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I.  INTRODUCTION 

he ability of superconductors to carry large d.c. currents 

without resistive losses has given rise, since the early 

1970’s, to considerable international efforts to develop large 

super-conducting generators [1-3]. The advent of high 

temperature superconducting (HTS) wires has increased the 

potential for effective applications of superconductivity in 

power system industry. Many R&D projects on SCGs have 

been conducted at utility companies, power plant 

manufacturers and other organization toward a 200 MW class 

pilot-machine [4-8]. 

The application of superconductors to the field windings of 

SCGs offers these machines a number of potential advantages 

such as increased efficiency, reduced size and weight, low 

synchronous reactance and hence improved steady state 

stability. SCGs have complex structures and require materials 

different from those used in conventional generators, and some 

problems (and cost and reliability issues) remain to be solved 

before utility sized SCGs can be successfully designed and 

tested. However, a few experimental SCGs of significant 

power rating have now been constructed, the largest having 

been recently developed by the Japanese. It passed factory 

tests successfully with a measured output of 78.7 MW [4].     

SCGs also have characteristics that degrade their stability 

when connected to the power system. Therefore, an important 

aspect of the design of superconducting   generators   concerns   

stability following major system disturbances. The extremely 

long field winding time constant and the shielding effect of the 

rotor screens make the damping of mechanical oscillations of 

SCG very difficult using excitation control. Governor control 

hence is crucial for stability enhancement of SCGs. The 

availability of electro-hydraulic governors and fast turbine 

valving has now made it possible to obtain very fast turbine 

response.  

The work reported in [9] has shown that, the machine’s 

performance can be improved by introducing a conventional 

(lead) stabilizer in the governor feedback loop, activated by 

Ragaey A. F. Saleh 
Electrical Engineering Department, 

 Faculty of Engineering, Menoufiya University  

 

ABSTRACT: 

An approach is suggested in this paper for the design of a fuzzy logic-based governor controller as a possible mean to 

improve superconducting generator (SCG) stability under transient conditions while it is connected to a very large 

power system (an infinite-bus). In this approach, the stabilizing signal is based on the instantaneous speed deviation and 

acceleration of the superconducting generator and on a set of simple control rules. Meanwhile, a tuning parameter is 

introduced to generate the appropriate control rules, and thus increase the effectiveness of the fuzzy logic-based 

controller. Particle swarm optimization (PSO) technique is used to search for optimal settings of the fuzzy controller 

parameters. Simulation results, compared with those using a conventional controller, show that the proposed, PSO-

tuned fuzzy controller leads to a significant improvement in the SCG system performance over a range of operating 

conditions. 

 

م٘سٞيت ٍَنْت ىتذسِٞ استقزار اىَ٘ىذ فائق اىت٘صٞو تذت اىظزٗف اىعابزة  –ٍؤسس عيٜ اىَْطق اىغَٜٞ  -فٜ ٕذا اىبذث تٌ اقتزاح طزٝقت ىتصٌَٞ دامٌ 

ىنو ٍِ الاّذزاف فٜ سزعت اىَذزك )عِ سزعت اىتشاٍِ( ٗ  عْذ ت٘صٞئ بْظاً ق٘ٙ لاّٖائٜ. فٜ ٕذٓ اىطزٝقت، تؤسس الاشارة اىَ٘اسّت عيٚ اىقٌٞ اىيذظٞت

 ْاسبت، ٗباىتاىٍٜعذه اىتغٞز اىشٍْٜ فٖٞا، ٗمذىل عيٚ ٍجَ٘عت ٍِ ق٘اعذ اىتذنٌ اىبسٞطت. تٌ تقذٌٝ "باراٍٞتز ضبظ" ىيَساعذة فٜ تذذٝذ ق٘اعذ اىتذنٌ اىَ

ٍقارّت ٍع اىذامٌ  –بذث عِ أفضو اىقٌٞ ىث٘ابت ٕذا اىذامٌ. ت٘ضخ ّتائج اىَذاماة سٝادة فعاىٞت اىذامٌ اىَقتزح. ٗقذ استخذٍت طزٝقت اىسزب ىلأٍثيت ىي

