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Abstract. Fully superconducting generator (FSG) is one of the promising applications of superconductors in electric power sector. 

Meanwhile, transient stability of FSG is an important issue in developing this new machine. An approach is suggested in this paper for the 

design of a fuzzy logic governor controller (FLC) as a possible mean to improve the FSG stability under transient conditions. In this 
approach, unsymmetrical non-linear membership functions are used, while the number of FLC parameters to be properly designed is 15 

parameters, including scaling factors for input and output variables along with widths and centers of fuzzy sets of input variables. A genetic 

algorithm is used to optimally choose all these parameters. Simulation results show that the proposed FLC leads to a significant improvement 
in the transient stability and performance of a FSG connected to an infinite-bus. 
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List of Symbols 

P : Derivative operator w.r.t time. 

v, i   : Voltage and current. 

LT     : Transformer self inductance. 

RT     : Transformer resistance. 

LL     : Transmission line self inductance. 

RL     : Transmission line resistance. 

Rf      : Resistance of field winding. 

Mfd     : Mutual inductance between armature and field windings. 

H        : Inertia constant. 

Tm       : Mechanical torque. 

Te        : Electromagnetic torque. 

Pt        : Active power at generator terminal. 

Qt           : Reactive power at generator terminals. 

Po        : Boiler steam pressure. 

Y          : Output of a turbine or reheat stage. 

GM, GI : Main and interceptor valve positions. 

F          : Fractional contribution of the turbine stage into Tm. 

Ug        : Governor actuating signal. 

         : Flux linkage. 

o        : Synchronous speed. 

         : Speed deviation from synchronous speed. 

           : Rotor angle with respect to infinite bus. 

         : Time constant of stage. 
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1. Introduction 

 

Although copper and aluminum have met most our needs for decades, the demand for conservation and more 

efficient use of electricity has brought renewed focus on superconductors. The application of superconductors in 

the field winding of a superconducting generator (SCG) appears to offer this machine a number of potential 

advantages such as higher efficiency, small size and weight, low synchronous reactance and hence improved 

steady state stability. On the other hand, the recent development of very low-loss, ultra-fine filament 

superconducting a.c. wires was the motive for developing another type of superconducting generators, called 

FSG in which both the field and armature windings are superconducting [1]. Compared with SCG, FSG has 

more potential to increase efficiency and decrease size and weight. 

However, FSG suffers from instability when connecting to the grid [2]. Also, this machine needs current 

limiting devices to prevent both of the armature and the field windings from quenching during severe fault 

condition [3]. The characteristics of FSG connected to a power system under many kinds of conditions must be 

understood exactly, since power system apparatus must be highly reliable. The main difficulty in operating the 

FSG with a power system is its very slow response. As the field time constant is extremely large, the excitation 

system is not able to change quickly the field current to restore the FSG stability. Previous studies [4-6], 

however, have shown that the machine stability along with its transient performance could be highly improved 

using governor control techniques. 

Recently, fuzzy logic control [7] has emerged as one of the most fruitful research areas, and many 

applications for enhancing power system stability have been reported in literature [8 -11]. Fuzzy logic 

controller (FLC) is essentially a multi-parameter controller, whose performance depends on the selected 

shape of membership functions, rule base and scaling factors. The work described in this paper is an 

attempt to employ the utmost power of the well-known FLC for enhancing the FSG stability. To do so, an 

approach is proposed and used in the design of the controller. This approach is a rather different from that 

used in [6], and mainly based on unsymmetrical non-linear membership functions for input variables as 

explained later on in this paper. 

 

2. System Description 

 

A FSG-infinite bus power system, shown in Fig.1, is considered in this study. Two superconducting 

fault current limiters (CL1, CL2) are connected in parallel and placed between the high-voltage side of the 

step-up transformer and the sending-end of the transmission line. In normal operation, one of the current 

limiters is connected to the line, and the other is stand-by and disconnected from the line. The FSG is 

driven by a three-stage steam turbine, which is controlled by fast acting electro-hydraulic governors fitted 

to the main and interceptor valves. The mathematical model of the system under study and parameter 

values are given in the Appendix. 

