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Abstract—This paper presents a novel adaptive artificial 

neural network (ANN)-controlled superconducting magnetic 

energy storage (SMES) to enhance the transient stability of a 

grid-connected wind generator system. The control strategy of 

the SMES unit is developed based on cascaded control scheme 

of a voltage source converter and a two-quadrant DC-DC 

chopper using insulated gate bipolar transistors (IGBTs). The 

proposed controller is used to control the duty cycle of the DC-

DC chopper. Detailed modeling and control strategies of the 

system are presented. The effectiveness of the proposed 

adaptive ANN-controlled SMES is then compared with that of 

a conventional proportional-integral (PI)-controlled SMES. 

The validity of the proposed system is verified with the 

simulation results which are performed using the standard 

dynamic power system simulator PSCAD/EMTDC.    

 
Index Terms—Adaptive artificial neural network controller, 

superconducting magnetic energy storage, voltage source 

converter, wind generator stability. 

I. INTRODUCTION 

S a result of shortage of the fossil fuel in generating 

electrical power from conventional power plants and 

the major interest in a clear environment, many efforts have 

been done to produce electrical energy from the renewable 

energy sources such as photovoltaic systems and wind 

energy conversion systems. The wind energy has continued 

its growth worldwide in these recent years. Over the past ten 

years, the global wind power capacity has continued to grow 

at an average cumulative rate of over 30%, and 2008 was 

another record year with more than 27 GW of new 

installations, bringing the total up to over 120 GW [1]. 

Because of these highly installations which increase day by 

day of wind turbines to the existing networks, many 

problems including transient stability of wind generators 

should be addressed, studied, and analyzed.  

Currently, there are several types of energy storage 

devices in the market such as battery energy storage systems 

(BESS), energy capacitor systems (ECS), flywheel energy 

storage systems (FESS), and superconducting magnetic 
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energy storage (SMES) systems. The BESS is the most 

commonly used but it has few demerits like limited life 

time, current and voltage restrictions, and environmental 

hazard [2]. Due to the development of power electronics, 

superconductivity, and computer science, the SMES system 

has received a great attention in the power systems 

applications. It has been utilized in distributed energy 

storage, spinning reserve, load following, automatic 

generation control, power quality improvement, reactive 

power flow control, voltage control, and transient stability 

enhancement [3]. The SMES has several merits include high 

storage efficiency which may reach 90 % or higher. 

Moreover, it has very fast response, where it can convert the 

power in the range of megawatts in several milliseconds [4]. 

Also, the number of charging and discharging cycles of 

SMES is not limited. However, the main demerit of the 

SMES system is its high cost, but it is expected to decrease 

in the near future with the development of power 

electronics, control strategies, and continuous research. 

Recently, the researches have been started to evaluate the 

SMES cost for electric power compensation [5].               

The SMES is a large superconducting coil that can store 

electric energy in the magnetic field produced by the flow of 

a dc current through it. This coil is maintained at a specified 

low temperature by a cryogenic or dewar that contains 

helium or nitrogen liquid vessels. The real power and 

reactive power can be charged in or delivered from the coil 

of SMES according to the power system requirements. The 

interface between the power system and SMES coil is the 

power conditioning system (PCS) which has a very 

important role to demonstrate the validity of SMES in the 

dynamic control of the power system [3].    

Several studies have been done to improve the stability of 

electric power systems with SMES [6]-[10]. In addition, a 

fuzzy logic-controlled SMES has been presented to improve 

the transient stability of a grid-connected synchronous 

generator system [11]. The results have been shown that the 

system responses using a fuzzy logic-controlled SMES are 

better than that obtained with a proportional-integral (PI)-

controlled SMES. Furthermore, the coordination effect of a 

fuzzy logic-controlled SMES and optimal reclosing on the 

transient stability in a multi-machine power system during 

unsuccessful reclosing of circuit breakers has been 

investigated [12]. Although, the fuzzy logic systems 

incorporate an alternative way of thinking, it depends 
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mainly on the experience of the designer in tuning the 

membership functions.  

There are several literature surveys related to the 

applications of SMES to improve the transient stability of 

wind generator systems [13-14]. In these reported works, the 

fuzzy logic system and PI controller were used to control the 

SMES unit. Although, the PI controller is the most 

commonly used in the industry due to its robustness and 

offering a wide stability margin, it suffers from the 

sensitivity to the parameter variations and nonlinearity of 

dynamic systems. Notably, till now, the application of 

different control strategies to SMES is limited. The control 

technologies can provide a much efficient SMES unit which 

in turn leads to improve the transient stability of the wind 

generator systems.    