أُ اىذامٌ اىغَٞٚ اىَقتزح ٗاىَصٌَ ب٘اسطت طزٝقت اىسزب ٝؤدٛ اىٚ تذسِ ٗاضخ فٜ أداء ٗاستقزاراىَ٘ىذ فائق اىت٘صٞو عيٚ ٍذٙ ٍِ أد٘اه  –اىتقيٞذٛ 

 اىتشغٞو اىَختيفت.   
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the speed error signal. The conventional stabilizer parameters 

are fixed to ensure optimum performance at a specific 

operating point. However, because of the high nonlinearity of 

the machine/power system combination, the stabilizer’s 

performance tends to be degraded whenever the system 

operating conditions move significantly away from the specific 

point. 

Recently, fuzzy logic control has emerged as one of the 

most fruitful research areas, and many applications for 

enhancing power system stability have been reported in 

literature such as [10-12]. The fuzzy logic stabilizer is 

essentially a multi-parameter controller, whose performance 

depends on the shape of membership functions, rule base and 

scaling factors. However, the design of a fuzzy controller with 

satisfactory performance is a rather difficult problem. To 

overcome this problem, genetic algorithm (GA) was proposed 

as an efficient technique for the optimal design of fuzzy logic 

controllers [13-14].  

 

     More recently, a new heuristic search method called 

particle swarm optimization (PSO) has been introduced [15].  

 

 

 

Fig.1 Superconducting turbo-generator system 

 

 

Generally, PSO is characterized as a simple concept, easy to 

implement, and computationally efficient. Theses features 

make PSO technique able to accomplish the same goal as GA 

optimization in a new and faster way. A number of very recent 

successful applications of PSO on various power system 

problems have been reported in literature [16-18]. This paper 

presents an approach to enhance stability of a SCG-infinite bus 

power system using a fuzzy-based governor controller 

optimally designed by the PSO technique. 

II.  SYSTEM DESCRIBTION 

 

     The system considered is a single SCG connected to an 

infinite bus power system as shown in Fig. 1. The SCG has 

superconducting field windings in the rotor, surrounded by two 

separate screens. The inner screen, which has a relatively long 

time constant, shields the superconducting field windings from 

external, time varying magnetic fields. The outer screen serves 

as a damper and has a substantially shorter time constant than 

that of the inner screen [19]. The SCG is driven by a three-

stage steam turbine with reheat between the high pressure and 

intermediate pressure stages. The turbine is controlled by fast 

acting electro-hydraulic governors fitted to the main and 

interceptor valves, which are working in unison. The exciter 

voltage, Ue , of the SCG is kept constant during transients. The 

mathematical model is given in Appendix A, while the 

parameter values and physical constraints are given in 

Appendix B. 

 

III.   FUZZY LOGIC-BASED CONTROLLER 

 

The control objective is to generate a supplementary 

stabilizing signal based on fuzzy logic, and then add it to the 

governor loop as shown in Fig. 2, in order to enhance the 

damping of the rotor oscillations after disturbances, and hence 

to improve the transient and dynamic performance of the 

system.  The generator condition is defined at every sampling 

time in terms of its speed deviation and scaled acceleration, 

[, F* d/dt], where F is a predefined scaling factor. This 

condition represents a certain point, Z, in the [, F* d/dt] 

phase plane as shown in Fig. 3.  The polar displacement  D (k) 

of this point from the origin, and the corresponding angle  (k) 

are computed as: 
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Fig.2 The governor control system 

 

 

  The phase plane is divided into four quadrants. Each 

quadrant has simple control rules according to the degree of 

deceleration and/or acceleration control required to restore the 

machine condition, after the disturbance, to the origin of the 

phase plane as soon as possible with an acceptable 

performance. Two fuzzy membership functions, shown in Fig. 

