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Abstract

:

In this study, power quality coefficients that determine the distortion of electrical systems are established. The power factor is chosen as a universal criterion for electromagnetic and electro-energetic compatibility of distorted sources and distorting loads. Mathematical expressions are obtained for its calculation in various cases of electrical systems distortion. As an application example, power balances and power factors of a variable frequency asynchronous drive system are considered. The criterion: the power factor not only determines the energy and electromagnetic compatibility of the drive with power supply, but it also evaluates drive efficiency. Experimental studies were carried out under usage of inexpensive, commonly used measuring devices both on the grid side of the frequency converter and on the asynchronous motor side. The studied coefficients were determined in two ways: measuring instruments and analysis of oscillograms. The second method for determining the above coefficients from oscillograms of currents and voltages also requires finding the total harmonic distortion (THD) of currents and voltages for the corresponding load adjusting points. The similarity of the obtained results shows that both of these methods can be applied. According to the operating mode of the load, the criterion is calculated as an average range in a certain range of speed control, or it is determined by considering a given tachogram of speed changes. The results of experimental studies confirm the correctness of the theoretical provisions.
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1. Introduction


The widespread use of power converting equipment and the presence of powerful partial phase loads lead to a distortion of the consumption mode, which, in general, are caused by asymmetry, imbalance, and nonlinearity of the load. In stand-alone systems with finite power sources, such distorting loads are supplied with a distorted three-phase voltage. The distortion of three-phase systems is characterized by power quality indicators, which include the following coefficients: voltage    ε U    and current    ε I    unbalance: voltage    ε  0 U     and current    ε  0 I     lack of balance: and total harmonic distortion (THD) of voltage and of current.



Analysis through conservative power theory (CPT) confirms that the low load power factor (PF) is mainly due to the nonlinearity [1]. The issues of combating voltage harmonic distortion and improving the quality of autonomous electrical systems are considered in [2]. In [3,4], it is proposed to minimize the total harmonic distortion by using multilevel inverters. The electrical imbalance of a high-speed railroad line is investigated in [5]. The work [6] is devoted to the issues of the quality of electricity during its transmission. The interaction between network and unbalanced loads is studied in [7].



The loads’ effectiveness is determined by their electromagnetic and electro-energetic compatibility with power sources. The universal criterion for the electromagnetic compatibility of distorted sources and distorting loads, considering the adverse effects of asymmetry, imbalance, and higher harmonics, is the power factor. It determines the economic consequences of electricity consumption, and its value depends on the transmission capacity and losses in the grid, and accordingly, the efficiency of loads. Several works are devoted to this issue [8,9]. The power factor is obtained from the analysis of the apparent power, the structure of which is distorted. In addition to active power, there is reactive power due to phase shift and passive powers.



The widespread introduction of adjustable asynchronous electric drives (ASED) in industries, such as transport, the utilities sector, and agriculture, determines the consideration of their effectiveness by defining different criteria [10,11,12]. These criteria can be used both in evaluating the existing ASED and in the development of new ASED. One of the criteria for assessing the efficiency of the ASED can be an energy indicator as the power factor χ. It determines the energy and electromagnetic compatibility of the drive with the mains supply [13]. Meanwhile, the ASED energy efficiency standards, as well as the standards of AC motors, which are powered from the grid [14] and AC motors that are powered by converters [15], are based on the efficiency criterion only. In some works, it is proposed to use the product of the efficiency and the power factor as a criterion for energy efficiency [16,17,18]. Hybrid harmonic management at three levels is the solution to reduce harmonics [19]. The study of imbalance and its influence on the operation of three-phase asynchronous motors due to the formation of reverse sequence currents is considered in [20,21].



The aim of the research is to determine, based on the power balance, the quantitative characteristics of the electro-energetic and electromagnetic compatibility of distorted electrical systems. Using certain indicators of power quality, it is necessary to find an expression for the power factor considering asymmetry, imbalance, and higher harmonics. An experimental verification of the correctness of the expression is required on the example of a frequency-controlled asynchronous electric drive. It is also advisable to consider the criterion in frequency-controlled drives as a medium-range criterion while considering the tachogram of the drive.



The power balance of the distorted electrical system is considered. Therefore, it was determined that the power factor is a quantitative characteristic of energy and electromagnetic compatibility. The expressions of this coefficient are derived through electricity quality indicators, which consider the non-sinusoidality, asymmetry, and unbalance of the system. For example, the power factors were determined experimentally in two ways: on the motor and grid sides. The experimental results confirm the correctness of the theoretical statements. It is proposed, when considering the operation of the electric drive in a certain range, to use the mid-range values of the power factor criterion or to determine the power factor considering the drive’s tachogram.