 

 

 
Fig. (1). Fully superconducting turbo-generator. 
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3. Design Procedure for a Fuzzy Logic Controller 

 

The procedure commonly used in designing a FLC can be summarized as follows: 

1. Identification of the FLC input and output variables based on understanding dynamics of the system 

under study. 

2. Defining a universe of discourse for each variable, and a number of partitions (fuzzy subsets) within it, 

assigning each a linguistic label. 

3. Defining a membership function for each fuzzy subset. 

4. Choosing appropriate scaling factors for the input and output controller variables. 

5. Deciding a defuzzification technique to convert fuzzy values into crisp values. 

6. Forming the fuzzy control rules, which assign the fuzzy relationships between the input and output 

fuzzy subsets. 

When the FLC is implemented, the following steps are performed sequentially: 

1. Fuzzify the inputs to the controller. 

2. Apply an inference mechanism to infer the output contributed from each rule. Then, aggregate all the 

rules' outputs to form an overall fuzzy output. 

3. Use the defuzzification method to obtain a crisp controller output. The basic structure of a FLC is 

shown in Fig. (2). 

 

 
Fig. (2). Basic structure of a fuzzy logic controller. 

 

 

 

4. Proposed Fuzzy Logic Controller 

 

In this section, the determination of an efficient control signal, U, based on fuzzy logic is described. This 

signal is then introduced into the governor side as shown in Fig. 3, in an aim to damp the rotor oscillations after 

disturbances, and hence the FSG performance is improved. Speed deviation,  , and its derivative, 

dtd / = , are chosen as FLC input variables. Actually, only  signal is measured, and from it   signal is 

computed as: 

 

 sTkkk /)]1()([)( −−=                                                                 (1)  

 

where Ts is the sampling interval. Two scaling factors, KA and KB, are used to map   and  , respectively into 

their predefined universes of discourse, which are divided into seven overlapping fuzzy sets; named large 

positive "LP", medium positive "MP", small positive "SP", zero "ZE", small negative "SN', etc. A bell-shaped 

membership function is assigned for each fuzzy set such that if a crisp input "x" belongs to a set of range [a-b] 

and width "d", then its degree of membership x , in this set is defined by the following function: 
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Fig. (3). The governor control system. 

 

 

 
Table (1). Fuzzy logic control rules for FSG system. 

d/dt 

 
NL NM NS ZE PS PM PL 

NL NS PS PM PM PM PL PL 

NM NS NS PS PS PM PM PL 

NS NM NS NS PS PS PM PM 

ZE NM NM NS ZE PS PM PM 

PS NM NM NS NS PS PM PM 

PM NL NM NS NS PS PS PS 

PL NL NL NM NM NS NS PS 

 

Table 1 shows the fuzzy rules that are assigned for the FSG system [6]. Each entry in Table 1 represents a 

control rule, which takes the form: "IF   is A, AND   is B, THEN u  is  C", where A, B, and C are fuzzy sets 

as defined by relation (2). These fuzzy rules are individually applied on the fuzzified inputs, resulting in an 

output fuzzy set, for each rule, clipped to a degree defined as: 

 

))(),(min()(  
BAic u =                        (3) 

 

The aggregated fuzzy outputs are converted into a single crisp value using the "weighted average" 

defuzzification method [12], which gives the output control signal as: 
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where Ku is a scaling factor, m is the number of rules giving contribution to the fuzzy output at the sampling 

instant considered, and ui is the center value of the fuzzy set in consequent i. 

 

 

 



Stability Improvement of a Fully Superconducting Generator by Fuzzy Logic Control 

 

 

 

23 

According to the structure of FLC described above, the number of fuzzy sets, to which an input value 

belongs at a time, depends on how much overlap between adjacent fuzzy sets. In reference [6], equally-

overlapped, triangle membership functions are used for input variables. Here, the author proposes to increase 

effectiveness of the FLC by adopting unsymmetrical bell-shaped functions. This could be done by using fuzzy 

sets with different overlaps. 