4, N() associated with the desired deceleration and P() 

associated with the desired acceleration, are defined in terms 

of the polar angle defined by (2) to reflect the actions of the 

control rules. The defining relations for N() and P() are: 
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      P()=1 – N()                         for all                     (4) 

 

 

 

 

 

Fig.4 Membership function as defined in (3) 

 

The angles i ,1 ,2 , and f are normally fixed at 90, 180, 

270 and 360 degrees respectively with excitation control of 

conventional generators [11]. The fuzzy membership functions 

described by (3) and (4) can be portrayed in terms  of a  pair of  

what can be termed “decision axes,” shown in Fig. 3, on the 

phase plane. The author found that, for best results, the angles 

i to f should again progress in 90 degree steps, but that an 

offset angle r between the phase plane axis set and the 

decision axis set should be introduced as shown in Fig. 3 [20]. 

This offset angle, which can be regarded as a new tuning 

parameter, is hence introduced when designing the fuzzy logic 

controller. It specifies the best location for each quadrant with 

its particular control rules on the phase plane. In effect, the 

offset angle rotates the decision axis set anti-clockwise until 

the minimum of a predefined performance index is obtained. 

This has the effect in turn of changing the final shapes of fuzzy 

membership functions over the whole universe of discourse, 

i.e. another set of control rules is generated according to the 

degree of rotation. The resulting two membership functions 

then lead to a governor control signal, U(k), given by: 

         U(k) = G(k) [ N( (k)) - P( (k))] Umax                   (5) 

where G(k) is the gain whose value is defined as: 

         G(k) = D(k)/Dr               for D(k)<Dr                        (6) 

         G(k) = 1                         for D(k)D r                            (7) 

The parameter Dr is a set value of polar displacement at which 

the gain is required to saturate at unity. 

 

IV.  FUZZY CONTROLLER PARAMETERS 

SELECTION 

     In this section, the fuzzy controller parameters F, Dr , and 

r are optimized using the PSO technique. For this purpose, 

the following performance index, J , is defined: 
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Fig. 7.4  Proposed fuzzy membership functions
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where (k)=((k)) denotes the deviations (in radians) of 

the instantaneous rotor angle from its steady state value, , 

and GM(k)=( GM(k)GMo) is the deviation of the instantaneous 

governor valve position GM (k) from its value in the steady 

state, GMo. As is seen, the speed deviation,  (k), is weighted 

by the elapsed time kT. Thus, a low value of J corresponds to a 

small settling time, a small steady state error, and small 

overshoots in rotor speed, rotor angle and valve position.  

 

     The PSO algorithm iteratively updates the velocity of each 

particle using its current velocity and its distance from "global 

best position" (gbest) and "personal best position" (pbest) 

according to the following equation: 

   
)( 1

,11

1   k
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kk
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,22
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                                     (9) 

where: 

i = 1, 2, 3, … , m 

vi
k
  is the  velocity of particle i at iteration k 

xi
k
  is the position of particle i at iteration k 

r1, r2 are uniformly distributed random numbers in the range 

[0-1] 

c1, c2  are positive constants 

w
k
 is the inertia weight at iteration k, decreasing as  w

k
 = w

k
. 

m is the number of particles in a swarm, and   is a decrement 

constant. 

     PSO technique itself has a number of parameters to be 

properly specified. The main PSO parameters are the initial 

inertia weight, w
0
, and the maximum allowable velocity, Vmax. 

w
0
 is set at 1, and Vmax at 12.5% of the search space for each 

tuning parameters. The swarm size is chosen to be 60 particles. 

Other parameters are set as decrement constant =0.98, and 

c1= c2 =2.  

 

V.  SIMULATION RESULTS 

     The author's previous attempts to develop the fuzzy 

controller presented here were made by changing the width of 

acceleration sector (from 1 to 2) with various values of i 

and/or f. The performance index was evaluated, in all cases, 

in response to a three-phase to ground fault of 120-ms duration 

with the operating point (Pt=0.8 p.u, Qt=0.6 p.u). From these 

investigations, it was noticed that the introduction of r in the 

manner shown in the paper causes a significant improvement 

in the system performance as shown in Fig.5 [20]. 

 

 

 

 

 

 

 

 

 

 

Fig.5 Performance index vs.  r  for response to  

3-phase SC at Pt=0.8 pu, Qt=0.6 pu  

 

 

 

 

 

 

 

 

Fig. 7.9  Performance index versus  
r
 at F = 0.5 and D

r
=10.8
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     Variation of the performance index J with the number of 

iterations made by the PSO technique at different seed values 

is shown in Fig. 6. The optimal values selected by PSO for F, 

Dr , and r are 0.327, 7.735, and 113.54
o
  respectively. The 

optimized membership functions N() and P() take then the 

forms shown in Fig. 7. 

