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Abstract

:

To reduce torque oscillations in electric motors, harmonic current injection (HCI) has been used in industry for some time. For this purpose, higher harmonic currents calculated in advance are injected into the machine. Since the general conditions for the machine can change during its life cycle, this article presents a method that makes it possible to change the parameters of HCI during operation. For this purpose, sensor signals are used to detect the reaction of the electric motor to small variations of the HCI parameters. The knowledge gained in this way is used to make further suitable variations. FEM simulations were used to verify the effectiveness of the approach. The results show that the algorithm can independently optimize the HCI parameters during runtime and reduces the amplitude of the 6th harmonic in the torque by 87% for a permanent magnet synchronous machine.
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1. Introduction


Driven by the political will to promote electromobility, more and more full electric vehicles have been registered in Germany over the past few years. In 2020, registrations increased by 306.8% compared to 2019 [1]. Globally, the situation is similar, with the number of new registrations of electric vehicles increasing year on year [2]. Likewise, the numbers of new registrations of hybrid electric vehicles increased. The electric drive is thus becoming more and more the center of focus.



In addition to mastering pure functionality, comfort is becoming an increasingly important consideration in vehicle development. With almost all manufacturers offering electric cars in the meantime, they are trying to gain a competitive edge by constantly improving the comfort of their vehicles. The narrow banded, high-frequency sound emissions of electric traction drives can be perceived as unpleasant both by passengers in the vehicle and by passers-by in the surrounding area [3,4,5].



Many different methods are described in the literature on how to reduce torque variations, which are a major source of high-frequency oscillations, for electrical machines. These include proper notch design [6,7], different arrangements of magnets [8,9], rotor skewing [10,11] and reduced switching frequencies for predictive torque control methods [12]. Harmonic Current Injection (HCI) is a method that does not require any design changes to the machine. The approaches described in the literature can be divided into two categories. On the one hand, there are approaches that try to eliminate the harmonics of the currents in the rotating, rotor-fixed system as well as possible. This should result in as little interaction as possible between the harmonics of the current in the stator and the harmonics of the back-EMF. However, this cannot reduce the machine-specific torque fluctuations [13,14,15]. On the other hand, there are methods, where higher-frequency harmonics are modulated onto the stator currents, which counteract the machine-specific harmonics. This allows, for example, the torque harmonics to be reduced, resulting in a smoother torque [16,17,18,19,20].



HCI is already used in industry and methods for designing the current harmonics to be injected are also described in the literature for almost all machine types. For example, there are special adaptations of the HCI for electrical machines that are operated with six phases instead of three [21]. Even though there are already approaches that try to change the parameters of the HCI during operation [22], most approaches are based on pre-calculated characteristic values of the injected currents, which remain the same over the lifetime of the machine [23,24,25,26,27]. With the increasing complexity of the models for the control of electrical machines, less and less time is available for determining the necessary amplitudes and phase angles of the HCI during operation. Therefore, there are meanwhile also variants of the HCI that store the calculated values of the currents in lookup tables, which are simply accessed later during operation to reduce computing time. In this case, no machine model has to run in parallel [28].



In contrast to stationary use on a factory floor, a vehicle’s drive system is exposed to constantly changing environmental conditions. A vehicle can be operated in the temperate climate zone of a large city one day and drive through the salty air of a coastal region into cold polar regions the next. Even within a climatically relatively stable environment, such as a large city, the temperature fluctuations between summer and winter can very easily reach 40 degrees Celsius. However, not only the environmental conditions have a direct influence on the vibration behavior of the electric drive system, but also the system itself changes over its lifetime.



Mechanical couplings can loosen over time [29], electrical contacts can corrode [30] and plastics can change their elasticity [31]. Even at the beginning of the operating time, unavoidable tolerances due to production and assembly can have an influence on the vibration behavior of each individual drive. Thus, results from HCI with pre-calculated quantities may worsen over the life cycle of the system. Moreover, even if some change in the system has been included in the calculations, these methods remain a compromise.



As a solution to this problem, a method is presented in this publication that makes it possible to make adjustments to the HCI parameters during operation of the machine and to adapt them to changing system and environmental conditions.