2. Theoretical Determination of the Power Factor of a Distorted Electrical System


In three-phase four-wire power systems, the neutral wire practically does not participate in the transmission of electricity. Therefore, the square of the apparent power is found through the values of phase voltages and currents. Currents are expressed in terms of the values of the fundamental and higher harmonics. In this case, one should proceed from the assumption that the source has the same spectrum of harmonics as the consumer.


      S _  M   =   U _  A     I _  A   +   U _  B     I _  B   +   U _  C     I _  C   =     =  (    U _   A 1    +   ∑ n     U _   A n       )  ⋅  (    I _   A 1    +   ∑ n     I _   A n       )  +     +  (    U _   B 1    +   ∑ n     U _   B n       )  ⋅  (    I _   B 1    +   ∑ n     I _   B n       )  +     +  (    U _   C 1    +   ∑ n     U _   C n       )  ⋅  (    I _   C 1    +   ∑ n     I _   C n       )  =     =       U _   A 1      I _   A 1    +   U _   B 1      I _   B 1    +   U _   C 1      I _   C 1    +     +     U _   A 1      ∑ n     I _   A n      +   I _   A 1      ∑ n     U _   A n      +   ∑ n     U _   A n        ∑ n     I _   A n      +     +     U _   B 1      ∑ n     I _   B n      +   I _   B 1      ∑ n     U _   B n      +   ∑ n     U _   B n        ∑ n     I _   B n      +     +     U _   C 1      ∑ n     I _   C n      +   I _   C 1      ∑ n     U _   C n      +   ∑ n     U _   C n        ∑ n     I _   C n      .    



(1)







The last nine terms have the sums of harmonic components that determine passive distortion power D. Assume that the different harmonics of currents and voltages and the same higher harmonics of currents and voltages in the grid do not create active power. If the relative values of harmonics in phases and values of phase voltages and currents are approximately the same:


        ∑ n    U  A n        U  A 1     ≈     ∑ n    U  B n        U  B 1     ≈     ∑ n    U  C n        U  C 1     ,           ∑ n    I  A n        I  A 1     ≈     ∑ n    I  B n        I  B 1     ≈     ∑ n    I  C n        I  C 1     .    



(2)




then we can write the expressions for the power distortion in terms of the coefficients of non-sinusoidal distortion THD [9]:


     D I  = 3  U 1   I 1  ⋅ T H  D I  ,      D U  = 3  U 1   I 1  ⋅ T H  D U  ,      D H  = 3  U 1   I 1  ⋅ T H  D I  ⋅ T H  D U  .    



(3)







Due to the asymmetry and imbalance of deformed three-phase systems, the symmetric components method is used in the analysis of the fundamental harmonics of voltages and currents. According to this method, voltage and current phasors are decomposed into the sum of the phasors of the zero, direct, and negative sequences. Unity phasor  a  = ej120° is utilized:


      U _   A 1   =   U _  0  +   U _  1  +   U _  2  ;       U _   B 1   =   U _  0  +  a 2    U _  1  + a   U _  2  ;       U _   C 1   =   U _  0  + a   U _  1  +  a 2    U _  2  .    



(4)






      I _   A 1   =   I _  0  +   I _  1  +   I _  2  ;       I _   B 1   =   I _  0  +  a 2    I _  1  + a   I _  2  ;       I _   C 1   =   I _  0  + a   I _  1  +  a 2    I _  2  .    



(5)




when


      U _   A 1      I _   A 1    +   U _   B 1      I _   B 1    +   U _   C 1      I _   C 1    =     = 3   U _  1     I _  1   + 3   U _  2     I _  2   + 3   U _  0     I _  0   +     + 3   U _  0     I _  1   + 3   U _  0     I _  2   + + 3   U _  1     I _  0   +     + 3   U _  1     I _  2   + 3   U _  2     I _  0   + 3   U _  2     I _  1   .    



