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Abstract

:

The utilization rate of permanent magnet synchronous motors (PMSM) is increasing in the industry today. Due to this fact, the high efficiency ratio of PMSMs has reached IE5 premium class efficiency. Therefore, the efficiency coefficient of the PMSM varies from 92% to 97%. As a result, this type of motor is replacing traditional asynchronous motor by falling into efficiency classes of IE1, IE2, IE3, and IE4, which range from 75% to 92% in the industry. Thus, the object of the research was to develop a method to determine the efficiency of permanent magnet synchronous motor applications in order to identify and verify the variating parameters. In this study, an innovative and safe method of PMSM testing when the nominal parameters of the motor are unknown was presented through research. Also, the comparison of PMSM oscillograms with different types of load types and phase shift oscillograms, generated using operation amplifier, were analyzed and is scrutinized. During the design process, the PMSM was projected for the IE5 premium efficiency class. However, after production, the PMSM sometimes does not match the nameplate parameters, which are declared by the factory. As a result, during the testing procedures, the PMSM nameplate parameters did not match the projected parameters. Facing the problem of the projected and tested efficiency mismatch, the PMSM highest efficiency determination experiments were performed in a laboratory in order to prove the highest efficiency of the PMSM. The results showed different PMSM input parameters. Furthermore, the experimental results of the PMSM testing were confirmed with electrical machines theory, and simulation results were performed with electrical circuits. The theory of PMSM operating in different values of input voltage is represented in graphical abstract.
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1. Introduction


Today, as a result of industrial progress, energy consumption is being optimized. Electrical motors are the most common electricity consumption assets in the industry, with about 66% of electricity consumed by electrical motors. As a result, the adaptation of higher efficiency motors is one of the most important issues in the industry today. The comparison of different types of motors by efficiency rating was described by the authors of Reference [1].



Furthermore, in more and more applications, PMSMs are appearing due to their higher efficiency class. As a result, the typical induction motors are being replaced with PMSMs. The vision of future trends has been more deeply discussed by the authors of Reference [2]. The sustainability of permanent magnets in electrical motors was reviewed by the authors of Reference [3].



In most applications, PMSMs are utilized with variable speed drives, as PMSM cannot be started directly from the network. With optimal control of the PMSM, the variable speed drive system is more efficient as the same system with typical induction motor. The deeper analysis of PMSM and the benefits of variable speed drive systems have been described previously [4,5]. PMSMs are not only used with variable speed drives, but also for robotic applications. The application efficiency is the similar to the application with a brushless DC motor. The analysis of PMSM robotic applications was reviewed by the authors of Reference [6].



For obtaining the highest possible efficiency of the PMSM, the projecting and prototype testing phase of production is the most important for manufacturers. During the projecting phase, the permanent magnet and other constructional materials characteristics must be evaluated and calculated correctly to ensure that the testing results correspond to the calculations.



Experimental model testing is one of the main tasks when designing PMSMs. During the test procedures of the PMSM, the calculated parameters are compared to the tested parameters. The main aim of this task is to determine if the chosen theoretical model, design methodology, and parameters of materials were chosen correctly. In other words, during the testing procedure, the nameplate parameters of experimental PMSM model are determined. The importance of induction motor’s nameplate parameters has been described previously [7,8,9]. To determine the PMSM’s nameplate parameters, many different tests and experiments are executed [10,11]. The most important experiment of PMSMs is the nominal voltage determination experiment. The nominal parameters determination by artificial neural networks has been described previously [12,13].



PMSM nominal voltage determination experiments are based on the experiment of synchronous machine with field winding when the synchronous machine is in generator mode with a fixed load and generates maximum active power. As a result, the generator’s armature is loaded with a resistive load, which is adjusted by the field winding’s current and resistive load until the generator starts to generate the maximum active power. At this moment, the generator’s armature voltage is nominal of the synchronous machine in motor mode.



