

  computation-10-00041




computation-10-00041







Computation 2022, 10(3), 41; doi:10.3390/computation10030041




Article



Computation of Nonlinear Load Harmonic Currents in the Presence of External Distortions



Aleksandr Skamyin 1,*, Aleksey Belsky 1, Vasiliy Dobush 2 and Ilya Gurevich 1





1



Department of Electric Power and Electromechanics, Saint-Petersburg Mining University, 199106 Saint-Petersburg, Russia






2



Department of General Electrical Engineering, Saint-Petersburg Mining University, 199106 Saint-Petersburg, Russia









*



Correspondence: skamin_AN@pers.spmi.ru







Citation: Skamyin, A.; Belsky, A.; Dobush, V.; Gurevich, I. Computation of Nonlinear Load Harmonic Currents in the Presence of External Distortions. Computation 2022, 10, 41. https://doi.org/10.3390/computation10030041



Academic Editor: Demos T. Tsahalis



Received: 21 February 2022 / Accepted: 14 March 2022 / Published: 15 March 2022



Abstract


This paper deals with the issues of computation of the nonlinear load harmonic currents in the presence of external distortions based on the real measurements with help of passive harmonic. Such values are necessary when modeling an equivalent nonlinear load as current sources in the presence of external distortions. The passive filter allows to separate external and internal distortions, which is necessary when determining the harmonic currents of a single consumer. The influence of various parameters on the computation of harmonic currents of a nonlinear load, such as the parameters of a passive harmonic filter, the impedance of the power supply transformer, the load parameters of the consumer, taking into account the harmonic generation from the grid side, and from the consumer side, is considered. It is shown that an external source of distortion has practically no effect on the error in estimating the harmonic current magnitudes of a nonlinear load. The obtained simulation results were confirmed experimentally on a laboratory test bench. Recommendations for the selection of passive harmonic filter parameters have been developed to minimize the error in determining the harmonic current magnitudes of a nonlinear load.
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1. Introduction


A large number of nonlinear consumers are connected to modern electrical grids [1]. Such installations include semiconductor rectifiers [2], arc furnaces [3], controlled and uncontrolled power converters [4], LED lighting systems [5], etc. The operation of such devices leads to the occurrence of harmonics in current and voltage [6]. Harmonic currents flow through power lines and transformers, causing a non-sinusoidal voltage drop, thereby degrading the power quality [7]. It is necessary to calculate the operating modes of the consumers and grids with degraded power quality indicators in order to determine the parameters of harmonic reduction devices [8], to predict power quality indicators depending on load parameters [9], determine negative impact of distortions on electrical equipment [10], determine power losses [11], etc. The correctness of such operating modes modeling in many respects is determined by the accepted model of nonlinear load [12,13].



There are various models of nonlinear electrical loads, which can generally be classified into simulation models based on models of semiconductor elements being a part of them [14,15,16]; in the form of current sources at harmonic frequencies [17,18,19]; in the form of volt-ampere characteristics obtained by approximation according to various equations [20,21,22]; in the form of nonlinear impedances [23,24,25]; based on time-domain, frequency-domain, or time-frequency modeling approaches [26,27,28,29].



Various approaches are proposed to determine the parameters of a nonlinear load for simulation from real measured data [30,31,32]. In [31], an approach and modeling algorithm were proposed, based on the measured harmonic parameters in the electrical nodes with nonlinear loads, which make it possible to represent nonlinear loads as a set of distribution functions of harmonic currents.



In some works [18,24], when modeling a nonlinear load as current sources, expressions are presented for determining the harmonic current magnitudes depending on the type of load. Among them are three-phase uncontrolled rectifiers, controlled rectifiers, variable frequency drives, thyristor power controllers, etc.



In a number of papers, it is proposed to determine the parameters of inverters and rectifiers based on various methods, such as time-frequency analysis technique [33,34], periodogram technique [35,36], and machine learning algorithm [37,38]. Basically, such an analysis is carried out for the classification and localization of nonlinear loads [39,40].



