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Introduction The development of computers and new numerical mathematical methods greatly expanded the possibility of solving differential equations and the study of electromagnetic and mechanical transients in electromechanical transducers. At same time, new possibilities for solving problems of high complexity and accuracy have appeared. High-speed calculation on a computer allows using field models in mathematical environments with nonlinear and periodic coefficients. Most modern models of solid rotor induction motor (SRIM) are built in nonlinear field environment [1], but without accounting external circuits. In this paper, a mathematical model of the SRIM in the field environment was developed with taking into account external circuits and rotor rotation. This approach enables to control the operating conditions of the induction motor (IM) with the given physical parameters of the external circuitry and thus examine the transients in the IM during the reverse, the failure of one of phases or the change in the frequency of the supply voltage. 
 
Formulating the purpose of the study The paper presents a mathematical model of the SRIM in the field formulation that considers external circuit diagrams for conducting research of dynamic and quasi-static operation. This allows you to control the operation of the IM with the given physical parameters in the external circuitry and thus examine the transients in the IM during the reversal, the failure of one of the phases or the change in the frequency of the supply voltage.  
Main part It is assumed that developing of a mathematical model one can consider the IM in the 2D view and the end parts are not taken into account. Field mathematical model is based on using of geometric parameters of the IM and external circuits. The electromagnetic field in the cross section of IM is described by the field equations with respect to the vector magnetic potential of the following form: 
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                                (1) where  
v  – magnetic resistance of the material,  
A  – vector magnetic potential,  
  – electrical conductivity of the material,  ,  x yv v  – speed of rotation of the rotor,  
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  –  electrical potential,  
J  –  current density. For some parts of the motor the equation (1) can be expressed as: 
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                                             (2) 
where: 
W  – turning number phase winding,  01i  – stator winding current,  
  – slot area that winding occupied [2]. Stator winding current density can be calculated as: 

01W i
J 


                                                                                         (3) The balance equation of the phase voltage of the stator winding can be presented as: 

01 01 01 du r i
dt
                                                                               (4) where: 01u  – instant value of phase voltage in the stator winding,  

01r  – active resistance of the phase of the stator winding,  
01i  – current in the stator winding,  
  – full flow-linkage of the phase of the stator winding [3]. We represent the complete flow-linkage of the phase of the stator winding in equation (4) in terms of the magnetic potential vector. Since the equation (2) does not allow to take into account the magnetic field of the frontal parts of the inductive motor, we take into consideration the inductance of the frontal parts. The equation (4) can be expressed: 
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where fL  is inductance of scattered frontal parts the phase of the stator winding.  Еlectromagnetic torque is can be calculated as:   ( , )dW iM

d



                                                                                      (6) where:  
M – electromagnetic torque rotor shaft, 
W – electromagnetic energy, 
 – rotor steering angle [1]. 
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The finite element method implemented in the Ansoft Maxwell software is applied to calculate and study the properties of induction motors. This allowed us to design and explore 2D and 3D motor models and count precisely static, quasi-static fields, as well as transitional processes in field problems. The 4AA63A4U3 motor was taken to perform calculations. The stator winding is shown in a plane with the appropriate specified current direction in each of the slots and thus, we consider a cross-section of the induction motor (stator, rotor, winding in slots). The built geometric motor model is divided into a finite number of elements and then the distribution of the electromagnetic field is calculated with this method. The program algorithm can generate automatically a mesh of triangular elements, but it is better to do it directly, because it effects on the precision calculations of the electromagnetic field distribution, the precision of temperature characteristics and etc. The mathematical model of stator windings in an external circuit is represented in accordance with the specified directions of current. The resistance of the real winding is taken into account by the resistors, which are switched in series with the source of the harmonic three-phase current. Forms and values of current and voltage are measured with the appropriate devices. The developed scheme for modeling the IM with the specific parameters, presented in figure 1, is exported to the field model.  