The next method for synchronous machines testing is when the synchronous machine armature is loaded with the autotransformer. The field winding current and autotransformer voltage is adjusted until the generator stars to generate the maximal active power. The measured voltage corresponds to the nominal voltage of the PMSM in motor mode. In addition, the characteristics for generated power PMSM can be generated [14,15].



There are different methodologies for designing synchronous machines with field winding, which can be designed precisely. Test results can vary with result up to 1% error.



In a different situation with PMSMs, field winding is replaced with permanent magnets which generate a constant and not adjustable flux. Another problem with projecting the PMSM is that different manufactures produce permanent magnets (PM) with different characteristics, and the generated flux of the PMSMs vary per manufacturer. The PM characteristics have been described previously [16,17,18]. It is mandatory to examine if the nameplate parameters of the projected PMSM correspond to nameplate parameters of the experimental PMSM.



The advantages of PMSMs compared to induction motors have been discussed previously [19,20,21,22,23].



Based on the IEEE 112 standard test procedure for polyphase induction motors and generators and standard IEC-60034-2-1, two methodologies for PMSM efficiency testing could be applied for PMSM efficiency determination. Under the first methodology, the efficiency of PMSM is the result of the output power divided by the input power. In this case, the output power of the PMSM is assumed as the mechanical power, which is calculated from the torque of the PMSM. The second methodology for efficiency determination involves the evaluation of PMSM losses as efficiency, which is calculated in the same way as in the first case, but the output power is replaced with subtraction of input power and calculated PMSM losses. As a result, for more precise calculations of PMSM efficiency, the first methodology of the IEEE 112 standard was chosen. IEEE 112 and IEC-60034-2-1 standards have been described previously [24].



There are also efficiency measurement technologies, which differ from IEEE 112 and IEC-60034-2-1, where motor efficiency is determined from d and q axes inductances measurements. The mentioned methodology provides less accuracy compared to standardized methodologies due to indirect measurements of values that have a direct correlation with torque, which is proportional with the mechanical power of motor. The inductance measurement-based motor efficiency determination was discussed in detail by the authors of Reference [25]. The efficiency can also be determined with usage of artificial neural networks [26]. As a result, artificial neural networks can be used for motor efficiency control in variable speed drives for achieving optimal motor performances. The utilization of artificial neural networks in variable speed drives has been described previously [27,28].




2. Materials and Methods


First, for the determination of the PMSM efficiency, the equivalent circuit diagram of the PMSM must be analyzed, which is represented in Figure 1.



From Figure 1, it is seen that the PMSM equivalent circuit diagram consisted of two main components: The stator on the left side and the rotor on the left side. As the result, the inductance (Xs) and active resistances (Ra), back electromotive force (Eb), input voltage (UN), and armature current (Ia) must be evaluated for efficiency calculation during the PMSM design stage. The main parameter, which must be evaluated before the determination of the PMSM construction, is the PMSM input, voltage which influences the efficiency of the PMSM. The vector diagrams of PMSM with different input voltages are represented in Figure 2.



From the PMSM vector/phasor diagrams represented in Figure 2, it is seen that three situations were analyzed when reduced input voltage was applied to the PMSM, when nominal voltage was applied to the PMSM input, and when increased voltage was applied. From the vector diagrams, it is seen that the PMSM power factor (cos φ), which best illustrates the efficiency of the PMSM, reached highest values when nominal voltage was applied to the PMSM input and the cos φ value was near 1. In other cases, when the PMSM voltage was reduced or increased, the cos φ value was between 0 and 1, leading to energy losses. Also, other parameters, including the resulting electromotive force (Er), load angle (α), and the angle between current and the resulting electromotive force (θ) must be evaluated.



For calculation of φ, which is the angle between the current and voltage, the values of the impedance of stator (Zs), resulting electromotive force (Er), and armature current (Ia) must be calculated as shown in Equations (1)–(3).