Traditional nonlinear load models in the form of current sources are suitable for simplified computations in the presence of harmonics. In this case, the magnitude values of current sources for different frequencies are set by simplified expressions, where the harmonic current magnitude at the fundamental frequency is divided by the harmonic order. The obtained magnitude values differ significantly from the real measured data [41,42,43]. In this case, the parameters of the energy system and equipment loading are not taken into account.



The impact of equipment loading on the harmonic current magnitudes of the fifth and seventh harmonic order (h5, h7) can be estimated from the data in Figure 1. Experimental measurements of current waveforms of adjustable-speed induction motor drives were carried out. The power of electric drives at rated load corresponded to the following values: P1 (100%) = 3 kW, P2 (100%) = 15 kW, and P3 (100%) = 75 kW. Measurements were also carried out when the electric drives were loaded at 80% of the rated power. In this case, h5 calc and h7 calc are the harmonic magnitudes calculated from expressions in which the harmonic current magnitude at the fundamental frequency is divided by the harmonic order.



From Figure 1 it follows that only the seventh harmonic current corresponds to the calculated values with a small error at 80% of the equipment loading. The rest of measured values of harmonic magnitudes differ significantly from the calculated values. There is also a tendency to increase total harmonic distortion in current (THDI) with a decrease in the equipment loading.



Thus, there are various approaches to modeling a nonlinear electrical load that are able to accurately describe their operating modes for variable parameters of the supply grid and load. However, to a greater extent this applies to single electrical installations that are connected to a network with a sinusoidal voltage. When modeling an equivalent mixed nonlinear load, some difficulties arise, which especially applies to consumers with a voltage of 0.4 kV:




	-

	
a large number of electrical loads with different types, which lead to significant labor costs when modeling each of them;




	-

	
discrepancy between the existing power supply scheme and the design scheme of consumers, which leads to significant complexity in the preparation of the electrical equivalent circuit;




	-

	
in the design documentation, only generalized load parameters are indicated, which does not allow to accurately identify the parameters of nonlinear electrical load for simulation.









Under such conditions, it is quite difficult to simulate the nonlinear electrical load of the consumer without real measurements at the facility. Direct measurement of the consumer currents makes it possible to determine the currents at harmonic frequencies and use them when modeling a nonlinear load as current sources. However, in the presence of external distortions in the voltage, this approach will be incorrect, since it will not allow separating the external grid distortions from the internal consumer distortions. Therefore, a new approach is needed to evaluate the parameters of a nonlinear electrical load in order to carry out simplified computations of power quality indicators in the presence of external distortions in the supply voltage.



In [41], based on experimental studies of a different types of nonlinear load, it is shown that the parameters of nonlinear load can be determined by connecting a passive harmonic filter to the grid. In this case, the nonlinear load current at harmonic frequency is distributed between the branches of the supply feeder and the passive filter. By measuring these harmonic currents and performing their complex addition, it is possible to determine the parameters of the equivalent nonlinear load of the consumer correctly in the presence of external distortions. This approach can be applied to virtually any enterprise with nonlinear load, provided there is a single-tuned filter. The obtained harmonic current magnitudes of equivalent nonlinear load can be used to increase the accuracy of modeling the nonlinear load and power consumption modes in the presence of harmonics.



This paper further extends the earlier works and aims to assess the impact of the passive filter parameters, the energy system, and load parameters on the determination of nonlinear load harmonic currents. Based on assessment of such factors, it is necessary to develop recommendations for the selection of filter parameters in order to minimize the error in determining harmonic current magnitudes. The remainder of this paper is organized as follows: Section 2 illustrates the proposed method of distortion sources assessment based on application of passive filter and description of the case under study. Section 3 presents the results and discussion. Section 4 concludes this paper.




