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Abstract

:

In this paper the effect of saturation on torque production of a reluctance synchronous motor (RSM), which was originally built as an induction motor (IM), is investigated. The rotor was replaced with new one, designed as synchronous reluctance cageless rotor with barriers, the shape and number of which were optimized to maximize the reluctance ratio. The torque measurement was done while the RSM was fed by frequency converter controlled by a microcontroller with closed loop field oriented control strategy to find out how saturation effects the developed torque at various values of the currents and speeds. It is shown how the load angle at which the maximum torque was achieved is changed. It was found out that the load angle was shifted to higher values depending on the speed of operation.
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1. Introduction


In many industrial or other applications where electrical machines are used, strong emphasis is placed on lower energy consumption. This can be achieved by new materials, new design topologies, optimization or energy saving control strategies, if the electrical machine is used as a drive with converter [1,2]. The most common electrical machines used in the industry are squirrel cage induction motors (IM) because of their low costs, robustness and maintenance. Nowadays, in many applications, the controlled electric drives are required to obtain various speed and better dynamic parameters. In this case, the accurate control systems for IM are more complicated, because of rotor resistance dependence on the temperature.



With advent of affordable silicon power semiconductors and powerful computing chips arises the opportunity to use variable speed control in industrial applications. Induction machine (IM) is the most common drive among the industry applications on many power levels. It is often used in direct-on-line (DOL) mode of operation, what decreases the efficiency of electric drive. The use of variable speed control for IM is common but brings new challenges in terms of efficiency and reliability of control process.



The RSM with comparable output parameters with IM seems to provide good compensation [2]. During design process, the main idea is to maximize the ratio between synchronous inductances in direct axis Ld and in quadrature axis Lq. This feature is very important from the point of view of developed reluctance electromagnetic torque [1]. On the other hand, the high inductance ratio Ld/Lq leads to possible instability of RSM which works with DOL. In such a case, the RSM must work from frequency converter with scalar or vector control algorithms. This depends on the application area, and how precise control is needed [2]. The main disadvantage of such a motor is a lower power factor and higher torque ripple. The rotor structure of RSM can be determined from quite simple to very complex and this construction structure can have a very important influence on final RSM parameters.



In the IM, some faults can occur, which are caused by squirrel bars failures [3]. Reluctance synchronous motor (RSM) can become a competitor to an already widely used IM. RSM has some advantages in comparison to IM: No winding and joule losses on the rotor of RSM, smaller moment of inertia, lower manufacturing costs, smaller size, and operating in synchronism with a rotating magnetic field.



Having no winding on the rotor means there are no joule losses which are responsible for heating. The rotor of RSM is made of iron laminations with barriers, usually made of air. Such a design makes RMS easy to produce and less source-dependable, since there is no need for aluminum or copper to be embedded in the rotor. It is also easier to recycle or repair such a machine. The stator is the same or with little variations as used for IM, which also brings the cost of production down.



Smaller moment of inertia is caused by the air in the barriers of rotor, which is lighter than the iron or copper or aluminum. Synchronous operation means control strategies for synchronous drives can be used. These strategies are considered less complex and more reliable during variable speed operation.



Scientific research of RSM is oriented towards improving some performances of IM [4,5] with an ability to withstand higher temperature [6] or to produce a higher torque in the same rotor volume [7,8,9,10] which means the torque per unit (volume or mass) is higher than in the case of IM. Other research can be focused on RSM design optimization by means of various methods such as by using multi-objective optimization with an altered bee colony optimization and Taguchi method [11]. Some others are focused on improvement qualitative parameters such as the torque ripple decreasing and output torque increasing [12]. The authors in Reference [13] evaluate the electromagnetic and thermal performance of several traction motors for electric vehicles (EVs) when RSM is used as traction drive. In Reference [12], authors described the rotor design of RSMs with a large effect on their efficiency, torque density and torque ripple. In order to achieve a good compromise between these three goals, optimized rotor geometry is necessary.