 
FIGURE 1. 380 V AC power supply for induction motor in Maxwell Circuit Editor  As a result of the simulated IM in short-circuit conditions (SC) quasi-static characteristics in the form of the distribution of equal level lines (fig. 2) and the current in the stator winding and the motor shaft torque were obtained in a view of time characteristics (fig. 3). 

    
FIGURE 2. Distribution of the magnetic potential vector and magnetic flux in short-circuit conditions 
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FIGURE 3. Current of phase winding А and torque of the rotor shaft in short-circuit conditions  As can be seen from the graphs, the rotor shaft torque is oscillatory, and the current in the first half-period equals to almost 4A. Figure 4 depicts the distribution of the magnetic potential vector for SRIM at the ideal no-load operation (INO). Figure 5 shows the transitional process of IM starting.  As can be seen from the above results, the IM’s current at the time of 0.01 s is 3.75 A; when the steering speed of the rotor is 1500 rpm, the current decreases to 1.25 A. Having output to 1500 rpm the torque stabilizes. As for the distribution of magnetic induction, as shown in figure 4 the ideal no-load conditions have a spiral-like character. The reverse condition has been developed by the above-mentioned model and the appropriate external power supply circuitry. The corresponding scheme is depicted in figure 6.  

   
FIGURE 4. Distribution of the magnetic potential vector and magnetic flux in no-load condition 
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FIGURE 5. Induction motor start and output to nominal speed and IM shaft in no-load conditions  

 
FIGURE 6. Circuitry implementation of IM reverse condition with Maxwell Circuit Editor  The scheme (fig. 6) of reverse condition is implemented by usage of special generator-counters that control the power switches. The first three counters count the time during which the IM output to the nominal speed. As soon as the nominal speed is reached, the other three generators switch on and apply the supply voltage for the three-phase IM with the corresponding keys in the opposite direction thereby changing the rotation direction of IM. In this case, the first three counters pass into the state of "logical zero" and do not withstand the voltage through the keys. Figures 7 and 8 depict graphs of transients in the IM in reverse condition. According to the presented figures it can be seen that the IM’s current during phase switching has increased almost threefold (fig. 7). At the moment of phase voltage switching, there was a slight bump due to the motor inductance. 
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FIGURE 7. IM current and reverse condition speed, power supply voltage for IM with phase reverse  The rotor shaft torque shown in figure 8 indicates that the IM has switched to generator mode at the moment of the reverse. The period of the phases reverse in the circuit has 0.01 s delay.  

 
FIGURE 8. Rotor shaft torque in start and reverse conditions  In the paper, the model for unbalanced operation, that has only one generator-counter, was considered. In this case, in the field problem the IM is accelerated to its nominal speed, at a certain time at the output of the control generator-counter appears a "logical zero", which causes the unlocking of the power key, through which the IM is fed one of the phases. Thus, unexpected the phase break or an unbalanced operation of the SRIM is implemented in the model, an. 
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Some results of modeling the unbalanced operation of the induction motor are shown in figures 9 and 10. In the unbalanced operation of SRIM as shown in figure 9, the speed begins to fluctuate and slowly decays as soon as one of the phases disappears. A characteristic feature of such a operation is the torque that demonstrates the oscillatory nature like a sinusoid (fig. 10).  

 
FIGURE 9. Distribution of the magnetic potential vector for the unbalanced operation of the IM  

 

 
FIGURE 10. Start and transition to unbalanced operation of IM 
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Conclusions and future prospective researches  The field mathematical model of SRIM with external circuits has been developed in the paper. The mathematical model provides to consider the connection of the stator windings. This makes it possible to simulate asymmetric operating modes of the induction motor for incorrect connection of windings and phase failure. Additional resistance connected to the external circuit allows to take into account the resistance of the supply line and its effect on the starting characteristics of the induction motor. The application of switches in the mathematical model enables to research non-simultaneous switching of keys and the effect of the duration of starting break time and reverse of the induction motor.  
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