   Z s  =  R a  + j  X s    ,  



(1)






   E R  =  U n  −  E b    ,  



(2)






   I a  =      E R     Z s      ,  



(3)







From the calculated parameters the, expressed Equations (4)–(7), and vector diagram of the PMSM, it was possible to calculate the angle φ:


  tan θ =    X s     R a      ,  



(4)






  θ = arctg (    X s     R a    ) ,  



(5)






  θ − φ = arctg (    E b  ∗ sin α    U n  −  E b  ∗ cos α   ) ,  



(6)






  φ = θ − arctg (    E b  ∗ sin α    U n  −  E b  ∗ cos α   ) ,  



(7)







From the Equation (7), it is seen that back electromotive force and input voltage of PMSM influenced the result of the power factor.



As a result of formulas, which were provided before for experimentation with an already-assembled PMSM, the nominal voltage determination experiment was executed first, when motor was utilized as generator by applying coupled motor which rotated the PMSM. The PMSM generated voltage which was equal to the electromotive force of the PMSM. It was assumed that the electromotive force of the PMSM was equal to the PMSM’s nominal voltage.



To prove the that motor nominal efficiency reached its peak value at the nominal voltage, PMSM testing with load experiments was be performed and compared with obtained results. For load simulation, the coupled motor was rotated to a different direction than the PMSM.



During the efficiency determination with different voltages applied to PMSM, the load simulated induction motor increased speed until the PMSM lost synchronism. The induction motor speed adjustment was obtained using a variable voltage source. In this case, an autotransformer was used.



The overall view of the test bench of the experiments and PMSM with a separated rotor and stator are represented in Figure 3.



In Figure 3a, the overall view of the test bench of experiments and the two main components, the PMSM and asynchronous motor, are shown. The nominal parameters of the PMSM, which were declared by manufacturer, are 1.5 kW power, 400-V voltage, 3.3-A current, 0.92-power factor, 9.6-N·m torque, 1500-rpm speed, 88.1% efficiency, and 7.5-kW asynchronous motor. For load simulation, the nominal parameters are 400-V voltage, 8.17-A current, 0.87 power factor, 1488-rpm speed, and 86% efficiency. The over equipment, which was essential for testing for obtaining measuring electrical and mechanical parameters, was chosen: Grid analyzer for PMSM electrical parameters registration, laser tachometer for PMSM speed verification, and torque meter for PMSM mechanical power determination. The torque meter was chosen for a more accurate evaluation of the motor efficiency. The other test bench circuit elements were the synchronization panel for PMSM synchronization with the grid and autotransformers for PMSM efficiency values.



To perform an experiment to determine the efficiency, the PMSM motor must be used for startup and braking, torque meter, synchronization panel, energy meter, and tachometer. Measuring the torque of the motor is done in the startup and braking states. As it is known, it is possible to check and determine the PMSM nominal voltage by rotor spinning of PMSM, which was coupled with an asynchronous motor to measure the generation of voltage on the PMSM motor’s inputs.



In other words, the determination of PMSM nominal voltage was done using the motor as a generator, which was rotated at its nominal speed.



The PMSM motor was tested and the asynchronous motor was used as a load. More equipment was used for experiments. For the PMSM input electrical parameters, apparent power, active power reactive power, voltage, and current analysis—grid analyzer, synchronization panel for connection of PMSM, tachometer for verification of motor speed, autotransformers for voltage adjustment of PMSM, and speed adjustment of the induction motor and Lorenz messtechnik (type DR-2512) torque meter for torque determination were used. The torque meter was used for a more accurate evaluation of the motor efficiency. The overall circuit diagram of the test bench is represented in Figure 4.



For PMSM torque conversion to PMSM mechanical power, Equation (8) was applied:


   P  m e c h   =   T ∗ V   9 , 5488     ,  



(8)




where T—torque (N·m) and V—speed (rpm).



As the PMSM mechanical power was calculated from the PMSM torque value, the motor efficiency was calculated by Equation (9):


  η =      P  m e c h    P    ,  



(9)




where P—active power of PMSM input (W).