2. Research Methods


2.1. Method of Distortion Sources Assessment Based on Application of Passive Filter


The method for assessing the parameters of nonlinear electrical load is based on connecting a single-tuned harmonic filter and measuring the currents of the system and the passive filter at harmonic frequencies (Figure 2). In this case, it is assumed that nonlinear load harmonic currents flow through the branches with the energy system impedance and the impedance of the passive harmonic filter. Thus, the summation or subtraction in the complex form of the mentioned currents, depending on their direction, gives the harmonic current of an equivalent nonlinear load of the consumer, which can be further used in modeling and setting the magnitude of nonlinear load in the form of current sources.



From the scheme in Figure 2 it follows that the nonlinear load currents I01h and I02h are divided and flow almost completely through the branches with filter impedance ZFh and system impedance Z0h. Then, we can write the following equation:


     I -    01 h   +    I -    02 h   =    I -    0 h   +    I -    Fh    



(1)




where I0h is the energy system harmonic current, IFh is the filter harmonic current. In this case, the system harmonic current and the filter harmonic current can be measured within the consumer. Such measured data make it possible to determine the harmonic magnitude of the equivalent nonlinear load, which in this case consists of two nonlinear consumers.



However, Equation (1) is valid only with a certain error, which can be estimated using the following coefficients:


   n  1 h   =  Z  1 h   /  Z  0 h   ,      n    2 h   =  Z  2 h   /  Z  0 h   ,      n    Fh   =  Z  Fh   /  Z  0 h    



(2)




where Z1h, Z2h is the consumer’s impedance of h order.



According to the superposition method, it is possible to determine the currents I0h and IFh. The energy system harmonic current can be defined as follows:


     I -    0 h   =    n  1 h   ·  n  2 h   ·  n  Fh      n  1 h   ·  n  2 h   ·  n  Fh   +  n  1 h   ·  n  Fh   +  n  2 h   ·  n  Fh   +  n  1 h   ·  n  2 h       ·         I -    01 h   +      I -    02 h       



(3)







Filter harmonic current can be defined as follows:


     I -    Fh   =    n  1 h   ·  n  2 h      n  1 h   ·  n  2 h   ·  n  Fh   +  n  1 h   ·  n  Fh   +  n  2 h   ·  n  Fh   +  n  1 h   ·  n  2 h       ·      I -    01 h   +      I -    02 h      



(4)







The summation of the currents I0h and IFh gives the following result:


     I -    0 h   +      I -    Fh   =    1  1 +  1   n  2 h     +  1   n  1 h     +  1   n  Fh       +  1  1 +    n  Fh      n  2 h     +    n  Fh      n  1 h     +  n  Fh       ·      I -    01 h   +    I -    02 h      



(5)







Considering that the coefficients n1h and n2h are much greater than unity at harmonic frequencies, the following expression can be obtained:


     I -    0 h   +    I -    Fh   =    1  1 + 1 /  n  Fh     +  1  1 +  n  Fh       ·      I -    01 h   +    I -    02 h     =      I -    01 h   +      I -    02 h    



(6)







Thus, the assumption about the possibility of using a passive filter to determine the parameters of an equivalent nonlinear load is confirmed. An important feature of this method is the determination of the harmonic current magnitudes of nonlinear load, regardless of the external harmonic distortions. This also follows from the superposition method in the presence of external distortions.



When using a passive harmonic filter, the parameters of the filter, system, and load will play an essential role in determining harmonic current of nonlinear load, since with a certain combination of these parameters, resonant phenomena may occur at harmonic frequencies, which may cause an error in determining harmonic current of nonlinear load by the mentioned method.




2.2. Case Study


A simplified equivalent circuit, the parameters of which correspond to an industrial enterprise with small installed capacity, was developed to study the impact of the passive filter, system, and load parameters on the harmonic current estimation of nonlinear load (Figure 3).



The equivalent circuit parameters are presented in Table 1.



The simulation was carried out in the MATLAB Simulink platform. During the simulation, it was necessary to assess the impact of the passive filter, energy system, and load parameters on the harmonic current computation of nonlinear load. In this case, the values of passive filter resistance varied from 0 to 0.1 Ohm and the values of passive filter capacitance varied within ±30%. The place of nonlinear load connection was also changed, and the capacitor banks were switched on or off. Additionally, the value of the power system impedance was varied from 0 to 0.04 Ohm, which consists of the power system and transformer impedance. The considered simulation options are presented in Table 2.