Therefore, this paper presents a novel adaptive artificial 

neural network (ANN)-controlled SMES in the purpose of 

enhancing the transient stability of a grid-connected wind 

generator system. The control strategy of the SMES unit 

depends on the well-known cascaded control scheme of a 

voltage source converter and a two-quadrant DC-DC 

chopper using insulated gate bipolar transistors (IGBTs). 

The proposed controller is used to control the duty cycle of 

the DC-DC chopper. Detailed modeling and control 

strategies of the system are presented. The effectiveness of 

the proposed adaptive ANN-controlled SMES is then 

compared with that of a PI-controlled SMES. The validity of 

the proposed system is verified with the simulation results 

which are performed using the standard dynamic power 

system simulator PSCAD/EMTDC.    

II. WIND TURBINE MODELING   

The mathematical relation to the mechanical power 

extraction from the wind can be expressed as follows [15]: 

   
(1) 

where Pw is the extracted power from the wind,  is the air 

density [kg/m3], R is the blade radius [m], Vw is the wind 

speed [m/s], and Cp is the power coefficient which is a 

function of tip speed ratio, , and blade pitch angle,  [deg.] 

[16]. In this paper, Cp can be written as follows [17]: 

                                 

 
 (2) 

where ωB is the blade angular velocity [rad/s]. Fig. 1 shows 

the Cp- characteristics for different values of angle . 
These characteristics represent the MOD-2 model.  

III. MODEL SYSTEM 

The model system used in the wind generator stability 
enhancement is shown in Fig. 2. It consists of one 

synchronous generator (SG) and one wind turbine induction 

generator (IG). The aggregated wind turbine model is 

considered herein where many small size wind generators 

can be represented by a large capacity wind generator [18]. 

The wind generator feeds the power to an infinite bus 

through a transmission line with double circuit. A capacitor 

C is connected to the wind generator terminals for the 

purpose of compensating the reactive power at the steady 

state operation and its value has been selected to achieve 

unity power factor of the wind power station at the rated 

conditions. The parameters of SG and IG used in the 

simulation are shown in Table I. [13]. The SMES unit is 

connected to the wind generator terminal bus. The model of 

automatic voltage regulator and governor control system is 

shown in Fig. 3 and 4, respectively.  

 

 
 
Fig. 2. Model System. 

           
Fig. 3. Automatic voltage regulator model. 

 

 
Fig. 4. Governor control system model. 

IV. SMES MODELING AND CONTROL SCHEME 

The proposed model of SMES unit used in this paper, 

shown in Fig. 5, consists of a three-phase Wye-Delta 

66/0.77 kV transformer, a six-pulse pulse width modulation 

(PWM) voltage source converter (VSC) using insulated gate 

bipolar transistors (IGBTs), a DC-link capacitor of 60 mF, a 

two-quadrant DC-DC chopper using IGBTs, and a 

superconducting coil of inductance 0.24 H. The stored 

energy, E [Joule], in a SMES system and its rated power, P 
[Watt], are described by the following equations:  

     (3) 

  

 (4) 

where Lsm is the inductance of the superconducting coil, Ism 

is the dc current flowing through the coil, and Vsm is the 
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Fig. 1.  CP-  characteristics for different pitch angles 
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instantaneous voltage across the coil. The rated values of E 

and P for a SMES system under study are 0.05 MWH and 

50 MW, respectively [19].  

 
     Table I 

GENERATORS PARAMETERS 

SG IG 

MVA 100 MVA 50 

ra [pu] 0.003 r1 [pu] 0.01 

xa [pu] 0.13 x1 [pu] 0.18 

xd [pu] 1.2 xmu [pu] 10 

xq [pu] 0.7 r2 [pu] 0.015 

x'd [pu] 0.3 x2 [pu] 0.12 

x'q [pu] 0.22 H [s] 1.5 

x''d [pu] 0.22   

x''q [pu] 0.25   

T'do [s] 5   

T''do [s] 0.04   

T''qo [s] 0.05   

H [s]  2.5   

 

