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Abstract—This paper introduces a new scheme which uses a 

multifunctional superconducting device that can be used as an 

energy storage and as afault current limiter. It is denoted as 

superconducting magnetic energy storage – fault current limiter 

(SMES-FCL) and is modeled as a number of pancakes. It is 

connected to a wind turbine power system via tertiary 

transformer and power converters. A complete control scheme is 

built to achieve effective power transfer between the 

superconducting coil and the power system during normal 

operation to smooth the wind turbine output power. The fault 

current limiting function is implemented using a new technique 

that inserts a few pancakes from the whole SMES coil into the 

main electrical system during the fault and isolates the remaining 

pancakes. The number of pancakes used to limit the fault is 

quenched and operates as a resistive fault current limiter. The 

whole system including the wind turbine, the SMES-FCL model 

and the interface circuit are implemented using PSCAD/EMTDC 

computer package. Also, the control scheme of SMES-FCL is 

built based on a feedback current signal to enable its operation 

into the two modes.  
 

 

Index Terms—Wind turbine generators, superconducting coil, 

magnetic energy storage, fault current limiter. 

I. INTRODUCTION 

nergy plans for many countries for the next years include 

a large increase in the share of renewable power 

tion to the total power generation. This comes with the trends 

of mitigating global warming and environmental pollution in 

addition to reducing fossil fuel consumption. Among various 

types of renewable power generation, wind energy is the 

est growing renewable energy source [1]. 

However, integrating wind energy has many challenges to 

power system operators like output power fluctuations [2] and 

sensitivity to grid disturbances. These challenges become 

more prominent with induction generators based wind turbines 
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[3]. The power fluctuations may cause subsequent frequency 

fluctuations at the grid and reduce the whole system stability. 

Also, with increased share of wind power generation into the 

grid, wind farms must act like conventional generators. Wind 

turbines must support reactive power to the grid when needed 

and support the grid during voltage dips. Accordingly, wind 

turbinesmust be kept connected to the grid during grid distur-

bances [4], especially with large sharing. 

During the last years, superconducting materials have 

emerged in many applications. They offer unique perfor-

mance, compact size and high efficiency [5]. Due to their ad-

vantages over other types of electrical appliances, supercon-

ducting devices played an important role in solving integration 

problems of wind farms.  

Superconducting magnetic energy storage (SMES) systems 

can absorb or release power with ac systems via a power con-

ditioner system within very short periods. It has a very high 

charge and discharge efficiency which reached above 95% [6]. 

So, SMES systems can be used effectively to reduce output 

power fluctuations of wind farms and increase the stability of 

the power grid containing wind farms [7, 8]. In addition, su-

perconducting fault current limiters (SFCL) proved very effec-

tive current limitation within few milliseconds [9-11]. This is 

achieved with self-operation mechanism and without adding 

additional resistance or losses during normal operation. So, 

SFCL could be successfully applied for fault response en-

hancement of wind turbines [12-14]. 

However, the main drawback of the superconducting devic-

es is the high cost of the material itself. So, integrating two 

devices into one multi-functional device will be of great bene-

fit as it will decrease the cost to benefit ratio of these devices. 

This paper presents a new scheme to integrate the fault cur-

rent limiting capability into the SMES system to improve the 

stability of a wind turbine system and to protect it during 

faults. The superconducting magnetic energy storage – fault 

current limiting (SMES-FCL) device uses the concept of resis-

tive type fault current limiter by allowing a part of the super-

conducting coil to quench and change to resistive mode during 

the fault period. This process will limit the fault current with-

out inserting the whole reactance of the superconducting coil 

that may have a negative impacton the system stability during 

faults.The wind turbine system was built and connected to the 

load, and then, the SMES-FCL system is connected to the 

power line with a tertiary transformer. The control algorithm 

was designed and simulated with the whole system using 

PSCAD/EMTDC computer package. 
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II. SYSTEM DESCRIPTION 

The SMES-FCL system is tested using a wind turbine gen-

erator connected to the grid that is represented by a load as 

shown in Fig. 1. The SMES-FCL is connected to the power 

system using tertiary three phase transformer. The first wind-

ings are connected in series with the power line while the sec-

ond windings are connected to a voltage source converter cir-

cuit ended by a DC-link capacitor. The superconducting coil 

(SC) is connected to the DC-link capacitor with a DC-DC 

converter. The third windings of the transformer are connected 

to a diode bridge, and then through a switch to a few pancakes 

of the superconducting coil. 

