𝑠 = 𝐿𝑠𝑖𝑑𝑠 + 𝐿𝑚𝑖𝑑𝑟                                                             (5) 
λ𝑞𝑠 = 𝐿𝑠𝑖𝑞𝑠 + 𝐿𝑚𝑖𝑞𝑟                                         (6) 
λ𝑑𝑟 = 𝐿𝑚𝑖𝑑𝑠 + 𝐿𝑟𝑖𝑑𝑟                                                           (7) 
λ𝑞𝑟 = 𝐿𝑚𝑖𝑞𝑠 + 𝐿𝑟𝑖𝑞𝑟                                                                   (8) 
Choosing the synchronous rotating d-q reference frame 

results in aligning the stator flux on the d-axis while setting its 
component on the q-axis to zero. Thus, the d-q stator currents 
can be written as: 
𝑖𝑑𝑠 =

(λ𝑑𝑠−𝐿𝑚𝑖𝑑𝑟)

𝐿𝑠
                                                                  (9) 

𝑖𝑞𝑠 = (−𝐿𝑚𝑖𝑞𝑟)/𝐿𝑠                                                           (10) 
Simple vector control is used to adjust the active and reactive 

control loops [5]. The q-axis rotor current is used to control the 
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frequency of the stator while the d-axis rotor current is used to 
control the DC voltage. Fig. 2 summarizes the control scheme 
of the rotor side converter. As shown on this figure, two PI 
loops are used to estimate each of the direct and quadrature 
reference voltages of the rotor. Then, they are transferred to the 
abc frame again to produce the gate signals for the rotor side 
converter. A phase locked loop is used to align the stator 
voltages to the right phase.  

A. SMES-FCL circuit 

The SMES-FCL can be directly connected to the DC system. 
Fig. 3 shows the detailed structure of the SMES-FCL system 
and the operation modes. It contains two main IGBTs switches 
(Q1& Q2) and two main diodes (D1& D2). The idea of using the 
SMES as a two functional device depends on using the whole 
superconducting coil (SC) to store the energy in the normal 
operation mode. This includes charging, discharging and 
standby modes. One part of the SMES coils is separated and 
used as a superconducting FCL. This can be seen in Fig. 3 
where the SMES coil is divided into two parts which are 
referred to as SC1 and SC2. Both are used as energy storage coils 
whilst only SC2 is used as a fault current limiter. SC1 is isolated 
during fault conditions to reduce heat losses and to allow it to 
keep its stored energy.  

III. SYSTEM OPERATION 
    The proposed SMES-FCL circuit is connected to the DC-bus 
and tested to perform the two functions of energy storage and 
fault current limitation. When the current in the main DC line 
is less than the maximum set value (Iset), the system operates as 
a normal operation or energy storage mode. During this mode, 
Q4 and Q6 are kept on, Q3 and Q5 are kept off whilst the two 
diodes D3 and D4 are forward and reverse biased respectively. 

 
Fig. 2.  Control of the RSC 

 
 
 
 

 
 
Fig. 3.SMES-FCL circuit and operation modes 
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The two main IGBTs (Q1& Q2) are turned ON or OFF 
according to the voltage on the DC line in the connection point. 
A reference value is set to 1150 V, which equals the average 
DC voltage at normal operation mode. When the voltage is 
higher than the reference value, the two switches are ON 
charging the coil. When the voltage is less than the reference, 
Q1 and Q2 are off whilst the two diodes D1 and D2 are forward 
biased to discharge the coil to support the system. If the voltage 
is the same as the reference value, the coil keeps its energy by 
circulating it in Q2 and D2 which represents the standby mode. 
The DC chopper control is performed using a program which 
calculates the duty cycles of the switches and then the pulses 
are generated using the pulse width modulation techniques. 
Applying Kirchhoff’s voltage law (KVL) at Fig. 3, the DC bus 
voltage can be given as: 
 

 V = L
dI(t)

dt
+ I(t)Rt           (11) 

 
Where V is the DC bus voltage, L is the total inductance of the 
SC, I(t) is the SMES current and  Rt is the total resistance 
including the self-resistance of the SC and the total resistance 
of the power electronic switches. 
Solving this equation and assuming the initial current in the SC 
is Io, the SMES current at any instant can be expressed as [28]: 
  
