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Abstract: This paper describes the fuzzy modeling of permanent magnet generator for studying its mechanical dynamic 

analysis. Firstly electromagnetic torque analysis of the generator is carried out using finite element based package. Then 

fuzzy model of the generator is developed. Performance was evaluated by comparing, integrated fuzzy model, individual 

fuzzy model and finite element model for the generator. Fuzzy models were developed using adaptive neuro-fuzzy infer-

ence system (ANFIS). It is observed that system MI has a significant effect on optimal winding inductance to achieve 

steady state operation in shortest period of time. The winding leakage inductance should be reduced for achieving steady 

state operation in shortest time. 
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I. INTRODUCTION  

The ability of the permanent generator to self -excite is 
an attractive feature that makes it a suitable choice for opera-
tion at higher power factors and efficiencies. In addition, PM 
machines do have the overloading capability and full torque 
capability at zero and at very low speeds. The understanding 
of the characteristics and accurate modeling of the dynamic 
performance of these are of fundamental importance to de-
sign engineers. Finite element analysis has been used exten-
sively for the design and performance prediction of various 
types of permanent magnet machines. FE simulations for 
power systems are widely used to understand the behavior of 
the machine within the system, [1]. Modeling and control 
techniques based on fuzzy sets attempt to combine numerical 
and symbolic processing into one framework. On the one 
hand, fuzzy systems are knowledge-based systems consisting 
of linguistic if-then rules that can be constructed using the 
knowledge of experts in the given field of interest. On the 
other hand, fuzzy systems are also universal approximators 
that can realize nonlinear mappings. This duality allows 
qualitative knowledge to be combined with quantitative data 
in a complementary way. Compared to other nonlinear ap-
proximation techniques, fuzzy systems provide a more trans-
parent representation of the nonlinear system under study, 
and can also be given a linguistic interpretation in the form 
of rules. The rules extracted from data can be validated by 
experts, and combined with their prior knowledge to obtain a 
complete system model describing the reality over the entire 
domain of interest. Very little work has been done in the area 
of mechanical dynamic analysis of electromagnetic devices. 
Until recently, the electromagnetic analysis has usually been 
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confined to static representations of the machine geometry 

using, for example, frequency response methods in synchro-

nous machines, as applied by [2], or slip frequency analysis 

in induction motors, as reported by [3]. This inevitably leads 

to some inaccuracy in the characterization of the machine. A 

complete simulation with independent dynamic electromag-

netic and power system analysis has been achieved by [4], 

but generally this is too expensive computationally for eve-

ryday use [5], outlines improvements to the characterization 

of machine that can be obtained by using dynamic non-linear 

electromagnetic time-stepping analysis including rotation. 

Generation of adaptive mesh based upon nodal errors is 

given by [6] in which next adaptive stages are performed 

after updating the spacing values using previous adaptive 

solution. Adaptive analysis with rotation has been carried out 

by [7], but to take into account the rotor movement, the ele-

ments of air gap and rotor have to be modified at each rotor 

step. A novel algorithm of adaptive mesh generation for the 

nonlinear finite-element analysis of electric machines has 

been presented by [8]. A two-dimensional adaptive meshing 

technique for accurate calculation of very low cogging 

torque of rotating machines has been presented by [9]. But 

the study of effect of winding parameters on the torque is 

missing in all these. Simulations of PM wind turbine genera-

tors have been tested for stability by [10], but these are silent 

about the effect of winding parameters on the steady state 

performance of the generator.  

In this paper firstly the finite element model of the gen-
erator is developed to carry out its electromagnetic torque 
analysis using a finite element based package. From the 
FEM simulations optimal parameters analysis of the genera-
tor for mechanical dynamic analysis is carried out. Then 
fuzzy model of generator is developed for its mechanical 
dynamic analysis and results are validated with FEM analy-
sis to simulate its performance.  
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Fig. (1). Finite element model of the generator. 

II. MODELING OF PM GENERATOR 

(a) Finite Element Model  

The centre of rotor consists of annealed medium carbon 
steel, which is a material with high relative permeability. 
The centre is surrounded with several blocks of permanent 
magnet made of samarium cobalt, creating a strong magnetic 
field. The stator is made up of same permeable material as 
the centre of the rotor. The winding is wound around the 
stator poles. The winding used in the stator is single turn 
winding. Length of the generator is 0.4m. Area of winding in 
the stator is 0.001257m

2
. Relative permeability in permanent 

magnets is 1. The symmetry of the generator has been ex-
ploited to reduce the model size to 1/8 th of the original size. 
The smallest possible model of the generator is obtained by 
cutting radially through two adjacent poles as shown in Fig. 
(1). 

(b) Fuzzy Model  

The modeling of the system has been done using adaptive 
neuro fuzzy inference system (ANFIS) [11,12] by consider-
ing the input parameters; inductance and inertia of the rotor 
(Jrotor) and output as steady state time. This technique pro-
vides procedure to learn information about a data set, in or-
der to compute the membership function parameters that best 
allow the associated fuzzy inference system to track the 
given input/output data. Fig. (2) shows fuzzy model of PM 
generator. ANFIS without subcluster is shown in Fig. (3). 
Fig. (4) and Fig. (5) show various membership functions of 
‘inductance’ and Jrotor for the model. Fig. (6) indicates the 
output membership function of ‘steady-state time’. Here the 
model makes use of nine rules. Set of linguistic rules for 
fuzzy model without subclustering are given below:-  

• If (Inductance is mf1) and (Jrotor is mf1) then 
(Steady-state time is mf1) 

• If (Inductance is mf1) and (Jrotor is mf2) then 
(Steady-state time is mf2)  

