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Abstract

:

This paper treats a parallel 12-pulse rectifier as the study subject. The influence of unbalanced terminal voltage, the triggering angle, as well as the commutation angle of a thyristor-controlled rectifier circuit are considered in switching functions. Then, a frequency-domain harmonic coupled admittance matrix under the effect of positive sequence and negative sequence voltages are proposed, respectively. With the integration of the above matrices, a harmonic coupled admittance matrix model of a parallel 12-pulse rectifier under unbalanced voltage is proposed. On this basis, a simplified harmonic model of a 12-pulse rectifier is established, which only considers the effect of major elements through analyzing the elements’ distribution and magnitude of the harmonic coupled admittance matrix, as well as the AC current harmonic producing mechanism. All the models proposed in this paper are verified with high accuracy through simulation in MATLAB/Simulink. The models proposed in this paper can be used to guide the selection of harmonic suppression measures and equipment.
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1. Introduction


With the development of the power system, power electronic devices are widely used [1,2,3]. As the interface of the AC grid and the DC load, thyristor rectifiers have become the most common converter [4]. However, with strong nonlinearity and time-variability characteristics, the rectifier causes serious distortion of the voltage and current on the grid side. These harmonics may cause damage to the equipment of the power system and loads [5,6]. There are two ways to suppress the harmonics generated by thyristor rectifiers. One is reducing the harmonics by installing a harmonic compensation device [7]. This measure can significantly increase the size of the rectifier system, operating costs, losses, and reduce system reliability, but it is not applicable in many scenarios. The other way is optimizing the rectifier [8,9,10] to reduce harmonics production. Typically, 12-pulse series-type and parallel-type rectifiers are the optimal method. Compared with the 6-pulse rectifier, the output current of the parallel 12-pulse rectifier on the DC side is doubled, which is very common in electrolysis, metallurgy, and other industrial occasions. In order to accurately calculate the current harmonics generated by such devices and guide the design of multipulse rectifiers and the configuration of harmonic suppressing measures, it is necessary to establish a fast and practical harmonic analysis model.



Methods such as time-domain simulation [11,12,13] and physical experiments [14] are mainly used to analyze the harmonic characteristics of thyristor rectifiers. However, these methods have shortcomings such as long operation time and excessive calculation amount. In order to solve this problem, the literature [15,16] has established a harmonic coupling admittance matrix model of a three-phase phase-controlled rectifier by the frequency-domain analysis method. This model can illustrate the mechanism of harmonics generation directly. The literature [17] has applied the harmonic admittance matrix to the calculation of harmonic power flow and reduced the number of calculation iterations. The literature [18] has established a three-phase uncontrolled rectifier based on the harmonic coupling admittance model. The above research does not consider the three-phase unbalance of the power grid. The negative sequence components generated by the unbalanced voltage of the power grid have a great influence on the harmonic characteristics of the AC and DC sides. If the unbalanced condition is ignored, the calculation accuracy of the model will be reduced [19]. The literature [20] has analyzed the harmonics characteristics of a 6-pulse rectifier under the three-phase voltage unbalanced condition and calculates the harmonics with improved switching function. However, since the 12-pulse rectifier is composed of a phase-shifting transformer and two 3-phase rectifier bridges, there is a 30° phase difference between the 3-phase voltages of the transformer windings, and part of the harmonics of the two rectifiers can cancel each other. The literature [19] has deduced the harmonic coupling admittance matrix of a series of 12 pulse under positive sequence and negative sequence voltages and established the frequency-domain harmonic model of a 12-pulse rectifier under unbalanced voltage. However, the study of a frequency-domain harmonic model of a parallel 12-pulse phase-controlled rectifier remains blank.



This paper analyzes the working principle of the parallel 12-pulse phase-controlled rectifier, establishes a balanced reactor decoupling equivalent circuit, and corrects the switching function by considering the commutation overlap angle and the trigger angle. The AC current of the 12-pulse rectifier under the action of negative sequence voltage and negative sequence voltage is decomposed to obtain its harmonic coupling admittance matrix. Then, the frequency-domain harmonic analysis model of the parallel 12-pulse rectifier under unbalanced voltage is established.




2. Operating Principle and Derivation of AC Current of Parallel 12-Pulse Rectifier under Unbalanced Voltage


The structure of the parallel 12-pulse phase-controlled rectifier is shown in Figure 1a. The power supply side has Y/Y/△ three-winding transformers, two three-phase phase-controlled rectifier bridges with the same structure and parameters (referred to as bridge I and bridge II), and a balanced reactor. After the power supply voltage is stepped down by the star-shaped and delta-connected transformers through secondary winding, two sets of AC voltages with the same size and a phase difference of 30° are generated, and after the rectifier bridge, the DC voltages u1dc and u2dc are obtained. The average value of the two voltages is the same, but the phase of the instantaneous waveform is 30° staggered, and the load must be powered simultaneously through a balancing reactor. The balancing reactor is a coupled inductance element that can withstand the difference between the line voltages of the two rectifiers working at the same time to ensure that the two groups of rectifier bridge thyristors can be simultaneously on. Due to the action of the mutual inductance M12, the balancing reactor balances the DC currents i1dc and i2dc of the two groups of rectifier bridges by the induced electromotive force and synthesizes the load current idc = i1dc + i2dc, and then the rectifier bridge is then coupled with the AC power grid to cause harmonic distortion of the AC current iabc of the 12-pulse rectifier.