I(t) = Io exp (−

Rtt

L
) +

V

Rt
[1 − exp (−

Rtt

L
)]                      (12) 

During the discharging process, the SMES current will decrease 
to support the system voltage with a time constant which equals 
to L/Rt. 
When the main system current increases to the fault level, Q6 is 
opened whilst Q5 is closed to allow the high system current to 
pass through SC2. Once the current reaches the critical value of 
the coil, SC2 quenches and introduces resistance to the main 
system during the fault. The resistance of the superconducting 
materials (𝑅𝑆𝐹𝐶𝐿) increases to high values according to the 
value of the current and temperature based on the following 
equation: 
𝑅𝑆𝐹𝐶𝐿= 

{
 

 
0

𝑓(
𝐸𝑐
𝐽𝑐(𝑇)

(
𝐽

𝐽𝑐(𝑇)
)
𝑁−1

)

𝑓(𝑇)

( 𝐽 < 𝐽𝑐 , 𝑇 < 𝑇𝑐  )
( 𝐽 > 𝐽𝑐 , 𝑇 < 𝑇𝑐  )

( 𝑇 > 𝑇𝑐  )
                     (13) 

 
Where 𝐽𝑐 and 𝑇𝑐 are the critical current density and 
the critical temperature of the superconducting material. 𝐸𝑐 is 
the critical electric field which represents the maximum 
endurable voltage per unit length. The N constant depends on 
the type of the superconducting material. From Eq (13), the 
operation zones of the superconducting material are divided into 
three regions, the zero resistance (superconducting), the flux 
flow and the normal resistance zones. The second zone is 

neglected in this simulation study and the two other zones are 
considered based on the current value. More details about 
superconducting material’s behaviour can be found in [29], 
[30]. A major concern during this period is to isolate the rest of 
the SC (SC1) to keep its energy. This is done by opening Q4 and 
closing Q3 and Q1 with D1 forward biased to allow the stored 
current to circulate. This sequence can be summarized as in 
TABLE 1. The settings for the SMES-FCL system are determined 
based on the operation current of the main system. The initial 
value of the SMES current is 150 A and the value which 
activates the fault current limitation mode (Iset) is 300 A. The 
limitation effect is determined mainly by the value of the fault 
current limiter resistance, which depends on the number of 
pancakes which operate as a fault current limiter in addition to 
energy storage. As the resistance of the SC2 will be high 
compared to its inductance, the energy stored on the SC2 will be 
dissipated during the current limitation process. 

IV. SYSTEM PARAMETERS 
    The parameters of the SMES coil are determined by the 
energy capacity required by the system. In this system, the 
generator’s rated power is 0.5 MW and the AC load is 0.1 MW, 
which means supplying the DC load for 0.5 sec at rated power 
requires 0.2 MJ energy. On the other hand, the operating current 
of the SMES is chosen to match the DC current of the main 
system. The energy stored on the SC can be calculated from: 

𝐸 =
1 

2
𝐿 𝐼𝑠𝑚𝑒𝑠

2                                                                             (14) 
Based on this equation and with an operating current of 150 A, 
the inductance of the coil is 10 H. As the YBCO 
superconducting tapes have better characteristics than other 
high-temperature superconducting materials [31] for high field 
applications such as SMES, YBCO tapes are used for this study. 
The critical current of a tape chosen in this study is 300 A at 77 
K, self-field. With a 40 µm thickness copper stabilizer and a 
tape width of 4mm, the resistance of the tape at room 
temperature is 0.12 Ω/m [32]. A current limitation resistance of 
5 Ω is calculated to be suitable for the studied system in order 
not to reduce the current during faults to very low values and 
prevent the protection system from detecting the fault. Thus, a 
total length of 40 m is required for the fault current limiting 
coils, resulting in a few mH inductance value based on the 
winding configuration. 
  

V. SIMULATION RESULTS AND DISCUSSION 

To study the effectiveness of the SMES-FCL to act as an 
energy storage device and as a fault current limiter, several 
scenarios are simulated. As the microgrids can operate either in 
standalone or connected modes, these two cases are studied and 
the ability of the SMES-FCL to support the load and limit fault 
currents is investigated. 