• If (Inductance is mf1) and (Jrotor is mf3) then 
(Steady-state time is mf3) 

• If (Inductance is mf2) and (Jrotor is mf1) then 
(Steady-state time is mf4)  

• If (Inductance is mf2) and (Jrotor is mf2) then 
(Steady-state time is mf5)  

• If (Inductance is mf2) and (Jrotor is mf3) then 
(Steady-state time is mf6)  

• If (Inductance is mf3) and (Jrotor is mf1) then 
(Steady-state time is mf7)  

• If (Inductance is mf3) and (Jrotor is mf2) then 
(Steady-state time is mf8) 

• If (Inductance is mf3) and (Jrotor is mf3) then 
(Steady-state time is mf9) 

Fig. (7) shows the ANFIS with subclustering. Set of lin-
guistic rules for fuzzy model with subclustering are given 
below:-  

• If (Inductance is mf2) and (Jrotor is mf1) then 

(Steady-state time is mf1) 

• If (Inductance is mf2) and (Jrotor is mf2) then 

(Steady-state time is mf2)  

• If (Inductance is mf3) and (Jrotor is mf3) then 

(Steady-state time is mf3) 

• If (Inductance is mf4) and (Jrotor is mf4) then 

(Steady-state time is mf4)  

• If (Inductance is mf5) and (Jrotor is mf5) then 

(Steady-state time is mf5)  

• If (Inductance is mf6) and (Jrotor is mf6) then 

(Steady-state time is mf6)  

 

 

 

 

 

 

Fig. (2). Fuzzy model of the generator. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). ANFIS without subclster. 
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Fig. (4). Input membership function (Inductance). 

 

 

 

 

 

 

 

 

Fig. (5). Input membership function (Jrotor). 

 

 

 

 

 

 

 

 

Fig. (6). Output membership functions (Steady- state time). 

III. RESULTS AND DISCUSSION 

The torque curve of the generator obtained using FEM 
during starting is shown in Fig. (8), which indicates that at-
tenuation of transients takes a long time. This is because of 
larger per unit (pu) inertia of the rotor and winding induc-
tance. For studying the effect of winding resistance and sys-
tem MI with, the winding resistance, electromotive force and 
the MI are varied during the simulations. The steady state 
time is determined from the attenuation of the speed oscilla-
tion. The system MI, J, is compared with the rotor inertia 
Jrotor of the PM generator. The system MI has a significant 
effect on the optimum winding inductance to achieve steady 
state operation in the shortest period of time. Permanent 
magnets produce a pulsating magnetic braking torque during 
the acceleration of the rotor. This braking torque is responsi-
ble for distorting the steady state operation. This braking 
torque depends upon the winding leakage inductance. Hence 
the winding leakage inductance should be reduced for the 
speedy steady state operation. Table 1 shows the values of 
steady-state time as a function of winding inductance for 
different values of MI. 

 

 

 

 

 

 

 

 

 

 

Fig. (7). ANFIS with subclustering. 

 

 

 

 

 

 

 

 

Fig. (8). Starting torque curve of the generator. 
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Table 1. Steady-State Time as a Function of Winding Induc-

tance 

Steady-State Time(sec) Winding In-

ductance 

(mH) 
J/Jrotor=1 J/Jrotor=4 J/Jrotor=10 

0 0.71 2.17 4.52 

4 0.76 2.19 4.54 

8 0.85 2.23 4.57 

12 0.95 2.27 4.61 

16 1.11 2.32 4.66 

20 1.31 2.39 4.72 

24 1.55 2.5 4.8 

28 1.9 2.65 4.89 

32 2.35 2.92 5.05 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. (10). Steady-State time versus winding inductance for different 

Jrotor without subclustering. 

Fig. (9) shows the rule viewers for the PM generator 
without subclustering for a particular case when J/Jrotor=4 and 
inductance of 16mH for which the output i.e. steady-state 
time is 2.28seconds, which deviates from the value given in 
the table. Fig. (10) shows the plot of steady-state time as a 
function of inductance for different Jrotor. Fig. (11) shows the 
rule viewers for the PM generator with subclustering for 
J/Jrotor=4 and inductance of 16mH. The output i.e. steady-
state time in this case is 2.32seconds which is matching the 
value obtained by finite element analysis. Fig. (12) shows 
plot of steady-state time as a function of inductance for dif-
ferent Jrotor. with subclustering. 

IV. CONCLUSION 

This paper presents the mechanical dynamic analysis of 
PM magnet generator with combination of finite element 
analysis of PM generator using FEM and fuzzy logic. Firstly 
by using FE model, the starting torque curve of the generator 
is obtained. The effect of rotor MI and the optimum winding 
parameters on the steady state operation of the generator is 
the studied by FE simulations. Then fuzzy model of the gen-

erator is prepared for its mechanical dynamic analysis. Fuzzy 
model is compared with FE model. It is shown that by reduc-
ing the winding leakage inductance, the braking torque pro-

 

 

 

 

 

 

 

 

 

 

Fig. (9). Rule viewer of PM generator without subclustering. 

 

 

 

 

 

 

 

Fig. (11). Rule viewer of PM generator with subclustering. 
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duced by permanent magnets and hence the steady state time 
of the generator can be reduced. Though both finite element 
method and fuzzy method are very efficient and accurate, but 
as compared to finite element technique, fuzzy systems pro-
vide a more transparent representation of the system under 
study, and also give a linguistic interpretation in the form of 
rules. The rules extracted from data can be validated by ex-
perts, and combined with their prior knowledge to obtain a 
complete system model describing the reality over the entire 
domain of interest.  
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