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Abstract—The performance of an electric power system is 

improved by fuzzy logic controlled superconducting 

magnetic energy storage (SMES). The superconducting 

magnetic energy storage (SMES) unit is applied on wind 

energy conversion systems (WECS) that are equipped with 

doubly fed induction generator (DFIG) during the presence 

of fault in transmission line. The SMES unit supplies power 

to the system during fault condition in order to maintain its 

performance. Simulation results without and with SMES 

connected to the system are presented, compared, and 

analyzed. 
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I. INTRODUCTION 

The first generation of wind energy conversion systems 

(WECS) was the direct connected WECS type. This 

technology uses a fixed speed turbine to generate power [4]. 

It dominated renewable energy installations worldwide, 

comprising up to 70% of all installations in 1995 [13]. This 

technology remained popular until the electronic power 

revolution that updated the WECS so that they could 

maximize wind energy capture. This technology is called 

variable speed WECS, and it can optimally capture wind 

energy 5% more than the fixed speed WECS option [2]. 

Furthermore, the variable speed WECS can reduce the 

impact of transient wind gusts and subsequent fatigue unlike 

the fixed speed turbines [14]. Compared to full scale 

variable speed WECS, DFIG is very sensitive to faults [8]; 

although the DFIGs are usually connected far away from the 

load is shown in figure 1. 

 
Fig. 1: DFIG equipped with SMES unit 

Variable speed WECS, such as doubly fed induction 

generator (DFIG) was introduced to overcome the weakness 

of the fixed speed type in capturing maximum wind energy 

and to contribute reactive power to the grid when required 

[3]. This condition will force the DFIG to be disconnected 

from the system [5]. If the DFIG contributes to a large 

portion of power to the grid, then the financial loss of a 

disconnection would be uncountable [1]. The fault is located 

at the middle of the transmission line and the performance 

of DFIG with and without SMES will be investigated and 

discussed. 

II. SMES UNIT AND ITS CONTROL SYSTEM 

Superconducting Magnetic Energy Storage system stores 

energy in the magnetic field created by the flow of direct 

current in a superconducting coil which has 

been cryogenically cooled to a temperature below 

its superconducting critical temperature [6]. SMES systems 

are highly efficient; the round-trip efficiency is greater than 

95% [7]. The schematic diagram of SMES unit is shown in 

figure 2. Due to the energy requirements of refrigeration and 

the high cost of superconducting wire, SMES is currently 

used for short duration energy storage. Therefore, SMES is 

most commonly devoted to improving power quality [9]. 

 
Fig. 2: Schematic diagram of a SMES unit 

 
Fig. 3:Control algorithm of SMES VSC. 
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HCC approach is used because of its simplicity, 

insensitivity to load variation, fast dynamic response, and 

inherent maximum current limiting characteristic [11]. The 

effect of interference between phases can lead to high 

switching frequencies [10]. To maintain the advantages of 

the hysteresis method, this phase dependence can be 

minimized by using phase-locked loop (PLL) technique to 

maintain the converter switching at a fixed predetermined 

frequency level. The proposed SMES with an auxiliary PLL 

controller is shown in Figure 3.  

To control the power transfer between the SMES coil 

and the DFIG system, a dc–dc chopper is used, and a fuzzy 

logic model is developed to control its duty cycle (D) [9] as 

shown in Figure 4. 

 
Fig. 4: Control algorithm of SMES dc–dc chopper. 

The real powers generated by the DFIG and the SMES coil 

current are considered as input variables to the fuzzy logic 

model. The duty cycle determines the direction and 

magnitude of power exchange between SMES coil and the 

ac system as presented in Table I. Under normal operating 

conditions, D is equal to 0.5, and there is no power 

exchange between the SMES coil and the system. In this 

condition, a bypass switch that is installed across the SMES 

coil as shown in Figure 1 isolates the coil to avoid the 

draining process of SMES energy during normal operating 

conditions. The bypass switch is controlled in such a way 

that it will be closed if D is equal to 0.5; otherwise, it will be 

opened to allow power exchange between the coil and the 

system. 

