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Abstract

:

In this paper, electromagnetic multi-step transmissions are introduced as a method for increasing the torque and efficiency of electric vehicle driving motors. Motors using permanent magnets have a limited ability in increasing the speed as the back electromotive force increases as the speed increases. The electric vehicle driving motor performs field-weakening controls to increase the speed after the rated point. Field-weakening control increases the rotor’s speed by weakening the magnetic flux of the field. At this time, the output is constant as the speed increases. Motors have voltage limits, which also affect the maximum speed of the motor. In order to improve these constraints, there is a case study of electromagnetic shifting phenomena. Examples of the research include the wye-delta method and the method of changing the number of equivalent serial turns. As in the case of previous studies, the problem of increasing back electromotive forces as the speed increases is solved. In this paper, we propose a method to increase the maximum speed by changing the number of parallel paths. In order to lower the back electromotive force at high speeds, the number of parallel paths of the stator windings changed via the thyristor. As the number of stator parallel paths increases, the back electromotive force decreases. When the back electromotive force is lowered, the torque that can be output is reduced, but the maximum speed can increase as the voltage is also lowered. Before shifting, the number of parallel paths is set to two to satisfy high torque at low speeds. After shifting, the maximum speed can be increased to 4 with the number of parallel paths, which can broaden the operating range of the motor. In addition, the resistance of the stator windings is reduced by increasing the number of parallel paths in the high-speed region. The loss that accounts for the largest proportion of the electromagnetic loss of the motor is copper loss, and by reducing it, the efficiency increased. As a result, it increases the operating area and simultaneously increases the high-efficiency area. In order to analyze the electromagnetic characteristic, a finite-element-method-based simulation was used.
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1. Introduction


Recently, regulations on carbon emissions due to environmental problems are being implemented around the world. In the automotive sector, regulations on internal combustion engine vehicles are in place and the production of internal combustion engine vehicles will cease within the next 10 years. Accordingly, the development of fuel cell electric vehicles (FCEVs) and electric vehicles is actively progressing. Electric vehicles have longer charge times and have lower driving ranges than internal combustion engine vehicles. Research has been conducted in many areas to shorten charging times and increase driving range. Research is underway on high torque, high efficiency, and high power density electric motors for driving EVs [1,2,3,4].



There are three types of motors used to drive electric vehicles: interior permanent magnet synchronous motor (IPMSM), induction motor (IM), and wound field synchronous motor (WFSM). IPMSM has the characteristics of high efficiency and high power density among the other types motors. However, there is a limit to increasing the maximum speed because the magnetic flux cannot be controlled. On the other hand, the wound field synchronous motor can have a wide field-weakening area because it can control the field flux, but it has lower efficiencies compared to the interior permanent magnet synchronous motor due to a loss of copper during field winding [5,6]. IPMSM uses a graded permanent magnet with high residual magnetic flux density to output high torques at the rated point. If a high-grade permanent magnet is used in the same battery, the speed limit point appears at a lower speed due to the high back electromotive force.



Figure 1 shows the vector diagram of a permanent magnet synchronous motor. In a permanent magnet, the flux linkage in the stator windings occurs along the positive d-axis. The applied current is located in the second quadrant and meets the inductance of the winding to generate d- and q-axis magnetomotive force. The stator magnetomotive force determines the armature flux linkages. As the motor rotates, the flux linkage vector considering the rotational speed is shown in the second quadrant region, which is 90 degrees ahead. The induced voltage caused by the armature flux linkage and the voltage drop of the windings is added to create the phase voltage of the motor. To lower the phase voltage, the induced voltage must be reduced. To lower the induced voltage, the d-axis magnetomotive force must be increased. The d-axis magnetomotive force is a demagnetizing magnetism, which weakens the flux linkage from the permanent magnet to the stator winding.



In order to increase the rotation speed of the motor, the inverter controls the d-axis current that generates demagnetizing forces and the q-axis current that generates torque. The angle between the applied current and the q-axis current is called the current phase angle, and when the current phase angle is 90 degrees, only the d-axis current is applied, and no torque is generated. As such, there is a limit to the speed increase in a controllable manner.