To prove the peak PMSM efficiency was obtained by applying the nominal voltage to the input, the Tektronix TDS 204B oscilloscope was used during testing experiments. The same phase voltage and current signals of PMSM input were monitored with oscilloscope. It was assumed that the motor peak efficiency was obtained when the voltage (scale 100 mV/V) and current (scale 100 mV/A) signals coincidence. As a motor, the PMSM had noncapacitive and noninductive character.



To prove the experiments and conclusions that were made, the simulation model was designed using the National Instruments Multisim application. The simulation model from the Multisim application and an explanation with simulation results are reviewed in the results section.




3. Results


To clarify the experimental results and the course of the experiments, the results section is divided into three subsections: The PMSM nominal voltage determination experiment, PMSM efficiency determination experiments, and PMSM stator’s current and voltage signals simulation.



3.1. PMSM Nominal Voltage Determination Experiment


First, the nominal voltage of the PMSM was determined, as the PMSM was not connected to grid, but only rotated with coupled motor at constant synchronous speed of 1500 rpm, which was supervised with a laser tachometer. As the PMSM was operating in generator mode, the generated voltage on the PMSM output was measured equal to 302 V. As previously mentioned, the PMSM voltage in generator mode was equal to the electromotive force of the PMSM. As a result, the estimated PMSM nominal voltage was equal to electromotive force of 302 V. The results of PMSM nominal voltage determination experiment are represented in Figure 5.




3.2. PMSM Efficiency Determination Experimets


For determination of the PMSM nominal efficiency, the different PMSM’s input voltages were applied and efficiency was calculated using Equations (8) and (9). The different PMSM calculated efficiency values were compared and nominal parameters were determined. At first, the PMSM was tested with an assumed nominal voltage of 302 V. Later, the PMSM was tested with reduced voltages of 280 V, 260 V, and 240 V.



Also, the increased voltage experiments were executed with voltages of 320 V, 340 V, and 360 V. The experiment results are presented in Table 1. The PMSM experimental data, including the PMSM input electrical parameter, efficiency curve during experiments, and voltage and current oscillograms, were analyzed in subsections.



3.2.1. PMSM Efficiency Determination Experiment with 302-V Voltage


The PMSM nominal voltage of 302 V was determined and was then applied for efficiency determination. The PMSM efficiency was determined when the coupled motor loaded PMSM by rotating to a different direction. The rotation of the load motor was controlled with a variable voltage, which was slowly increased by autotransformer. The load was increased until the PMSM lost its synchronism. At the moment the PMSM lost its synchronism, the peak torque of PMSM was registered with the torque meter.



The results of the experiment are represented in Figure 6.



From Figure 6a, it is seen that apparent power almost corresponded to active power, and the reactive power value only increased up to 200 VAR. As the apparent and active power of the PMSM corresponded to each other and the reactive power was at its minimal value, it can be estimated that nominal voltage was determined correctly.



From Figure 6b, it can be seen that the PMSM efficiency reached its peak and it was almost 100%. To validate that the 302-V voltage was nominal and that 98.7% efficiency was the highest efficiency that PMSM was able to reach, the PMSM stator voltage and current oscillograms were gathered and represented in Figure 7.



From Figure 7, it is visible that blue PMSM voltage curve corresponded by period to the yellow PMSM current. It can be stated that the PMSM operated at its maximum efficiency when the 302 V voltage was applied. Next, to prove that the nominal voltage was selected correctly, the experimental results with reduced and increased voltages were analyzed.




3.2.2. PMSM Efficiency Determination Experiment with Reduced 240 V


As in previous experiment, the PMSM was tested with 240 V applied to the input. The peak value of efficiency reached 88.39%. The results of PMSM input measured parameters and efficiency curve are represented in Figure 8.