TABLE 1 
Switching sequence 

Operation mode Condition Q1 Q2 Q3 Q4 Q5 Q6 D1, D4 D2, D3 
Energy storage modes IDC<Iset On/off On/off off On off On off On 

Current limitation 
mode 

IDC>Iset On off On off On off on off 

 
I I I I I I 
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A. Stand-alone mode 

    In this mode, the DFIG supplies the AC and DC loads alone 
and there is no connection with the AC grid.  This mode is 
chosen to illustrate how the SMES can support the load in case 
of a voltage drop on the generation side and also to remove the 
ripples from the power output of the wind generator with 
variable wind speed. First, a variable wind speed is applied to 
the wind turbine generator and the power at the DC load is 
monitored with and without using the SMES-FCL. The current 
setting for the fault current limiter mode should be chosen as 
that the set value is higher than the maximum rated current with 
the highest wind speed taking into account of a safety margin. 
It is clear from Fig. 4 that the SMES-FCL can effectively 
smooth the output power at the load terminals with charging 
and discharging the SMES coil. The only function used in this 
case is the energy storage function. Fig. 5 illustrates the wind 
speed profile applied to the wind turbine model and the 
charging and discharging process of the SMES current 
responding to the increase or decrease in power output. 

The ability of the SMES-FCL to support the load during a 
voltage drop at the generator terminals is studied in the second 
scenario. A voltage drop at the generator terminals for a period 
of 200 milliseconds is applied from the 15 second with the DC 

load voltage and current being monitored. Figs. 6 and 7 
illustrate the current and voltage at the DC load terminals 
during the voltage drop scenario. The SMES-FCL has been able 
to effectively compensate the voltage drop and to support the 
load voltage and current during this period. The drop in the 
current at the load terminals reduced from about 15 A to only 2 
A. While the maximum drop in the voltage reduced from 150 
V to about 25 V when using SMES-FCL. Moreover, the 
suggested technique has enhanced the voltage profile after the 
end of the voltage drop period. The SMES coil current shown 
in Fig.8 illustrates the discharging process during the voltage 
drop period to support the load power. 

The third scenario with the stand-alone mode is to apply a 
DC fault (pole to pole) from 16 to 16.1s on the DC line and 
study the fault current limitation ability of the proposed device. 
The DC fault is created by an ideal switch in the simulation. 
The DC line current is shown in Fig. 9. The maximum current is 
observed to be more than 1200 A without using the SMES-FCL 
and is limited to about 300A after using it. Moreover, using the 
SMES alone helps in improving the post value behaviour and 
resuming stability but with a small limitation effect at the start 
of the fault. 

 
Fig. 4.  Load power without and with using the SMES-FCL 

 

 
Fig.5. The wind speed profile and the SMES-current with 
variable wind speed operation 
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Fig. 6.  Load current without and with using the SMES-FCL 

 
Fig. 7.  Load voltage without and with using the SMES-FCL 

 

Fig. 8.  SMES-current during voltage drop scenario. 
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The voltage drop at the generator DC side also decreased by 
using the SMES-FCL. In Fig.10 the DC voltage increased from 
zero to ~550 V during the fault inception. Then the voltage is 
increased to about 750 V before returning to pre-fault value 
after 1.5 seconds only compared to 5 seconds without using the 
SMES-FCL. Using the SMES without integrating the fault 
current limiter function helps the voltage return to stability by 
regaining the voltage of the DC bus after the fault period. In 
addition, reducing the voltage value during the fault period to 
an average of 0.6 pu using the SMES-FCL improves the voltage 
profile to comply with most grid codes [33]. As the pole-to-pole 
DC fault is a severe fault, the mechanical speed and the rotor 
currents are monitored in this scenario. Fig. 11 shows the rotor 
speed during the DC fault with the SMES-FCL, with only 
SMES and without any of them. The increase in the generator 
speed is reduced to have a peak value of 1.5 pu using the SMES 
and 1.3 pu using the SMES-FCL from a prospective value of 
1.62 pu otherwise. In addition, the generator resumes stable 
operation in 2.5 seconds compared with 6 seconds without the 
SMES-FCL. Fig. 12 illustrates the enhancement in the rotor 
currents using the proposed scheme. The prospective rotor 
currents drop to zero at the end of the fault period, while this 
drop in the current value is clearly reduced using the SMES-
FCL and the rotor currents returned to the pre-fault value after 
less than one second.  