 

5. Tuning of FLC Parameters 

 

So far, three adjustable parameters are aforementioned, i.e., KA , KB and Ku. To gain more effectiveness 

from the proposed FLC, additional 12 adjustable parameters (six for   fuzzy sets, and six for   sets) are 

introduced into the design. Namely, d1, d2, d3 and d4, which stand for widths of fuzzy sets (LP, MP, SP, ZE) 

of  , and C2 and C3 which stand for centers of fuzzy sets (MP, SP) respectively. Similarly, d'1, d'2, d'3, d'4, 

C'2 and C'3 are assigned for   fuzzy sets. Therefore, we have now 15 parameters (KA, KB, Ku, d1, d2, d3, d4, 

C2, C3, d1, d2, d'3, d'4, C'2, C'3) to be optimized simultaneously. This is a quite difficult problem to deal with 

using a trial-and-error approach. However, characteristics of genetic algorithm (GA) [13] make it able to 

solve such a complex problem. Therefore, GA with tournament selection and two-point crossover is 

utilized to optimally select these 15 parameters. To do so, the following performance index, J, is used: 
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22 })](.[)](.{[                                  (5) 

where  (k) and )(kGM are the deviations of the FSG speed and the governor valve position from their steady 

state values respectively. The population size in each generation of GA is chosen to be 60 strings. The crossover 

probability is set at 0.7 and the mutation probability is set at 0.001. 

 

6. Simulation Results 

 

A number of simulation studies were performed to develop and investigate the effectiveness of the 

proposed FLC. The performance index was evaluated, in all attempts of developing the FLC, in response to 

a three-phase to ground fault of 100-ms duration at the transformer high voltage terminals, with the rated 

output (Pt=0.9 p.u, Qt=0.436 p.u). Variation of the performance index J with the number of generations is 

shown in Fig. 4. The optimal values selected by GA for KA, KB and Ku are 0.269, 1.235 and 1.984 

respectively. The optimized fuzzy sets for   and   have taken the shapes shown in Fig. 5. In Ref. [6], the 

fuzzy controller was compared with a conventional controller (lead compensator) and the results have 

shown that the fuzzy controller outperforms the conventional one. Therefore, it was seen to compare the 

proposed algorithm only with that of Ref. [6], while keeping the response with speed governor (SG) in the 

figures to show that the machine essentially need an additional control signal. The performance of the FSG 

system with the proposed fuzzy governor controller following a three-phase short circuit fault for 100 ms, 

at the operating points [(Pt, Qt)= (0.9,0.436), (0.8, -0.2) p.u], is shown in Figs. 6 and 7, respectively. 

Figures 8 and 9 show the system response to a temporary (100 ms long) 5% step increase in the governor 

set point at the previous loading conditions. All these figures also show the system response with speed 

governor (SG) only, i.e. without the additional control signal, U. The FSG dynamic performance was 

analyzed using the concept of damping and synchronizing torque components. The results show that the 

addition of the proposed FLC improves the damping coefficient K d by 16.5% and 150% at [(Pt, Qt) = (0.9, 

0.436), (0.8, -0.2) p.u] respectively, compared with those using another fuzzy controller [6].  

The simulation results show that the proposed FLC results in a significant improvement in the FSG transient 

behavior and a considerable reduction in the rotor oscillations with acceptable governor valve movements. Also, 

although the FLC parameters are optimized for particular loading conditions and even for a particular type 

disturbance, they are robust and lead to more increase in the damping coefficient for other loading condition and 

disturbance as is shown above. Meanwhile, although the time response with the proposed approach shows slight 

difference when compared with that of Ref. [6], quantitive measures in terms of the performance index and 

damping coefficient show some improvements. 
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Fig. (4). Performance index convergence. 

 

 

 
Fig. (5). Optimized fuzzy sets of  and d  /dt. 
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Fig. (6). Response to SC at Pt=0.9 pu, Qt=0.436 pu. Fig. (7). Response to SC at Pt=0.8 pu, Qt=-0.2 pu. 
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Fig. (8). Response to a pulse in Ugr at Pt=0.9 pu, Qt=0.436 pu. Fig. (9). Response to a pulse in Ugr at Pt=0.8 pu, Qt=-0.2 pu. 