 

Fig. 6 Performance index convergence with iterations

          at different seed values

Number of iterations

0 20 40 60 80 100 120

P
er

fo
rm

an
ce

 i
n

d
ex

129

130

131

132

133

134

135

 

 

Fig. 7 Optimized membership functions at  r = 113.5
o
 

 

     Performance of the SCG system with the designed fuzzy 

controller following a 3-phase short circuit fault, at the 

operating points [(Pt, Qt) = (0.8,0.6), (0.9, 0) p.u], is shown in 

Figs. 8 and 9 respectively. Figure 10 shows the system 

response to a 5% pulse change in the governor set point at the 

first loading conditions.  

     The simulation results illustrate that, the PSO-based fuzzy 

stabilizer brings about a significant improvement in the system 

behavior and a considerable reduction in the valve movements 

and rotor oscillations. The results thus demonstrate clearly 

that, for the system and disturbances studied, the proposed 

PSO-tuned fuzzy stabilizer can provide useful performance 

improvements with respect to the conventional lead stabilizer 

examined [15]. 

      It is worthy to mention here that there is no easy physical 

interpretation of the angle  r , except that it is an angular 

displacement  between  the  phase plane axes, to  which  the 

system conditions, i.e. [ and F* d/dt] are referred, and the  

Fig. 8 Response to a 3-phase s.c. at Pt=0.8 pu, Qt=0.6 pu 

 

decision axes which determine the type of control action to be 

taken. The effect of re-orientating the decision axes can be 

illustrated by considering a typical operating condition e.g. 

shaft speed increasing (i.e. F* d/dt positive). Assuming 

constant gain G(k), with no re-orientation, (i.e.  r= 0
o
), any 

negative speed deviation (shaft speed minus synchronous 

speed) is enough to cause the commencement of changes in the 

control variables, N( ) and P( ), and hence in U(k) according 

to Fig. 3 and equations (3) , (4) and (5). With re-orientation by 

a relatively small angle (e.g.  r= 20
o
), an amount of negative 

speed deviation can occur, such that  , which is defined by 

(2), is less than or equal to (90 
o 

+  r), before  N( ),  P( ), 

and U(k) are affected. In practice, it has been found that r 

values of up to about 114
o
 are desirable. With large r, 

substantial changes in the acceleration and speed deviation 

conditions for a particular control action obviously occur. 

Also, with large r , a radical change in the control   action   

occurs   for  certain  ranges  of  speed  deviation  and  

acceleration.  For example, when  r is set at 113.5
o 

,    values  

of  up to 23.5
o
 cause accelerating control action, as opposed to 

a  decelerating control action when  r is set at 0 degree. 

 

Fig. 9 Response to a 3-phase s.c. at Pt=0.9 pu, Qt=0 pu 

Fig. 10 Response to a 5% pulse in Ugr at Pt=0.8 pu, Qt=0.6 pu 

 

VI.  DAMPING AND SYNCHRONIZING 

TOURQUES ANALYSIS 

     In this section, effects of the designed fuzzy stabilizer and 

the conventional stabilizer [21] on the SCG dynamic 

performance are investigated using the concept of damping 

and synchronizing torques, which was initially introduced by 

Demello and Concordia [22]. This concept indicates that, at 

any given frequency of rotor oscillations, there exists 

oscillatory electrical torque acting on the rotor which has the 

 same frequency and whose amplitude is proportional to the 

amplitude of the oscillations. The change in this torque Te 

can be divided into two components: one is in time phase with, 

and proportional to the rotor angle deviation . This is called 

the “synchronizing torque”. The other, which is in time phase 
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with and proportional to the rotor speed deviation  is called 

the “damping torque”. Therefore, the change in electrical 

torque can be written as follows: 

               dse KKT                                     (10) 

where Ks and Kd are the synchronizing and damping 

coefficients respectively. It is now well recognized that, 

machine stability is highly degraded if there is lack of either or 

both of synchronizing and damping torques. The values of Ks 

and Kd are determined from the time responses of electrical 

torque, rotor angle and rotor speed, using the technique 

explained in [23]. In that technique, the error between the 

actual torque deviation and that obtained by summing the 

damping and synchronizing torque components is defined as: 