In Figure 1a, the inductances on both sides of the balanced reactor are L1 and L2, and the mutual inductance is M12. After decoupling the balanced reactor, the equivalent circuit of the parallel 12-pulse rectifier in Figure 1b is obtained. Compared with the derivation process of the series 12-pulse rectifier [19], Figure 2 shows the decoupling process of IPT and the calculation of the DC current of each rectifier bridge, which is required to analyze the parallel 12-pulse rectifier.



The input voltages of bridges I and II are u1abc and u2abc, respectively. To analyze the harmonics of a parallel 12-pulse rectifier under unbalanced voltages, the voltage switching functions Su1abc and Su2abc and the current switching functions Si1abc and Si2abc are corrected, which take the commutation overlap angle caused by the leakage inductance of the transformer and the firing angle offset caused by the unbalanced voltage into consideration. Based on the input voltage and voltage modulation function of the parallel 12-pulse rectifier, the DC voltages u1dc and u2dc of bridges I and II are obtained:


   {         u   1 dc    ( t )   =  u   1 a    ( t )  S   u 1 a    ( t ) +  u   1 b    ( t )  S   u 1 b    ( t ) +  u   1 c    ( t )  S   u 1 c    ( t )         =  U   1 dc 0    +  u   1 dcn    ( t )            u   2 dc    ( t )   =  u   2 a    ( t )  S   u 2 a    ( t ) +  u   2 b    ( t )  S   u 2 b    ( t ) +  u   2 c    ( t )  S   u 2 c    ( t )         =  U   2 dc 0    +  u   2 dcn    ( t )          



(1)




where: U1dc0 and U2dc0 are the average values of DC voltages of bridges I and II, and u1dcn(t) and u2dcn(t) are the DC voltage fluctuation components, respectively. In order to simplify the analysis, the DC current generated by the two DC voltages is divided into two parts—the average components and the fluctuation components—that satisfy:


i1dc(t) = I1dc0 + i1dcn(t)



(2)






i2dc(t) = I2dc0 + i2dcn(t)



(3)







In Figure 1a, R is the DC load resistance, and L is the DC load inductance. Let Ls1 = L1 + M12, Ls2= L2 + M12, Ls = L − M12, the average components of each DC current can be obtained as,


   I   1 dc 0    =  I   2 dc 0    =    U   1 dc 0    +  U   2 dc 0      4 R    



(4)







The DC current fluctuation component can be transformed into a plurality of frequency components, which are generated by the DC voltage fluctuation component of the corresponding frequency. To calculate the h order frequency phasor of the DC current fluctuation component, the frequency-domain method is used:


      I ˙    1 dch      =    U   1 dch    ∠  φ   1 dch      j h ω  L   s 1    + j h ω  L   s 2     / / (  R + j h ω  L s  )           −    U   2 dch    ∠  φ   2 dch      j h ω  L   s 2    + j h ω  L   s 1     / / (  R + j h ω  L s  )     R + j h ω  L s    j h ω  L   s 1         



(5)






      I ˙    2 dc  h     =   −  U   1 dch    ∠  φ   1 dch      j h ω  L   s 1    + j h ω  L   s 2     / / (  R + j h ω  L s  )     R + j h ω  L s    j h ω  L   s 2              +    U   2 dch    ∠  φ   2 dch      j h ω  L   s 2    + j h ω  L   s 1     / / (  R + j h ω  L s  )      



(6)




where h = 1, 5, 7, 11, …, ω is the fundamental angular frequency, and U1dch, φ1dch, U2dch,and φ2dch are the effective values and phases of the h order harmonics of the DC voltage fluctuation. By multiplying the DC current by the switching function of each phase current, the AC side currents i1abc(t) and i2abc(t) of bridges I and II can be calculated. Taking phase A as an example, according to the transformation ratio of the three-winding transformer, the time-domain expression of the AC current of the parallel 12-pulse rectifier is obtained.


     i a  ( t )   =  i   1 a    ( t ) +  i   2 a    ( t )         =  k T   i   1 dc    ( t )  S   i 1 a    ( t ) +    k T     3     i   2 dc    ( t ) [  S   i 2 a    ( t ) −  S   i 2 b    ( t ) ]    



(7)







In a similar way, the AC currents of phases B and C of the parallel 12-pulse rectifiers can be calculated.