For example, for the first simulation option, the subject for consideration is a circuit with the initial parameters from Table 1, with the following changes made: TR2 disconnected, the parameters of the filter resistance vary from 0 to 0.01 Ohm for the case of a connected and disconnected capacitor banks.



To determine the harmonic current magnitude of the nonlinear load, a shunt filter, being virtually a short circuit at a tuned harmonic frequency, is connected to the consumer’s buses. In [41], based on experimental studies, it is shown that for a thyristor controlled rectifier, a thyristor power regulator, and a diode uncontrolled rectifier, the relative value of the generated harmonic current to the current at the fundamental frequency remains almost constant before and after connecting the passive filter. It means that the ratio of the current harmonic to the current at the fundamental frequency changes with a small error. Therefore, in this paper, the equivalent nonlinear load is set in the form of a current source at harmonic frequencies during simulation.



In this paper, the task assigned by the authors is to determine the impact of the passive filter, energy system, and load parameters on the accuracy of computation of the harmonic current magnitude of an equivalent nonlinear load for a single consumer. Such parameters are necessary for a more precise setting of nonlinear load parameters when modeling and calculating consumer operating modes in the presence of harmonics. Therefore, the scheme in Figure 3 is considered in view of the first consumer, i.e., only those measured parameters that can be obtained within the first consumer are taken into account. As a result, the dependencies of the nonlinear load harmonic current, the supply system harmonic current of the consumer, the passive filter harmonic current on the parameters of the passive filter, the energy system, and load of the consumer are constructed.




2.3. Experimental Study in Laboratory Test Bench


In the work, experimental measurements were also carried out in the laboratory test bench to confirm the results obtained in the simulation. The single line scheme and test bench view are presented in Figure 4. The laboratory test bench is powered from a three-phase power supply system with a phase voltage of 220 V. In the electrical grid outside the considered consumer, an uncontrolled rectifier UR is connected with a load in the form of heating resistance HR. The consumer load includes a passive harmonic filter PF, a controlled thyristor rectifier TR, an induction motor M with a load in the form of a DC generator, capacitor banks CB. The consumer is connected to the grid through a power line with inductance L.



The measurements were carried out using an Industrial Scopemeter Fluke 125B. The parameters of the electrical equipment included in the test bench are presented in Table 3.



When conducting laboratory studies, the error estimation in determining the fifth harmonic current of the controlled thyristor rectifier was carried out by the current equal to the sum of the passive filter current and the supply system current of the consumer at the harmonic frequency. The measured harmonic current of the nonlinear load before the filter is connected and the nonlinear load current after the filter is connected, which is calculated based on the measured currents of the filter and the supply system, were compared to determine the error. Three modes were considered, in which some parameters were changed: mode 1—equipment parameters correspond to the data from Table 3; mode 2—equipment parameters correspond to the data from Table 3 and there is no power line inductance; mode 3—the equipment parameters correspond to the data from Table 3, there is no line inductance, the capacitance of the passive filter is equal to 60 μF.





3. Results and Discussion


3.1. Simulation without External Distortions


In this block, the scheme in Figure 3 is considered, wherein the non-linear load TR2 is disconnected and the rest of the equipment is connected. The simulation is carried out in accordance with numbers 1–3 from Table 2.



During Simulation 1, the filter resistance was changed. Figure 5 shows the dependencies of the nonlinear load harmonic current ITR1, the supply system harmonic current of the consumer IT1, the harmonic current of the passive filter IPF1, the harmonic current calculated from the summation of the harmonic filter current, and the harmonic system current of the consumer before and after connecting the capacitor banks ISUM1, ISUM2 on the resistance of the filter RF.