2. Fundamentals


2.1. Harmonic Current Injection for Permanent Magnet Synchronous Machines


Permanent magnet synchronous machines (PMSM) are rotating field machines. A symmetrical, usually three-phase system generates a rotating field of constant amplitude in the stator of the machine. The rotor field is pulled along by this stator field, which causes the rotor to move synchronously with the stator field. For further understanding of the PMSM, please refer to the literature. [32,33]. Considering the machine in the rotor fixed d-q coordinate system, it can be seen that after some simplifications the torque mainly depends directly on the d and q currents and flux. Thus, for example, if the 6th harmonic in the torque is to be reduced by an HCI, currents should be injected which oscillate at the same frequency as the 6th harmonic in the d-q system. In the stator-fixed a-b-c system, the 6th harmonic corresponds to the 5th and 7th harmonics [19].



There are other combinations from which a 6th harmonic of the current can be generated in the  d - q  system, but these contain even higher frequencies, which can lead to problems with the switching frequency of the inverter above certain speeds. For this reason, we will concentrate on the simplest combination in the following. Equation (1) shows a current system with the required 5th and 7th harmonics.


    I a  =  I 1  c o s   ω t +  φ 1    +  I 5  c o s   − 5 ω t −  β 5    +  I 7  c o s   7 ω t −  β 7        I b  =  I 1  c o s   ω t +  φ 1  −   2 π  3    +  I 5  c o s   − 5 ω t −  β 5  −   2 π  3    +  I 7  c o s   7 ω t −  β 7  −   2 π  3        I c  =  I 1  c o s   ω t +  φ 1  −   4 π  3    +  I 5  c o s   − 5 ω t −  β 5  −   4 π  3    +  I 7  c o s   7 ω t −  β 7  −   4 π  3      



(1)







With the help of the Park transformation [34,35] this current system can be transformed into the rotor-fixed d-q system. The parameters of the HCI, consisting of the amplitudes    I 5    and    I 7    and phase angles    β 5    and    β 7    are preserved. Equation (2) shows the current system in d-q coordinates.


     I d  =  I 1  s i n    φ 1         I 5  s i n    β 5    +  I 7  s i n    β 7      c o s   6 ω t        +    I 5  c o s    β 5    −  I 7  c o s    β 7      s i n   6 ω t        I q  =  I 1  c o s    φ 1      +    I 5  c o s    β 5    +  I 7  c o s    β 7      c o s   6 ω t        +   −  I 5  s i n    β 5    +  I 7  s i n    β 7      s i n   6 ω t      



(2)







As can be seen in Equation (2), the new parameters in the d-q system consist of combinations of the parameters from the stator-fixed a-b-c system. To simplify the HCI, the amplitudes    I 5    and    I 7    can now be set as a function of the amplitude    I 1    of the fundamental wave. This leaves only the phases    β 5    and    β 7    to be determined.



The necessary additional power of the current system for the elimination of the sixth harmonic in the torque is therefore represented by those sums in Equation (2) which belong to the sixth harmonic in the d-q system. If the electrical machine is operated in the limit range of the maximum load, it must be ensured that the additionally induced harmonic waves in the current in combination with the fundamental wave do not exceed the permitted current intensity in the machine.



2.1.1. Ratio of Amplitudes    I 5    and    I 7    to    I 1   


Methods are described in the literature to determine the amplitude ratio between the harmonics and the fundamental frequency. For this purpose, the ratio between the corresponding harmonics in the back electromotive force (back-EMF) is used [19]. However, corresponding simulations could not provide satisfactory results for the PMSM with buried magnets in V-arrangement used here.



Instead, the ratio was determined via the amplitude of the 6th harmonic in the torque to the mean torque. For this purpose, FEM simulations of the machine were performed over the entire operating range and the ratio between the amplitude of the 6th harmonic in the torque and the mean torque was evaluated (compare Figure 1). The mean value of these ratios was used as an approximation to simplify the non-linear behavior and set the fixed ratio for the HCI.




2.1.2. Determination of the Phase Angles    β 5    and    β 7   


Similar to the ratio of the amplitudes, a method is described in the literature for defining the phase angles for the HCI based on the results of the analysis of the back EMF [19]. However, it was found that the described procedure does not produce satisfactory results for a PMSM with V buried magnets in V arrangement.



For this reason, the phase angles were determined simulatively for a certain grid of operating points. For this purpose, an FEM simulation was set up and the response of the electromagnetic torque to the injection of different phase angles at the fixed amplitude ratio presented in Section 2.1.1 was investigated. In order to limit the computational effort, a gradient-based optimization was performed, varying    β 5    and    β 7    until the 6th harmonic in the torque fell below an acceptable level or the variation step size reached the termination criterion.



Figure 2 shows on the left the course of the optimization for a single operating point and on the right the respective calculated, optimal phase combination for all operating points of a certain velocity plotted in a diagram. With the help of this trace, values can now be interpolated for currents that were not explicitly simulated.