(6)







Select the components of the total power. Active power:


  P = 3  U 1    I 1   cos  φ 1   



(7)







Reactive power:


  Q = 3  U 1    I 1   sin  φ 1   



(8)







“Pulsating” power:


   S B  = 3  U 2    I 2   + 3  U 1    I 2   + 3  U 2    I 1    



(9)







“Latent” power:


   S 0  = 3  U 0    I 0   + 3  U 0    I 1   + 3  U 1    I 0    



(10)







“Modular” power:


   S m  = 3  U 0    I 2   + 3  U 2    I 0    



(11)







“Pulsating”, “latent”, and “modular” power in autonomous distorted systems are passive or reactive in nature. First, different sequences do not create active power. Secondly, the reverse and zero sequence voltages are formed because of voltage drop due to the currents of these sequences across the corresponding synchronous generator inductive reactances.



As indicated above, the distortion of the power supply system is determined by the corresponding coefficients. Using these coefficients, we can write expressions for some passive components of the apparent power:


   S B  = 3  U 1    I 1   (  ε U    ε I   +  ε U   +  ε I   )  



(12)






   S 0  = 3  U 1    I 1   (  ε  0 U     ε  0 I    +  ε  0 U    +  ε  0 I    )  



(13)






   S m  = 3  U 1    I 1   (  ε U    ε  0 I    +  ε  0 U     ε I   )  



(14)







Apparent power:


   S M   = 3  U 1    I 1      [  1 + T H  D U 2  + T H  D I 2  + T H  D U 2  T H  D I 2  +    (   ε U    ε I   +  ε U   +  ε I    )   2  +    (   ε  0 U     ε  0 I    +  ε  0 U    +  ε  0 I     )   2  +    (   ε U    ε  0 I    +  ε  0 U     ε I    )   2   ]     1 2     



(15)







The power factor is found through the distortion factors:


  χ =   c o s  φ 1       [  1 + T H  D U 2  + T H  D I 2  + T H  D U 2  T H  D I 2  +    (   ε U    ε I   +  ε U   +  ε I    )   2  +    (   ε  0 U     ε  0 I    +  ε  0 U    +  ε  0 I     )   2  +    (   ε U    ε  0 I    +  ε  0 U     ε I    )   2   ]     1 2       



(16)







A three-phase three-wire system is always balanced, and there are no “latent” and “modulation” components of the apparent power. The power factor is expressed as follows:


  χ =   c o s  φ 1      1 + T H  D U 2  + T H  D I 2  + T H  D U 2  T H  D I 2  +    (   ε U    ε I   +  ε U   +  ε I    )   2       



(17)







If the distortion is determined only by the coefficients of non-sinusoidal distortion, then the power factor will be equal to


  χ =   c o s  φ 1      1 + T H  D U 2  + T H  D I 2  + T H  D U 2  T H  D I 2       



(18)







Considering a system with an infinite power source in which the distorting load is supplied with an undistorted three-phase voltage, the power factor expression is simplified [22]:


  χ =   c o s  φ 1      1 + T H  D I 2       



(19)







Modern semiconductor frequency converters with IGBT transistors allow realizing the most rational control pulse-width modulation. The presence of high-order voltage time harmonics on the terminals of the induction motor, as well as the higher spatial harmonics generated by them, leads to an increase in electrical and magnetic losses, excessive heating, and a decrease in productivity [23]. To determine these parameters, information on motor equivalent circuit for the entire harmonics spectrum when supplying the stator windings is needed [24]. To assess this impact in a specific case, it is necessary to analyze the inverter output voltage influence on the motor, knowing its specific harmonic composition [25].




3. Experimental Study of Adjustable Asynchronous Electric Drive


To confirm the above theoretical provisions, experimental studies of a frequency-controlled asynchronous electric drive were carried out (Figure 1).



The asynchronous motor AIP71A2U3 is fed by the SEMITEACH-IGBT SKM50GB12T4 transistor frequency converter. The stator winding of the motor is star-connected. The mains voltage during the experiment was 380 V at a frequency of 50 Hz. The driver was controlled from the AVR-MT128 board with an integrated ATmega128 microcontroller. The program code implemented the frequency law for a constant moment U/f = const. The pulse width modulation frequency was set to 6 kHz.



When carrying out the experimental studies, the provisions given in [26] were fulfilled. We determined the powers and required coefficients by using the BORDO-421 device, and the oscillography of currents and voltages was carried out on both the grid and motor sides.



The oscillograms grid and motor sides are shown for an inverter frequency of 35 Hz and with a motor shaft load of 1.44 N m in Figure 2 and Figure 3, respectively.