From Figure 8a, it is visible that reactive power increased up to 600–800 VAR. As a result, the apparent power did not coincide with active power, but during the reach of peak load where the efficiency curve in Figure 8b reached the highest values, the apparent power almost coincided with active power.



Next, the oscillogram of the PMSM stator’s input voltage and current is shown with the voltage of 240 V applied to the PMSM input experiment.



From Figure 9, it is visible that stator’s current (yellow curve) overcame the stator’s voltage (blue curve). As a result, it can be assumed that PMSM with 240 V applied to the input reacted as a reactive load with capacitive character.




3.2.3. PMSM Efficiency Determination Experiment with Increased Voltage of 360 V


As in previous experiments, the PMSM was tested with an increased voltage of 360 V applied to the input. The peak value of efficiency reached 85.7%. The results of PMSM input measured parameters and efficiency curve are represented in Figure 10.



From Figure 10a, it is visible that the PMSM reactive power increased even more with the increased voltage input of 360 V when compared to reduced input voltage of 240 V. Also, it was noticed from Figure 10b that the efficiency curve reached lower values than with reduced voltage. It was measured that the values of the reactive power decreased from −1500 VAR to −1000 VAR, which leads to conclusion that PMSM with increased voltage acted as a reactive load with inductive character. It can be seen that the apparent power did not coincide with the active power. It was only when the efficiency curve reached the maximum values that the difference between the apparent and active powers decreased.



Next, the PMSM stator’s voltage and current oscillogram were captured and represented in Figure 11 as an increased voltage of 360 V was applied.



From Figure 11, it is visible that the stator’s current (yellow curve) stayed behind the stator’s voltage (blue curve). As a result, it can be proved that the PMSM with an increased voltage of 360 V when applied to the input reacts as an inductive load.





3.3. PMSM Stator’s Current and Voltage Singnals Simulation


For the verification of the PMSM experimental results with nominal, reduced, and increased voltages, the simulation model was created with National Instruments software. The main aim of the simulation was to prove that different load characters are acquired by changing the value inductance and capacity of the circuit. In Figure 12, the simulation model of the PMSM stator is represented.



In simulation model of the PMSM stator, which is represented in Figure 12, the stator voltage signal measurement was green PR1 and stator current signal was blue PR2. The variable load elements were the C1 capacitor, L1 inductance, and R3 resistor. To simulate the stator input voltage, the V3 AC voltage generator was incorporated. Stator’s windings were represented as an analogue comparator. The aim of simulation was to obtain similar voltage and current curves results to the oscillograms represented in Figure 7, Figure 9 and Figure 11.



To obtain corresponding results to the oscillogram in Figure 7, the voltage and current signal of the capacitor C1 value was set to 9 μF and inductance L1 value was set to 100 mH. The amplification of PMSM’s stator current signal was also achieved, and resistances R1 and R2 were set to 500 Ω and 1 kΩ, respectively.



The result of the simulation where the stator voltage (green curve) and current (blue curve) signals coincidence are represented in Figure 13. The simulation results are scaled. The voltage scale is 75:1 and the current scale is 1:5.



During next simulation, the capacitor C1 value was increased 100 μF, representing a load with the capacitive character of PMSM. As a result, the current signal (blue curve) overcame the voltage signal (green curve). The results of PMSM with the capacitive load simulation are represented in Figure 14. The simulation results in Figure 14 are scaled the same as in Figure 13.



The last simulation with the PMSM stator model was executed when capacitor C1 was decreased to 9 μF and inductance L1 was increased to 10 H. As a result, the PMSM current signal (blue curve) stayed behind the voltage signal (green curve). The results of PMSM with inductive load simulation are represented in Figure 15. The simulation results in Figure 15 are scaled the same as in Figure 13 and Figure 15.





4. Conclusions


To sum up the research results of PMSM efficiency determination method, testing, and simulation, several conclusions were structured:




	
During the nominal voltage determination of the permanent magnet synchronous motor (PMSM) experiment, a 302-V electromotive force was measured, which is equal to PMSM nominal voltage.