An internal combustion engine vehicle uses a transmission to increase the speed of the engine. However, electric vehicles do not use a transmission and increase the speed of the motor only by controlling the inverter. There are studies that increase the speed of electric vehicles by using an electromagnetic method without using mechanical transmissions. There are studies that increase the speed by changing the electrical frequency and by changing the number of poles in the IM. The IPMSM also increases the maximum speed by changing the number of poles of the stator from 8 to 4 to increase the speed. At the same time, it reduces the core loss and increases the efficiency of the motor [7]. Further research demagnetizes the permanent magnet at the point of a maximum velocity of four poles after converting the number of poles from 8 poles to 4 poles to further increase the maximum speed. At this time, the number of poles is demagnetized using the stator current while maintaining four poles [8,9,10,11,12,13].



Another study examined how to vary the number of series turns of the stator windings [14]. To use this method, separate circuits were used for half of the windings and the remaining windings were examined for the total number of series turns. If the number of series turns of the motor is high, the back electromotive force also increases as the speed increases, so it is difficult to increase it beyond a certain speed [15]. By reducing the number of series turns via the switching element at a constant speed, the back electromotive force is lowered. It has the advantage of increasing the speed by using a small number of switching elements [16].



There are studies to secure a large starting torque and a wide field-weakening area for high-speed operations that are required by electric vehicle systems [17]. In the same way as IM’s wye-delta method, it is driven by wye connections in the low-speed range to secure torque to increase acceleration and climbing abilities. The characteristic of the wye connection is that the phase voltage and the line voltage differ by 1.73 times. The characteristic of the delta connection is that the phase voltage and the line voltage are the same. Comparing the back electromotive force at the same speed, in the case of the back electromotive force of the wye connection, two phase back electromotive forces appear as back electromotive forces between the lines, and in the back electromotive force of the delta connection, the back electromotive force corresponding to one phase appears as the back EMF between the lines. Therefore, it is a method for changing to a delta connection in order to satisfy high torques by using high back electromotive force at low speeds and can be used to lower back electromotive forces in high-speed regions [18].



In this paper, we introduce a method to increase torque, efficiency, and speed in the low-speed range of EV-driven IPMSMs using an electromagnetic multi-step transmission. As the speed of the motor increases, the back electromotive force also increases, reaching a faster operating limit. In order to improve the high speed and high torque characteristics of the PM motor, the number of parallel paths of the stator windings was changed to reach high torque at low speeds and to expand the high-speed region. The method of changing the number of stator parallel paths uses a thyristor. A comparison of the losses in the change in the speed process when using IGBTs and when using thyristors shows similar results. Therefore, a cheaper thyristor was used. In order to select a change in the speed point, an analysis is performed by applying the number of stator parallel paths selected before the change in speed. After that, the analysis proceeds by applying the number of parallel paths after the change in speed. The voltage characteristics in both cases are derived via an analysis, and the voltage saturation point is selected as the change in speed point. The high efficiency region expansion is also achieved via the transmission system. In order to analyze the effectiveness, the analysis is carried out using finite-element-method-based simulations.




2. Electromagnetic Characterization for Electromagnetic Multi-Step Transmission Applications


Figure 2 shows the shape of a motor for driving an EV with 8 poles and 48 slots. Table 1 shows the specifications of the 80 (kW) IPMSM. Permanent magnets are arranged in a delta shape to concentrate the magnetic flux. The output is 80 kW, and the maximum torque is 254.65 Nm. Before change in speed, the number of parallel paths is two, and after change in speed, the number of parallel paths is four. Before applying the multi-step transmission, the electromagnetic characteristics of the two models were analyzed to select the change in speed points.



Before analyzing the operating characteristics of parallel path 2 and parallel path 4, a back electromotive force analysis was performed to select the base speed of the number of parallel paths: 4. The battery voltage of the system to which this model is applied to is a 300 Volt system. Figure 3 shows the back electromotive force according to the speed for parallel path 2 and 4. When the number of parallel paths is two, the base speed is 3000 rpm, and the back electromotive force at this speed is 200 Vdc. For the base speed where there are four parallel paths, a speed having the same value as the back electromotive force in the base speed of the model in parallel path 2 was selected as the base speed. The base speed selected via the back electromotive force analysis according to the speed of the model with the number of parallel paths is 6000 rpm.