Oscillograms look similar at other frequencies and loads. Their spectral analysis was carried out, and the coefficients of non-sinusoidal current and voltage distortions for the grid and motor sides were determined (Figure 3). From the FFT analysis diagram (fast Fourier transform) it can be seen that, in addition to the first (fundamental) harmonic, the harmonic composition contains higher harmonics, and the amplitudes of which vary depending on the harmonic number (Figure 3).



The power factors and the phase shift of the fundamental harmonic at the motor input are considered for a distorted system with non-sinusoidal distortions of currents and voltages (18). Distortion at the input of the drive is determined only by non-sinusoidal distortions of currents (19).



With the help of the program developed based on MATLAB, χED were found. The power factor χ on the motor side is determined in a similar way, i.e., χIM variable induction motor.



The power factors   χ =  P / S    and the shift factor   cos  φ 1  =  P /     P 2  +  Q 2        are calculated for both the grid and motor sides from the measured power values.



Table 1 shows the power components for the case under consideration.



The results of calculating the power factors and offset and harmonic distortion THDs, which were obtained by measuring instruments and by analyzing oscillograms using MATLAB, are presented in Table 2 and Table 3.



The drive had a linear load provided by a load generator (Figure 4). Experimentally, the control characteristics were obtained in the two above-described ways, which are the dependences of χED and cosφED (Figure 5), as well as χIM and cosφIM (Figure 6), on the rotational speed in a certain control range.



If the efficiency of the ASED is estimated for the entire specified control range, then χ and cosφ can be calculated as averaged values:


  χ =  1   n 2  −  n 1    ⋅    ∫   n 1     n 2     χ (  n i  )   d n     



(20)






  cos φ =  1   n 2  −  n 1    ⋅    ∫   n 1     n 2     cos φ (  n i  )   d n     



(21)







In this case, for the range 1050–3200 rpm, the averaged coefficients at the input of the frequency converter according to the measurements of devices are cos φED = 0.948 and χED = 0.558, and according to the processing of oscillograms, they are cos φED = 0.958 and χED = 0.511. At the motor input, the averaged coefficients have the following values according to the readings of the devices: cos φIM = 0.902 and χIM = 0.725; according to the processing of oscillograms, they are cos φIM = 0.86 and χIM = 0.682.



On the grid side, the values of the shift coefficients found by the two methods are close to 1, and the power factors χED found by the two methods differ insignificantly (χED = 0.558 for instruments and χED = 0.519 for the results of processing oscillograms). On the motor side, values of the shift coefficients are close to each other (cos φIM = 0.9 according to instruments and cos φIM = 0.852 according to the results of processing oscillograms), and the power factors χIM differ by 6.3% (χIM = 0.726 according to instruments and χIM = 0.678 according to the results of processing oscillograms).



If time operating load diagrams are known, i.e., operating time at each speed, due to the technological requirements for drive mechanisms, then the assessment of this range criterion must be performed considering the duration of operation at each control range point:


  χ =     ∑ i    (  χ (  n i  ) ⋅  t   n i     )      ∑ i    t   n i      ,  



(22)






  cos φ =     ∑ i    (  cos φ (  n i  ) ⋅  t   n i     )      ∑ i    t   n i      .  



(23)




where    t   n i      is the time of motor operation at the corresponding speed and ni, i is the ordinal number of the tachogram stage.



If we assume that this motor rotates at 1700 rpm for 100 s, 2000 rpm for 300 s, and 3000 rpm for 200 s, then the coefficients according to the readings of the instruments (Figure 5 and Figure 6 blue lines) per cycle will be equal to χED = 0.564, χIM = 0.751, and cosφIM = 0.91. Similarly, we determine the coefficients when processing oscillograms (Figure 5 and Figure 6, red lines) as follows: χED = 0.506, χIM = 0.698, and cosφIM = 0.847. The cosφED values at the drive input are close to 1.




4. Conclusions


	
The analysis of electro-energetic and electromagnetic compatibility in distorted electrical systems requires considering not only the reactive power due to fundamental current phase shift and voltage but also other “inactive” powers, including reactive power due to the higher harmonic components. Any electrical system, especially a distorted one, requires determination of its electromagnetic and electro-energetic compatibility. Expressions of the power factor as a quantitative parameter of electro-energetic and electromagnetic compatibility for distorted systems are proposed.



	
The analysis and determination of the power components and power factor of a frequency-controlled asynchronous electric drive is carried out. The possibility of determining this coefficient in two ways is confirmed by using relatively inexpensive and generally available equipment, which is predominant in practical application.