B. Grid-connected mode: 

As the DC system is connected to the AC grid, the fault types 
can be both AC and DC. A DC fault would be more harmful to 

the system as with the low inductances the current increases to 
a very high value [34]. The current limitation during the 
connected mode is investigated by applying the fault on the DC 
bus for a period of 100 ms. The current on the DC bus is as 
shown in Fig.13 where the limitation is very clear. The fault 
current is reduced to about 75% from the prospective value 
when using the SMES-FCL.  
The second parameter to be considered is the DC bus voltage. 
It is very important to keep the voltage drop in suitable limits to 
comply with grid codes and prevent the generator from tripping 
during the fault [33]. During faults, the voltage drop at the 
generator terminals must be higher than the indicated limits to 
prevent the generator from tripping during faults. As shown in 
Fig. 14, the voltage during the fault period increased from zero 
to 750 V with using the SMES-FCL. However, after the fault 
period, the voltage still has some transients and needs time to 
return to stability. To enhance the behaviour after the fault, 
further coordination with the AC grid converter is required. A 
three phase to ground short circuit fault is applied at the AC grid 
side for 100 milliseconds starting from the second 13. The DC 
line current and DC voltage during this scenario are shown in 
Fig. 15 and Fig. 16 respectively. It can be seen from these 
figures that the value of the current does not show a large 

 
Fig. 9.DC current during a DC fault in stand-alone mode 

 
Fig.10.DC voltage during a DC fault in stand-alone mode 
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Fig.11. Generator speed during a DC fault in stand-alone mode 
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Fig.12. Rotor currents during a DC fault in stand-alone mode (a) 
without SMES-FCL. (b) Using SMES-FCL 

 

 
 

1.6

1.4

1.2

1.0

 W
rp

u

2422201816

 Time (s)

 With_SMES-FCL 
 Without
 SMES_only

-2

-1

0

1

2

C
ur

re
nt

 (p
u)

18.017.517.016.516.0
 Time (s)

 Ira  Irb  Irc

-2

-1

0

1

2

C
ur

re
nt

 (p
u)

18.017.517.016.516.0
 Time (s)

 Ira  Irb  Irc

I- - - I 

Utilising SMES-FCL to improve the transient behaviour of a doubly fed induction generator DC wind system

6



 

 

increase which means the current limitation function is not used 
in this case. The SMES-FCL helps the system to restore to its 
pre fault value which is clear from the voltage profile in Fig. 16. 
From this section, it can be concluded that the SMES-FCL can 
be used in both standalone and grid-connected modes. 
However, the benefits in the standalone mode are more 
significant especially in compensating the voltage drop and 
supporting the load.  

C. Discussion  

Integrating the fault current limiting function into the SMES 
systems requires additional power electronics and control 
circuits. A comparison with other fault current limiting 

techniques is needed to evaluate the effectiveness of the SMES-
FCL system. Non-superconducting technologies used in DC 
systems are the major competitors to the superconducting-based 
fault current limiters.  

In [35], a new type of non-superconducting fault current limiter 
(NFCL) is used to limit fault currents in a DC system. It mainly 
consists of a permanent magnet, iron core and two coils. The 
first coil is connected to the DC circuit and the other is 
responsible for current limitation. The iron core saturation state 
is used to limit fault currents. This new NFCL achieves a good 
current limitation compared to traditional fault current limiters. 
It can limit the current in less than 5 milliseconds. However, the 
operation principle of this type depends on coordination with a 
specific circuit breaker which limits its integration applicability 
to existing systems. In addition, the iron core increases the size 
and makes the overall device bulky. Another study on the 
NFCL connected to the DC line is presented in [36]. A capacitor 
is charged during fault periods and then returns this charged 
energy to the system after fault elimination. It consists of an 
isolating transformer, reactor, resistors, power electronic 
switches and the capacitor. This FCL aimed to reduce currents 
at the AC side which is connected via a rectifier to the DC bus 
and the FCL side. This method is effective in limiting faults in 
the AC side not the DC side. 
Comparing the SMES-FCL with these two examples proves 
that the SMES-FCL could achieve good current limitation in a 
few milliseconds. It can be adjusted and integrated with any 
type of DC system with a suitable number of coils required for 
current limitation and adapting the settings of the control 
system. 