	
During the efficiency determination experiment of permanent magnet synchronous motor (PMSM), the highest efficiency of 98.7% was reached with 302-V nominal voltage. The PMSM nominal voltage and current curve coincidence in Figure 7 was proved to be an active load with nominal voltage.



	
As PMSM was tested with reduced voltage and the efficiency decreased to 88.39%, it was seen from the voltage and current oscillogram (Figure 9) that the current overcame the voltage and the motor acted as a reactive load with capacitive character.



	
The PMSM increased above the nominal voltage, which reached 85.7% efficiency, and current stayed behind from the voltage in the oscillogram (Figure 11), which occurred because the motor acted as an inductive reactive load.



	
The increase of active power of the PMSM was noticed as the input voltage was increased, but the value of torque reached its peak of 7.2 N·m when nominal 302-V voltage was applied, which influenced the peak efficiency result.



	
Simulation model results in the National Instruments environment corresponded to the experimental results and PMSM input oscillograms. This simulation model is applicable for further PMSM research.



	
From the experimental results, it can be concluded that rotor’s permanent magnets did not produce enough magnetic field and that is why they were not able to create a nominal 400-V electro motive force.
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Figure 1. The equivalent circuit diagram of the permanent magnet synchronous motors (PMSM). 
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Figure 2. PMSM vector diagrams with different input voltages applied. 
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Figure 3. (a) The overall view of test bench of experiments with PMSM; (b) tested PMSM with rotor and stator separated. 
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Figure 4. Circuit diagram of the test bench. 
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Figure 5. The results of voltage PMSM voltage determination experiment. 
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Figure 6. The results of PMSM efficiency determination experiment with nominal 302-V voltage applied during the experiment. (a) Electrical PMSM input parameters; (b) efficiency curve. 
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Figure 7. PMSM stator’s voltage and current oscillograms with 302 V applied to the PMSM input. 
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Figure 8. The results of the PMSM efficiency determination experiment with a reduced voltage of 240 V applied during the experiment. (a) Electrical PMSM input parameters; (b) efficiency curve. 
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Figure 9. PMSM stator’s voltage and current oscillograms with applied 240 V to the PMSM input. 
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Figure 10. The results of the PMSM efficiency determination experiment with an increased voltage of 360 V applied during the experiment. (a) Electrical PMSM input parameters; (b) efficiency curve. 
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Figure 11. PMSM stator’s voltage and current oscillograms with 360 V to PMSM input applied. 
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Figure 12. PMSM stator simulation model. 
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Figure 13. The PMSM stator voltage and current signals achieved in simulation model (where the voltage and the current signals coincidence). 
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Figure 14. The PMSM stator voltage and current signals achieved in the simulation model (where the current signal overcame the voltage signal). 
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Figure 15. The PMSM stator voltage and current signals achieved in the simulation model (where the current signal stayed behind the voltage signal). 
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Table 1. PMSM efficiency determination results.






Table 1. PMSM efficiency determination results.





	Experiment
	T [N·m]
	V [rpm]
	P [W]
	Pmech [W]
	I [A]
	cos ф
	η [%]





	240 V input
	6.2
	1500
	1101.8
	973.9
	3.66
	0.853
	88.39



	260 V input
	6.7
	1500
	1163.4
	1052.5
	2.96
	0.879
	90.5



	280 V input
	6.7
	1500
	1156.9
	1052.5
	2.64
	0.929
	91.0



	302 V input
	7.2
	1500
	1156.3
	1142.8
	2.81
	0.997
	98.7



	320 V input
	6.2
	1500
	1067.4
	983.2
	1.89
	0.949
	92.1



	340 V input
	6.0
	1500
	1060.2
	951.5
	1.80
	0.887
	89.7



	360 V input
	6.3
	1500
	1165.6
	999.1
	2.20
	0.763
	85.7
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