2.2. Control Structure


The proposed control structure for an HCI that adapts to changing system characteristics during operation is built on a standard field-oriented control (FOC). An additional control package is docked onto the FOC control structure that determines the HCI currents. The currents should be injected in such a way that they do not affect the original FOC. This has the advantage of being able to switch off the additional module at any time without affecting the safety or functionality of the actual control of the electrical machine, which is an important feature especially in the automotive industry. Figure 3 shows the schematic structure of the control system.



The additional control module can be divided into three sections. Section one is responsible for receiving and processing a sensor signal, based on which an algorithm decides whether and in which direction the parameters of the HCI are varied. This signal can be acceleration or any other type of sensor signal from which it is possible to determine the torque ripple of the machine. Section two includes a lookup table that contains the output values for the HCI for different operating points and varies these values based on the sensor signal processed in section one. Section three synthesizes the target variables for control based on the values of the HCI. Figure 4 shows the block diagram of the additional control module.



2.2.1. Sensor Signal Processing


The idea behind the control is to measure the reaction of the machine to a slight variation of the HCI parameters. Depending on whether the torque variations have been reduced or not, the varied value is maintained or varied again. In the present case, the 6th harmonic in the torque is to be reduced. So the sensor signal must be processed in such a way that a statement can be made about the amplitude of the 6th harmonic in the torque.



In principle, there are various methods for this. During the simulations, the torque signal could be accessed directly. Of course, this is not possible for real operation. Acceleration sensors can be used here to detect the fluctuations. By placing them appropriately on the system, for example at the motor mounting points of the electric machine, the acceleration sensors can be used to measure the response of the torque fluctuations, providing a measure of their origin. The premise is therefore that the smaller the reaction, the smaller the excitation.



No matter from which source the information comes, the primary task remains to extract the amplitude of the 6th harmonic from a signal so that it can be compared with the previous value. It is obvious to use a Fourier transformation for this. However, this is very computationally intensive, because besides the 6th harmonic all other harmonics are calculated, which are not of interest here.



If the frequency of an oscillation within a general signal is known, its amplitude can also be calculated without performing a complete Fourier transformation. Since in PMSM with FOC the angle of rotation or the rotational speed is well known, the frequency of the 6th harmonic in the torque is also well known.



According to [36], an arbitrary periodic signal   f  t   , such as is usually present in rotating machines without restriction of generality, can be put into the following form using Fourier series decomposition:


   f m   t  =  A ˜  · s i n   n ω t + φ   + k  t  = A · s i n   n ω t   + B · c o s   n ω t   + k  t  ,  



(3)







Transferring this signal with the help of the rotation matrix from Equation (4) into a rotating coordinate system, whose rotation speed corresponds to the searched frequency   n ω  . There remains besides high-frequency oscillations a DC component, which corresponds to half of the amplitude components of the searched frequency.


  Θ =       c o s   n ω t         s i n   n ω t         ,  



(4)






   f m   t  · Θ =        1 2  B +  B ˜  s i n   2 n ω t +  φ ˜    +   k ˜  c   t         1 2  A +  C ˜  s i n   2 n ω t +  γ ˜    +   k ˜  s   t         











By low-pass filtering this part can be separated from the oscillations and the original amplitude can be determined with the help of a simple magnitude calculation:


   A ˜  =    A 2  +  B 2    ,  



(5)







In this way, the amplitude of the 6th harmonic in the torque can be calculated and passed to the next section without the cost of a full Fourier transform.




2.2.2. Variation of the Initial Values


In the second section of the control structure, the parameters of the HCI are to be changed during operation. As described in Section 2.1.1, the amplitudes should be calculated by a fixed ratio for simplicity and only the phase angles of the currents will be varied, since the phase angle has a stronger influence on the change of the sixth harmonic in the torque [37]. The initial values were determined with the help of a gradient-based optimization. In the following, these initial values will now be changed to further reduce the oscillations of the 6th harmonic.



The phase of the 5th harmonic is slightly increased and held for a freely selectable time interval dt. In this time interval it is checked how the amplitude of the 6th harmonic in the torque changes. If the amplitude in the torque decreases, for the next time interval dt the phase of the 5th harmonic is further changed in the same direction (i.e., in this case further increased). If, on the other hand, the amplitude in the torque increases, the change in the phase is reversed and changed in the other direction for the next time interval dt (i.e., reduced in this case).



If the amplitude of the 6th harmonic in the torque increases even after the change of direction, it can be assumed that the original value for the 5th harmonic in the current represents an optimum. In this case, the phase of the 5th is held initially and the phase of the 7th harmonic is varied in the same way as the 5th was before. Figure 5 shows a flowchart of the algorithm.