Disadvantages exist as well. RMS can operate in DOL mode only when damper or cage is present in rotor of the machine, which would allow machine to start itself up. Damper or cage makes the machine heavier and more expensive. Thus, almost all RSM are cageless and can be operated only with frequency converter or starting device.



In this paper the effect of saturation on torque production of RSM, which was originally built as an induction motor (IM), is investigated. The rotor was replaced with new one, designed as a synchronous reluctance cageless rotor with barriers, the shape and number of which were optimized to maximize the reluctance ratio [14], (Figure 1a). The torque measurement was done while the RSM was fed by frequency converter controlled by a microcontroller with closed loop field oriented control strategy to find out how saturation affects the developed torque at various values of the currents. It is shown how the load angle at which the maximum torque was achieved is changed. This load angle was shifted to higher values depending on the speed of operation.



The rated parameters with regards to original stator are as follows: 1.5 kW, ∆/Y 230/400 V, 3.4 A, 1500 rpm, 2p = 4. Measured characteristics are the torque output and power factor (PF) when load angle is variable.



The main aim of this paper is to examine the importance and influence of saturation on the performance of the RSM. It is known that the total developed torque Te of the RSM depends on the ratio of synchronous reactances Xd, Xq in d and q axis, and their difference as follows:


Te=mΩsVs2Xd−Xq2XdXqsin2ϑL



(1)







These reluctances depend on the saturation effect. With higher currents and excitation of the magnetic circuit in motor, the reactances decrease, which results in a lower ratio and lower torque, see Equation (1) and Figure 1b. The optimization of rotor was applied to find out an optimal number and shape of the barriers to maximize the reluctance ratio [14]. However, the saturation effect may still have a negative impact on the torque production.




2. Equivalent Circuit Parameters Identification


To be able to investigate an effect of saturation to equivalent circuit parameters and torque development, it is necessary to determine the parameters by calculation and then to verify them by measurement. Very important parameters from the point of view of control system set up are the equivalent circuit parameters such as stator resistance, stator leakage inductance, magnetizing inductances in the d and q axis and rotor parameters, if the rotor cage is used. In accordance with the authors’ experiences, the cageless rotor has also some value of parameters due to electrical conductivity of rotor sheets and their welding. In such a case, the equivalent circuit must be extended by rotor parameters as leakage inductance LD,Q and resistance RD,Q in d and q axis are referred to the stator. These parameters were measured. All equivalent circuit parameters were investigated by several methods: By Finite Element Method (FEM), by calculation on the base of theory of the design of electrical machine, and third, by measurements.



2.1. FEM Analysis of the RSM Parameters


The FEM is a numerical method which enables us to investigate parameters and performances of the electrical machines on the base of the electromagnetic field distribution in the machine cross section area (2D version). All geometrical dimensions, properties of the materials and many data of the windings must be known. Because the FEM Magnetics 2D version doesn′t include end windings and leakage flux, it is therefore necessary to add these values gained by additional calculation.



The waveform of the airgap flux density around the periphery, induced voltage, magnetic flux linkage, inductances, developed electromagnetic torque and torque ripple are possible to investigate by means of FEM. The magnetic flux distribution for rated current in d and q axis in the new optimized cageless barriers rotor was reported in Reference [1].




2.2. Synchronous Inductances Calculations


Synchronous inductance consists of two components: Magnetizing Lμ and stator leakage it’s OK.inductance Lσs. The leakage inductance is taken from analytical approach and its value is stated to Lσs = 23.7 mH. In Figure 1b, synchronous inductances in the d and q axis are seen versus phase current obtained by means of FEM, including leakage inductance. It is seen how the inductances are influenced by higher current, which means by higher saturation.