It is obvious that with an increase in the filter resistance, the harmonic system current of the consumer increases, and the harmonic current of the passive filter decreases. When the filter resistance changes, the harmonic current ISUM1 is substantially equal to the nonlinear load harmonic current ITR1. The error in estimating the harmonic current magnitude of nonlinear load by means of harmonic current ISUM1 increases with an increase in the filter resistance and is about 10% at the maximum value of 0.1 Ohm. This is due to the fact that part of the harmonic current flows through the branch with capacitor banks CB1. Disconnecting CB1 for the time of measurements reduces the estimation error, which at the maximum value of the filter resistance was 7%. It is worth noting that with the rated parameters of the passive filter (Table 2), corresponding to the parameters of the filter at an existing industrial facility, the error in estimating the harmonic current magnitude of nonlinear load current is about 1.6%.



During Simulation 2, the filter capacitance was changed. Figure 6 shows the dependencies of the harmonic currents ITR1, IT1, IPF1, ISUM1, ISUM2 on the capacitance of the filter XCF.



From Figure 6, it follows that with an increase in the filter capacitance, the system harmonic current of the consumer ITR1 and the harmonic current of the passive filter IPF1 increase, which is due to the occurrence of the parallel resonance near the fifth harmonic frequency. In this case, the filter is considered detuned, and its tuning frequency is shifted to higher frequencies. At the fifth harmonic frequency, the passive filter has a capacitive character, which leads to the occurrence of resonant phenomena. It also follows from the graph that the harmonic current ISUM2 with the capacitor banks disconnected is equal to the harmonic current of the nonlinear load ITR1 with any changes in the filter capacitance in the range from −30 to 0%. It appears that in order to accurately estimate the harmonic current of the nonlinear load using a passive filter, its LC circuit should have either active or active-inductive character at the tuned harmonic frequency. It is also necessary to disconnect capacitor banks designed to compensate for reactive power.



During Simulation 3, the transformer impedance was changed. Figure 7 shows the dependencies of the harmonic currents ITR1, IT1, IPF1, ISUM1, ISUM2 on the transformer impedance XT1.



The calculated harmonic currents ISUM1 and ISUM2 with the CB1 connected and disconnected at the fifth harmonic is substantially equal to the harmonic current of the nonlinear load ITR1. In this case, the change in the transformer impedance virtually does not affect the accuracy of estimating the harmonic current of the nonlinear load according to the proposed method.




3.2. Simulation with External Distortions


In this block, the scheme in Figure 3 is considered, wherein the nonlinear load TR2 and the rest of the equipment are connected. In this case, two consumers are connected to the point of common coupling. One consumer contains mixed load and a passive harmonic filter, and the other consumer contains completely nonlinear load. For visual clarity, the nonlinear load parameters of the first consumer are reduced by ten times (ITR1 = 6.1 A). The simulation is carried out in accordance with numbers 4–6 from Table 2.



During Simulation 4, the filter resistance was changed. Figure 8 shows the dependencies of the nonlinear load harmonic current ITR1, the supply system harmonic current of the consumer IT1, the harmonic current of the passive filter IPF1, the harmonic current calculated from the summation of the harmonic filter current and the harmonic system current of the consumer before and after connecting the capacitor banks ISUM1, ISUM2 on the resistance of the filter RF.



From the graph it follows that the error in estimating the harmonic current magnitude of nonlinear load by means of harmonic current ISUM1 increases with an increase in the filter resistance and is 28% at its maximum value. When capacitor banks are disconnected, the maximum error is reduced to 16%. At the rated filter parameters (quality factor is 60), the error is about 4%.



During Simulation 5, the filter capacitance was changed. Figure 9 shows the dependencies of the harmonic currents ITR1, IT1, IPF1, ISUM1, ISUM2 on the filter capacitance XCF.



An increase in the filter harmonic current and system harmonic current is due to the occurrence of the parallel resonance near the fifth harmonic. To avoid the occurrence of such a phenomenon, it is necessary to ensure the active-inductive character of the passive filter circuit at the fifth harmonic frequency, i.e., tune it to the frequency of the fifth harmonic and below. With such a tuning, it can be seen from the graph that the harmonic current ISUM2 with the capacitor banks disconnected is equal to the harmonic current of the nonlinear load ITR1, which indicates the efficiency of the method under consideration.