To analyze the operating range of parallel path 4, the maximum speed point was derived. The output is the same as the output of parallel path 2 and the torque at base speed is 127.3 Nm. The maximum speed derived from the analysis is 10,000 rpm. Figure 4 shows the torque curve and voltage curve according to the speed for parallel paths 2 and 4. The voltage saturation point of the model with two parallel paths is at 4000 rpm, and the voltage saturation point of the model with four parallel paths is at 7000 rpm. Figure 5 shows the efficiency characteristics of the parallel path 2 and 4 models. As a result of comparing the voltage saturation characteristic and the efficiency characteristic, the maximum efficiency point appears in the speed region where voltage saturation begins.




3. The Principle of Electromagnetic Multi-Step Transmissions


The electromagnetic multi-step proposed in this paper comprises a method of changing the number of parallel paths at a rated speed. The maximum number of parallel paths applicable is proportional to the number of pole pairs. The model for applying the electromagnetic multi-step transmission has four pole pairs, so the maximum number of parallel paths that can be applied is four. When the same current is applied, the model with two parallel paths has high torque at low speeds compared to the model with four parallel paths. At the same speed, the model with four parallel paths had a lower back electromotive force than the model with two parallel paths. Therefore, the maximum operable speed of the model with four parallel paths is higher than the model with two parallel paths. Using the advantages of both models, the high torque requirement is satisfied at low speeds and the speed region increased.



Figure 6 shows the series and parallel structure of the windings before and after electromagnetic multi-step applications. In the low-speed region, it operates with the winding structure as shown in Figure 6a, and in the high-speed region after a change in speed, it operates with the winding structure, as shown in Figure 6b. A switching circuit is used to change the number of parallel paths. The switch element for the change in speed uses a thyristor.



Figure 7 shows the stator winding diagram for each phase. Figure 8 shows the circuit diagram and current flow for electromagnetic multi-step transmissions. Three thyristors are used for changing speeds in a circuit corresponding to one phase. Figure 8a is a circuit diagram before changing the speed, and it operates with two parallel paths. In this case, only one thyristor per phase is used. In the process of changing speed, the thyristor used before changing speed opens, and the remaining two thyristors are shortened to divide the series-connected circuit in parallel. Figure 8b shows the circuit after changing the speed, and it operates with four parallel paths.



In addition, compared to the case of the first shifting step, the range of motion expanded in order to expand the efficiency of the high-speed range and the range of maximum efficiency. The improved characteristics are shown in Figure 6.




4. Application of 80 kW IPMSM Electromagnetic Multi-Step Transmission


After analyzing parallel path number 2 and 4 models, the time of the electromagnetic multi-step application is selected. Previously, with respect to the base speed of the model with four parallel paths, a speed with the same back electromotive force value as the back electromotive force of the model with two parallel paths was selected. The change in speed points was selected as the rated speed point of the parallel path 4 model.



Figure 9 shows the speed torque curve and efficiency characteristics applied with electromagnetic multi-step transmissions. By applying electromagnetic multi-step transmissions, the operating range increased while securing a wide range of constant power. As the number of parallel paths increases, resistance decreases inversely. Copper loss accounts for the largest proportion of electromagnetic losses in motors. Copper loss is proportional to resistance, and as the resistance decreases, copper losses also decrease. Therefore, the high efficiency region in the high-speed region also increased by using the high efficiency region of the parallel path 4 model after changing its speed.



Figure 10 shows the waveform of the current appearing during the change in speed processes, which was analyzed via a simulation. During the change in speed, the inductance changes as the number of parallel paths moving through the switch changes. This causes transients and changes in the magnitude of the current. Before the change in speed, the three phases are the same, but they have the same size; however, after the change in speed, the current waveform appears to be unbalanced.



Figure 11 shows the parameters for inductance calculation. The parallel path changes during the change in speeds, and accordingly, the number of turns in series per phase changes, affecting the air gap component with respect to self-inductance. The number of turns in series per phase is given by


   T  p h   =    N p  × 2 p  a   



(1)




where    N p    is the number of turns per pole, p is the number of pole pairs, and a is the number of parallel paths. The air gap component of self-inductance is given by


   L g  =    Φ p  ×  T  p h    i  .  



(2)




where    Φ p    represents the magnetic flux per pole. Another inductance component, slot leakage inductance, is given by


   L s  =  N m   N 2       μ 0   d s   L  s t     3  ω  s b     +    μ 0   d t   L  s t     (  ω  s o   +  ω  s b   ) / 2   +    μ 0   d  s h    L  s t      ω  s o       .  