The wind turbine generator is an induction generator type 

with a rating of 50 kW and 200 V. The SC inductance is 0.5 H 

and its rated current is 350A, which corresponds to an energy 

storage capability of 30 kJ. The coil is considered to be made 

from YBCO material with copper stabilizer. 

III. SMES-FCL OPERATION 

A. Energy storage part 

The control of the voltage source converter (VSC) depends 

on maintaining constant voltage and frequency at the connec-

tion point with the grid [15]. Firstly, the voltage and current 

values at the AC side of the transformer is measured. A phase 

locked loop (PLL) technique is used to hold the phase value 

(Theta) at each instant [16]. Then, the current reference values 

in the dq-frame are calculated based on the reference voltage 

and frequency. These values are used to determine the corres-

ponding voltage reference values in the dq-frame. The injected 

voltage to the power system is calculated based on the differ-

ence between the actual values and the reference values in ad-

dition to Theta output from the PLL as shown in Fig. 2(a). 

The PI controller parameters were chosen based on trial and 

error method.The upper arm parameters were set 

as:proportional gain (P) = 2 and integral gain (I) = 0.5, while 

the lower arm parameters are: P= 1.5 and I = 0.5. Finally, the 

VSC pulses are generated using space vector pulse width 

modulation technique (SVPWM). 
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(a) Control scheme of VSC. 
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Fig. 2. Control of energy storage part of SMES-FCL. 
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Fig. 1. Connection of the wind turbine with SMES-FCL system and load. 
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Fig. 3.Delivered power to the load before and after using SMES-FCL. 

On the other hand, the control objective of the DC-chopper 

is to maintain the DC-link voltage constant by charging or dis-

charging the current of the SC coil to the capacitor or vice ver-

sa. The DC-chopper consists of two IGBTs and two diodes. 

Depending on the grid power and the DC-link voltage, the op-

eration mode of the SC coil is determined. If the power gener-

ated is less than the reference power, the superconducting coil 

will discharge through the diodes to keep the voltage across 

the capacitor constant. When the generated power is higher 

than the reference, the two IGBTs is turned on and off to 

charge the coil. If there is no power difference, the coil current 

is circulated on one IGBT and one diode in order to keep coil 

energy without transferring power from/to the main system. 

The pulse generation technique used for both IGBTs of the 

DC-chopper is shown in Fig. 2(b).The Dc-link capacitor vol-

tage is referred herein as (Vdc), while its reference value is 

(Vref_dc). D1 is the duty cycle which determines the periods at 

which the IGBTs are set to be on or off. The PI parameters for 

the chopper controller are P=5 and I= 0.25. 

B. Fault current limiting part 

The fault current limiting part is connected to the system 

via the third windings of thetertiary transformer as shown at 

Fig. 1. The transformer windings are connected to the SC coil 

with a normal bridge which consists of a six diodes. The main 

idea in limiting the fault current is to use the resistance pro-

vided by few pancakes of the SC coil after their quenching. 

The number of pancakes used for fault current limitation de-

pends on the resistance required by the system during fault. 

Using fewpancakes enables to limit the fault current with re-

ducing the inserted inductance during the fault period. During 

the fault, the remaining pancakes of the SC coil will be iso-

lated and operated into freewheeling mode through switch (S3) 

in order to keep their stored energy and protect them from 

quenching.  

The limiting resistance of the SC coil during quenching is 

represented by a constant resistance connected in series with 

the diode bridge through a current controlled switch (S1) that 

is triggered based on the current on the main power system. 

The other pancakes with the whole energy storage system are 

isolated during fault by turning off another current controlled 

switch (S2) as shown in Fig. 1. 

When the current decreases again lower than its critical 

value after fault clearance, the switch S1is re-opened and the 

switch S2 is closed again to continue the energy storage func-

tion. 