       )]()([)()( tKtKtTtE dse                (11) 

The error squares can be  summed  over  the  simulation time 

period. Minimizing this summation with respect to Ks and Kd 

yields the following dependent algebraic equations: 
 

 

 

            
n

d

n

s

n

e KKT 
2

)(               (12)  

            
n

s

n

d

n

e KKT 
2

                (13) 

Solving the equations (12) and (13) gives the values of Ks and 

Kd, where n is the discrete-simulation time. A summarized 

comparison of the PSO-tuned fuzzy stabilizer and 

conventional stabilizer [21] is shown in Table 1.  

     From this table, it can also be concluded that, the PSO-

tuned  fuzzy  stabilizer  outperforms the conventional stabilizer 

at the operating points studied. It provides the SCG system 

with higher levels of damping and synchronizing torques. 

 

Table 1: Comparison of PSO-tuned fuzzy stabilizer and 

conventional stabilizer 
(Pt, Qt) p.u (0.8, 0.6) (0.9, 0) 

 J Kd ks Kd ks 

Fuzzy stabilizer 129.5 0.017 2.035 0.019 1.435 

Conventional 

stabilizer [21] 

261.7 0.014 2.011 0.015 1.412 

 

VII.  CONCLUSION  

     The paper has described the application of a fuzzy logic-

based approach for stability enhancement of superconducting 

generators. In this approach, a new parameter (rotation angle 

r) was introduced to enhance the effectiveness of the fuzzy 

controller in damping the mechanical oscillations of the system 

studied over a range of operating conditions and disturbances. 

A PSO technique was used to optimize the set of unknown 

controller parameters. Results of nonlinear simulation studies 

show the effectiveness of the proposed controller in enhancing 

SCG stability.  

APPENDIX A 

The mathematical model of the SCG: 

           qqaddod RiVp  ][              (A1) 

           ddaqqoq RiVp  ][              (A2) 

                     111 DDoD Rip  
                             (A3) 
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                             (A5) 
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                             (A6) 
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                                                  (A8) 
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                            (A9) 

                    dqqde iiT  
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o: synchronous speed 

: rotor speed deviation with respect to synchronous speed 

 

The mathematical model of the turbine and governor system: 

                     HPHPoMHP YPGpY /)( 
              (A11) 
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Fig. 7.13 Response to a 3-phase s.c. for 10 ms at P
t=0.9 p.u, Qt=0 p.u
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                       RHRHHPRH YYpY /)( 
                (A12) 

                      IPIPRHIIP YYGpY /)( 
                (A13) 

                     LPLPIPLP YYpY /)( 
                     (A14) 

                      GMMgM GUpG /)(                   (A15) 

                      GIIgI GUpG /)(                        (A16) 

The output mechanical torque is given as: 

               LPLPIPIPHPHPm YFYFYFT 
          (A17) 

GM and GI : main and interceptor valve positions 

Ug: governor actuating signal 

The definitions of variables not defined in the paper can be 

found in references [9], [21] cited above. 

APPENDIX B 

The parameters of the system studied (all inductance and 

resistance values in pu and all time constants in seconds) are: 

Superconducting generator parameters [21]: 

Lf=0.541, Ld=Lq=0.5435, LD1=LQ1=0.2567, LD2=LQ2=0.4225 

Lfd=LfD1=LdD1=LdD2=LD1D2=0.237 

LfD2=0.3898, LqQ1=LqQ2=LQ1Q2=0.237 

f=750, Rd=Rq=0.003 

RD1=RQ1=0.01008, RD2=RQ2=0.00134 

H=3 kW.s/kVA 

Transformer and transmission line parameters: 

XT =0.15, RT =0.003, XL =0.05, RL =0.005 

Turbine and governor parameters: 

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 

Valve position and movement constraints are defined by: 

1),(0  IM GG  and 7.6),(7.6  IM pGpG   
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