(3)




where    N m    is the number of magnet,  N  is the number of turns,    μ 0    is the relative permeability, and    L  s t     is stack length and another parameter of Equation (3) is defined in Figure 10.



Finally, the phase self-inductance is given by


   L  p h   =  L g  +  L s  +  L  e n d   .  



(4)




where    L  e n d     is the end-turn component.



In the 2D FEM analysis, the end turn self-inductance term was excluded. As a result, if the number of parallel paths in the same winding pattern is small, then the number of both turns in series per phase and the air gap component with respect to self-inductance is large. In other words, two parallel paths have higher inductances than four parallel paths.



However, as the tooths width increases, the area of the slot decreases. If the slot area decreases with the same winding size and number of turns, then the fill factor increases. As the fill factor increases, the slot leakage flux decreases. Therefore, both the air gap and slot leakage components must be considered.




5. Electromagnetic Analysis and Testing in the Process of Changing Speeds


Figure 12 shows the torque waveform that appears during the process of changing speeds. The unbalanced current affects the magnetic flux and ultimately the torque. The torque waveform is analyzed in order to analyze the impact on the motor when an imbalance occurs during the process of changing speeds. Because the current generates magnetic fluxes to generate torque, the effect of imbalances appears. The torque waveform at the point where the speed was changed (6000 rpm) was analyzed. The travel time of the waveform is t = 125 ms. After the point where the speed was changed, the transient starts. Transients before a change in speed last for about 90 ms, and transients after changing speed last for about 65 ms. The torque difference between parallel path 2 and parallel path 4 is a phenomenon that occurs due to the change in inductance according to the number of parallel paths.



Figure 13 is a configuration diagram for testing the phenomenon that appears during the process of changing speeds. The large configuration consists of a motor and an inverter, and the switching circuit for speed change is arranged, as shown in the Figure 13. Figure 14 shows the speed-changing current waveform process analyzed using a test. As shown in the current waveform, an imbalance occurs in the current waveform instantaneously when a change in speed is performed. A method to solve the imbalance problem is to provide a dead time during the process of changing speeds.




6. Comparison of Electromagnetic Changing Speed Systems


There are various electromagnetic changing speed methods for high-speed and high-torque motors:




	
Wye-delta method: Operating with wye connections in low-speed areas and operating with delta connections in high-speed regions;



	
Change in the number of serial turns: In the low-speed region, driving using all the series turns, and in the high-speed region, driving using half of the total number of series turns.



	
Change in the number of parallel paths: A method of operating with a low number of parallel paths in the low-speed region and changing the number of parallel paths in the high-speed region to a number that is higher than the number of parallel paths in the low-speed region.








The three speed-changing methods achieve high torques at low speeds, and the speed range also increased [19,20,21,22,23]. In all three methods, stator winding resistances were improved after changing the speeds by changing the stator winding structure to change the speed [24,25,26,27]. Copper loss accounts for the largest proportion of motor losses, and an improvement of resistance improves the efficiency characteristics and broadens the high efficiency area. The last method comprises the electromagnetic multi-step method introduced above, and the operating characteristics and efficiency characteristics of the case of applying the wye-delta method and the case of applying the method of changing the number of series turns are compared.



Figure 15 shows the circuit diagram of the wye-delta method. The circuit consists of two groups of switches on the stator winding side, and these are divided into a switch for the wye connection and a switch for the delta connection. At low speeds, it operates with the wye connection, and during the wye connection, the difference between phase voltages and line voltages is 1.73. In the high-speed range via the switching circuit, the operation changed to the delta connection. The characteristic of the delta connection is that the phase voltage and the line voltage are the same. Figure 16 shows the speed, torque characteristic, and voltage characteristic curve of the wye-delta method.



Figure 17 shows a circuit diagram for how to change the number of series turns. The switching box is connected to the total number of series turns and half the number of series turns. At low speeds, it operates using the total number of series turns, and at high speeds, it operates using half the number of series turns. Figure 18 shows the operating characteristic curve and voltage characteristic curve of the method of changing the number of series turns. Figure 18 shows the efficiency characteristics of the wye-delta method and the method of changing the number of series turns. The high efficiency area of the wye-delta method has a wider high efficiency area compared to the high efficiency area of the series turn change method. However, compared with the efficiency characteristics of the parallel path number change method, the wye-delta method and the series turns method have high efficiency and a wide efficiency area.