2.3. Electromagnetic Torque Calculation


According to Equation (1) the developed electromagnetic torque of the RSM is given by the synchronous reactances ratio and their difference in d and q axis and quadrant of the supplied phase voltage. In the FEM is possible to simulate a waveform of the electromagnetic torque versus load angle ϑL for constant rms phase current. The stator winding is fed by three phase current at certain instances, e.g., in A phase there is a positive magnitude of the rated current and in B and C, there is the negative half of the magnitude. In such cases these currents create an instantaneous static electromagnetic torque. Therefore the rotor must be gradually moved up along 360° electrical. Under used FEM software, the electromagnetic torque can be calculated by several methods: from Maxwell stress tensor, from coenergy or from Lorenz′ force. In this analysis, the Maxwell stress tensor is used. On the figure of Section 3.1 there is an orange line of the torque got by means of the FEM analysis for rated current versus load angle. It is analyzed for static condition.




2.4. Measurements of the RSM Parameters


The synchronous inductances were measured by means of DC decay test described in many papers or standards. It is simple and enough accurate method. The comparison of the reached results from FEM and such measurements is shown in Table 1.



As is seen from Table 1, the calculated and measured values are in very good coincidence and the differences are lower than 10%.



The second comparison is shown in Table 2, where the induction motor and optimized cageless barriers RSM rotor parameters are shown for the same stator and the same phase current 3.4 A.



From this comparison, it can see that the output torque of new designed RSM rotor is comparable with the induction motor. In the future, the losses, power factor and efficiency will be analyzed for various control systems as scalar or vector algorithms.





3. Torque Measurement at the Field Oriented Control


Torque measurement was done while the motor was fed by frequency converter controlled by microcontroller with the closed loop field oriented control (FOC) strategy [15]. Motor shaft was coupled with dynamometer so the torque produced by motor was possible to measure, see Figure 2. During the measurement, the rms value of phase current was held constant as well as the speed of rotation. Load angle was the variable during measurement. It was held between 30° and 80° for the purposes of measurement with the microcontroller and frequency converter. Torque produced by motor was measured with dynamometer operated in closed speed loop and motor operated in a closed current loop.



Measured electromagnetic torque of the motor versus the load angle is in the Figure 3. There are six curves in the plot, each for different level of phase current, while the value of current was held constant during each measurement. The speed of rotation for measurements in Figure 3 was 500 rpm. It is three times less than rated speed of this motor.



Similar measurements are in Figure 4, but at a doubled speed, 1000 rpm. The highest attainable phase current value was lower than the rated current. In pictures (see Figure 3, Figure 4 and Figure 5) there are black dots, marking the position of maximal torque produced with the given current during the measurement. These dots show the drift of maximal torque produced by motor towards higher load angle, when the phase current rises. This can affect performance and efficiency of electric drive, if it is not considered in the control algorithm. The shift is related to saturation in magnetic circuit of motor and its influence on the parameters, such as synchronous inductances.



In Figure 5, the torque versus load angle at 1500 rpm can be seen, which is rated as the speed for various phase currents. As can be seen from Figure 3, Figure 4 and Figure 5, the maximal torques are equivalent for the same phase current and different speed. For instance, the maximal torque occurs for rated phase current 3.5 A at load angle 57° for all three speeds 500, 1000 and 1500 rpm.



In Figure 6 there is a photo of an experimental setup of dynamometer and RSM. In Figure 7, there is a block diagram of the control in a current loop with a possibility to enter the load angle.



3.1. FEM Analysis and Its Comparison with Measurement


The measured characteristic of produced static torque for rated current was compared with the results from FEM analysis. This analysis uses computer power for investigation of electromagnetic field distribution in electric machine. 2D mode with cross section of the investigated RSM was used for analysis of torque transferred over airgap of the machine. The closer approach of the FEM analysis of this motor can be found in Reference [1].



