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 An effective tool for the purpose is the 3D FEM and an adequate modeling environment is 
the Flux3D program. The program is coupled with the Matlab package, that contains the evo-
lutionary algorithms, as the main optimization tool. It should be stressed that the employed 
modeling and optimization tools enable the avoidance of constructing and verifying a number 
of physical motor prototypes, which could be very expensive. 
 The prototype motor structure is shown schematically in Figure 2. The considered motor 
consists of two identical modules in which the stators are shifted by fifteen mechanical de-
grees between each other. The rotor modules are placed symmetrically. Each module has 
twelve teeth and includes one phase of the winding in the shape of a solenoidal coil. The rotor 
and its teeth are made of solid iron. The modules are separated from each other with non-
magnetic inserts. The main specifications for the motor are given in Table 1.  
 

Table 1. Specifications for TFM 

Supply voltage Un = 24 V 
Rated current  In = 12 A 
Rotational speed 300 rpm 
Winding Two-phase 
Number of turns per coil 130 
External diameter of rotor  rm = 158 mm 
External diameter of stator rs = 103.5 mm 

Air gap  �G = 0.5 mm 
External length of rotor lm = 148 mm 

 

Fig. 3. Simplified topology 
of magnetic flux 

circulation  

 
 The analysis presented in this work was carried out for a small, low-voltage (12 and 24 V), 
two-phase TFSRM with an outer rotor. The number of turns of one phase coil is equal to 130 
and the rated current value in the calculation is assumed to be 12 A. A simplified topology of 
the circulation of the main flux is shown in Figure 3, which illustrates the operation principle 
of the machine. The motor operates as a two-phase machine with a position feedback loop. 
The motor is supplied from a DC source through a two-pulse electric inverter, see Figure 4. 
Control of the motor is reduced to supplying the phases with a rectangular current waveform 
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inserts of an appropriate width. The assumption enables to limit the calculations to a single 
module only and, taking additional account for the symmetry conditions in the motor, to 1/48 
of the motor volume (see Fig. 5). A structure of the motor module with a discretization mesh 
for the numerical model is depicted in Figure 6.  
 

 

Fig. 5. Construction of TFSRM of numerical model of module with boundary conditions 
 
 

 
Fig. 6. TFSRM module with a discretization mesh  

 
 
 The electromagnetic torque is calculated by the virtual work method as a derivative of the 
magnetic coenergy with respect to the rotation angle between the rotor and stator. The rotation 
of the rotor vs. the stator is modeled by the sliding surface method [12, 14, 17]. The magnetic 
histeresis and eddy currents are omitted in the calculations and a constant current density is 
assumed in the whole cross-section of the coils.  
 A detailed description of the numerical model for the motor can be found in References 
[12, 17]. In the comparative analysis, a useful torque pulsation factor is employed 
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where Tmax, Tmin, Tav denote the maximum, minimum and average values of the electromag-
netic torque, respectively.  
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where w�• [0, 1] is the weighting coefficient, Tav is the average torque. 
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Fig. 10. Electromagnetic torque vs. rotor rotation angle after optimization as in (3) 
 

 The criterion given in Equation (4) is a single point on the Pareto front, i.e. the front gene-
rated by all possible values of w for the two objective function components [6, 9]. Thus, the 
objective/fitness function (4) provides a simple realization of the evolutionary design in multi-
criterial optimization. The criterion (4) covers a plethora of optimization tasks, ranging from 
the high-average torque ones as in (3) to the wider range of angles for positive values of the 
electromagnetic torque as in (2). Selection of a specific weighting coefficient depends on a spe-
cific TFSRM application. The results for (a sort of) the ‘best’ solution are presented in Figure11 
(w = 0.5). The solution was obtained from the plethora of numerical experiments [12]. 
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Fig. 11. Electromagnetic torque vs. rotor rotation angle after optimization as in (4) 
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Fig. 12. Electromagnetic torque vs. rotor rotation angle for one phase of optimized TFSRM prototype 

without switch-overs (calculations vs. measurements) 
 
in some rotor position is eliminated by construction optimization. In addition to advantageous 
effects of the evolutionary algorithm, the performance of the optimization process depends 
largely on a type of a criterion function used. The criterion function can be formulated in 
various ways for the same construction optimization task. The cost function (4) is a new 
flexible and effective criterion function proposed for the purpose, with a range of values of the 
weighting coefficient covering various optimal tasks, depending on specific applications of the 
motor.  
 The optimum construction design has been effectively applied in a new TFSRM prototype. 
Electromechanical parameters of the optimized prototype motor have been found to be very 
close to the theoretically calculated figures and much better than those for the basic, unopti-
mized prototype used as a reference. This illustrates the versatility of the numerical model and 
the optimization procedure employed. 
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