IV. RESULTS AND DISCUSSION 

The new scheme is tested with the wind turbine system 

shown in Fig. 1. Firstly, smoothing the wind turbine output 

power is tested using the SMES-FCL system to ensure the 

energy storage function of the device. Then, a three phase to 

ground fault was applied at the load terminals to test the abili-

ty of SMES-FCL to limit the fault current to lower levels. 

A. Smoothing output power 

The first function of the SMES-FCL is to smooth output 

power from wind turbines under variable wind speed. Fig. 3 

shows the output power from the wind generator after and be-

fore connecting SMES-FCL system. It is clear that the varia-

ble wind speed causes the output power to be fluctuating. This 

willcause frequency oscillations with a negative impact on the 

stability of the power system [17]. After using SMES-FCL, it 

is noted that SMES-FCL could effectively limit the fluctua-

tions in the output power according to the reference value set 

by the operator. Smoothing output power mainly occurs by in-

jecting or absorbing power to the power line, and thus, obtain-

ing constant power delivered to the load side. 

B. Fault current limitation 

The current limitation value depends on the value of the re-

sistance inserted during the fault period which consequently 

depends on the number of pancakes allowed to quench. Insert-

ing many pancakes to the system will increase the limitation 

value, but on the other hand, it will increase the heat generated 

on the coil. Also, inserting many pancakes will increase the 

inductance inserted to the system during the fault with a nega-

tive impact on the system stability. So, a suitable value of li-
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Fig. 4. Generator currents during fault without using SMES-FCL. 
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Fig. 5. Generator currents during fault with using SMES-FCL. 
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miting resistance must be chosen to achieve the desired limita-

tion without affecting the coil itself. In this study, a resistance 

value of 1 Ω is used as the fault current limiting resistance. 

Considering YBCO material with copper stabilizer [18, 19], 

resistance value of 1 Ω can be achieved using about 50 m 

length of superconducting tape. This length corresponds to 

about 15 mH inductance, if it was wound in a single pancake 

structure of inner diameter of 10 cm. 

To test the current limiting ability of SMES-FCL, a three 

phase fault is applied at the load terminals from 5 to 5.2 

seconds to ensure the operation with long fault periods. The 

generator currents are shown with and without connecting 

SMES-FCL on Fig. 4 and Fig. 5, respectively. Without using 

SMES-FCL, the current at the generator terminals reached 6 

kA in the first peak of the fault and continues with more than 

4kA during the remaining fault period. After connecting 

SMES-FCL, the first peak of current was successfully limited 

to about 0.5 kA and reached 0.23 kA during the remaining 

fault period.  

In addition, generated power during fault decreased from 

0.4 MW without using SMES-FCL to less than 0.01 MW as 

shown in Fig. 6. This large reduction in generated power dur-

ing fault enhances the stability of the generator and protects it 

from failure. The voltage at the generator terminals before and 

afterusing SMES-FCL is also illustrated in Fig.7 and Fig. 8, 

respectively. Without using SMES-FCL, the voltage during 

the fault period was dropped to an RMS value of about 0.035 

kV. This can affect the compliance of wind turbine with grid 

codes [20], causing the turbine to trip during the fault. After 

using the proposed scheme, the drop in the output voltage at-

tained nearly zero, resulting inan improvement in the fault 

ride-through capability of the wind turbine generator and al-

lowing it to be connected to the grid during grid faults. 

V. CONCLUSION 

This paper proposes a new scheme for SMES to operate 

with multi functions, either as a storage device or as a current 

limiting device. The proposed system,denoted as SMES-

FCL,was connected to a wind turbine power system via a ter-

tiary transformer and power converters. The control system 

was developed considering the two functions. During normal 

operation, SMES-FCL was operated as energy storage allow-

ing the fast transfer of the power between the superconducting 

coil and the ac power system. This enabled to smooth the out-

put power from the wind turbine generator and improve the 

whole system stability. 

During fault conditions, SMES-FCL was operated as a fault 

current limiter by inserting few pancakes using a proper con-

trol scheme and allowing them to quench during fault periods, 

while isolating the other pancakes. The limiting action enabled 

to limit the short circuit currents within the first peak of the 

fault and to keep the terminal voltage within acceptable val-

ues.This fast limitation enables to protect the wind turbine 

generator and other power system elements with a positive 

impact on the dynamic stability and compliance with grid 

codes of the whole system. 
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