3. Frequency-Domain Harmonic Model of Parallel 12-Pulse Rectifier


3.1. Frequency-Domain Harmonic Model under Unbalanced Voltage


Through the derivation process mentioned above, the frequency-domain harmonic model is as follows. The relationship between AC harmonic current and terminal harmonic voltage satisfies:


   {       I +  =  Y +   U +  +  Y  + ∗    U  + ∗          I −  =  Y −   U −  +  Y  − ∗    U  − ∗          



(8)




where Y+, Y+∗ and Y−, Y−∗ are harmonic coupled admittance matrices under positive sequence voltage and negative sequence voltage, respectively; U+, U+∗ and U−, U−∗ are the positive sequence voltage and the negative sequence voltage as well as their conjugate vector, respectively; I+ and I− are the positive sequence current vector and the negative sequence current vector of the AC side.



The frequency-domain harmonic model of the parallel 12-pulse rectifier can be obtained by adding each harmonic current together. The k order harmonic current is,


      I ˙  k    =   I ˙  k +  +   I ˙  k −          = M (  y k +   U +  +  y k  + ∗    U  + ∗   ) +  y k −   U −  +  y k  − ∗    U  − ∗      



(9)




where yk+, yk+∗ and yk−, yk−∗ are k-th roe vector of Y+, Y+∗ and Y−, Y−∗.




3.2. Simplification of Frequency-Domain Harmonic Model


The harmonic model can be simplified by analyzing the distribution and magnitude of the harmonic coupled admittance matrix elements, as shown in Figure 3 and Figure 4 (the magnitude of element y+1,1 is considered 1).



Hence, the simplified harmonic model, which only considers the effect of the main elements, is as follows:


      I ˙  1  ≈  y +     1 h    U h    +  +  y +     1 h  ∗   U h     + ∗   +  y −     11  ∗   U 1     − ∗         I ˙  k  ≈  y +     k k     U ˙  k +  +  y +     k  k ′      U ˙   k ′  +  +  y  − ∗      k k     U ˙  k  − ∗   +  y  k k ″   − ∗    U  k ″      − ∗      



(10)









4. Simulation Verification


An electromagnetic transient model is boiled in MATLAB/SIMULINK to verify the frequency-domain harmonic model of the parallel 12-pulse rectifier proposed in this paper. The simulation parameters are shown in Table 1.



Figure 5 shows the waveforms of the AC current of the 12-pulse rectifier, ia(t), ia1(t), and ia2(t), respectively, with different parameters. The current calculated by the model proposed in this paper, which considers the influence of the negative sequence voltage (complete model), is matched with the simulation results in cases 1 and 2. However, the waveform that does not consider the influence of the negative sequence voltage (half model) is obviously different from the complete model and simulation result in case 2 (which has a bigger negative sequence). The peak value of the simulation, complete model, and half model of ia(t) of case 2 are 83.5A, 83A, and 70A, respectively.



The amplitude and phase of the harmonic current of the 12-pulse rectifier are shown in Figure 6. The current main contains 12 k ± 1th harmonic current. With the influence of negative sequence, 3rd, 9th, 15th …, the harmonic current is observed in the simulation and complete model image.



Figure 7 shows the error analysis results with case 1’s parameters, and the results of the complete model are considered the real value. It is obvious that the simplified model is much more accurate than the half model.




5. Conclusions


This paper established a frequency-domain harmonic coupled admittance matrix model of a parallel 12-pulse rectifier. This model can efficiently calculate the harmonic current produced by the rectifier under different terminal voltage conditions, including negative sequence voltage, and it has obvious accuracy advantages when the unbalanced factor of the terminal voltage is large. To adapt to different demands, a simplification model is proposed. The models proposed in this paper can be used to guide the selection and optimization of harmonic suppression measures and equipment.
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Figure 1. Circuits of a parallel 12-pulse rectifier: (a) equivalent circuit of a parallel 12-pulse rectifier; (b) interphase transformer (IPT) decoupled equivalent circuit of a parallel 12-pulse rectifier. 
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Figure 2. Harmonic analysis process of a parallel 12-pulse rectifier. 
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Figure 3. Positive sequence harmonic coupled admittance matrix elements of parallel 12-pulse rectifier. (a) Matrix Y+; (b) Matrix Y+∗. 
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Figure 4. Negative sequence harmonic coupled admittance matrix elements of parallel 12-pulse rectifier. (a) Matrix Y−; (b) Matrix Y−∗. 
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Figure 5. Time-domain current comparison of rectifier under different conditions. (a) Case 1; (b) Case 2. 
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Figure 6. AC current harmonic spectrum of 12-pulse rectifier under different conditions. (a) Case 1; (b) Case 2. 
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Figure 7. Error analysis of models. 






Figure 7. Error analysis of models.



[image: Energies 15 03946 g007]







[image: Table] 





Table 1. Simulation parameters of 12-pulse rectifier.
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	Case
	Fire Angle α/°
	THDu/%
	γ
	Overlap Angle μ/°
	Ua1/V
	R/Ω
	L1,L2/H
	L/H
	H





	1
	10°
	1.94
	0.1
	0°
	380
	5
	0.42
	0.02
	30



	2
	30°
	4.79
	0.20
	10°
	380
	10
	0.5
	0.2
	30
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