During Simulation 6, the transformer impedance was changed. Figure 10 shows the dependencies of the harmonic currents ITR1, IT1, IPF1, ISUM1, ISUM2 on the transformer impedance XT1.



From Figure 10, it follows that the harmonic current ISUM2 with the capacitor banks disconnected is substantially equal to the harmonic current of the nonlinear load ITR1. At the rated value of the transformer impedance, the error in estimating harmonic current of nonlinear load is about 5%. The maximum estimation error is equal to 26% with zero transformer impedance and CB1 connected. In this case, the impedance of the first enterprise for the external harmonic current is minimal. As a result, high-ampere harmonic current from the external source flows through the branch with transformer impedance and then gets divided into branches with a passive filter, load, and capacitor banks. The part of the harmonic current that flows through the branch with load and the capacitor banks is not considered when calculating the harmonic current of nonlinear load and increases the computation error. However, in real conditions, in the presence of transformer impedance, the external harmonic currents virtually do not affect the determination of the harmonic current magnitude of nonlinear load at the enterprise under consideration.




3.3. Current Waveforms during Simulation


For a more detailed understanding of the proposed method, current waveforms were obtained (Figure 11), which are necessary to calculate the harmonic current of nonlinear load (h = 5).



The model parameters were close to the test bench parameters in terms of the load ratio and composition: external nonlinear load TR2 and capacitor banks CB1 were connected, the transformer impedance was doubled, the power ratio of the linear load M1 and the nonlinear load TR1 was equal to the ratio of these parameters in laboratory studies, the nonlinear load parameters (TR1, TR2) were set according to Table 1. Calculated current iSUM was defined as the sum of the currents iPF and iT. The fifth harmonic current of the nonlinear load was calculated based on the Fourier transform. As a result, the fifth harmonic current was equal to 62.4 A, and the error relative to the true value was 2.3%.




3.4. Experimental Study in Laboratory Test Bench


This block presents the results of experimental studies on a laboratory bench, described in Section 2.3. The instantaneous current of the nonlinear load was calculated by measuring the instantaneous current of the consumer supply feeder (blue line), the instantaneous current of the passive filter (red line), and their subsequent subtraction (yellow line). The subtraction had to be applied due to the selected current clamp connection during the measurement (source to load). Figure 12 shows current waveforms for one of the studied modes (additional inductance, external nonlinear load, capacitor banks were connected).



The error in determining the fifth harmonic current of a nonlinear load was calculated relative to the fifth harmonic current of thyristor rectifier, which was measured when it was only connected to the power supply system. Cases were considered in which the parameters of the power supply line and passive harmonic filter were changed, as well as the capacitor banks and the uncontrolled rectifier were connected or disconnected. The error estimation data are presented in Table 4.



It follows from the data in Table 4 that the error in estimating the fifth harmonic current of nonlinear load based on measurements of the supply feeder current and passive filter current does not exceed 5% for the considered modes. In this case, the maximum error is observed when an additional inductance is connected (mode 1), the minimum error corresponds to the case without inductance in the power line (mode 2), and the error increases within small limits when the filter capacitance changes (mode 3). It should also be noted that an external source of distortion does not significantly affect the error for the cases under consideration.



Laboratory studies were carried out when a passive harmonic filter was connected, the parameters of which were selected taking into account the results obtained during the simulation. The quality factor of the passive filter was approximately equal to 60, the filter circuit had an active-inductive character at the fifth harmonic frequency. It should also be noted that when a passive filter was connected in laboratory conditions, the supply feeder current decreased at the fundamental frequency. This leads to an increase in the calculated nonlinear load current at the fundamental frequency and may affect the current computation at the fifth harmonic frequency. However, the influence of such a factor for the selected type of nonlinear load in laboratory conditions was insignificant. To reduce this influence, it is necessary to select the filter parameters based on the minimum compensating ability at the fundamental frequency.