The comparison of measured torque and simulated torque is in Figure 8. The orange curve depicts the simulated torque production of the motor in static condition. This is due to the nature of the FEM analysis used in Reference [1], where the stator was fed with current equivalent to the desired AC current and the rotor was positioned in an angle matching the load angle, but in a non-rotating state. Thus, there was no damping caused by rotation and moment of inertia. The blue curve shows the measured torque at rated current. Blue and orange curves are matching, although ripples are present on orange curve representing simulation. For rated current the maximal measured torque was 9.2 Nm, which matches with the simulation for load angle of 63° electrical.




3.2. Power Factor Measurement


RSM often have a lower power factor than similar electric motors with a comparable power and size [16]. This is due to the fact that RSM has no internal source of excitation and therefore the machine must get the magnetic energy needed for excitation from the converter (or another source) itself. That usually leads to a bigger and bulkier frequency converter. However, there exists RSM with permanent magnets embedded and precisely located in the rotor to boost the power factor, so the converter needed for operation is smaller.



During the torque measurement, the power factor was also measured, to see the effect of control and performance of the motor and converter.



The results can be seen in Figure 9, Figure 10 and Figure 11 where the torque and power factor are displayed as functions of load angle for various speed 500, 1000 and 1500 rpm. The power factor was increasing with the load angle and reached a value of 0.871 at maximal torque (9.2 Nm). This value is higher than expected and the reason for that may be the length of the airgap. The airgap in this motor is 0.18 mm, because this rotor was fabricated as a model and the aim was to achieve as small an air gap as possible to keep a high PF even with no excitation source in the motor.





4. Conclusions


The effect of saturation on FOC of the new designed RSM was investigated by means of measurement and FEM simulation. Measurements of RSM analyzed in this paper show the effect of saturation on the developed electromagnetic torque. The investigated torque as a function of load angle shows the drift towards the higher load angles for increasing phase current (measured up to rated value). The measurements at rated speed are highly recommended, with a power-sufficient frequency converter. Another set of measurements for an efficiency map should be considered in future investigation. It is also recommended to implement an algorithm in control strategy for setting the best load angle to achieve highest possible torque within any load condition of drive. It means setting the correct load angle in closed loop FOC for the corresponding phase current.
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Figure 1. (a) Semi-exploded view of optimized and designed rotor (yellow means air barriers), (b) Synchronous inductances versus phase current to show effect of saturation. 
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Figure 2. Block model of coupling for purposes of torque measurement. 
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Figure 3. Torque versus load angle at 500 rpm for various phase currents. 
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Figure 4. Torque versus load angle at 1000 rpm for various phase currents. 
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Figure 5. Torque versus load angle at 1500 rpm for various phase currents. 
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Figure 6. Experimental setup of dynamometer and RSM. 
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Figure 7. Block diagram of the control in a current loop with a possibility to enter the load angle. 
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Figure 8. Torque comparison from measurement and FEM analysis at rated current. 
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Figure 9. Torque and Power Factor versus load angle at 500 rpm and rated current. 
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Figure 10. Torque and Power Factor versus load angle at 1000 rpm and rated current. 
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Figure 11. Torque and Power Factor versus load angle at 1500 rpm and rated current. 
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Table 1. Measured and calculated parameters.
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	New Designed RSM Rotor
	Measured
	FEM





	Ld for current 3.4 A
	200 mH
	220 mH



	Lq for current 3.4 A
	62 mH
	62 mH



	Ld/Lq
	3.22
	3.54



	Rs for 20 °C
	6.132 Ω
	-



	RD
	10.2 Ω
	-



	RQ
	0.89 Ω
	-



	XD
	87 Ω
	-



	XQ
	16 Ω
	-



	Temax for current 3.4 A
	10.9 Nm
	11.2 Nm










[image: Table]





Table 2. Comparison of original, new designed RSM rotor and induction motor measured outputs.
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	Induction Motor
	Optimized RSM





	Is (A)
	3.4
	3.4



	P (W)
	1500
	1712



	TL (Nm)
	10
	10.9



	speed (rpm)
	1420
	1500











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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