 
VI. THE EXPERIMENTAL TEST OF THE SMES-FCL 

         The proposed circuit of the SMES-FCL is tested in a 
small-scale DC system. The system consists of a controllable 
DC source, connected to a DC load represented by a resistor. 
The connection diagram and the experiment set up are 
illustrated in Fig. 17.  The parameters of the components used in 
the SMES-FCL test are listed in TABLE 2. The used SMES coil 
can stores up to 30 J at 20 A operating current. The SMES coil 
plays a major role in this experiment as it is used to support the 
voltage and the current delivered to the load with different 
changes on the supply side. The E_J characteristics of the used 
SMES coil is illustrated in Fig. 18. When the current value 
reaches about 43 A, the voltage drop at the tape terminals is 0.1 
µv/cm. After this value, the voltage starts to increase with a high 
rate which means the tape is losing the superconductivity.  
The circuit is set to operate at 6 A and then the current increases 
to 10 A for about 13 seconds in the first tested scenario. This 
scenario represents a power increase in the generation side. 

 
Fig. 13.  DC current during a DC fault in connected mode 

 
Fig. 14.  DC voltage during a DC fault in connected mode 

 

Fig.  15 DC current during a three-phase fault in the AC grid 

 
Fig.  16 DC voltage during a three-phase fault in the AC grid 
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Fig.19 illustrates the voltage at the connection point under this 
scenario with and without connecting the SMES-FCL.  The 
voltage during the current pulse reached 6.3 V and this value is 
reduced to about 5.1 V with using the SMES-FCL. In addition, 
the current delivered to the load is reduced from 10 A to 7.9 A 
with using the SMES-FCL as shown in Fig. 20. These results 
correspond to an enhancement in the voltage increase from 57.5 
% to 27.5 % from the prospective value and the current increase 
was limited from 66.6% to 31.66 %. The charging process of 
the SMES coil during this case is clear in Fig. 21 where the 
current increased from zero to approximately 2.1 A during the 
increase in the source current. The second scenario is the 

TABLE 2 
Components used in the experimental test 

Element Number Details 
DC power supply 1 TDK-Lambda GSP10-1000 

10V/1000A 
R line 1 0.27 Ω, 100W 
R load 2 1 Ω, 50 W 

Capacitor 1 47000 µF 
IGBTs 7 IKW40N120CS6, 40A 
Diodes 4 FFSB3065B-F085, 30A 

Data acquisition 
system 

1 National instruments DAQ system 

SMES coil 1 • 2 pancakes coil 
• Inner radius 45 mm and 

outer radius of 73 mm. 
• The rated current is 33 

A, and the critical 
current is 42 A 

Fault current 
limiter 

1 Emulated by a .05 Ω resistance in 
parallel with a power electronic 

switch 
 

 

 
Fig. 17.  The connection diagram and the experimental setup 

 

 
Fig. 18. E-J characteristics of the SMES coil 
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Fig.19.  Connection point voltage with and without using the 
SMES-FCL during an increase in the source current. 

 
Fig.20. Currents of the connection point and the load during an 
increase in the source current 

 
Fig. 21.  SMES-coil current during an increase in the source 
current 

 
Fig. 22. Connection point voltage with and without using the 
SMES-FCL during an increase in the source voltage. 
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increase in the source voltage from a normal value of 5 V to a 
pulse of 9 V for about 13 seconds to represent voltage 
disturbances. Fig. 22 and Fig. 23 illustrate the connection point 
voltage and the load current during this case. It is clear from the 
figures that connecting the SMES-FCL reduced voltage 
increase by 1 V which represents 25 % of the normal voltage 
value. In addition, the current at the load side is reduced from 
about 15.5 A to about 9.5 A with using the SMES-FCL. Fig. 24 
shows the SMES coil current which is charged to near 6 A 
during the source voltage increasing period. During the first and 
the second scenarios, the reference voltage value is set to be 4 
V at the connection point and the critical current is set to be 20 
A to prevent the FCL mode activation. The third scenario is to 
test of the fault current limitation function. The fault case is 
emulated by increasing the circuit current to a value which is 
higher than the critical current setting value. The critical current 
value to activate the fault current limiter mode is set to be 7 A 
in this case. The source voltage is set to be 4 V to avoid high 
currents flowing into the circuit and the reference voltage value 
is 3.3 V at the connection point. Fig. 25 illustrates the current 
on the main DC line with and without using the SMES-FCL. 
The current is limited from 13 A to 8 A when using the SMES-
FCL which represents percentage limitation of 38.5 % from the 
prospective value. Moreover, as shown in Fig. 26 the voltage at 
the connection point has a voltage drop of about 1.5 V, which 
represents 0.45 pu without the fault current limitation. This drop 
is reduced to about 0.6 V which represents 0.18 pu when using 
the SMES-FCL. The current and voltage instant peaks in the 
experimental results are mainly due to the time taken by current 
sensor to detect a fault and to send the switching signal to the 
control circuit. 