 

 
7. Conclusion 

 
This paper has presented and developed an approach for the design of a FLC for stability enhancement of a 

FSG. The main features of this approach are: 
1. Using non-linear, unsymmetrical membership functions for the variables input to the controller. 
2. Optimizing the shapes of these functions by utilizing GA to optimally assign the widths and centers of 

input variables' fuzzy sets. Simulation results show that the proposed controller is an efficient in 
enhancing FSG stability, and also provides the FSG system with more damping of the mechanical-mode 
oscillations than the previous FLC [6] does. 
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9. Appendix 

 

The mathematical model of the FSG: 

][ fffof Rivp −=                                     

 qqdod vp ++= ][                            

 ddqoq vp −−= ][                           

 =p                                                        

][
2

em
o TT

H
p −=


                                       

dqqde iiT  −=                                            

The mathematical model of the turbine and governor system: 

HPHPoMHP YPGpY /)( −=                            

RHRHHPRH YYpY /)( −=                             

IPIPRHIIP YYGpY /)( −=                             

LPLPIPLP YYpY /)( −=                                 

Tm = FHP YHP + FIP YIP + FLP YLP                 

GMMgM GUpG /)( −=                             

GIIgI GUpG /)( −=                                 

Parameters of the system studied are: 

S=1100 MVA, Lf=0.77, Ld=Lq=0.53, Mfd=0.53, Rf=0.0000029,RT=0.003, XT=0.15, 

RL=0.0075, XL=0.195, H=3 kW.s/kVA, GM =GI =0.1, HP =0.1, RH =10, 

IP =LP =0.3, Po = 1.2  p.u, FHP = 0.26, FIP = 0.42, FLP = 0.32 
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 تحسين استقرار مولد فائق التوصيل بواسطة التحكم المنطقي الغيمي 
 

 رجائي عبد الفتاح صالح
 جامعة القصيم -كلية الهندسة  ، قسم الهندسة الكهربائية

 المملكة العربية السعودية -القصيم 

 م( 27/11/2007م؛ وقبُل للنشر في 28/5/2007)قدُم للنشر في  
 

ق دداا القددو   يفائقددا التولددحل فدد الائقددا التولددحل الددد الت بحقددا  الواصددد  للمولدد   فالتعتبر المولدددا  . ملخص  البحص 

 يالشددبكا الكهربحددا مددر المددور الهامددا فدد  يالكهربحا. كذلك تعد دراسا استقرار هذه المولدا  صند تعرضها لاهتزازا  فدد 
ر الوسددحلا الساسددحا المتالددا لتلسددحر إا، فدد لملفا  المجال الفائقا التولددحل كبحددر جددد   يا لر الثاب  الزمنت وحرها. ونظر  

، وذلددك مامدداد يضب  اللاكم. حقدددم هددذا البلددة  رحقددا فعالددا لتلددمحم ضدداب   حمدد  يالاستقرار العابر لهذه المولدا  ه
هددذه  يفدد تددم الظروف العددابر .  يف يلانهائ يالذبذبا  المحكانحكحا وتلسحر الاستقرار لمولد فائق التولحل متلل بنظام قو

 يسرصا المولد ومعدل التغحددر فدد  يسا استادام  دوال صضوحا  حر ا حا و حر متماثلا الاتساا لكل مر الانلراف فالدرا
ا حجددا ااتحارهددا صنلددر  15. تضددم مجموصددا ثوابدد  الضدداب  يالسرصا، واللذار حمث ر المتغحرا  الداالا للضاب  الغحمدد 

لثوابدد  الضدداب . توضددج نتددائا الملاكددا  ار الضدداب   المثلدد م لتلدحددد القددح يبعناحا. تم استادام  رحقا الاوارحزم الددوراث
 اداء واستقرار النظام المدروس صل  مد  واسع  مر الوال التشغحل.  يإل  تلسر جحد ف يالمقترح حؤد

 

 

 