The respective current values are stored in a lookup table so when the system is back at the corresponding operating point, the last optimal value can act as the start value for the next run.




2.2.3. Synthesis of the Target Values for the Control


In the third section of the control, the values from the lookup table are converted into corresponding currents. For this purpose, target values must first be generated for the control and the values for the 5th and 7th harmonics in the current must be extracted from the measured current signals. It is useful to use a similar method as for a FOC control. The currents are controlled in a rotating coordinate system, in which they are present as DC variables. However, since both the 5th and the 7th harmonic should be controlled, two rotating systems must be used and the result must then be superposed.



The  d  and  q  currents present in the FOC control, as well as the target values for the HCI from the lookup table, are first transferred to the coordinate systems rotating at six times the rotational speed by Equations (6) and (7).


         I  d , r o t 5          I  q , r o t 5         =       c o s   6  θ  r o t         − s i n   6  θ  r o t           s i n   6  θ  r o t         c o s   6  θ  r o t                  I d         I q        ,  



(6)






         I  d , r o t 7          I  q , r o t 7         =       c o s   6  θ  r o t         s i n   6  θ  r o t           − s i n   6  θ  r o t         c o s   6  θ  r o t                  I d         I q        ,  



(7)







A low-pass filtering of the measured currents eliminates all time-dependent components and offers the PI controllers the possibility to adapt the measured quantities to the target values via suitable voltages. A back transformation into the  d - q  system and subsequent superposition with the voltages from the FOC result in the desired currents in the machine.






3. Results


As there is unfortunately no suitable electrical machine and also no test bench available, the results cannot be verified experimentally. Instead to validate the approach described in section two, a co-simulation was used linking the three models in the Matlab/Simulink, Ansys maxwell and Ansys Twinbuider software packages. For a more detailed description of the structure of the co-simulation, please refer to the Supplementary Materials.



In this co-simulation, the housing vibrations are not simulated, therefore the calculated electromagnetic torque is used as input signal for the HCI variation.



The drawback of the co-simulation is the long runtime. The three simulation models must be calculated with identical step sizes so that the output data for each model is available at any time. This means that the model that requires the smallest step size specifies this for the other models.



Figure 6 shows in the upper diagram the curve of the 6th harmonic in the torque, according to the method presented in Section 2.2.1. Below, the curve of the varied phase angle for the 5th and the 7th harmonic in the current is shown.



Figure 7 shows the frequency spectra of the torque for the cases of



	
no HCI



	
HCI on start of the variation



	
HCI after 8 s






The constant torque bars have been hidden for readability. They are 145.84 Nm, 145.77 Nm and 145.70 Nm, i.e., they change by less than 0.1%.



In another simulation, a change in the general conditions was made to demonstrate the effect on the machine and the necessary parameters of the HCI. For this purpose, the strength of the permanent magnets was changed after 1.1 s, as well as the phase angle of the fundamental wave. Figure S1 in Supplementary Materials shows the 6th harmonic in the torque over the step of the general conditions.



In another simulation, the behavior of the approach was tested under transient conditions. The torque was increased linearly from 0% to 30% of the nominal torque in 10 s. Figure S2 in Supplementary Materials shows the torque fluctuations, the speed and the phase and amplitude of the fifth and seventh harmonic in the current.



After the investigation with a relatively fast change of the operating points, another investigation with a slower change was carried out. The results are shown in Figure S3 in Supplementary Materials. In this run-up, the torque was increased from 50% to 60% of the nominal torque in a period of 13 s.




4. Discussion


The results from the simulations presented in Section 3 show the advantages of the approach described in Section 2. First of all, it could be illustrated that the algorithm independently finds optimal parameters for the machine and thus finds a significant reduction of the amplitude of the 6th harmonic in the torque. For the PMSM with buried magnets in V-arrangement used in the simulation, the amplitude could be reduced by 87.3% compared to operation without injecting higher harmonic currents, which can be clearly seen in the frequency spectrum shown in Figure 7.



Since the algorithm is able to optimize its parameters during operation, it is not necessary to invest too much time in determining the values for the perfect HCI. At the present operating point, the algorithm had adjusted the parameters within 8 s of running time, reducing the amplitude of the 6th harmonic in the torque by 87.0%. As can be seen in Figure 7, the algorithm started at the same level of the 6th harmonic in the torque as would be the case without injection of harmonic currents. A closer look at Figure 6 shows that after a start-up time of about one second the algorithm starts to increase the 5th harmonic in the current step by step and thus the 6th harmonic in the torque decreases step by step. From second 3, a further increase does not bring any further improvement, so a check is first made to see whether the algorithm has run too far by changing the direction of the variation.