Duty Cycle (D) SMES coil Action 

D=0.5 Standby condition 

0≤D<0.5 Discharging Condition 

0.5<D≤1 Charging Condition 

Table. 1: Rules of Duty Cycle 

When the grid power is reduced, D will be reduced 

according to the developed fuzzy logic rules to be in the 

range of 0–0.5, and the stored energy in the SMES coil will 

be transferred to the ac system. The charging process of the 

SMES coil takes place when D is in the range of 0.5–1.. 
The MFs for the input variables, the generated active 

power (P) and the current through the SMES coil (ISMES) are 

shown in Figure 5(a) and (b), respectively. The MFs for the 

output variable, duty cycle (D) are considered on the scale 

from 0 to 1 as shown in Figure 5(c). 

 
Fig. 5(a) 

 
Fig. 5(b) 

 

 
Fig. 5(c) 

Fig. 5 : MFs for (a) input variable P , (b) input variable 

ISMES, and (c) output variable D. 

The variation range in SMES current and DFIG output 
power, along with the corresponding duty cycle, is used to 
develop a set of fuzzy logic rules in the form of (IF-AND-
THEN) statements to relate the input variables to the output. 
The duty cycle for any set of input variables (P and ISMES) 
can be evaluated using the surface graph shown in Figure 6. 

 
Fig. 6 : Surface graph duty cycle 

The SMES unit capacity depends on the application and 

charging/discharging duration. Very high energy rating has 

excellent performance on damping undesired system 

oscillations. If the energy rating is too low, the power 

modulation of the SMES unit will be limited during 

disturbance events, and it will not be very effective in 

controlling system oscillations. There is no general rule for 

SMES unit sizing as it depends on its application and system 

rating. A SMES capacity of about 15% of the generator 

rated power was found to be sufficient to stabilize a few 

cycles of power interruption for the systems. 

III. SIMULATION RESULTS 

To examine the ability of the SMES unit to improve the 

DFIG performance during a disturbance, a three-phase short 

circuit fault is applied at t= 0.5s and the fault is located at 

the middle of the transmission line. 
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Fig. 7 : Generated power of DFIG during 3-phase short 

circuit fault. 

 

Fig. 8: Rotor shaft speed of DFIG during 3-phase short 

circuit fault. 

 

Fig. 9 : Voltage across DFIG DC-link during 3-phase short 

circuit fault. 

 
Fig. 10 : Voltage at PCC during 3-phase short circuit fault 

 

 
Fig. 11: Duty cycle response of SMES unit during 3-phase 

short circuit fault 

 

Fig. 12: Stored energy  response of SMES unit during 3-

phase short circuit fault 

When 3-phase short circuit fault occurs at the middle of 

the transmission line, DFIG generated power drops 

significantly as shown in Figure 7. The impact of this fault 

on the shaft speed and DC- link capacitor voltage as shown 

in Figures. 8 and 9 respectively. Voltage level at the PCC 

reaches 0.1 pu. and it is shown in Figure 10. With the SMES 

unit connected to the PCC bus; generated power drop can be 

improved compared to the system without SMES unit as 

shown in Figure 7. Also, shaft speed and DC link voltage 

shown in Figure 8 and 9 are improved with the connection 

of the SMES unit. With the connection of the SMES unit, 

the connection of the wind turbine to the grid during such 

fault can be maintained as shown in Figure 10, where the 

voltage drop at the PCC is brought to a safety margin. The 

trend of duty cycle and energy stored within superconductor 

coil is shown in Figure 11 and 12. 

IV. CONCLUSION 

This paper investigates the detrimental impacts of faults in 

transmission line of DFIG-based WECS on the performance 

of the system. The SMES is capable of providing energy to 

the load during fault condition. The SMES unit is very 

effective in enhancing the performance of wind turbine 

equipped with DFIG during fault in transmission line and 

the SMES unit is still a costly piece of equipment; however, 

due to the development of high-temperature 

superconducting materials, its applications in power systems 

are expected to become more viable in the near future due to 

its superior advantages over other FACTS devices. 
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