	
The balance of powers at different frequencies of voltages and currents of the electrical system of a controlled asynchronous electric drive is experimentally confirmed. The method for determining the coefficients from the results of oscillograms is more preferable. Measuring instruments are characterized by accuracy classes, the increase in which leads to a significant increase in their cost. There is a relative similarity of coefficient values determined from the measured power values and from the results of processing oscillograms using the coefficients of non-sinusoidal distortions. The shift coefficient on the grid side under consideration is practically equal to 1.



	
The power factor and phase shift factors of AM and ASED at a certain load are calculated as average over a certain range of speed or are determined by considering a given tachogram of speed changes. For the studies performed, the value of the power factors when operating on a certain tachogram based on the results of processing the oscillograms at the drive input and at the motor input are as follows: χED = 0.506, χIM = 0.698.
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Nomenclature




	    ε U    
	—coefficients of voltage unbalance



	    ε I    
	—coefficients of current unbalance



	    ε  0 U     
	—coefficients of voltage lack of balance



	    ε  0 I     
	—coefficients of current lack of balance



	THD
	—total harmonic distortion



	ASED
	—asynchronous electric drives



	    S M    
	—apparent power



	    U A  ,  U B  ,  U C    
	—effective values of phase voltages



	    I A  ,  I B  ,  I C    
	—effective values of phase currents



	    U  A 1   ,  U  B 1   ,  U  C 1     
	—effective values of the fundamental harmonics of phase voltages



	    I  A 1   ,  I  B 1   ,  I  C 1     
	—effective values of the fundamental harmonics of phase currents



	     ∑ n    U  A n     ,   ∑ n    U  B n     ,   ∑ n    U  C n       
	—total values of higher harmonics of voltages



	     ∑ n    I  A n     ,   ∑ n    I  B n     ,   ∑ n    I  C n       
	—total values of higher harmonics of currents



	    D I    
	—current distortion power



	    D U    
	—voltage distortion power



	    D H    
	—harmonic distortion power



	    U 0  ,  U 1  ,  U 2    
	—effective values of zero, direct and reverse voltage sequences



	    I 0  ,  I 1  ,  I 2    
	—effective values of zero, direct and reverse current sequences



	  P  
	—active power



	  Q  
	—reactive power



	  D  
	—distortion power



	    S B    
	—“pulsating” power



	    S 0    
	—“latent” power



	    S m    
	—“modular” power



	   T H  D I    
	—total harmonic distortion of current



	   T H  D U    
	—total harmonic distortion of voltage



	  a  
	—unity phasor  a  = ej120°



	    φ 1    
	—shift angle between the first harmonics of current and voltage



	  χ  
	—power factor
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Figure 1. General view of the experimental stand with an adjustable asynchronous electric drive. 
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Figure 2. Oscillograms of phase voltages and currents grid side (a) and motor side (b) at a frequency of 35 Hz. 
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Figure 3. Spectral analysis of the grid side current (a), motor current (b) and motor voltage (c). 
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Figure 4. Family of the mechanical characteristics of the motor at different frequencies of the supply voltage and the dependence of the load. 
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Figure 5. Dependences of the power factors χ and the shift cos φ on the rotational speed on the grid side, where red is the processing of oscillograms and blue is the measurements by devices. 
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Figure 6. Dependences of the power factors χ and the shift cos φ on the rotational speed at the motor input, where red is the processing of oscillograms and blue is the measurements by instruments. 
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Table 1. Power balance at 35 Hz inverter frequency and 1.44 Nm load according to oscillogram readings.
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	S, V·A
	P, W
	Q, VAr
	D, VAr





	Grid side
	921
	395
	175
	814



	Motor side
	470
	338
	210
	246
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Table 2. Calculation results of power factor and offset and harmonic distortion (grid side) at an inverter frequency of 35 Hz and a load of 1.44 N m.
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Parameter

	
Measurement Method




	
Devices

	
Oscillograms






	
χED

	
0.563

	
0.45




	
cosφ1 ED

	
0.942

	
0.914




	
THDI ED

	
–

	
1.772
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Table 3. Calculation results of power factors and offset and harmonic distortion (motor side) at an inverter frequency of 35 Hz and a load of 1.44 N m.
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Parameter

	
Measurement Method




	
Devices

	
Oscillograms






	
χIM

	
0.777

	
0.651




	
cosφ1 IM

	
0.902

	
0.848




	
THDI IM

	
–

	
0.0826




	
THDU IM

	
–

	
0.828
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