4. Conclusions


Thus, in this work, a method was proposed and tested for determining the harmonic currents of equivalent nonlinear load in the presence of external distortions. The impact of the passive filter parameters, the energy system, and load parameters on the computation of nonlinear load harmonic currents with application of single tuned harmonic filter have been revealed. The factors that most affect the error in calculating the harmonic current of nonlinear load based on the measurements of filter harmonic current and supply system harmonic current have been identified. The main advantage of the proposed method is the separation of external and internal distortions, which makes it possible to correctly estimate the parameters of the nonlinear load of a single consumer. It should also be noted that the proposed method has disadvantages: a filter is required for each tuned harmonic; an additional device is required if the consumer does not have a passive filter; the passive filter is connected temporarily as a measuring device, after its disconnection, the parameters of the nonlinear load may change. The obtained simulation results were confirmed experimentally on a laboratory test bench. Based on the conducted research, the following recommendations for the selection of passive harmonic filter parameters have been developed in order to minimize the error in determining harmonic current of nonlinear load in the presence of external distortions:




	
The lower the passive filter resistance, the higher the accuracy of estimating the harmonic current of nonlinear load. In this case, the error does not exceed 5% for filter quality factor values from 20 to 120. In addition, it is necessary to take into account the current overload ratio of the filter, since a decrease in its resistance results in an increase in the current through the filter at harmonic frequencies.



	
It is necessary to disconnect the capacitor banks for the reactive power compensation during the measurements of supply system harmonic current and filter harmonic current, since part of the harmonic current that flows through the capacitor banks at harmonic frequencies is not accounted for when performing computations of nonlinear load harmonic current.



	
A passive filter should have active or active-inductive character at a tuned frequency in order to avoid the resonance phenomena with the grid impedance. Therefore, filter tuning should be made to the frequency of the generated harmonic by nonlinear load, or to a lower frequency.



	
The generated reactive power of the passive filter at the fundamental frequency should not affect the voltage at the consumer’s buses. In this case, voltage deviations can affect the accuracy of calculating the harmonic current magnitudes of a nonlinear load.








Further research opportunities include the development of a mobile measuring device based on the passive filter application and its testing and implementation at industrial plants with a voltage of 0.4 kV.
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Nomenclature




	THDI
	Total harmonic distortion in current



	THDU
	Total harmonic distortion in voltage



	h
	Harmonic order



	h5 (h7) calc
	Calculated 5th (7th) harmonic magnitude



	h5 (h7)
	Measured 5th (7th) harmonic magnitude



	I01h, I02h
	Nonlinear load currents of the consumers (vector value)



	I0h
	Energy system harmonic current of h order (vector value)



	IFh
	Filter harmonic current of h order (vector value)



	Z0h
	Energy system impedance of h order (vector value)



	ZFh
	Filter impedance of h order (vector value)



	Z1h, Z2h
	Consumer impedance of h order (vector value)



	T1, T2
	Supply transformer



	ES
	Energy system



	M1
	Induction motor of the first consumer



	TR1, TR2
	Thyristor rectifier



	CB1
	Capacitor banks of the first consumer



	PF1
	Passive filter of the first consumer



	UR
	Uncontrolled rectifier



	HR
	Heating resistance



	RF
	Filter resistance



	XCF
	Filter capacitance



	ITR1
	Nonlinear load harmonic current magnitude of consumer



	IT1
	Supply system harmonic current magnitude of the consumer



	IPF1
	Passive filter harmonic current magnitude of the consumer



	ISUM1
	Harmonic current magnitude calculated from the summation of the harmonic filter current and the harmonic system current of the consumer before connecting the capacitor banks