Then the algorithm changes the parameter to be varied and changes the phase angle of the 7th harmonic in the current. After this has also reached an optimum, the algorithm switches back to the 5th harmonic and varies it again. Through this alternation, the global optimum was approached systematically. The advantage of the presented method compared to other already known approaches has become clear: With the approach, it is possible to optimise the currents for an HCI without having to set up a complex model of the system or to have it calculated in parallel with the operation on a control unit. The approach approximates the optimum in trial and error mode and determines its procedure directly from the reaction of the machine.



Furthermore, the results from the additional simulation show clearly how the algorithm can make adjustments when the general condition is changed, thus reducing the amplitude of the 6th harmonic in the torque again. An HCI with fixed values or modells with fixed parameters, as it is often used in the literature is not able to do this. This illustrates the superiority of the approach presented in this paper for an adaptive HCI that can adjust the HCI parameters using sensor signals from the machine.



The results from the run-up, shown in Figure S2 in Supplementary Materials, allow three conclusions to be drawn. First, it shows that dividing the operating range into individual sections and accessing the respective parameters in the lookup table works. When the torque reaches a new section, the values of the phase shift jump to the respective stored value and the Harmonic Current Injection can be used immediately without delay or calculation. Figure S2 in Supplementary Materials also shows where the parameters already fit better or are already optimised by the algorithm, and where the torque fluctuation is still quite high (for example, between seconds 4.5 and 5.5).



Second, the method of extracting the sixth harmonic in the torque, which is described in Section 2.2.1, can cause a strong error at low speeds. When the machine starts up, large amplitudes can be seen in the torque that do not actually occur in the machine (see Figure S2 in Supplementary Materials 0–2 s). These are the result of a mathematical error.



Third, what can also be seen, is the inertia of the optimisation process in the transient state. The sections of the lookup table are run through so quickly during the run-up that the algorithm does not have a chance to work. Therefore, with a few exceptions, only the jumps at the section change are visible in the phase shifts and no fine adjustments within the section.



The simulation result shown in Figure S3 in Supplementary Materials is different, where the slower ramp-up gives the algorithm time to react to the changes. It can be seen how with each new section, the torque fluctuations increase at first because the parameters of the HCI do not fit completely. However, within a short time the algorithm adjusts the parameters and reduces the fluctuations. So if given enough time, the algorithm presented in Section 2 can reduce the torque fluctuations online even in transient processes.



In this publication, we have used a permanent magnet synchronous machine with buried magnets in the performance category of about 150 kW. However, the approach of adjusting HCI parameters by means of direct feedback from the electrical machine itself is neither limited to this machine type nor to this performance category. If a reaction of the machine can be detected and an HCI for the machine is possible, the approach can be used.



As an outlook for future work, the experimental proof of this method should be mentioned. In addition, the amplitude ratio in Section 2.1.1 was set to a fixed ratio in relation to the amplitude of the fundamental wave. In future work, an optimisation can be found here so that the amplitude ratio is either also varied or is determined by a lookup table for different states. Furthermore, it would be possible to include other boundary conditions in the algorithm in addition to the sensor data and thus extend the lookup table by corresponding dimensions. These could be, for example, the temperature or the humidity.
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Figure 1. Blue: Ratio of the amplitude of the 6th harmonic in the torque to the constant torque in percent in the armature range over the maximum load in percent. Orange: Average value over the full operating range. 
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Figure 2. (a) Course of the optimization of the phase angle for a single operating point (150 A of the fundamental wave    I 1   ). The color gradient indicates the magnitude of the amplitude of the 6th harmonic in the torque in Nm. (b) Result of optimization for each operating point at a fixed velocity plotted in a single diagram. The numbers indicate the corresponding value of the fundamental wave    I 1    of the current for individual points. 
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Figure 3. Schematic layout of the control structure, represented by a simplified block diagram. 
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Figure 4. Block diagram of the module attached to the field-oriented control to implement the HCI adapting in online mode. 
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Figure 5. Simplified flowchart of the algorithm for varying the phase angles of the HCI. 
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Figure 6. (Top) Amplitude of the 6th harmonic in the torque. (Bottom) Phase angle of the 5th and 7th harmonics in the current. 
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Figure 7. Amplitude spectrum for the cases no HCI, HCI on start and HCI after 8s. 
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