A. VSC 
The VSC is a three-phase rectifier/inverter that connects 

the superconducting coil with the ac power system. The 

well-known cascaded control scheme is considered in this 

study, as shown in Fig. 6. The dq quantities and three-phase 

electrical quantities are related to each other by the reference 

frame transformation. The angle of the transformation is 

detected from three-phase voltages (va,vb,vc) at the high 

voltage side of the transformer using Phase-Locked Loop 

(PLL). The difference between the reference dc-link voltage 

Vdc-ref and the actual dc-link voltage Vdc is the dc-link 

voltage error, which is the input of a (PI-1) controller to 
produce the reference signal Id-ref. Additionally, the 

difference between the reference induction generator voltage 

VIG-ref and its actual value VIG represents the IG voltage 

error, which is the input of PI-1 controller to produce the 

reference signal Iq-ref. Moreover, both of the difference 

between Id and Id-ref, and Iq and Iq-ref, follows a PI-2 to obtain 

the reference signals Vd-ref and Vq-ref, respectively. These 

signals are converted to a three-phase sinusoidal reference 

waveform Va,b,c-ref, which is compared with a triangular 
carrier waveform for generating the gate signals of IGBTs. 

The chosen frequency of the triangular carrier waveform is 

1050 Hz. Fine tuning of the PI controller parameters is 

performed by trial and error, which is the most commonly 

used method to achieve the best system performance. The 

Vdc is kept constant at 1 kV through the simulation using the 

PWM VSC. 

 

B. DC-DC Chopper 

The energy of superconducting coil is stored or delivered 

by controlling the dc voltage across the coil using a two-

quadrant DC-DC chopper. This dc voltage is controlled by 
the duty cycle of the chopper. When the duty cycle is greater 

or lower than 50 %, the dc voltage is positive or negative 

and the coil is charged or discharged, respectively. In 

addition, at 50 % duty cycle, the net dc voltage across the 

coil is zero, which means that the coil is neither charged nor 

discharged. Fig. 7 shows the duty cycle control of the 

chopper. The difference between the induction generator 

real power PIG and its reference PIG-ref represents the power 

error, which is the input of a PI-3 controller. The output of 

PI-3 controller is used to update the duty cycle signal (D). 

The PWM reference signal is compared with a triangular 
carrier waveform to generate the gate signals for the IGBTs 

of the DC-DC chopper. The chosen frequency of the 

triangular waveform is 100 Hz.  

 
Fig. 5. Proposed SMES model. 

 
Fig. 6. Control block diagram of the VSC 
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Fig. 7. Duty cycle control of the chopper.  

V. ADAPTIVE ANN CONTROLLER 

A. Description of ANN 

ANN controllers are computational models based on an 

analogy with biological neural networks. Biological 

neural networks can learn from experience and it follows 
that many ANN models can also learn. Usually, an ANN 

consists of a highly parallel ensemble of simple 

computing elements, or neurons. Furthermore, neurons 

usually have many interconnections with other neurons in 

the ANN. One class of ANN interconnection strategies is 

the feedforward strategy, which is used in this study. 

Relevant ANN model design considerations are the 

selection of inputs, the number of hidden layers, the 

number of neurons in each hidden layer and tuning the 

weights of the ANN. 

The input vector of the ANN controller consists of the 
reference induction generator real power PIG-ref, actual 

induction generator real power PIG(t), and the previous 

output signal from the ANN controller u(t-1). The inputs 

of the ANN controller have to be carefully chosen, as this 

dictates the boundness and stability of the desired 

trajectories. The selection of the number of hidden layers 

and the number of neurons in each hidden layer is 

performed by trial and error, which is the most commonly 

used method in ANN architecture design. A three layer 

feedforward neural structure with three neurons in one 

hidden layer is found to be a good balance between 
estimation error and ANN complexity. An ANN structure 

with a 3 × 3 × 1 structure (three neurons in input layer, 

three neurons in the hidden layer, and one neuron in 

output layer) is shown in Fig. 8. The number of input 

nodes is equal to the number of input signals, and the 

number of output node equals the number of output 

signals. 

The output of a single neuron can be represented by the 

following equation: 

   (5) 

where fi is the activation function, wij is the weighting 

factor, xj is the input signal, and bi is the bias. The most 

commonly used activation functions are nonlinear 

continuously varying types between two asymptotic 

values, namely, -1 and +1. Such functions are known as 

tansigmoid functions. The activation function used is the 

tansigmoid function in both the hidden and output layers. 

B. Learning Algorithm 

The adaptive ANN controller is based on the Widrow-

Hoff adaptation algorithm. The Widrow-Hoff delta rule 

can be used to adapt the Adaline’s weight vector [20]. 

The weight update equation for the original form of the 

algorithm can be written as: 

   (6) 

where W(t+1) is the next value of the weight vector, W(t) 

is the present value of the weight vector, and x(t) is the 

present input vector. The present power error ep(t) is 

defined to be the difference between PIG-ref and PIG (t).   