7. Conclusions


In this paper, we propose a method for increasing the operating area using electromagnetic multi-step transmissions for a limited operating area due to an increase in back electromotive force with increasing speeds. Using electromagnetic multi-step shifting, the high torque requirement is satisfied at low speeds, and high speeds were achieved. The electromagnetic multi-step shifting technology uses a method of varying the number of parallel paths of the stator by using a switch. A thyristor is used as a shift switch to change the number of parallel paths in the stator. The base speed, voltage, and efficiency characteristics were analyzed by applying the number of parallel paths. Based on the results of the analysis, the base speed in parallel path 4 was selected as the shifting point. The driving range and high-efficiency area are expanded via the application of electromagnetic shifting technology. As the number of parallel paths is changed by shifting, the resistance decreases and copper loss, which accounts for the largest portion of losses, is reduced, thereby increasing the efficiency of the system. In addition, since the voltage saturation point of parallel path 4 exists after the shift, the maximum efficiency point formed within the post-shift region.



By applying the method used in other research cases, the driving characteristics and efficiency characteristics are compared by further analyses. The comparative study is the wye-delta method and the method of changing the number of equivalent series turns. Existing studies satisfied the results of increasing the driving range by focusing on the shift method. On the contrary, the purpose of increasing the operation area and the additional effect is to increase the high efficiency area. The efficiency characteristics of the wye-delta method, the method of changing the number of equivalent series turns, and the method of changing the number of parallel paths were compared. As a result of comparative analysis using simulations, the maximum efficiency range of the method of changing the number of parallel paths is 98.5~90%. When the wye-delta method is applied to the same model, the maximum efficiency area is 97.5~98%, and the maximum efficiency area of the equivalent serial number change method is at the same level as the wye-delta method, but the range is smaller. I think the method proposed in this paper is effective because the research direction of the motor aims at high speeds and high efficiency. However, all three methods change the stator winding via the switch circuit, and current imbalance and transient state appear in the shifting process. This problem appears due to the effect of inductance, and some studies solve the problem by giving a dead time as an existing research case, and the problem can be improved by applying it.
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Figure 1. Vector diagram of IPMSM. 
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Figure 2. Design of an 80 kW IPMSM model for FEM analysis. 
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Figure 3. Analysis of back electromotive force for selecting the base speed of the parallel path 4 model. 
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Figure 4. Characteristics of torque and voltage according to speed by the model. (a) Parallel path 2 model. (b) Parallel path 4 model. 
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Figure 5. Characteristics of efficiency by model. (a) parallel paths 2 model. (b) parallel paths 4 model. 
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Figure 6. Winding diagram before and after change speed. (a) Parallel path 2 model. (b) Parallel path 4 model. 
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Figure 7. Winding diagram of the stator of IPMSM. 
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Figure 8. Circuit of electromagnetic multi-step transmission. (a) Parallel path 2. (b) Parallel path 4. 
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Figure 9. Effect of applying electromagnetic multi-step transmissions. (a) Operating characteristics. (b) Efficiency characteristics. 
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Figure 10. FEM analysis of current waveforms in the switching process. (a) Step 1 to step 2. (b) Step 2 to step. 
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Figure 11. Slot leakage inductance-related parameters. 
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Figure 12. Torque waveform during changing speed. (a) Step 1 to step 2. (b) Step 2 to step 1. 
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Figure 13. Photograph of the motor-switching experiment configuration. 
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Figure 14. Experimental current waveform. (a) Step 1 to step 2. (b) Step 2 to step 1. 
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Figure 15. Wye-delta transmission circuit diagram. 
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Figure 16. Characteristics of wye-delta transmissions. (a) Operating characteristics. (b) Efficiency characteristics. 
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Figure 17. Change in the number of series turns transmission: circuit diagram. 
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Figure 18. Characteristics of change the number of series turns transmission. (a) Operating characteristics. (b) Efficiency characteristics. 
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Table 1. Specifications of the 80 kW IPMSM.
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	Parameter
	Base Model
	Unit





	Number of poles/slots
	8/48
	-



	Max torque
	254.65
	Nm



	Operation range(Base/Max)
	3000/8000
	rpm



	Power
	80
	kW



	Stator outer diameter
	200
	mm



	Rotor outer diameter
	130
	mm



	Stack length
	140
	mm



	Parallel paths
	2
	-



	Number of turns
	9
	-
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