VII. COST AND INDUSTRIAL APPLICATIONS 
   In designing a superconducting magnet, the cost will be a 
major factor alongside the total efficiency. According to [37], 
the cost of the storage element in a SMES system 
can range from $85 K to $125 K per MJ, and the cost of the 
power-conversion system could be between $150 and $250 per 
kW [38]. Although these numbers are comparatively old, their 
wide range reflects the fact that the cost of a SMES system can 
be subject to many parameters. The capital cost includes the 
cost of all the components of the SMES system. The 
superconducting 
magnet and power conversion circuits are the two main 
components in the SMES system. The cost of the 
superconducting magnet changes with material types. 
Furthermore, the physical dimensions of the magnet, especially 
its total tape length, is the main factor affecting the cost of the 
magnet. The tape length, in turn, depends on the energy storage 
requirement and the design method of the coil. Superconducting 
coils form about 20-25 per cent of the total cost [39]. As an 
example, the cost of a REBCO tape is 140 $/kA.m at 
temperature T = 30 K and perpendicular B = 2T [40]. Although 
the price of HTS materials is still high, prices are showing an 
annual decline of about 10 per cent [38], which will increase the 
opportunities for the commercialization of SMES systems in 
the near future. Adding the fault current limitation function to 
the SMES system does not require additional magnet cost as it 
uses a part of the SMES magnet. The power converter interface 

 

Fig.23. Currents of the connection point and the load during an 
increase in the source voltage 

 
Fig.24.  SMES-coil current during an increase in the source 
voltage 

 
Fig.25.  DC line current during the current limitation test 

 
Fig.26.The connection point voltage during the current limitation 
test 
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forms from 15 to 30 per cent of the total SMES system cost 
[39]. As the SMES-FCL requires more power electronic 
switches this value may increase based on the system rating and 
whether it is connected to an AC or DC system which requires 
less power conversion stages.  
In summary, the SMES-FCL can play an important role in 
systems including intermittent renewable energy generation. It 
can replace the use of an individual energy storage system and 
a separate fault current limiter system.  It is also very promising 
for applications where the size and weight are major concerns 
such as in electric aircraft and all-electric ships. 

VIII. CONCLUSION 
In this paper, a new technique that uses SMES-FCL system 

has been introduced in DC systems. The SMES-FCL coil 
effectiveness has been tested with a microgrid containing 
DFIG-DC system. The SMES coil has been able to effectively 
smooth the output power of the wind turbine and support the 
load in case of a voltage drop at the generator terminals. With 
added power electronic switches and dedicated control 
algorithms, a portion of the same coil can be used as a 
superconducting fault current limiter. The portion of the coil is 
used to limit the fault current whilst the other part of the coil is 
isolated to avoid overheating during fault periods and to keep 
the stored energy stored. The suggested SMES-FCL has been 
able to effectively limit the fault current within a few 
milliseconds and enhancing the system performance during and 
after the fault period. This technique can be used to reduce the 
fault current levels and act as a backup to protection systems in 
case of any failure. The proposed system is tested in a small-
scale lab experiment and has demonstrated its effective energy 
storage function and current limitation function. Adding more 
generation units to an existing system may require upgrading 
the protection system to higher values. By using the current 
limitation function, we can decrease the fault current magnitude 
to suit the old circuit breakers’ ratings and avoid upgrading 
thereby saving costs. 
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