Changing the weights yields a corresponding change in 

the error: 

        (7) 

In accordance with the Widrow-Hoff delta rule of Eq. 

(6), the weight change is as follows: 

  (8) 

Combining Equations (7) and (8) we obtain  

        (9) 

Therefore, the error is reduced by a factor of α as the 
weights are changed while holding the input pattern 

fixed. Presenting a new input pattern starts the next 

adaptation cycle. The next error is then reduced by a 

factor of α, and the process continues. The initial weight 

vector is usually chosen to be zero and is adapted until 

convergence.  

 

 
Fig. 8. ANN structure.  

 

The output signal of the adaptive ANN controller u(t) 

after being rescaled is used to generate the duty cycle 

according to the following equation [21]-[23]: 

                 
(10) 

where Dinitial is the one step time delayed duty cycle 

signal, and k is a multiplying constant.  

Thus, the proposed algorithm corrects errors and 
minimizes the mean square error between PIG-ref and 

PIG(t) over all times. The algorithm is best known for this 

property. 

VI. SIMULATION RESULTS 

Detailed modeling and control strategies of the system 

under study are presented. Time domain simulation has 

been done using the standard dynamic power system 

simulator PSCAD/EMTDC [24]. The simulation time and 

time step are chosen 5 s and 10 µs, respectively. The 
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wind speed is fixed at the rated value of 11.8 m/s. For the 

transient stability study, a severe symmetrical three-line 

to ground fault (3LG) is considered as the network 

disturbance. The fault occurs at 0.1 s at fault point F, as 

shown in Fig. 2. The circuit breakers (CBs) on the faulted 

line are opened at 0.2 s, and at 1.0 s the CBs are reclosed.  

It is assumed that the reclosure of CBs are successful.     

The real power and reactive power can be charged in or 

delivered from the coil of SMES during the network 

disturbance. Therefore, the IG terminal voltage can return 

back at its prefault level, as shown in Fig. 9 (a). It can be 

realized that the IG terminal voltage response when an 

adaptive ANN-controlled SMES is used, is a better 

damped response than that obtained when a PI-controlled 

SMES is considered. Figs. 9 (b) and (c) show the IG real 

and reactive power responses, respectively. Notably, the 

IG real and reactive power can maintain at the prefault 

value using both of adaptive ANN-controlled SMES and 

PI-controlled SMES but adaptive ANN-controlled SMES 

contributes to a better damped response. In addition, the 

IG speed is unstable without using the SMES unit and 

stable with adaptive ANN-controlled SMES or PI-

controlled SMES, as shown in Fig. 9 (d). Fig. 9 (e) shows 

the SG terminal voltage response which is smoothed 

when adaptive ANN-controlled SMES is used than that 

of a PI-controlled SMES. The SG real and reactive power 

responses are shown in Fig. 9 (f) and (g), respectively. 

Fig. 9 (h) shows the SG load angle response which 

expresses in the more transiently stable system when 

adaptive ANN-controlled SMES is used. The real power 

of adaptive ANN-controlled SMES is shown in Fig. 9 (i). 

The results prove that the wind turbine IG system and the 

SG system become stable using both of adaptive ANN-

controlled SMES and PI-controlled SMES. However, all 

the system responses using adaptive ANN-controlled 

SMES are better than that of using PI-controlled SMES. 

Therefore, adaptive ANN-controlled SMES is considered 

to be an effective means of enhancing the transient 

stability of the wind turbine IG systems. 
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(h) 

 
(i) 

Fig. 9. Responses for 3LG fault. (a) IG terminal voltage. (b) IG real 

power. (c) IG reactive power. (d) IG speed. (e) SG terminal voltage. (f) 

SG real power. (g) SG reactive power. (h) SG load angle. (i) The real 

power of adaptive ANN-controlled SMES.     

VII. CONCLUSION 

   This paper has introduced a novel adaptive artificial 

neural network-controlled SMES to enhance the transient 

stability of a grid-connected wind generator system. 

Detailed modeling and control strategies of the system 

under study are presented. The results have been shown 

that the integration of a PI or an adaptive ANN-controlled 

SMES with the wind generator system results in 

obtaining a stable system when it is subjected to a severe 

disturbance. The dynamic response of the system with 

adaptive ANN-controlled SMES is much better than that 

obtained with PI-controlled SMES. Adaptive ANN-

controlled SMES was found to be an effective means for 

enhancing the stabilization of the wind generator system.      
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