	ISUM2
	Harmonic current magnitude calculated from the summation of the harmonic filter current and the harmonic system current of the consumer after connecting the capacitor banks
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Figure 1. Harmonic current magnitudes at various equipment loading parameters. 
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Figure 2. The scheme for identification nonlinear load current at harmonic frequencies of h order. 
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Figure 3. The scheme under study. 
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Figure 4. The single line scheme and test bench view. 
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Figure 5. The dependences of the 5th harmonic currents ITR1, IT1, IPF1, ISUM1, ISUM2 on the passive filter resistance RF. 
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Figure 6. The dependences of the 5th harmonic currents ITR1, IT1, IPF1, ISUM1, ISUM2 on the passive filter capacitance XCF. 
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Figure 7. The dependences of the 5th harmonic currents ITR1, IT1, IPF1, ISUM1, ISUM2 on the energy system impedance XT1. 
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Figure 8. The dependences of the 5th harmonic currents ITR1, IT1, IPF1, ISUM1, ISUM2 on the passive filter resistance RF (simulation 4). 
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Figure 9. The dependences of the 5th harmonic currents ITR1, IT1, IPF1, ISUM1, ISUM2 on the passive filter capacitance XCF (simulation 5). 
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Figure 10. The dependences of the 5th harmonic currents ITR1, IT1, IPF1, ISUM1, ISUM2 on the transformer impedance XT1 (simulation 6). 
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Figure 11. Current waveforms during simulation: passive filter current iPF (red line), supply system current iT (blue line), calculated current iSUM (yellow line). 
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Figure 12. Current waveforms during experimental study: passive filter current iPF (red line), supply system current iT (blue line), calculated current iSUM (yellow line). 
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Table 1. The parameters of the equivalent circuit.
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	Elements of the Scheme
	Parameters and Values





	Energy system (ES)
	U0 = 0.4 kV, X0 = 0.002 Ω



	Transformer (T1, T2)
	S = 630 kVA, UHV/LV = 10/0.4 kV, ΔPSC = 7.6 kW, USC = 5.5%



	Induction motor (M1)
	PM = 250 kW, QM = 200 kvar



	Thyristor rectifier (TR1, TR2)
	STR = 200 kVA, I5 = 61 A



	Capacitor banks (CB1)
	Unom = 0.4 kV, QCB = 120 kvar



	Passive filter (PF1)
	QF = 25 kvar, LF = 0.77 mH, CF = 530 μF, RF = 0.02 Ω










 





Table 2. Simulation parameters.
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Simulation Number

	
Options of Simulation

	
Range of

Variation






	
TR2 disconnected




	
1

	
Variation of PF1 resistance with switched on/off CB1

	
[0; 0.1] Ω




	
2

	
Variation of PF1 capacitance with switched on/off CB1

	
[−30; +30]%




	
3

	
Variation of T1 impedance with switched on/off CB1

	
[0; 0.04] Ω




	
TR2 connected




	
4

	
Variation of PF1 resistance with switched on/off CB1

	
[0; 0.1] Ω




	
5

	
Variation of PF1 capacitance with switched on/off CB1

	
[−30; +30]%




	
6

	
Variation of T1 impedance with switched on/off CB1

	
[0; 0.04] Ω











 





Table 3. The equipment parameters of the laboratory bench.
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	Equipment
	Parameters





	Grid parameters
	U = 380 V, L = 1 mH



	Uncontrolled rectifier UR
	UUR = 380 V, RUR = 121 Ω



	Thyristor rectifier TR
	UTR = 380 V, PTR = 0.5 ÷ 4.0 kW



	Passive filter PF
	RF = 0.2 Ω, LF = 8.29 mH, CF = 50 μF



	Induction motor M
	PM = 1.5 kW, UM = 220/380 V, PF = 0.84



	Capacitor banks
	QCB = 0.5 kvar, C = 9 μF, UCB = 450 V, star connection










 





Table 4. The relative error estimation for various modes of test bench load.
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Mode

Number

	
Relative Error, %




	
CB Connected

	
CB Disconnected




	
UR Connected

	
UR Disconnected

	
UR Connected

	
UR Disconnected






	
1

	
2.8

	
4.3

	
3.7

	
4.2




	
2

	
−0.9

	
2.6

	
3.3

	
0.5




	
3

	
−1.0

	
−3.4

	
4.1

	
−1.2
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